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PHOTOCHEMICAL STUDIES OF ALKALI HALIDE VAPORS 

Boyd Lorel Earl 

Inorganic Materials Research Division, Lawrence B3rkeley Laboratory 
and Department of Chemistry; University of California, 

Berkeley, California 94720 

ABSTRACT 

An apparatus has been constructed for studying the photodissociation 

of alkali aalides to produce excited alkali metal atoms. The key 

component is a low pressl.ire H2 arc continuum uv source. Radiation from 

this source, modulated by a chopping wheel and analyzed by a mono-

chromator, enters a cell containing the alkali halide vapor. In the 

appropriate wavelength range, photodissociation occurs to produce the 

alkali atotr. in an excited ~ state, the fluorescence from which is 

detected by a photomultiplier-lock-in amplifier co.bination. 

Measurement of the relative intensity of this fluorescence asa 

fUnction of uv wavelength for the pure vapor all~ws construction of an 

a.pproximate potential curve for the dissociative molecular state. This 

has been done for the following photodissociation processes: 

222 
NaI~a*(3p P), NaBr+Na*(3p P), and KI~*(4p P). In addition, 

2 2 
KI~*(5p P) and LiI~Li*(2p P) were observed, but not fully characterized. 

An analytic expression is derived for the distribution in speeds 

of atoms produced by dissociation at a single energy from a single 

vibrational level, taking into account effects of molecular trans-

lational and rotational energy. Combination of this result with the 

transition probability factors for the uv absorption process, which can 

be calcu13.ted if the upper potential curve is known, allows calculation 

of the experimental lab speed distributions of the excited atoms. 
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The measurement of the intensity of the atomic fluorescence as a 

function of .the pressure of a foreign gas introduced into the cell 
\I 

allows extraction of a rate constant for collisional quenching of the 

fluorescence by the foreign gas. If this process ·is then studied at ~. 

... 

various uv wavelengths, informatio.n concerning the energy dependence 

of the quenching cross section can be obtained. For a system for 

which a repulsive potential curve has been found, the atomic speed 

distributions can be convoluted with the thermal speed distribution of 

the foreign gas, to provide the distributions in relative collision 

speeds. These distributions can then be used to deconvolute the energy 

dependence of the quenching cross section. Several gases were studied 

2 2 and analyzed by this technique with Na*(3p P} and K*(4p P}. 

In addition, a few quenching gases were studied without energy 

2 2 dependence with Na*(3p P} and K*(4p P}, and several were studied with 

2 K*(Sp P}. ,An attempt is made to interpret the quenching efficiencies 

of all the gases s~udied in terms of molecular properties. The important 

properties seem to be electron affinity and the availability of a highly 

exoergic reaction path with the excited atom. 
2 

With Na*(3p P} and 

2 K*(4p P), four classes of quenchers are proposed, ranging from very 

inefficient to "super-eff:fcient". With K*(5p2p ), only noble gases. 

were very inefficient, and all other gases were moderately efficient 

to efficient quenchers. 



. 
~ 

l) U J 
, 

9 ' , w 
J ~~ ~, ,) 0 ,~ } , 

.~ • l4 ~ ~J 

-1-

I. INTRODUCTION 

Production of atoms in resonance states by photodissociation of 

diatomic molecules provides a method of investigating two sorts of 

phenomena. 
, 1 

Following the discovery by Terenin, in 1926, that 

photodissociation of sodium iodide produced the sodium D-lines 

fluorescence, this process was employed within a few years to study 

the quenching of atomic fluorescence by measurement of fluorescence 

intensity as a function of pressure of added foreign gas. Although 

many metal halides produce excited metal atoms upon exposure to 

2 appropriate radiation, investigations through the years have con-

centrated primarily on sodium iodide3- ll and thellit~ iodide,8,9,12-l5 

with a small amount of work on sodium bromide3 ,9 and potassium iodide. 16 

Following a ,period of considerable popularity in the thirties, 

this area of research become somewhat dormant during the forties and 

most of tIle fifties. In the last decade, however, molecular beam 

research has brought very powerful techniques to bear on the study' 

of kinetics and dynamics of gas phase reactions, and the first subject' 

of study by this method was alkali atoms. 17 The new insights gained 

into the kinetics of processes involving ground state atoms, naturally 

led to a renewed interest in 'the kinetics of the excited species, and, at 

the same time, technological developments had been made which made better 

experiments possible. In particular, the use of continuous radiation 

7 10 10 
sources' made possible better data analysis, and the development 

of photon counting technology made direct lifetime ~2asurements 

9 11 feasible.' On the theoretical side, improving computational methods 
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. 18 19 have begun to generate results on systems of experimental ~nterest. ' 

All these factors have led to a renaissance in the field. 

20 Lijnse has recently prepared a comprehensive review of the 

literature through about 1971 concerning experimental and theoretical 

work on quenching, excitation, and fine-structure mixing processes 

involving alkali atoms. This review includes not only photodissociation 

studies, but also the other two methods which have been applied in 

this area: the use of atomic vapors, in which excitation is produced 

by atomic resonance radiation, and fluorescence measurements proceed 

as in the photodissociation technique; and the use of flames, in which 

a salt vapor,sprayed into a flame of known composition is irradiated 

with atomic resonance radiation, and the ratio of the absorbed to 

re-emitted radiation is used to extract information about quenching. 

The photodissociation technique has some advantages over these 

other methods in studying quenching. Gases which react with the 

ground state. atoms can be studied, which is not the case with the 

atomic vapor method, and molecules which would not survive in ,flames 

can be employed as quenchers. Also, by virtue of the. very low 

concentrations of ground state atoms, no problems due to radiation 

". imprisonment are encountered, and additionally, difficulties with 

collisional broadening of the absorption line are obviously avoided. 
.. 

Perhaps most significant, the photodissociation technique provides 

for the study of quenching as a function of collision energy over a 

considerable range, while the atomic vapor and flame techniques, 

restricted to thermal conditions, have much smaller energy ranges 

available. It is convenient in this regard that the atomic vapor 
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measurements, which are usually done at -400°C, give results for collision 

energies somewhat lower than are accessible in photodissociation, and 

thus provide a useful check on the extrapolation of results to low 

energies. 

The second kind of phenomenon which can be investigated by observing 

the fluorescence of the excited atom is the photodissociation itself 

as a function of the energy of the exciting radiation. This provides 

access to information concerning the potential curve for the dissociative 

molecular &tate (although, as the absorption process is continuous, the 

information is limited)~l It was not until the advent of sufficiently 

powerful continuous radiation sources, however, that Hanson,7 in 1955, 

was able, using a source similar to the one used in this study, to 

measure a curve of relative fluorescence intensity vs wavelength of 

exciting radiation (fluorescence efficiency curve) and to attempt to 

construct an upper repulsive potential curve, for sodium iodide. 

Recently, &s detailed in Chapter III, more sophisticated computational 

techniques have been brought to bear on this problem, and the information 

which is obtained about the repulsive potential has been employed in 

calculating the experimental speed distributions of the excited atoms. 

These make possible the calculation of distributions in relative collision 

speed, which leads to full energy analysis of the results 'of quenching 

measurements. 

There are two ways of studying quenching of excited atoms produced 

by photodissociation: the steady-state method and the direct lifetime 

measurement method. In the former, used in this study, the steady-state 

concentration of the excited species is monitored by measuring the 
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intensity of its fluorescence. The latter, in which the decay of the 

excited population is measured by photon counting following a short 

excitation pulse, is really the "right" way to do the experiments. 

Mainly this- is because it avoids any possible errors due to influences 

which might cause' the lifetime of the excited population in the absence 

of quenching gas to differ from the natural radiative lifetime, which 

has to be assumed in the steady-state method. The lifetime method 

also has the added convenience of not being susceptible to problems 

arising from absorption of the exciting or fluorescent radiation by 

the quenching gas or from reaction of this gas with the salt. However, 

it has one overriding disadvantage: it is extremely time-consuming. 

Typically, the collection of data on a single atom-gas system is a 

matter of several week's experiments. In the present study, the 

essential interest was in looking at a large number of quenching 

gases with different excited species, in order to try to discern general 

correlations between features of particular atom-gas systems and 

quenching behavior. This was only possible by using the steady-state 

method. Care in p~ocedure and comparison with results of the lifetime 

method lend confidence to the results obtained here. 

Presented here, then, are results on photodissociation of three 

alkali halides--NaI, NaBr and KI--to produce three excited atomic 

222 
species--Na*(3p P), K*(4p P), and K*(5p P)-~and on quenching of these 

excited atoms by a variety of foreign gases, along with fragmentary 

results on the photodissociation of LiI to produce Li*(2p2p). The 

primary hope for the results of the quenching experiments is that they 

will provide an enhanced understanding of the ways in which excited 
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alkali atoms might be expected to interact with various types of 

molecules. In particular, it is hoped that some insight can be provided 

into the behavior of second resonance states, a s~bject which has 

heretofore been investigated in only a single, not very extensive, 

22 flame study, and into the similarities and contrasts which this 

behavior provides to that of the first resonance statp.s. 
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I I. APPA¥-TUS AND GENERAL EXPERIMENTAL CONDITIONS 

A. Optics, Electronics and Vacuum Systems . 
..J 

1. Equipment 

The apparatus employed in this study was fairly simple in concept, 

design, construction, and operation, with the exception of the hydrogen 

arc lamp, which will be discussed at some length later. A schematic 

of the apparatus, including a block diagram of the detection electronics, 

is shown in Fig. II-I. Early experiments, including most of the work 

on NaI, were done in the open air, so to speak, but subsequently the 

experiment was relocated so that the path of the ultraviolet (uv) 

radiatiori was entirely inside a metal vacuum chamber. Pumping this 

chamber to 1-10 mTorr with a mechanical pump trapped by liquid nitrogen 

to prevent. back-diffus ion of pump oil made available the upper wavelength 

ranges of the vacuum uv, and also improved the signal-to-noise ratio. 

This improvement was thought to be due to more efficient heating 

corresponding to lower temperatures of some of the heating wires 

(see part 2 of this section on signal-to-noise problems), and to better 

shielding of the photomultiplier from room light. 

Following the path of the uv radiation from the hydrogen arc 

through the various components, then backtracking to the fluorescence 

radiation, provides a convenient way to describe the various parts of 

. / the exper1mental set-up and their relationships. The uv was focused 

by a 1 in., 5 cm focal length suprasil (synthetic fused quartz) lens 

into either a Heath Model EU-700 or a Jarrell-Ash 82-410 monochromator. 

The Heath instrument has a grating with 1180 lines/mm, blazed for 

250oA, in a Czerny-Turner mount, a focal length of 0.35 m, an aperture 
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ratio of f/6.8 at 200oA, and a reciprocal dispersion of -24 A/mm • It 

" was emp10)'ed in the experiments which did not use the vacuum chamber. 

The Jarrell-Ash monochromator has a gratirig with 1180 lines/mm, blazed 

for 190oA, in an Ebert mount, a focal length of O.25m, an aperture 

ratio' of. f/3.5, and a reciprocal dispersion of -30 Alrom • It was used 

inside the vacuum chamber with a simple rotary feed-through for the 

manual wavelength drive and a viewing window and a pair of mirrors to 

display the wavelength reading. 

When the experiment was first put into the vacuum chamber, an 

assembly of two Jarrell-Ash 82-410 monochromators in tandem was 

introduced in an attempt to eliminate the small, but :neverthe1ess 

bothersome D stray visible ltght passed by the Heath instrument. While 

this "white" stray light was effectively eliminated by the double 

monochromator assembly, two other di~ficu1ties arose. one of the 

monochromators proved to be -4 times less efficient than the other 

in transmitting the uv around 200oA, so, intensity considerations being 

paramount, it was removed. Furthermore, these monochromators exhibited 

1 multiple-path leakage of visible light which allowed relatively very 

large amou~lts to pass at certain settings in the uv around 290oA. This 

problem was overcome by placing a black' paper mask -1 in. wide vertically 

over the central portion of the concave mirror in the monochromator which 

was finally' used. Quite probably this affected the efficiency of transmission 

at some wave1engths.* but it was necessary in order that the relative uv 

* By comparing signal with and without this mask in its first ,config-
uration,' it was estimated that it cut out about 30% at 190oA, and did 
not affect transmission at 250oA. In a later configuration (see Section 
B of this chapter) the effect of the mask was somewhat different. 

) 
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intensity as a function of wavelength could be measured, which data 

were required for normalization of the fluorescence curves. Following 

this correction, there was, as with the Heath instrument, a small leakage 

of visible light, but in this case it was essentially independent of 

the monochromator setting, at least in the lSOO-27SoA range, and could 

thus be properly accounted for in obtaining uv intensity measurements. 

Following the monochromator, the radiation was chopped by a three-

bladed wheal possessing C3 symmetry, driven by a Globe model S3Al12-2 

ac hysteresis motor, which was in turn powered by a signal generated 

by a PAR model HR-8 lock-in amplifier operated ill the internal reference 

mode. This signal passed through a phase splitter and was amplified 

_ by a Bogen CHBIOO amplifier before reaching the moter. 

A second suprasil lens, identical to the first, focused the 

chopped radiation into the cell containing the salt vapor. This 

fluorescence cell was constructed of quartz, with two suprasil windows 

in the uv path and two quartz windows in the perpendicular direction. 

The main body of the cell was a section of 30 mm tubing approximately 

6 in. long, near the top of which the four 1 in. diameter, 1/16 in. 

thick windows were attached on short extensions so they protruded 

1/4-1/2 in. from the body of the cell. The salt charge was placed in 

the lower ~nd of this 30 mm section and a 10 mm finger extending down 

from it 3 or 4 in. At the upper end was attached a short section of 

""·3 mm Ld. capillary tubing to retard sublimation of the salt out of 

the main body of the cell. In early experiments, a magnet-controlled 

ground quartz rod was used to plug this a mm orifice except when a 

gas was introduced or the cell was to be pumped. This practice proved 
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troublesome for a couple of reasons--the subliming salt would occasionally 
~ 

seal the rod into the opening, and the rod, being thin, was very susceptible 

to breakage--and it was found to be unnecessary, as it was discovered 

that many hours of experiments could be run before sufficient salt 

sublimed to plug off the upper tube, and it was regarded as a good 

practice to change the salt charge regularly, anyway. 

This upper tube, which led off from the short capillary section, 

provided connection with the glass vacuum system. This system was 

quite ordinary. The components which might merit mention in their 

applications in this study were a Granville-Phillips Co. ~eries 203 leak 

valve for the control of high-pressure gases from cylinders, a 5 i mixing 

flask, the use of which will be discussed later, and a Texas Instruments 

Fused Quartz Precision Pressure Gage, model 141, supplied with a Bourdon 

Tube Capsule calibrated (and very nearly linear) from 0 to 1000 Torr. 

The resolution of this manometer was -0.025 Torr. This vacuum system 

was pumped by a liquid-nitrogen-trapped mercury diffusion pump and a 

two-stage mechanical pump. The background pressure was in the range 

10-5-10-3 Torr, and the leak rate in the main manifold was found on 

two separate occasions to be -1 mTorr/hr. 

This aside, let us return to the experimentally interesting region. 

The fluorescence cell was heated by two Lindberg cylindrical ceramic 

heating units, 2 5/8 in. o.d., 1 3/4 in. Ld., one 8 in. long (type l708-KSP) 

for the portion below the windows, and one 4 in. long (type l704-KSP) for the 

portion·above the windows. The windows separated these two heaters, 

and, although they did not extend beyond the outer surfaces, auxiliary 

heating was required to prevent condensation of salt vapor on them. 
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This was provided by Chromel A wire strung with cer.amic beads and held 

in place either by being coiled around the window extensions, or later 

(and preferably) by a specially constructed stainless steel holder--

a short section of pipe grooved .for the beaded wire and drilled with 

holes for light passage. The entire heated assembly was insulated by 

two concentrically arranged metal cans for use in air, but only a small 

amount of aluminum or stainless steel foil was wrapped around the heating 

elements as heat shielding for operation in the vacuum chamber. In 

air, two chromel-alumel thermocouples were used to monitor the temperatures 

of the salt charge and the region inunediately above the windows. In 

the vacuum chamber, three such thermocouples were used to monitor the 

temperatures of the salt charge, the window region and the region along 

the upper extension. The window temperature, which was taken to be the 

temperature at which the measurements were made, was usually maintained 

at 10-300K above the salt temperature, which determined the vapor 

pressure. In the collection of the NaI fluorescence data, however, 

this differential was approximately 1000K, rendering knowledge of the 

true temperature in the fluorescence region somewhat uncertain. Salt 

temperatures were generally adjusted to provide 10-30 rnTorr vapor 

2 pressure, although values below this range could be used, especially 

with NaI. Data shown in Chapter III indicates a negligible variation 
\ 

in the NaI fluorescence efficiency curve over a salt temperature range 

of 535-605°C, which corresponds to a vapor pressure range of ~3-25 rnTorr 

Values above about ~30 mTorr could lead to problems, as will be discussed 
o 

at various points in later chapters. 
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After exiting the cell the uv radiation passed through a suprasil 

window and struck a layer of sodium salicylate. This substance is a uv 

. 3 
sensitizer whose fluoresence efficiency has been shown to .be flat over 

a wide ran6e of uv wavelengths; a deterioration sometimes observed 

below 2000A.has been probably attributed to oil contamination in vacuum 

systems, and was not found when the sodium salicylate was kept scrupulously 

clean. 3 In these experiments, the sodium salicyiate was not exposed 

to the vacuum, so presumably no oil contamination could occur. Furthermore, 

the flatness of the response is important here only in the measurement 

of uv intensity curves, for which purpose fresh coatings were applied. 

The fluorescent visible photons from this substance were detected by an 

RCA IP2l photomultiplier, and their intensity taken as a direct measure 

of the uv intensity. 

Meanwhile,back in the fluorescence cell, the excited metal atoms 

emitted fluorescent photons, the detection of which was the basis of this 

work. Various complicated arrangements of lenses and tubes were tried 

to optimize the collection of these sometimes elusive particles, but the 

final arrangement, which seemed to work best, was simply a 3/8 in. 

stainless steel tube, one end of which abutted against one of the 

quartz windows of the cell, and the other. against either an interference 

filter (in air) or a pyrex window (in vacuum) immediately adjacent to 

an interference filter.~Five interference filters were used at various 

times, depending on the species being detected. For the sodium D-lines 

fluorescence at 5890 and 5896A, a single Baird Atomic type B-ll filter 

with peak transmission at 5892A, of 42%, and a full width half maximum 

(FWHM) of lsA served for simultaneous detection of both components. 
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This filter was found to have transmission of 39% at 5890A and 32% 

at 5896A. For the fluorescence of potassium at 7665'\ (4p2P3/2)' a 

filter of the same type with peak transmission of 53% at 7670A and 

FWHM of 17A was used and a similar filter with peak transmission of 

50% at 6770A and FWHM of lsA was used in the brief LiI experiments. An 

Omega Optical filter with a 60% transmission peak at 7699A and FWHM of 

loA was lts'oed to isolate the K*(4p2Pl/2) line at 7699A. Finally a 

Corion Instrument Corporation filter with a 35% transmission peak at 

2 4050A and a FWHM of 60A was employed for K*(5p P) lines at 4044 and 

4047A. 

In connection with the use of the filters, a cottple of questions 

arise. The first concerns the Doppler broadening of the atomic 

fluorescence lines. 
4 ~l 

This was measured by Hanson, and found to ~.15 cm 

for dissociation of NaI with wavelengths in the range 2144-23IlA. 

This broadening is clearly negligible in terms of the present measurements. 

The second question concerns, the angular diverg~nce of the fluorescent 

light which strikes the interference filter. The dimensions of the 

collimating tube are such as to allow a maximum angle of incidence 

of-4° if the tube axis is precisely perpendicular to the filter surface. 

This corresponds to a maximum possible shift in'the transmission peak of 

2 about minus 15A for the K*(4p P) filters, and proportionally less for 

5 
the others. Even this maximum shift would not cause the 7699A filter 

to transmit the 7665A line, but these considerations do raise some 

questions, perhaps, concerning just what was seen with 5892A filter. 

Early exper.iments using a lens placed in such a way as to theoretically 
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collimate the light incident on the filter, and experiments in which 

smaller (-1/8 in.) apertures were placed in the ends of the collimating 

tube showed the same behavio.r of the fluorescent signal as did the wide 

open tube experiments~ which indicates that indeed, what was detected 

was what was expected. 

It should be mentioned that attempts were made to detect the 

fluorescence signal through the Heath monochromator, vwhich is the only 

excuse for the use of the term "wavelength analyzer" in Fig. II-I. This 

was done primarily with hope of being able to separate the sodium D-lines. 

However, it. was not found to be feasible, due to the necessarily much 

smaller intensities, expecially at slit widths small enough to resolve 

the D-lines. It is believed that a noiseless photomultiplier would 

have rendered this experiment sucessful, but such an item, especially 

one with sensitivity at 590oA,is far from reality. There are, of course, 

measures which can be taken to decrease photomultiplier noise, namely 

buying a new one and cooling it. However, at this point, the experimental 

road forked, and it was decided to take the path leading to KI and 

NaBr, for which the available instrumentation sufficed. 

The radiation transmitted by whatever filter was being used fell 

upon an RCA 7265 photomultiplier, the output of which was the input 

signal to the PAR HR-8 lock-in amplifier. This lock-in was also used 

to make measurements of the uv, except in cases where simultaneous 

roonitoring of the fluorescence and uv intensities was desired. In 

these cases, a second lock-in, a PARJB-5, operated in the selective 

external reference mode on the reference output of the HR-8,was employed 

to measure the signal from the 1P2l. 
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-2. Signal Extraction and Signal-To-Noise Problems 

The output signals from these lock-ins were fed to chart recorders, 

hence to a desk or table where a transparent straight edge and a pencil 

were used to draw the "best" straight lines through the recorder traces 

to obtain numbers proportional-to the numbers of photons back at the 

signal source. With NaI, this "eyeball" averaging technique was generally 

quite easy, but with KI and NaBr, much less so. 

The smaller signal-to-noise ratios in the latter cases derived from 

either or both of two causes. For example, in monitoring K*( 4p2p), the 

greatly increased black-body emission from the ovens, especially from 

the auxiliary window heaters, at 7665 or 7699A, _ relative to 589oA, 

increased the noise by orders of magnitude. 2 With K*(5p P), on the other 

hand, smaller uv intensity at the ~perating wavelengths decreased the 

amount of signal. In the final case of NaBr, smaller uv intensity 

coupled with larger amounts of black-body radiation, which derived 

from the necess ity of attaining higher temperatures in order to 

achieve the necessary salt pressure, combined to decrease the signal-

to-noise ratio. In all three of these cases, the signal-to-noise ratios 

were approximately equal, and perhaps 50-100 times smaller than in the 

2 case of Na*(3p P) from NaI. 

When the experiment was transferred to the vacuum chamber, one 

problem developed which caused considerable difficulty before it was 

finally discovered, somew~at by accident. This was the tendency of 

the two suprasil lenses to collect some sort of coating relatively 

opaque to the uv. This'problem had not existed previously, and was 

discovered on observing that the uv intensity increased several-fold 
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when the second lens was removed from the path. The solution was simply 

to thoroughly clean these lenses before each experimental run. 

It was then observed that, during the course of one run, there was 

a marked, even dramatic, deterioration in the Signal which correlated 

with a loss of uv intensity greater than that due to the contamination 

of the lens surfaces. Again, this was a phenomenon not observed in the 

6 
open-air configuration. According to Samson, the transmission limit 

of synthetic fused quartz is -160oAat room temperature and exhibits a 

positive shift with increasing temperature of 1/4-1/3 A;oK. SO, on the 

suspicion that the cause of this deterioration was the intense heat of the 

ovens, especially as it affected the transmission characteristics of the nearer 

lens, a water-cooled copper shield was placed between the heated assembly 

and this lens. This did not prevent signal loss entirely, but it did control 
, 

it sufficiently to allow experiments to proceed on the more difficult 

systems. 

In general, it was found that the signal-to-noise ratio for a given 

system increased with temperature over a considerable range. However, 

there are several considerations which militate against higher temperatures. 

The higher the temperature, the greater the stresses on the entire heated 

assembly. Particularly notable in this regard was the tendency of the 

window heater wire to burn out. In the vacuum chamber experiments, higher 

temperature meant faster signal deterioration. This was definitely a 

noticeable effect with K*(4p2p) from KI at 630°C (salt temperature) as 

compared to 580°C. With NaI and Lil, the tendency of the salt vapor to 

attack the quartz, rendering the windows ever less transparent was noted, 
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and this be,came more serious as the temperature was raised. In fact, 

this was the obstacle which was primarily responsible for the lack of 

success with LiI. A serious problem, from the point of view of interpreting 

the data, is the possibility that vapor pressures would be reached at 

which quenching of the atomic fluorescence by the parent salt molecules 

would become significant. This is discussed theoretically in Chapter IV 

and experizqentally for the various systems in Chapter V. 

B. The Hydrogen Arc 

The single piece of equipment most crucial to this study, and at 

the, same time most problematical, was the hydrogen arc lamp. This lamp 

'was constructed early in the course of the work and was used to collect 
7 

nearly all.~he data. It was modelled after the arc described in Finkelstein. 

Samson8 describes another similar lamp. The radiation from this source 

used in these experiments was part of the H2 continuum, which results 

from the decay of a bound electronically excited state to a dissociative 

7 9 lower state.' Figure 11-2 depicts the inner construction of the lamp 

together with the electronics required for dc operation. 

In order to initiate operation of the lamp, the cathode is resistance 

heated, usually at 60-80 V, the arc power supply is turned up to about 

260 V,and a tesla coil discharge is applied to the starting electrode, 

which is a ring of tantalum wire. At this stage the voltage divider 

chain determine the relative potentials on the various electrodes which 

help to guide the discharge. Further, a large molybdenum disc is screwed 

to the cathode end of the collimaWt to prevent the discharge .from going 

around this piece. In operation, the cathode heater is off, the dc 

supply is at -140-160 V, and the 4 ohm ballast is necessary to stabilize 
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Collimator 

1.7 

Starting 
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2.2 

0-300 V, 0-20 A 
DC Arc Supply 

Anode 

X B L 7012 - 7465 

Fig. II-2. Schematic sectional view of the H2 arc electrodes and 
associated electronics. Distances are in centimeters 
and resistances in ohms. The starting electrode is a 
ring of tantalum wire. The collimating electrode and 
anode are molybdenum. 
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the circuit, as the arc itself exhibits a characteristic "negative 

resistance" • 

The arc electrodes shown in Fig'. 11-2 are mounted inside a 

5-1/8 in. i.d. brass cylinder, flanged on the cathode end for a large 

pyrex viewing window and on the anode end for a small 1/16 in. thick 

suprasil window and for attachment to either a support stand or the 

wall of the vacuum chamber. The cathode and starting ring are supported 

by 1/8 in. nickel rods which are held in metal-ceramic feed-throughs 

and which also provide electrical contact with the outside world. 

Likewise, the copper tubes which support the collimator and anode also 

supply cooling water and voltage to these pieces. The cooling water 

also circulates through a lengthy copper tube wound around the outside 

of the brass case. 

The key to the operation of the arc is the cathode, which is formed 

of a piece of nickel screen (-50 mesh)' -1-1/2 in. wide and -9 in. long, 

folded twice lengthwise around a narrow strip of tantalum sheet (-5 mil) 

for reinforcement, then folded several times crosswise, accordion-like. 

On this piece is deposited a solid solution,of barium-strontium oxide. 

The procedure by which this is done needs to be followed quite carefully 

if proper operation is to ensue; as was emphasized by several unsuccessful 

.attempts be~ore the correct procedure was discovered in Ref. 10. First, 

an equimolar m~xture of barium carbonate and strontium carbonate is 

triturated and mixed into a liquid co~sisting of 3 parts diethyl carbonate 

and 1 part diethyl oxalate and containing in solution -0.15 g/ml 

.nitrocellulose. It was found that 10 g of the carbonate mixture in 

16 ml of the solution was sufficient to coat about 6 cathodes. This 

lacquer is painted onto the cathodes with a small brush or, just as 
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easily but.more messily, with a finger. It is important to avoid 

deposition of large particles and to leave a uniform coating on the 

nickel screen. Following evaporation of most of the solvent, the 

cathode is put in place on the nickel rod supports inside the lamp, which 

is then pumped down through an auxiliary vacuum system using a small 

two-stage mechanical pump. The cathode is then "activated" by heating 

it gradually, over a period of about 1/2 hr, to ~1200°C, keeping it 

at this temperature for about 15 minutes, then cooling. This procedure 

converts the metal carbonate mixture to a solid solution of barium-strontium 

11 
oxide, which has a low work function of 1.0 eV. Initially, the 

temperature of the cathode during activation was monitored using an optical 

pyrometer, but later on an effective· correlation with the pressure 

inside the lamp (due to the carbon dioxide being driven off) was developed 
·c 

which indicated when the temperature had reached approximately the 

desired maximum value. 

After being properly activated, the cathode could usually be persuaded 

to produce an arc a.s described previously, with an H2 pressure of about 

3 Torr. This pressure was measured using a U-tubemanometer containing 

Dow-Corning 704 oil (density 1. 06 glml at room temperature). H2 was 

flowed thr~ugh the lamp constantly during operation and the pressure 

was contr~lled using a vernier needle valve. It was found to be 

advantageous to use pressures somewhat higher than 3 Torr for continuous 

operation, as greater intensities could be obtained with the same current 

through the arc. Figure 11-3 shows the relationships of the several 
.. 

variables ,in lamp operation. The arc voltage was taken from the meter 

of the dC$upply and corrected for the drop across the ballast resistance, 



-« 
'-" 

+-
C 
Q) 
~ 
~ 

:::l 
<.) 

u 
~ 

« 

3 
16 

15 ~ 

13 

12 

I I 

10 

9 -

8 

7 

-23-

4 5 6 7 8 9.5 H2 Pressure (torr) 

80 

oc:( 

0 -en 
0 +-
LO c: 
N ::::J - ~ 0 ~ 

~ 0 - ~ -en 
.0 c: 

Q) ~ - 0 
c: -

80 90 ,100 110 120 130 
Arc Voltage (V) 

XBL 714-6643 
-

Fig. 11-3. Lamp performance curves. The data points and heavy curves 
show the current voltage characteristics for various H2 
pressures. The light curves show constant intensity 
contours measured at 250oA. 
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and the current was measured using an ammeter across one of the lohin 

resistors in the ballast series. 

Construction of this lamp was undertaken because it was advertised 

as having a larger fraction of its output in the uv, and particularly 

as having more intensity in the region near the vacuum uv, compared to 

commercial xenon or xenon-mercury arcs, and because of Finkelstein's7 

claim that it was 50-100 times more intense than commercial H2 arcs. 

No reason to contr.adict these claims was found. Figure 11-4 shows a 

typical H2 arc curve of intensity vs wavelength as measured through the 

Heath monochromator in air and similar curves for two 1 kW commercial 

arcs in the region 2000-290oA. Data from the manufaeturer12 was used 

to plot the commercial arc curves. The comparison between the Xe-Hg 

arc and the H2 arc was established, at least roughly, by comparing the 

fluorescence signal from Nal excited by the two different sources. This 

is why the ordinate is labelled "Usable Radiation Output". A comparison 

is somewhat difficult as the Xe-Hg arc emits into 4n steradians, 

while the H2 arc has an aperture ratio of -fIla The fluorescence signal 

measurements indicated tha~ the Xe-Hg arc output decreased more rapidly 

toward lower wavelengths than the curve in Fig. 11-4 indicates. 

The arc was also compared to an H2 low-pressure glow discharge 

13 lamp, modelled after that of Hunter. The glow discharge was roughly 

three times less intense overall, as might have been expected from its 

typical operating power of ~OO W, with relatively somewhat greater 

intensity below 200oA. It was tried once in photodissociation of KI, 

and the signal was weaker than that produced with the arc, in the degree 

d . d14 
expecte. In both these sources it was found, as has been reporte 
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I kw Hanovio H. P. 
Xe-Hg Arc 

H2 Low Pressure Arc 

o~--~--~--~--~--~--~--~--~--~ 
2000 2200 2400 2600 

Wavelength (A) 
2800 

XBL 7012-7453 

Fig. II-4. CQIIlparison of intensities for H2 arc and two commercial 
arcs. The relationship between the H2 arc and the Xe-Hg arc 
was established roughly by comparison of fluorescence signal 
from photodissociation of NaI. The uv was collected by a 
2 cm dia!lleter lens, -2 cm away from the source for the HZ 
arc, and -4 cm away from the source for the Xe-Hg arc. These 
arrangements seemed to maximize the fluorescence signal. 
The HZ arc curve was measured through the Heath EU-700 
monOChrOIJator with a bandpass of 48A (FWHM). 
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for the glow discharge, that the use of D2 as a discharge medium gave 

-25% greater intensity in the region investigated (-2000-250oA). D2 was 

used experimentally in one case, the experiments on the quenching of 

2 K*(4p p) by 1
2

, 

After the experiment was moved to the vacuum chamber and a new 

monochromator installed, new lamp curves were measured through the 

Jarrell-Ash monochromator in vacuum. Figure 11-5 shows two of these 

curves, one taken just prior to measurement of the KI fluorescence 

efficiency curves, and the other just prior to measurement of the NaBr 

fluorescence efficiency curves. A relative maximum in the H2 continuum 

9 
below 2000A is supposed to exist, but it was observed only during the 

later measurements in vacuum. Probably this was due to the relocation 

of the paper mask, which had been removed during some of the intervening 

experiments. The presence or absence of the lower hump would not 

2 affect the results on KI, as the K*(4p P) fluorescence efficiency curves 

2 do not extend so low, and the K*(5p P) data was not energy analyzed. 

Fortunately, this peak in the vacuum uv was found prior to the NaBr 

experiments, in which the added intensity was certainly welcome. That 

this was indeed uv was proved by venting the vacuum chamber and 

watching it disappear. 

In using the H2 are, it was found that the lifetime of the cathodes 

was limited mostly by the damage incurred during and immediately after 

starting. Usually the arc would jump about on the cathode for several 

seconds before it settled down to stable operation, and during this 

period bits and pieces of the cathode would go flying off. Examination 

of spent cathodes showed the central portion, i.e., that near the 

optical axis of the lamp, to be eaten away almost entirely. Death 

""-
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Fig. 11-5. Relative intensity vs nominal wavelength for the H2 arc as measured through one Jarrell-Ash 
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usually resulted from burning out the remaining thin portion during 

an attempt at starting the lamp. 

Once starte~ the arc would operate in quite stable fashion. Normal 

operation appeared to cause little cathode wear and there is no reason 

to believe that the lamp would not operate in the continuous mode for 

an essentially unlimited time. There would be occasional jumps in intensity 

of a few percent,_ presumably associated with a spontaneous self

reconfiguration of the discharge. There would also be rare negative 

spikes in the output. Observation of the lamp through the viewing 

window showed green flashes in the rear portion when these occurred, 

indicating a temporary arc to some portion of the copper--probably 

between the anode tubing and the lamp housing. These aberrations were 

nearly always self-correcting and were rare, but became more frequent 

when the lamp was operated at very high currents (-17A). Such currents 

were sometimes employed, although they tended to cause cathode wear 

as well as occasional instability problems, since signal intensity 

was extremely dear in some experiments. 

C. General Experimental Considerations. 

In studying one of these alkali halide systems photodissociatively, 

the initial step was to load a charge of the salt into the fluorescence 

cell and degas it by heating it to 200-300.o C for -15 hrs under vacuum. 

This was particularly important with NaI, which exhibits a considerable 

affinity for atmospheric water. Following this initial degassing, the 

sample was heated to a temperature corresponding to a vapor pressure 

appropriate to the experiment. During this heating, the final traces 

of water would be driven off. 
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Upon exposure to uv radiation in the appropriate wavelength range, 

the fluorescence signal from the metal atom could be detected andJstudied 

as a function of wavelength for the pure salt or as a function of gas 

pressure and wavelength for some added foreign gas. Table I shows the 

general conditions under which these studies were conducted for the 

various systems. 

In octaininga fluorescence efficiency curve, the relative intensity 

of fluorescence was measured as a function of the nominal'uv wavelength 

at severalpoints.across the range in which photodissociation to the 

desired product occurred. Then the value for each point was divided 

by the relative value of the uv intensity at that nominal wavelength 

to normalize the entire fluorescence efficiency curve to unit uv 

,intensity. This yielded a curve which was still a function of the 

monochrcmator bandwidth, and subsequent calculations were done (see 

Chapter III) to relate this curve to the theoretical fluorescence 

curve for an infinitessimal uv bandwidth. 

With NaI, fluorescence efficiency curves were measured under a 

wide variety of conditions. Except at the lowest temperatures and 

smallest bandwidths, it was possible to collect the data by setting the 

(Heath) monochromator at a slow automatic scan rate (lor 1/2 A/sec) 

and correlate the chart paper abscissa with wavelength by referencing 

the initial and final values. In collecting these data, no time-

normalization problems were encountered. The other systems were 

studied under a single set of conditions, as data collection was much 

more difficult. In these cases, the (Jarrell-Ash) monochromator 
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Table I. Experimental conditions. 

System Subject Temp. Range Wavelength Bandwidth 
( OK) (A) (A) 

2 NaI-+(Na*3p p) Fluorescence 870-1000 1900-2000 12-48 
iUficiency 

Quenching 860-920 2l50.,..2400 48 
(870,960)* (2125)* (36,28)* 

2 NaBr-+Na* (3p P) Fluorescence 900 1700-2300 60 
Efficiency 

Quenching 900 1875:..2125 60 

KI-K*( 4p2p) Fluorescence 870 2100-2800 60 
Efficiency 

Quenching 870,890 2300-2525 60 
(920) 

KI-+K*( 5p2p) Fluorescence 890 1750-2100 60 
Efficiency 
(rough) 

Quenching 890 1925 60 
Thermal 
(1925,1950, 
1975 non-
thermal) 

*Values in parentheses refer to conditions which were used on single 
occasions, usually for a special purpose • 

... 
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setting was varied manually and left at each value long enough to 

establish a level, usually three to five minutes. 
2 For the Na*(3p P) 

2 from NaBr and K*(4p P) from KI, there were real time-normalization 

problems deriving from the deterioration of the signal characteristic 

of the vacuum-chamber experiments. However, the slow, monotonic 

nature of this deterioration made it fairly straightforward to handle 

by using one monochromator setting as a reference and returning to it 

regularly, usually every third point. The fluorescence curve for 

2 K*(5p P) from KI was examined only briefly as the presence of interfering 

processes (aee Chapter V) rendered the results at lower wavelengths 

ambiguous. 

In taking measurements on quenching by a foreign gas, a value of 

the unquenched fluorescence was obtained, then the g~s was added at 

a known pressure and the value of the quenched fluorescence obtained, 

then the gas was pumped out at the unquenched level again established. 

If the foreign gas was added alone, its pressure was measured directly 

on the quartz spiral manometer. Since, even at the lowest pressures 

of quenching gases studied, the mean free path within the gas was much 

smaller than the i.d. of the tubing connecting the vacuum manifold 

to the fluorescence cell, the pressure measured in the manifold on 

the quartz spiral manometer could be equated to the pressure inside 

the cell (see Ref. 15 for a discussion of this problem). In a number 

of experiruents, however, a known pressure of a foreign gas was pre-

mixed with several hundred Torr of argon and aliquots of this mixture were 

drawn off into the fluorescence cell, so that quenching occurred under 

thermal conditions. It was, of course, established that argon itself 
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did not produce measurable quenching at the pressures employed. The 

pressurecof the foreign gas was then taken as its calculated partial 

pressure in the mixed sample. 

The pre-mixing was done in a 5 R, flask equipped with a magnetically

driven stirring blade. It was necessary to check the thoroughness of 

the mixing procedure in order to be confident of the calculated gas 

pressures .. This was done in two ways. First, visual checks were made 

using iodine and bromine vapors. These indicated that when argon was 

introduced into the flask over a low pressure (-1/2 - 10 Torr) of the 

vapor, the vapor was compressed toward the bottom of the flask, more 

noticeably for higher pressures, and that full mixing occurred quite 

readily when the gases were stirred. Second, absorption of the uv 

at 2100A by S02 at calculated pressures in a mix was compared with 

absorption by pure S02 at directly measured pressures. The results 

of this check are shoWn in Table II. Since there are clearly departures 

from the Beer-Lambert law, it was important to compare points taken 

at nearly equal pEessures. For such points, the ratio of the pressure 

of S02 to the quantity [In(I/Io )] should be the same. This requirement 

is well satisfied by the data of Table II.· 

When the foreign gas-argon mixture was added to the fluorescence 

cell at a few hundred Torr, the fluorescence signal would be depressed 

nearly to zero, and would then rise slowly and eventually establish 

a uniform level. This presumably was due to compression of the salt 

vapor into the lower portion of the cell by the initial high pressure 

wave, as it occurred almost immediately even though the gas mixture 

was added over a period of about 1-2 minutes, and then the subsequent 
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Table II. Mixing bulb check results. 

Pure S02 3.5 Torr S02 in 650 Torr Argon 

"':ln III 
o 

0.82±0.03* 

0.678±0.03 

O.415±0.02 

IP/ln 1/1 I o 

4.20±0.15 

3.47±0.14 

2.77±0.13 

Pso (Torr) 
2 

3.34 

2.25 

1.11 

-In III 
o 

0.78±0;03-

0.655±0.025 

0.40±0.02 

4.28±0.lS 

3.44±0 .14, 

2.78±0.13 

Tolerances indicate the resolution of 'the measurement, which is ~/2 
division on 100 division/lOin. chart paper. -

\ 
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re-equilibration of the spatial distribution. Usually 3-5 minutes 

would pass, before a measurement could begin. This phenomenon was 

also observed with comparable pressures of pure argon. As will be 

discussed in Chapter V, quenching experiments with CH
4

, CD4 , 'C
2
H

4
,_and 

CH30H, pure and in· argon-gas mixtures, gave results which agreed 

within experimental error. 

An. additional complication arose when the foreign gas itself 

absorbed uv radiation at the wavelength being used. If this absorption 

was not too st'rong, and attempt was made to correct the data for it. 

To do this, the uv intensity was monitored continuously during and 

between quenching measurements. Values of (1/1) were obtained, 
o uv 

and the I /1 values for the fluorescence were divided b,Y (1/1 )x , where 
o " 0 uv 

x :::; 0.5, corresponding to the fact that the zone from which fluores~ence 

was detected was approximately halfway through the cell. This problem, 

of co~rse, lessened the reliability of the results, and measurements 

were not attempted for cases in which the absorption of 'the uv accounted 

for about half or more of the observed drop in fluorescence intensity. 

In .the course oC this work, many gases were tried as prospective 

quenchers, some of which proved unusable for various reasons, some 

of which quenched so little as to seem uninteresting, and some of 

which behaved in such a manner as to merit study. Three checks were 

-employed on the behavior of gases in the fluorescence cell to try to 

ascertain that nothing untoward occurred, particularly for those 

gases whiC7h were studied at some, length. The first was that the 

unquenched fluorescence level should return to its original value 

when the gas was pumped out of the cell. There were certain tolerances 

in this, of course, corresponding to normal fluctuations in the signal 
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level. Only one gas (CCI
4

) failed this test, and it was reckoned 

that it reacted with the salt. The second check was that the pressure 

should remain constant while the gas was in the cell. This could be 

checked in one of two ways: the pressure could be monitored continuously, 

or the cell could be isolated, the manifold pumped out, and the pressure 

in the cell-manifold when the cell was opened could be compared to 

the value expected from the known volumes of the two parts. The 

third check was mass-spectrometric analysis. Spectra of gases which 

had been exposed in the cell were compared with those of gases directly 

from the reagent supply. Data from the spectra will be presented 

when the gases are considered in Chapter V. 

Gases used were commercial reagent grade or better, where available, 

and were used directly from the cylinder. Liquid samples, likewise 

commercial reagent grade except for H20, which was obtained from 

the laboratory distilled water supply, wer~ degassed by repeated freezing 

and thawing under vacuum before use. Deuterated compounds were 95% 

or better isotopic purity. In these experiments, where the quenching 

cross sections are large, small amounts of impurities would not be 

expected to introduce significant uncertainty into the results. 

Nevertheless, for most gases which were studied at some length, the mass 

spectra served to give a good indication as to the purity, both in the 

presence or absence of inpurity peaks, and in comparison to standard 

spectra. 

Table I!! presents a summary of the behavior and the kinds of results 

obtained for all the gases studied. Problems or special considerations 

for given gases. will be discussed at the necessary length when the data 

are presented. 
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NaI-+Na* (3p 2p) 

12 

C2H4 

CO 
2 

C6H6 
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D2 
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Table III. Summary of results. 

Checks (i,p,m)* 

i,it (p res) 

i,p,m 

i,p,iI 

i,m 

i,p,m 

i,p,m 

i,p,m 

i,m 

i,p,iI 

i, p, iI 

i,iI (p res) 

,iI (pres) 

Results** 

Qq vs g 

Qq vs g 

Qq vs g 

Qq vs g 

Qq vs g 

Qq vs g 

Qq vs g 

Qq vs g and kq 
thermal 

kq thermal 

kq thermal 

kq thermal--very small 
enhancement T
dependent? 

kq unobservable 
irregular enhancement 

Comments 

Absorbs uv/adsorbs slightly 
on glass-p inconclusive 

Absorbs uv 

Signal drops slowly at higher 
pressures--NaCl? 

Isomerization? 

Adsorbs on glass, p 
inconclusive 

Enhancement observed 

. Enhancement observed 

Adsorbs on glass 

Adsorbs on glass 

, . 

I 
w 
0-
I 



System/Gas 

NaI+Na*t3p2.p) 

CH
4 

C2H6 

CF3H 

CS2 

SF6 

Propene 

2-butene 

N02 

BF3 

CCl4 
2 NaBr+Na*(3p P) 

Br2 

Checks 

i,p,No m 

Fails m 

Fails p 

Fails p 

Fails i 

i, i1 

Table III. Continued. 

'Results 

kq very small 

kq very small 

Enhances to 50 Torr 

Apparent kq very large 

Signal drops-rises 
slowly 

Signal drops-rises 
slowly 

Qq vs g 

Conunents 

Absorbs too much uv 

Decomposes? 

Decomposes? 

Decomposes? 

Decomposes? 

Reacts with salt? 

Pressure drops slowly, p 
inconclusive-reacts with 
stopcock grease? 

, . 
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System/Gas 

KI-+K*( 4p2p) 

C2H
4 

CF
3
CI 

S02 

CH30H 

H2 

D2 

H ° 2 

CF4 

CH4 

CF H 
3 

12 

Checks 

i,p,il 

i,p,ti 

i,p,il 

i,jl, P 

i,p,il 

i,p,il 

i,il (p res) 

i,p,il 

i, p ,il 

i,il, (p res) 

'Table III. Continued. 

Results 

Qq vs g and kq thermal 

QCi vs g 

Qq vs g and kq thermal 

kq thennal 

kq thermal 

kg thermal 

kq thermal--very small 

kq very small 

kq very small 

windows become coated 

kq non-thermal 

Comments 

Signal drops slowly at 
higher pressures, cannot be 
thermal 

Adsorbs on glass 

HF? KF? 

I 
W 
00 
I 



System/Gas 

2 KI-+K* (5p P), 

CF3C1 

CF4 

CH30H 

N2 

H
2
0 

D20 

HC1 

DC1 

C2H4 

C2D4 

H2 

Table III. Continued. 

Checks Results 

i,it,; kq thermal 

i,it,; kq thermal 

i,m,; kq thermal 

i,it,; kq thermal 

i,it, (p res) kq approx thermal 

i,m, (p res) kq approx thermal 

i ,it kq non-thermal 

i,it kq non-thermal 

i,p,it kq thermal and 
non-thermal 

i,;,it kq thermal 

i,p,it kq thermal 

Comments 

No signal drop 

Adsorbs on glas~ cannot do 
thermal 

Adsorbs on glass, cannot do 
thermal 

, . 

,Pressure drops slowly, p 
inconclusive reacts with metal 
tubing? 

Pressure drops slowly, p 
inconclusive reacts with metal 
tubing? 
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System/Gas 

KI4<*(5p2p ) 

D2 

CH4 

CD4 

C2H6 

C2D
6 

12 

* 

Checks 

i,p,it 

i,p,m 

i,p,m 

i,m,; 

i,fl,; 

i,it (p res) 

Table III. Continued. 

Results Conunents 

kq thermal 

kq thermal and non-thermal 

kq thermal and non-thermal 

kq thermal 

kq thermal 

kq non-thermal 

i,p and m refer to the checks on the behavior of gases in the fluorescence cell: i the 
unquenched fluorescence intensity check, p the pressure check, and m the mass spectral 
check. Entry of one of these symbols indicates that the check was passed. 
(p res) indicates the pressure was maintained in equilibrium with a reservoir, so no 
check was possible. . 
; denotes a case in which no pressure check was made because all measurements were 
done with argon mixtures. 
it denotes a case in which the mass spectral check was considered unnecessary, because 
of the gas itself or because a check had been made for the gas and with another system. 
** . 

Qq denotes the quenching cross section, sthe relative velocity. If "Qq vs gil is 
entered, this indicates full energy analysis of the data as described in Chapter IV; 
kq denotes the quenching rate constant, and its entry indicates that it was measured 
but full. energy analysis was not done. 

I 
~ 
0 
I 
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III. POTENTIAL CURVES AND PHOTODISSOCIATION 

A. Introduction 

In these experiments, photodissociation of an alkali halide 

molecule, MA, occurs when a molecular transition from the ground 

electronic state to an excited repulsive electronic state is induced 

by the absorption ofa uv photon. The atoms, one or both of which may 

be excited, then separate as the system "rolls down" the potential curve 

of the upper state. There is experimental evidence which indicates 
. 2 

that the photodissociation of NaI to produce Na*(3p P) and ground state 

I proceeds by a direct transition to the repulsive state involved in 

the dissociation. By photon counting, the natural radiative lifetime 

2 I 2 of the Na*(3p P) atoms has been observed following short uv pulses. ' 

Reference 1 also reports no indications of delay in the fluorescence 

2 
of Na*(3p P) from NaBr, again leading to the probable conclusion that 

the mechanism of photodissociation is a direct one. This is assumed 

to be the case for the other systems studied as well. It is further 

assumed that the upper potential is purely repulsive, although a 
3 4 . . 

small well' of -0.2 eV has been considered in the upper curves of 

several alkali halides, and is not ruled out by the results of this 

work. This well, however, is less probable for iodides than for other 

halides. 3 

Since the metal atom produced by photodissociation in these 

experiments is in an excited state, whose steady-state population can 

be monitored by observing the emission from it, the intensity of this 

emission can be taken as a measure of the relative efficiency of the 

photodissociation process. That is, the fluorescence efficiency curve 
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provide~ a measure of the relative absorption probability vs energy 

for the" molecular electronic transition. This in turn provides a handle 

on the upper potential curve, if an acceptable representation of the 

ground state potential curve is available. .The numerical analysis 

of this problem and the calculations for NaI are primarily due to 

5 Shen-Maw Lin, and are detailed in his thesis, as well as being 

described in Ref. 6. They are presented here for the sake of com-

pleteness, along with the results on NaBr and KI. 

Knowledge of the upper potential makes possible the calculation 

of the speed distribution of thephotodissociatively produced atoms. 

The latter part of this chapter develops the analytic expression 

for this distribution for the case of a single vibrational level at 

a single frequency neglecting and including the contribution of the 

molecular rotational energy, and describes the additional numerical 

steps involved in obtaining the full experimental speed distributions. 

B. Photodissociation Theory and Numerical Analysis 

Consider the hypothetical situation of a sample of MX molecules, 

all in vibrational state v, of thickness 6x, and number density N • 
v 

2 If uv radiation at frequency V , of intensity I (energy/em sec), 
o 0 

falls on this sample, the intensity absorbed, I , is given by7 
a 

I = I N'fuchV Be: a 0 v o,v 

where h is Planck's constant and B is the Einstein absorption e:, v 

coefficient for the transition connecting the eigenstate v of the 

ground electronic state with the eigenstate e: of the repulsive 

electronic state, having energy e: above the dissociation limit. In 

(1) 
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terms of W , the vibrational frequency of MX, D , the well-depth 
e e 

of the ground electronic potential, and E*, the excitation energy of 

the excited M*'atom 

E = hV + hw (v + 1/2) - D - E* 
o e e 

The relationship of the various energy quantities is indicated in 

Fig. 111-1 for a hypothetical case. 

Condon approximation7,8 by 

Be is given in the Franck
~,v 

-2 where ~ (r) is the average value of the electronic transition moment 
e 

and (E/v) represents the overlap integral between the wave :functions 

t 
of the states v and E. 

Combination of Eqs. (1) and (3) gives an expression in terms of 

mo1ecu1a.r parameters for I in units of energy/cm2 sec, ~hi1e the 
a 

number of excited metal atoms produced, which is what is detected 

2 
in these experiments, is proportional to I~, in units of photons/em 

sec. I' is just I /hV ,which eliminates the factor of V , which a a 0 0 

appears on the right side of Eq. (1), from the expression for the 

(2) 

(3) 

experimental fluorescence intensity. However, the reduced fluorescence 

efficiency, that is, the fluorescence efficiency normalized to unit 

2 incident uv intensity (in units of photons/cm sec), is proportional 

to 1'/1', where I' is just I /hV , which reintroduces the factor of 
a 0 0 0 0 

v. Recognizing this, and collecting constant terms, the reduced 
o 

metal atom fluorescence intensity for a given vibrat1.onal level, 

tIn calculating transition probabilities for these molecules, the effect 5 
of rotation was ignored by setting J=O for both the upper and lower states. 
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E 

, = OJ 

'e 
Internuclear Separation 

XBL 737- 6558 

Fig. III-I. Schematic of the photodissociationprocess, 
showing the various energy quantities involved. 
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I (V), can be expressed as a function of frequency as v 0 

I (V ) = CN v 1 (e; 1 v ) 12 
v 0 v 0 

where it Rhould be noted that e: is also a function of V • 
o 

This equation relates the fluorescence efficiency curve for a 

given vibr.ational level to the two potential curves for a particular 

transition. Given computer time, any of the three can be calculated 

from the other two, although there seems to be no rigorous proof 

that the relationship is unique. In the real case, in which more 

(4) 

than one vibrational level is populated, Eq. (4) is easily generalized 

to 
00 

I(Vo ) = L 
v=O 

I (V ) 
v 0 

, 

where now e: also depends on v, as per Eq. (2). 

5 A computer program was written which, given the two potential 

curves, found the wave functions, did the integrals, and carried out 

(4a) 

the summation indicated in Eq. (4a). The solution of the Schroedinger 

equation for the ground state was done by the method of Zare and 

9 9b Cashion, as applied in the program of Zare for intensity calculations 

for two bound states. This latter program was modified for the 

present. calculation. The continuum wave functions were ob~ained from 

a one-dimensional, box (energy) normalized solution to the radial 

Schroedinger equation for a given trail potential.
S 

In this method, 

the wave functions were restricted to a maximum internuclear spparation 

of 12a , and the continuous infinity of solutions was replaced by a o 

discrete infinity. Tests were made to insure that the maximum separation 

was sufficient so that changing it did not affect the results. After 



-48-

. 
calculating the theoretical fluorescence efficiency curve of Eq. (4a), 

the program then convoluted it with the bandpass furtction of the 

monochromator, M(A,A
O

) to obtain the total intensity, IT' for com

parison with experimental data. Converting to the wavelength (A) 

domain, 6 

IT(A) = f 
A 

I(C/A ) M(A,A )(C/A 2)dA 
000 

As discussed in Ref. 5, previous attempts to extract repulsive 

3 10 11 potential curves from molecular absorption spectra ' , or atomic 

(5) 

fluorescence data4 have used the so called delta-function approximation, 

in which the overlap integral is replaced by the value of the bound 

state wave function at the internuclear separation oorresponding to 

the frequency being considered. This approximation, as previously 

used, gave considerably different results for the repulsive curve 

than are given by the full Franck-Condon factor calculation as 

employed here. 1213 However, recent studies by other workers ' have 

indicated that at least a part of the problem with previous delta-

function approximation calculations was improper energy normalization 

for the upper state. 

It is conceivable that the atomic fluorescence produced in these 

photodissociation experiments is polarized to some degree. This could 

give rise to problems in interpreting the data, as the polarization 

14 would be accompanied by spatial anisotropy which could then vary 

as a function of uv wavelength, and which would be expected to vary 

as a foreign gas was added, possibly giving rise to spurious differences 

in the detected intensity. 
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On the atomic level, polarization means a non-statistical population 

of m
J 

levelo, which can occur for J = 3/2, but not for J = 1/2. There 

is apparently no experimental evidence of this in pitotodissociation 

of alkali halides, and, if it did occur, the cross-sections for its 

collisional destruction by the parent salt vapor molecules would 

probably be very large indeed, as the cross section for depolarization 

* 2 of the J = ~/2 level of Na (3p P) by helium, with which the interaction 

2 15 should be very weak, has been found to be 95 A.. However, the 

possibility that it might be produced will be considered a bit further. 

Defining the atomic coordinate system in terms of the instantaneous 

M-X axis at the time of transition to the upper state seems reasonable, 

for at least a short time after dissociation. Then, if the m
J 

levels 

are not statistically populated, the atomic fluorescence would be 

polarized and anisotropic with respect to this axis. This could lead 

to anisotropy in the angular distribution of photons in the lab if 

the axes of disso~iated molecules are not isotropically distributed, 

which condition would produce a spatial anistropy of photodissociation 

products. 
. 16 

This problem, as discussed by Zare and Herschbach, involves 

the question of whether the molecular transition is II (~+~) or l(~+rr). 

In theseexp~riments one might reasonably expect some admixture of 

both types of transitions, which would produce an only slightly anistropic 

product distribution for completely polarized uv. The uv through the 

monochromator would be expected to be only slightly polarized, as all 

experiments were done near the blaze settings. 17 For the Jarrell-Ash 

monochromator, the ratio of the two polarized components (ll and 1 to the 

grating grooves) was found to -1/2 at 4860A, and sowo*ld be expected to 
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be quite near 1 at settings within 800A of the 1900A blaze setting. 

All these considerations lead to the expectation that polarization 

effects would not be important in these or similar' experiments. In 

fact, experimental attempts
l8 

to observe anisotropy.in the angular 

distribution of NaI photodissociation products using polarized uv 

have led to the conclusion that no such anisotropy existed. 

To be convinced of the lack of impottance of polarization effects 

in the present case, one need only consider that addition of high pressures 

of argon, which should depolarize quite efficiently, produced no per-

2 manent change in the intensity of fluorescence from either Na~(3p p) 
I 

2 
or K*(5p P). In these cases, as J = 1/2 and J = 3/2 were observed 

simultaneously, as opposed to the K*(4p2p ) case, any overall intensity 

change would have been readily detectable. 

C. Potential Curves 

The lower state potential curves for the systems studied here 

19 20 were based on the Rittner polarizable ion model, which has been shown 

to account well for the dipole moments and dipole derivatives of several 

alkali halides. This model was modified slightly by the inclusion of a 

scaling factor, S,to fit the potential minimum to the known dissociation 

i . 21 Th i f h energ es to 10ns. e express on or t e interatomic potential near 

the minimum is then 

where a+ and a are the polarizabilities of the alkali and halide ions 

(values from Ref. 2~. C6 ' the dispersion constant, was calculated 

from the Slater-Kirkwood approximation. 23 The constants A and p were 

evaluated by demanding (dV/dr) 
r=r 

e 
= 0 and by fitting Cd

2
V/dr2)r=r 

e 
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to the experimental (harmonic) force constant. Values of wand r 
e e 

were taken from Ref. 24, and values of D for the process MX ~M+ + X 
o 

were taken from Ref. 21 and corrected by w /2 to get D' for evaluation 
e e 

of~. Table I lists the values of the input and output parameters of 

this model for the molecules under consideration, along with values 

24 25 
of w x and w y which were used in calculating trial energy levels e e e e 

for the computer program. Although the Rittner potential gives the 

dissociation energy to ions, it is valid in the region near the minimum 

for a system which is considered to dissociate to neutrals. Its 

applicability is indicated by the fact that the vibrational levels 

found by solving the Scr..I'oedinger equation for this potential agreed 

to within 1% with the spectroscopic data. 

The upper state potential curves were found by trial and error, 

being adjusted in a given case until the program results, corresponding 

to Eq. (5), fit the experimental fluorescence efficiency curve 

satisfactorily. It should be kept in mind, in considering these curves, 

that there may be several molecular states which can dissociate to 

the particular atomic states in question, and that the curves which 

are found. would then be regarded as "average" curves for all such 

states .. 

D. Experiments and Results 

1. Sodium Iodide 

As mentioned in Chapter II, fluorescence efficiency curves for 

NaI were measured under a wide variety of conditions. Experimental 

points for three sets of conditions are shown in Fig. 111-2, along with 

the "best-fit" calculated curve for one set,corresponding to Eq. (5), and 

including two distinct processes, as discussed below. It should be 
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Table I. Parameters for alkali halides. 

Parameter/Salt 

Input 

D (eV) 
e 

. -1 
W (cm ) 

e 

r (Ay' 
e 

cx (A3) 
+ 

ci _ (A3) 

C
6

(evA6) 

Output 

A(eV) 

peA) 

f3 

Extra 

-1 
W x (em ) 

e e 
-1 

W Y (cm ) 
e e 

* 

NaI NaBr KI 

005.095 005.3955 004.5211 

258.0 298.5 186.5 

002.7115 002.5020 003.0478 

000.15 000.15 001.20(0.9)* 

007.0 004.5 007.0 

015.41 OIl. 98 099.96(78.03) 

1629.7 1672.63 2753.4(2728.8) 

0000.3813 0000.3511 0000.3896(0.3876) 

0001.022 0001.012 0001.008(1.011) 

0000.96 1.16 0.57 

0000.001 0.001 0.001 

Reference 22 gives various values for .the polarizabilities 
of Na* and K*. Those chosen seem to be the most popular. 
The differences in the potential curves calculated for KI 
using values of 1.20 and 0.90 (values in parentheses) were 
negligible for the purposes of this study «25 cm-l over 
the important range of r). The value of 1.20 gave a 
slightly better fit to De' . cx+ for Na*, being an order of 
magnitude smaller, .would affect the potential curves ev,en 
less. 
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1.2 
Experiment Data 

1.1 • 633°C 
• 664°C 

1.0 &! 705°C 

0.9 
• -en 0.8 -c: • ::> 

>.. 0.7 ~ 

0 
~ -..0 0.6 
~ 

<{ • -
> 0.5 :;, ..... 

"-
~ 0.4 

H 

0.3 

0.2 

0.1 

o~--~--~----~--~--~~~ 
1900 2000 2 I 00 2200 2300 2400 2500 

Wavelength (a) 
XBL 713-6601 

Fig. III~2. Fluorescence efficiency curves for Na*(3p2p) from NaI. The 
data points, normalized to unit uv intensity, are given as solid 
symbols. The temperatures listed are those of the window region of 
the eell for each case. The salt temperatures were lOOoe lower. The 
uv bandwidths were 24A (FWHM) for the 633°e data, and 36A (FWHM) for 
the 664 and 705°e data. The solid line shows the best fit calculated 
for the 633°e data for both fluorescence prOcesses, Eqs. (7) and ($). 
The lines show the separate contributions in the region of overlap. 
All three sets of data were normalized to the same height at the 
long wavelength relative maximum. 
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noted that, as the data points indicate, the uncertainty in the data 

increases toward lower wavelengths, expeciallybelow 200M. However, 

even considering this, it seems likely that the lower wavelength 

peak would be more intense than the upper. 

The process of primary interest here in the photodissociation 

of NaI can be represented as 

NaI 
-2000-250M 2 2 
-----" Na*(3p P) + I( P3/2) 

A portion of the adjacent lower-wavelength peak in the fluorescence 

efficiency curve was observed, and may be due to either or both of 

two processes 

or 

I 

NaI 
?- -210M ·22 
----- Na*{3p P) + r*(Pl / 2) 

?-~2l0M 2 2 
NaI· . t Na*(4s S) + I( P3/ 2) 

The additional energy required for the process of Eq. (8a)26c 

7600 cm-l , c;lnd for process (8b) 26a is 8800 em-I. If the potential 

curves for these processes are similar in ehape to that for process 

(7), these energy increments would correspond to wavelength shifts 

of -32M and -360A, respectively, placing the fluorescence efficiency 

peak at or below 190M. The domain of the study of these two (or 

three) processes was 1900-260oA. This work was done in air, and, 

(7) 

(8a) 

(8b) 

after transferring to the vacuum chamber, further investigation of the 

lower peak was not thought worthwhile for several reasons, among 

which were: the ambiguity as to which process was going on; the 
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much-decreased intensity at lower wavelengths; the lack, even in 

vacuum, of sufficiently low wavelengths to permit investigation over 

the full energy range; and the fact that interfering processes could 

be expected to lead to further ambiguity at lower wavelengths. 

Figure 111-3 shows the potential curves used for Nal to calculate 

the best-fit curve, along with several examples of ground- and excited-

state wavefunctions. The parameteEs of the ground-state curve aee 

given in Table I. The calculated fluorescence efficiency curve of 

Fig. 111-2 was calculated from these potential curv~s using 10 vibrational 

levels of the ground state. The main interest was in fitting the longer 

wavelength peak, but it was decided to include calculations of the 

contribution of the shorter wavelength process ~eak through the experi-

mental region, based on certain assumptions: (1) the lower peak is due 

to process (8a); (2) ~ (r) is the same for transitions of processes (7) 
e 

and (8a); and (3) the upper potential curve for process (8a) can be 

obtained by simply displaciBg the curve for process (7) upward by 

7600 em-I. The fluorescence curve calculated on the basis of these 

assumptions certainly provides an adequate fit to the lower wavelength 

data, but these data are hardly good enough to provide a definitive 

test. The total fluorescence curve provides an excellent fit to the 

data throughout the full wavelength range of process (7). In the 

region in which the two processes overlap, the separate contributions 

are indicated by dashed lines. 
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No(2p) + I (2P3/2) 
De =42300 em-I 

633°C No(2S) + I(2p3/2) 

1 38 0.94 
De= 25310 em-I 

302 2.04 
66·8 4.49 

. 999 
14.98 2252 

33.97 . 

XBL 713-6600 

Fig. 111-3. Potential CU1117es for Na1 used to construct the fit shown in 
Fig. 111-2. Also shown are: the first ten vibrational levels 
of the ground state and their relative thermal populations 
at 633°C; unnormalized wavefunctions for v = 0 and v = 9 of the 
ground state; and three examples of continuum wavefunctions 
for the lower of the two repulsive states. 
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One of the conditions which must be met in order for the fluorescence 

efficiency data to be valid is that the uv must be absorbed negligibly 

upon traversing the cell. If this is not true, the uv normalization 

is invalid. A significant loss of uv before the uv beam reaches the 

zone from which fluorescence is detected would depress the peak 

fluorescence efficiency relative to values away from the peak. 

Ultraviolet absorption cross-sections from Ref. 3, combined with 

vapor-pressure data from Ref. 2, Chapter II, indicate that the peak 

absorption through a 5 cm cell would vary from -1% to-7% over the 

temperature range included in the data of Fig. 111-2. The value of 

7%, which would correspond to -3-4% absorption at the detection zone, 

is perhaps pushing the limit of acceptability. 

Another condition necessary to the validity of the data is that 

the fraction of molecules dissociated is negligible. To see the necessity 

of this, consider Eq. (4). N is just the number density of molecules 
v 

in vibrational level v, which is given in terms of N, the total number 

density, and ~, the vibrational partition function, by 

Nv = N exp[-Jiwe(v + 1/2)/kT]/~ (9) 

The analysis of the data using Eq. (4) and those derived from it assumes 

that N and hence all the N 's are independent of frequency. If a 
v 

significant fraction of molecules is dissociated, this is not true; 

the "reservoir" is depleted and again, this would lead to a flattening 

of the fluorescence efficiency curve, although in a slightly different 
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way from the previous problem,as the effect would be greatest for the 

largest number of uv photons absorbed,as opposed to the largest 

fraction of the uv absorbed, and thus would be shifted slightly to 

longer wavelengths (to the experimental peak). 

In the vapor pressure region in which the fraction of the uv 

absorbed is small, this fraction will increase approximately linearly 

with pressure, so the fraction of molecules dissociated will be 

approximately independent of pressure. The problem, then, is to be 

sure that theuv intensity is not so great that too much dissociation 

occurs. Perhaps the best way to do this would be to combineuv absorption 

cross-sections with absolute intensity data for the uv source,although 

the difficulty in estimating the geometry of the fluorescence zone 

makes this non-trivial. Lacking the uv intensity data, the problem 

was· attacked experimentally by comparing fluorescence efficiency 

curves taken at the same temperature but with monochromator bandwidths 

of l2A and 48A. Since the uv intensity is proportional to the square 

of the bandwidth, the curves represent a factor of 16 in the intensity, 

and the agreement between them, shown in Fig. 111-4, indicates little, 

if any, problem with excessive dissociation at 603°C. The larger values 

for the 48A curve at the long wavelength tail and through the minimum 

around 2000A would be expected from the added bandwidth. A similar 

comparison between two such curves taken at 635°C showed a slight but 

probably real difference between the two, which was probably due to 

excessive uv absorption. Note that these temperatures are salt 

temperatures, while the temperatures shown in Fig. 111-2 are window 

temperatures. 
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Fig. 1II-4. Comparison of fluorescence efficiency data for NaI at 
bandwidths representing a factor of 16 in uv intensity. 
As discussed in the text, the agreement indicates little 
or no difficulty with excessive uv absorption or excessive 
dissociation at 603°C, salt temperature. 
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Fluorescence efficiency curves for NaI have been reported in at . 

4 least one previous study. The two curves shown there, covering the 

range 2l00-2S00A, for temperatures of 581°C and 668°C, peak at -2250A 

and 2300A, respectively, whereas the results of the present work 

show a peak at -2220A, with no apparent temperature dependence. The 

present results coincide closely with the reported absorption spectrum 

3 for this process, which shows a peak at -220oA. 

2. Sodium Bromide 

The sodium D-lines fluorescence from photodissociation of NaBr 

has been observed, but apparently not previously studied as a function 

of wavelength. 1 Brus reported that photodissociation over the full 

wavelength range by an H2 spark lamp was necessary to produce sufficient 

signal to allow data collection. 27 Winans, in 1930, studied the quenching 

of the D-lines radiation by Br2 at three wavelengths using atomic line 

sources. Assignment of this fluorescence to the process 

-1750-230oA 2 2 
NaBr • Na*(3p p) + Br( P3/2) (10) 

seems obvious for several reasons. This is the region where the 

process would be expected to occur energetically; this is the longest 

3 wavelength absorption which produces sodium fluorescence; and this 

3 is the third absorption peak, as is the NaI peak for process (7). 

Furthermore, Ref. 1, as previously mentioned, states that there is no 

indication of delay in the D-lines fluorescence observed in ~his_r~gion. 

The absorption spectra of Ref. 3 were quite helpful in providing 
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corroboration of assignments for the fluorescence spectra of NaBr 

and KI. For these salts, as well as for NaI, the fluorescence data 

agreed well with the absorption spectra in the regions where the 

measurements overlapped. 

The experimental points for the fluorescence efficiency curve 

of NaBr are shown in Fig. 111-5, along with the best calculated fit. 

As shown., no fluorescence could be measured at a monoehr,omator setting 

of l700A, although the uv intensity there had been measurable, albeit 

small, in the measurements done just prior to the collection of the 

fluorescence data. Processes analagous to those of Eq. (8) for NaI 

might be. expected to come into the picture at lower wavelengths, but 

in this case the production of the excited 
2 

halogen atom, Br( Pl / 2) 

-1 would involve only 3700 cm additional 
26b 

energy, which would place 

the peak for such a process at ~184oA. The data seem to indicate quite 

definitely that this is not occurring with a significant probability. 

The process analagous to C8b) would be expected to peak at -l680A, 

and a contribution from it is not ruled out entirely, although comparison 

to the lower peaks in the NaI and KI cases indicates that it would be 

very weak. Further clouding this low wavelength picture is the fact 

that the uv intensity data used to normalize the fluorescence efficiency 

were taken at room temperature, and a.t the temperature used in collecting 

the fluorescence data, there might well have been some relative changes 

in the uv intensity around the lower wavelength limit (cf. Chapter II, 

Section A-2). All these considerations render the interpretation 

of the NaBr fluorescence below, say, l85oA, somewhat problematical. 
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Fig. 111-5. Fluorescence efficiency curve for Na*(3p2p) from NaBr. The 
data points were taken at 630°C, window temperature, 610°C, 
salt temperature. The uv bandwidth was 60A (FWHM). The 
solid curve is the fit calculated from the potential curves 
of Fig. 1II-6. 
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It was decided, primarily on the basis of the zero value at l700A, to 

try to fit all the data to process (10), without stre.;.tng exact 

coincidence below l850A. 

The potential curves used to calculate the solid curve of Fig. 111-5 

are shown in Fig. 111-6. The parameters of the ground state curve are 

given in Table I. Ten vibrational levels of the ground state were 

used in the calculation. The upper curve for NaBr is somewhat steeper 

and covers a somewhat greater energy range than those for Na1 and KI. 

There have apparently been no previous calculations of an NaBr repulsive 

potential curve, though Ref. 3 presents results of such calculations 

for a few alkali halides. 

3. Potassium Iodide 

As in the case of NaBr, fluorescence from the first resonance 

state of the metal atom has been observed in photodissociation experiments, 

28 but not studied as a function of wavelength, although quenching 

experiments were carried out at three wavelengths using atomic resonance 

lamps (Rg at 2537A and Cd at 2288A) and an R2 arc similar to the one 

described in Chapter II at 2400A. The same considerations discussed 

for NaBr lead to the assignment of the first fluorescence peak of KI 

to the process 

-2l50-27SoA 2 2 
KI . • K*(lfp Pl/2,3/2) + I( P3/ 2) (11) 

In this case, there is apparently no experimental data on the fluorescence 

2 lifetime of the K*(4p p) atom from this process. 

A rise in the fluorescence efficiency below-2200A was observed, 

\ 
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Fig. 111-6. Potential curves for NaBr, used to calculate 
the fit shown ~n Fig. 111-5. Also shown are 
the first 10 vibrational levels of the ground 
state, and their relative thermal populations 
at 903°K. 
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but no attempt was made to characterize it. For purposes of analysis, 

it was assumed to be due to a process analagous to Eq. (Sa) fDr NaI. 

26 
For KI, the energy difference between the two processes corresponding 

-1 to Eq. (8) would be -500 cm , so any possible distinction between the 

two would be less clear than in the case of NaI. 

The inclusion of the subscripts in the term symbol of K* in 

Eq. (11) is meant to indicate a complication in this case which did 

not occur with any other fluorescence studied. The K*(4p2p ) lines 

lie at 7665A (4p2P3/2) and 7699A (4p2Pl /2)' and the separation rendered 

their simultaneous detection impractical. If much better signal to 

noise had been available, this would have provided more experimental 

possibilities, but, as it turned out, it was no more than an added 

difficulty. As discussed in Chapter II, the two lines were detected 

separately. The resulting experimental points are shown in Fig. 111-7, 

along with the calculated fits, as discussed a bit later. For the 

purposes of comparing the two fluorescence efficiency curves, both were 

normalized to the same height. There is a displacement of the 7699A 

curve by about lSA to longer wavelengths along the right side of the 

spectra. In order to indicate this more clearly, the fit to the 7699A 

data is shown as a dashed line on the 766SA panel. This displacement, 

though small compared to the bandpass of the monochromator (FWHM = 60A), 

is much. larger than any difference to be expected solely on the basis 

-1 of the doublet splitting, as 60 cm corresponds in this region to 

-3A. The fluorescence efficiency curves come together at -2300A, and 

coincide to within experimental error at lower wavelengths. 
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Fluorescence efficiency curves for K*(4p Pl/2 3/2) from 
KI. The data points were taken at 600°C, win~ow temperature, 
580°C, salt temperature, with a uv bandwidth of 60A (FWHM). 
The solid curves represent the fits calculated from the 
potential curves of Fig. 111-8. The dashed curves in the 
region of the relative minima represent the calculated con
tributions of the two .distinct i"luorescence processes in 
the region where they overlap. In the lower panel, the 
dashed curve above 2300A is the 7699A fit, given for purposes 
of comparison. The 7665 and 7699A curves were normalized 
to the same peak height for this figure. 
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For the purpose of generating the transition probability factors 

to be used in construction of the K* speed distributions, as discussed 

in Section C of this chapter, it was decided to fit a potential curve 

to the total fluorescence efficiency, which would clearly be just a 

weighted average of the curves of Fig. 111-7. This potential would be 

. 26b 
adequate for the purpose mentioned, as the asymptotic energy difference . 

-1 
of 58 cm is much smaller than any recoil energies of interest in 

the quenching experiments. 

In order to construct a total fluorescence efficiency curve, and 

in order to. combine the quenching data for the two components, as 

discussed in Chapter IV, it was necessary to establish the relative 

intensities of the two independent of apparatus parameters. This was 

accomplished by finding the true ratio of the intensities at one 

wavelength, 240oA. The relative detection efficiency for the two 

components was established by measuring their intensities with 

600 Torr argon in the cell, under which condition the true ratio of 

-1 the J = 3/2 to J = 1/2 intensities should be just 2 exp(-58 cm /kT). 

Then, with no argon present, combination of the relative detection 

efficiency with the experimental intensity ratio yielded a value fo~ the 

true ratio of J = 3/2 to J = 1/2, in the argon-free KI vapor, of 2.4, with 

an estimated uncertanity of -0.1. This ratio, combined with the full 

fluorescence efficiency curves, suffices to calculate the true ratio 

at any wavelength. As the high pressure of argon employed did cause 

some excitation transfer between the Boub1et levels, the apparent total 

intensity increased, as the detection efficiency was greater for the 
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7699A component. However, using the newly derived value for the true 

ratio to properly weigh the contributions, the total intensity was 

found to be independent of the argon, within experimental uncertainty. 

This is not at all unexpected, as the same result was observed in the 

2 ' 2 
cases of Na*C3p P) and K*(Sp P). 

The potential curves for KI, used to obtain the fits shown in 

Fig. 111-7, are given in Fig. 111-8. The parameters for the ground 

state curve are in Table I. It was necessary to use a dissociation 

-1 energy for KI 100 cm below the "best" value of Table I to obtain 

the fits at long wavelengths. As this corresponds to only~1/4 kcal/mole, 

which is within the uncertainty in the experimental dissociation energy, 

it was not regarded as significant. Fifteen vibrational levels of the 

lower state were used for the calculations. 

As in the NaI case, contribution of the lower wavelength process 

was included in th~ calculated fluorescence curves, based on the same 

assumptions as in that case., This contribution was calculated for the 

766)A component and was just shifted by the appropriate amount for the 

1699A component, as the long wavelength tail· indicated that the two Should 

be related to each other by such a shift, according to the assumptions 

employed. The potential curves for the lower wavelength process would 

'be obtained by displacing the upper curves in Fig. 1II-8 to higher 

energies by 7600 cm-l 

The fluorescence efficiency of KI to give K*(Sp2p) was investigated 

briefly and the results are shown in the upper panel of Fig. 111-9. The 

-1 -1 4d and 6s levels of potassium lie only 2690 cm and 2740 cm , 

26b respectively, above the 5p level, and since both may decay to the 5p 
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Fig. 111-8. Potential curves for KI. The repulsive curves used 
to calculate the low wavelength contributions to the 
fiuorescence ~fficiency curve are -obtained by 
-displacing those shown by 7600 cm-l to higher energies. 
Also shown are the first fifteen vibrational levels 
of the ground state, and their relative thermal 
populations at 873°K. 
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Fig. 111-9. Fluorescence efficiency data for K*(5p P) from KI 
(upper panel) and LI( 2p 2) from LiI (lower panel). The 
temperatures given are window temperatures. The salt temper
atu're was 873°K for KI, and 865°K for LiI. The uv bandwidths 
were 6~ (FWHM) for the KI data and 48A (FWHM) for the LiI 
data., 
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level, the data may be regarded as ambiguous below ~1925A. At any 

rate, it was not possible to investigate this fluorescence to its lower 

wavelength limit with the available uv. Even if the uv had extended 

to sufficiently low wavelengths, however, the ambiguity in interpreting 

the data would have precluded the construction of any upper potential 

curve, and of excited atom speed distributions. For this reason, the 

speed distributions were therma1ized, where possible, for quenching 

experiments, so that their exact character was known. 

4. Lithium Iodide 

As indicated earlier, fragmentary results were obtained on the 

2 fluorescence of Li*(2p p) produced from LiI. This salt is ideal 

kinematically for quenching studies; as the mass ratio would cause nearly 

all the excess energy to go into the Li*, making available a very wide 

range of collision energies. However, the strong tendency of the LiI 

vapor to attack quartz rendered the cell windows opaque to the uv quite 

quickly at the pressures required to produce sufficient fluorescence 

signal. The fluorescence efficiency data which was obtained is shown 

in the lower panel of Fig. 111-9. As these data were taken in air, 

the lower wavelength limit was 190M. 
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5. Theoretical Intensity Distributions i 
I 

The calculated fits to the experimental data shown in Figs. 111-2, 

111-5 and 111-7 are averaged over the appropriate monochromator band-

widths, and thus do not represent the "true" theoretical intensity 

distributions which are calculated for zero bandwidth, Eqs. (4) and (4a). 

The four experimental fits are shown again in Fig. III-la, accompanied 

in each case by the theoretical intensity distribution. The former are 

shown as solid lines and the latter as dashed lines in the regions in 

which they are distinguishable. As would be expected, the role of the 

monochromator bandwidth is simply to broaden the distributions at the 

marginal wavelengths. The relatively small effect in the Na1 case 

is due to the fact that the bandwidth was 24A(FWHM) as compared to 

60A for the other cases. 

E. Photodissociatively Produced Speed Distributions 

For the purpose of analyzing -the quenching data, as discussed in 

Chapters IV and V, it is necessary to know the experimental distributions 

in speeds of the excited M* atoms. Although, as discussed in Chapter I, 

photodissociation quenching studies have been going on for about 40 

years, there has been no previous attempt to properly account for these 

distributions in discussing the energy dependence of the quenching 

cross sections. The full experimental distribution involves the 

monochromator bandwidth, the uv intensity distribution, and the 

transition probability distributions for each,vibrational level 

of the molecule, aside from purely kinematic factors. In the latter 

category, one must consider the thermal distributions in molecular 

translational, vibrational, and rotational energy as well as the 
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Fig. 111-10. Theoretical intensity distributions for the fluorescence 
processes indicated. The theoretical distributions are 
calculated for infinitessimal uvbandwidth, and are shown 
as dashed curves where they are distinguishable from the 
solid curves, calculated for the experimental bandwidths, 
and reproduced from Figs. 111-2, 111-5, and 111-7. The 
bandwidths (FWHM) were: for Nal, 24 A, and for everything 
else, 60 A. 
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distribution in the orientation of the M* recoil velocity with 

respect to the molecular velocity. Initially, all of this was put 

into a computer program and done numerically, but this process proved 

prohibitively expensive. Given an analytic solution-for the problem 

of a single dissociating frequency and a collection of molecules in 

single vibrational level, the remainder of the averaging could be done 

within reasonable cost, but a search of the literature provided no 

such analytic solution. There were partial solutions which had been 

derived for the speed distribution of particles in dissociative electron 

hm i hi h il ima · 29 d f he k· i attac ent nag reco energy approx t10n, an or t 1net c 

30 
energy distributions of fragment ions in a mass spectrometer. These 

results, however, neglected the effect of the rotational energy of the 

molecule which, it turns out, is quite ,significant in these photodissociation 

experiments. A result equivalent to that of Ref. 30 was obtained inde-

pendently before it was realized that molecular rotation should, in 

fact, be included in the calculation. This derivation is presented 

here first, as it provides a convenient prelude to the more difficult 

problem, and is followed by the derivation, which was finally accomplished, 

of the analytic result including the effect of molecular rotation. The 

last section then briefly describes the numerical averaging required 

to obtain the full experimental distributions. 
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1. Distribution Excluding the Effects of Molecular Rotation 

If a molecule, MX, in vibrational level v, is dissociated by 

radiation of frequency vo ' the center of mass (c.m.} .. recoil speed, u, of 

the M* atom has a unique value, u , related to the excess energy of 
v 

dissociation E, through conservation of energy and linear momentum, by 

(12) 

E having, been defined in Eq. (2). The quantities ~, mx and ~, are 

just the masses of' the respective particleli, and E then represents that 
v 

portion of the excess energy'which goes into kinetic energy of the 

metal atom. 

. + + + + 
The laboratory (la~velocity of M*, V, is just V = u + vMX ' where 

+ + 
u is the CM recoil velocity of M* and vMX is the lab velocity of the MX 

+ molecule. The distribution in V can be'expressed formally in terms of 

+ + 
the distributions in u and vMX ' as 

(13) 

where the subscripts index the variables on which the various dis-

tributions depend. Since the Jacobian factor for the two Cartesian 
+ 

coordinate systems is unity, the solution for Pv~V ,T(V) can be. obtained 
. 0 . 

by putting in the expressions for the other two distributions, sub-

+ + + 
stituting for v

MX 
in terms of u and V, and carrying out the integration. 

Using the result of Eq. (12) 

p 
v,v 

o 

+ + -1 
(u) du = (4TI) o(u - u ) sineded¢du 

v 
(14) 
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-+ 
since the distribution in values of the vector u is just" the distribution 

in values of the scalar u divided by 4'ITu2 • This equation indicates an 

isotropic distribution:dn recoil velocities with re!9pect to some coordinate 

system, but, as will be discussed shortly,·the final speed distribution 

is independent of initial assumptions concerning the spatial character 

-+ 
of the u distribution. 

The distribution in MX velocities is just the Boltzmann distribution 

PT(~MX) d~MX = ('lT3/2;~)-1 exp(-v~/;~) d~MX 

where vMX ~ (2kT/~)l/2 is the most probable molecular speed, so 

Eq. (13) becomes 

L 
u 

-+ -+ -+ 
where vMX has qeen substituted for in terms of V and u. Invoking the 

delta function and integrating over u yields 

-+ 

f 2 'IT ( 'IT -+ -+ -2 J exp(2V·uv/vMX) 

o 0 

sina de d<t> u u u 

(15) 

(13a) 

(16) 

The trick now is to let V, which is a constant vector in the integration, 

-+ -+ 
define the polar axis. Then a = a,<t> = a, V·u becomes Vu cosa, and the u . u v v 

31 integration over angles can be done easily to give 

(17) 
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To get the distribution in M* speeds, is it only necessary to 

-+ ~ 

integrate P(V) dV over angles, which yields a result which is conveniently 

e~pressed in terms of the reduced variables Av = uv/vMX (the reduced 

c.m. recoil speed), and A = V/vMX (the reduced M* lab speed): 

P \) T(A) = n- I / 2 (A/A ){exp[-(A 
v, , v 

o 

As mentioned, this problem has been solved previously. Chantry and 

. 29 
Schulz have given the high recoil energy limit, which discards the second 

exponential if A ~ 3. Stanton and 30 expression Monahan have derived an v 

exactly equivalent to Eq. (18) in terms of the kinetic energy of ions in 

r' 
mass spectrometer studies. Furthermore, Ref. 31 derives the same expression 

for the distribution in relative speeds between a monoenergetic beam and 

a thermal gas in a scattering cell. 

In this last regard, it is clear that both results obtain from 

convolution of a delta function distribution with a full Boltzmann 

distribution. Note, however, that in the case of the monoenergetic 

beam, the distribut~n in beam velocities is vector delta function; 

i.e., if the beam direction defines the polar axis, and v is the beam 
o 

speed 

-+ -+ -+ 
P (v) dv = <5 (v ) c5 (v ) c5 (v - v ) dv 

x y z 0 
(19) 

This is just the opposite extreme from the isotropic expression of 

Eq. (14), yet the final distribution in terms of speeds is identical. 

To understand this, consider riding on' one of the particles in the 

monoenergetic beam. The distribution in velocities which you see clearly 

depends on the orientation of the particle's velocity relative to the 

chosen coordinate axes. However, the distribution in speeds of the 
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thermally distributed particles which you see, will be independent of 

the direction in which you are traveling, as long as the distribution 

of the thermal particles is completely isotropic. So, since a mono-

energetic particle sees the same distribution in speeds of other 

particles relative to itself regardless of its direction, any assumption 

about the directional character of the monoenergetic distribution will 

not affect the final relative speed distribution. 

, The same idea applies to the dissociation problem. One can 

6 formulate this problem by letting u define the polar axis, in which 
v 

-+ -+ 
case P(u) du is analagous to Eq. (19). The distribution in lab speed~ 

derived will then apply to any direction of u as long as the parent 
v 

molecule speed distribution is fully isotropic. This approach shows 

the interesting ~esult that the distribution in lab velocities of M* 

is just the thermal distribution in molecular velocities with its 

origin centered about u • 
v 

2. Distribution Including the Effects of Molecular Rotation 

If the MX molecule which is dissociated has rotational energy, 

Er' this energy must appear at "large" M-X separations as translational 

energy, so E will supplement E, and the c.m. recoil speed for this case, 
r 

U, will be related to the recoil speed for the no-rotation case, by 

P " T(U) = J P ,,(u) PT(E )laE laul du v,v , V,v r r 
o 0 

with the Jacobian laE laul = kU. For these alkali halides at 
r 

(20) 

(21) 

'-
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temperatures around 900 DK, the average value of J, the rotational quantum 

number, is very large, so the rotation may be treated classically, and the -

relative contributions of different rotational states to the intensity 

of the transition are just proportional to their populations, so the 

distribution function in rotational energy as it contributes to the 

recoil energy is simply a Boltzmann factor 

-E /kT 
PT(E

r
) = (kT)-l e r 

and 

PV,VO,T(U) = (KU/kT) ~ ~(u - uv ) exp[_K(U
2 

- u
2

)/2kT] du 

u 

Note that U must be greater than u , as the contribution of the 
I v 

(22) 

(23) 

-+
rotational energy will always be to increase U •. As before Pv,Vo,T(U) 

2 -+- -+-
can be obtained from Eq. (22) by dividing by 4rru , and P v T(U) dU 

v, 0' 
-+- -+-

can then be inser~ed into Eq. (13) in place of P (u) du, with v,v 
-+

integration to be performed over U. 
o 

(Although different symbols 

have been used to denote the c.m. recoil velocities in the two cases 

as it was necessary to express a functional relation between them, V 

will be used for the M* velocity in both cases.) 

The working expression for the distribution in M* velocities 

is now 

Pv,v ,T(V) = (K/4TIkT)(TI3/2v~)-1 exp(KU~/2kT) exp(_v2/v~) x 
o 

f 
+ 
U 

2 -2 -2 exp(-U /vMX) exp(2U·V/v
MX

) U sine de d~ du u u u 

(24) 
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The same technique as before is used to allow integration over the 

angles to give the following expression for the integral of Eq. (23). 

- 2 Joo 2· -2 -2 (7TvMX/V) exp[-(1I)o{ + K) V /2kT] [exp(2VU/vMX) - exp(-2VU/vMX)] dU 

Uv ' 
The evaluation of this integral was accomplished "with a little help 

from my friends,,,3l by changing variables to x = U - u , so the limits 
v 

went from zero to infinity, converting to scalar V and integrating over 

angles, then breaking the integrand apart, doing all the integrals 

separately, and reassembling the results into an expression which 

~s into two parts, depending on the relative magnitudes of V and 

Uv ' Using the ma!3s ratio 71 = lI}{/UX' the reduced M* lab speed, B, and 

the reduced CM recoil speed, B , are defined as 
v 

B := (l + n) -1/2 (V /;MX) 

Bv = (1 + n)1/2 (Uv/vMX ), 

which allows expression of the final distribution in reduced M* lab 

speeds as 

(25) 

P
V

,\) ,T(B) = n(~ + n)1/2 B exp[nB;/(l + n)] exp(_nB
2

) G(B,B-y) 
o 

where 

erf(B of. B} + erf rS - B ), B> B v v v G(B,B ) == erf(B + B ) .. erf(B .. B), B < B 
(26) v v v v 

and erf(x) is just 
31 

the error function. 

Figure III-II shows probability curves calculated from Eqs. (18) 

and (26) for various values of EO = ~ti;/2, the c-.m. recoil energy of 

M*. Values of Eo between -kT/2 and -10 kT were actually used in the 

. . 
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Nor + hv at 10000K --Case A (Excluding Rotational Effect) 

0.7 ---Case 8 (Including Rotational Effect) 
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Fig. III-II. Normalized probability density distributions for'the lab 
speed of an atom ejected from a diatomic molecule with c.m. 
recoil energy EO' corresponding to Ev of Eq. (12). The solid 
curves, calculated from Eq. (18), account for the thermal 
translational distribution of the parent molecule, but 
neglect its rotational energy. The dashed curves, calculated 
from Eq. (26), account for thermal distributions in 
translation~l and rotational energies of the parent molecule. 
The ordinate scale for the lab speed, V, is not given. 
l'he relationship between this speed and the reduced speeds 
is appropriate to NaI at lOOOoK. 
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experiments. The particular relationship between the two reduced 

speed axes in the Figure III-II is valid for a value of ~ appropriate 

to the case of NaT. The other axis is just the Na* lab speed produced 

by photodissociation of NaI at lOOOoK. The curves are normalized to unit 

area, as were all prohability distributions for speeds in this work, 

thus the difference in ordinate scales (the ordinate scale for the M* 

speed is not shown). 

As would be expected the rotational contribution broadens the 

distributions and shifts them to higher speeds. At high recoil energies, 

however, the effect of the rotational contribution becomes very small 

in both respects. To understand this, consider Eq. (23) for P T(U), 
v, vo ' 

This function is zero for U < u , then rises abruptly to a value 
v 

proportional to u at U = u , then falls off exponentially as v v 

exp[-(Ui - u2)]. Two bhings are noteworthy about this behavior. The 
v 

peak height, which occurs at U = u , increases for greater u , and v v 

the fall-off is steeper for greater uv ' That is, as the eM recoil 

energy increases, this distribution becomes higher and narrower, 

tending to concentrate the probability at u , which makes it similar 
v 

in effect to the delta function distribution of the no-rotation case, 

so at high recoil energies the M* lab speed distributions become 

similar to those of the other ease as well. 

That the broadening of the M* distribution due to the thermal 

translational energy distributions of the MX molecules is not very 

different over the range of EO values displayed in Fig. III-II, can 

be understood by examining Eq. (18). Except for very small values of 

EO' the second exponential will be negligible. For example, if 
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EO = 2kT, then for the mass values of NaI, A = 3.6, which is well . v 

above the "high energy limit" of Chantry and Schulz. In this case, 

the maximum value of the second exponential, which occurs at A = 0, 

-6 is 2.3~10 • For EO = kT/2, Av = 1.8, which gives a maximum for this 

te~ of 0.04. Clearly, for Small enough EO' the second exponential 

would come into play, and would broaden the distribution. However, 

for all the solid curves of Fig. III-II, the first exponential dominates, 

2 giving a fall-off from the peak as exp[-(A -A) ], which is independent 
v 

of the value of A , being the square of the difference. In the case v 

of the rotational contribution discussed in the previous paragraph,the 

exponent which controlled the fall-off was a difference of squares, 

hence gave steeper fall-off for larger u • 
v 

The physical interpretation of this difference seems to be that 

the change produced in u by a given increment of energy (E ) will v r 

decrease with increasing u , whereas the change produced in u by a given v v 

increment of velocity (vMX) will be independent of the value of 

3. Full Experimental M* Speed Distributions 

u • 
v 

The M* speed distribution including all vibrational levels at a 

given frequency, v , and a given temperature, T, is obtained by 
o 

s~ing the weighted contributions over levels: 

Pv ,T(V) = [.~.oo ~(Vo'v) Pv,v ,r(V)]/Fo 
o v=o 0 

00 . 

F =/ Pv reV) dV 
o 0' 

o 
Where the transition probability factor is defined in Eq,. (4). This 

summation was actually carried out over 10 levels for NaI and NaBr 

and over 15 levels for KI. 

(27) 



-84-

In practice, because of the logistics of the calculations, Eq. (27) 

was not employed directly. Instead, the probability factors for each 
, 2 

vibra tiona1 level, Nand f (V ) = V I ( £ I v ) I were normalized at each 
v v 0 0 

wavelength such that 
00 

""N f 0. ) = 1 L..rtJ v v 0 

v=() 

(28) 

Then the speed distribution, indexed now by wavelength, P A T(V), was 
v, 0' 

combined with Eq. (28) to give 

\ (29) 

Equation (29) gives the speed distribution at a given wavelength, without 

consideration for the factors which weight various wavelengths. In 

the experimental distributions, these factors are three: The monochromator 

bandpas~M(A,A ), the relative uv intensitY,I (A), and the relative total 
o ~ 0 

fluorescence intensity,I(Xo)' which is related to I'(Vo) of Eq. (4.a) by 

1(~ ) dA = I(V ) d:\l. The full experimental speed distributions are o 0 0 0 

given by 

PA,T(V) = [J P\,T(V) M(A,Ao ) Iuv(Ao) I(Ao) dAOJ/F 

Atl) 

F ~ ~mpA'T(V) dV 

o 

(30) 

Figure 111-12 shows plots of this function, obtained by doing the 

summation and integration of Eqs. (29) and (30) by computer, for various 

values of uv wavelength for Na1. The effect of different temperatures 

and bandwidths is also indicated for each wavelength. Comparison of 

the curves in Fig. 111-12 with each other and with the curves of 
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Fig. III-:-ll, indicates that the three weighting functions have relatf'vely 

little effect on the distributions. In particular, the experimental 

monochromator banwidth, which controls the contributions of the two 

intensity distributions, introduced very little additionalbroadenirig 

into the speed distributions. 
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IV. QUENCHING ANALYSIS AND THEORY 

A. The Steady-State Treatment and Quenching 
and Mixing Rate Constants 

The interpretation of quenching data collected by the steady~state 

I method has been historically by the Stern-Vollmer method, according 

to which the ratio of unquenched to quenched fluorescence intensity 

should vary linearly with quenching gas pressure, the slope of the line 

being given by the ratio of the quenching rate constant to the natural 

radiative decay rate of the excited species. The derivation of this 

simple relationship assumes a single excited state,which is not the 

2 . 
case for the P states of alkali metals. Thus, interpretation of alkali 

quenching data by this relationship provides an "average" or "overall" 

rate constant for the quenching of the excited state. McGillis and 

2 Krause have presented the full picture, according to the steady-state 

approximation, for the case in which only one of the doublet components 

is excited by radiation, which is feasible in atomic vapor studies, 

and Hoomayers and Lijnse3 have developed the analysis of the general 

situation in flame experiments in which both doublet components are 

measured together. This section presents the full analysis of the 

experimental sit~ation encountered in photodissociation, where an 

arbitrary mixture of the two components is initially excited, in terms 

of the steady state approximation. Subsequently, various special cases 

and approximations are discussed. 
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1. General Formulation for Excited Doublets 

The processes occurring in the fluorescence cell, during photo-

dissociation of MX molecules, including deactivation by foreign gas 

molecules, A,·but ignoring effects such as collisions with the cell wall, 

can be represented by 

MX 
s1 
hV • MI +X 

s 
MX 2 • M2 + X 

hV 
-1 

Ml 
Tl 

hV
I • MO + 

-1 T 
M2 2 • M + hV2 0 

Zl2 
MI + A • M + A 2 

M2 + A 
Z21 

• MI + A 

MI + A 
Z20 

• M + A 0 

M2 + A 
Z20 

.M + A 
0 

In these equations, MO 

represents the rate of creation of M , T is the natural radiative 
a a 

lifetime of the M population, hv represents the fluorescence of 
a a 

M , and Z b represents the rate of collisions of M with A which a a a 

produce~. In terms of the quenching rate constants, kl6 and k20 , 

and the mixing rate constants, kl2 and k21 , Zab = kabNA where NA is 

(1) 

(2) 

(3) 

(4) 

(5) 

(6) 

(7) 

(8) 

the number density of A. Thu,?, Eqs. '(1) and (2) represent photodissociation 

to the excited states, Eqs. (3) and (4) represent fluorescence, Eqs. (5) 

. , 
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and (6) represent mixing, and Eqs. (7) and (8) represent quenching. 

Equations (1) through (8) and subsequent developments assume that the 

concentrations of MO and MX are small enough-that the rates of collisions 

of Ml or M2 with these species and absorption of fluorescence by MO can 

be neglected. It has been indicated previously that extremely small 

concentrations of ground state atoms are produced in the experiments and 

the assumption with respect to MX concentrations can be fulfilled 

experimentally, as well, simply by maintaining sufficiently low vapor 

pressures. 

The time-honored technique of analyzing such a system of equations 

in order to discern the dependence of measurable quantities on rate 

constants is to introduce the steady-state approximation, which says 

that the concentrations of excited species are constant under a given 

set of conditions. That is, if N represents the number density of 
a 

M , 
a 

dN /dt = 0, a = 1,2 a-

This leads to the following two equations 

(9) 

(10) 

The solutions for Nl and N2 , whose relative magnitudes under different 

conditions can be" measured by aonitoring the fluorescence, is a reasonably 

unpleas~nt algebraic exercise, yielding, for N
I

, 

(11) 
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and the expression for N2 is clearly obtainable by permutation of the 

subscripts 1 and 2, which, incidentally, affects only the numerator. 

The rate of fluorescence of M is simply N /T , so if laO represents a a a 

the fluorescence intensity from M with no A present, and I the 
a a 

fluorescence intensity with A present, the following expression 

obtains for 110/11 as a function of NA 

where f~ = 120/110 = s2/sl. The analagous expression for 120/12 is 

again obtained by interchanging 1 and 2. This gives two equations 

involving experimentally measurable quantities on the one hand, and 

(12) 

the Zab (or kab ) on the other. A third independent equation is obtained 

for f l , the ratio 11/12 

where S= sl + s2 is the total excitation rate. Thus, the steady

state analysis yields three equations for the four unknowns, kab • 

(Of course, four quantities are measured, 1
10

, 120 , II and 12 , but 

one of the relations among them is just the initially excited ratio, 

which is of no use in elucidating the rate constants.) The problem, 

if one wishes to extract information about all the. kab' s, is to find 

an additional constraint, either experimental or theoretical. 
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2. Special Cases. ApprOximations. and Daaa Analysis 
2 " 

Krause and his co-wo~kers, doing atomic vapor experiments, are 

able to achieve an experimental constraint by creating a situation 

containing more information initially. Namely, only one of the two 

components is excited, by resonance radiation.lIf, for instance, M2 

is produced initially, ~hen extrapolation of a plot of fl to very low 

pressures will yield a value for k21 , since Nl is negligible in 

comparison to N2 , In practice, experiments were done with each 

component initially excited, and the rate constants were found by 

fitting the four plots (of 110 /11 , 120 /12; fl and f2 vs foreign gas 

pressure) to the forms required by the steady-state equations by an 

iterative method on a computer, 

J 

In photodissociation experiments, one cannot obtain two independent 

measurements for fl and f2' "",S the initial ratio is experimentally 

constant at a given uv wavelength. 
. 4 

The principle of detailed balancing 

provides, in theory, the additional 'constraint which is required. This 

principle states that cross sections for collisional transitions-between 

two states of a system, x and y, which have equal total energy, must 
. " 

be related in a particular way: 

22' 
E (int) + p /2~ = E (int) + p /2~ x, x x y 'y y 

where p tepresents the relative linear momentum of collision of the 
a 

(14) 

system with internal energy E (int) and ~ is the reduced mass of the 
a a· 

collision partners. In a case ~here ~x m ~y Eq. (14) can be expressed 
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in terms of collision energy Ea- Rearranging and making the energy 

dependence of the ,cross sections explicit: 

Q (E) =Q (E) E IE 
xy x yx y y x 

(14a) 

Since Eq. (14a) relates cross sections at different energies, it is not 

exactly clear how one would apply it to data analysis in a general 

case. Presumably, measnrements at several energies would allow 

extraction of the desired information from Eq. (14a) along with 

Eqs. (12) and (13), but the process would probably be- cemplieated 

In the one experimental case in which th~s arose here, however, 

a simplifying approximation can be made. For K*(4 2Pl/2 3/2)' the, 
. p ., 

.. ~... 

doublet splitting is 58 em (the collision energies actually dif'fer, 

-1 on the average, by ~45 em, due to the mass factor MI/~I which appears 

in the photodissociation energy partitioning). These energies are small 

-1 enough, compared to collision energies in the ex~eriments, -500--5000 em 

that one might simply neglect the energy difference between the states. 

Then,·since for a given energy distribution, kab is directly proportional 

to Qab' Eq. (l4a) can 'be wtitten approximately as 

k "" k xy yx (14b) 

Thrs result would apply, in this experimental case, to transfer between 

each pair of m
J 

levels. To illustrate the problem of using it, it is 

instructive to consider a simplified model system consisting of an 

upper level, u, with two sublevels denoted by 1 and 2, and a lower 

level, ~, with one sublevel denoted by 3. Then, for the rate constants 

for transitions among the sublevels, one can write, from Eq. (14b) 

'. 

". 
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(15) 

Now, the total transfer rate from u to t and vice versa can be written, 

with the concentration of the foreign gas implicit, as 

o 0 
Rut = nl k13 + n2k23 

RRu = n3(k~1 + k~2) 

where the n are the number densities in each sublevel. Since the 
a 

overall rate constant is just the overall rate divided by the total 

population, kut and ktu can be written, using Eq. (15), as 

(16) 

(17) 

Now, ku~ and ktu correspond to experimentally observable quantities. 

The difficulty in obtaining a usable relation between them lies in the 

fact that populations of the sublevels appear in Eq. (17), and these are 

not known. It is necessary to make some assumption about them, in order 

to proceed, and the only useful assumpt:i,on to make is that they have 

statistical values within each J level~ This requires, that, if 

photodissociation does not produce a statistical distribution of sublevel, 

i.e., m
J 

populations, these populations relax much faster than the J 

populationo. This means that the depolarization cross sections, for m
J 

transiti~ns within one J state, should be much bigger than the inelastic 

cross sections, for transitions from one J state to the other. 

5 Theoretical and experimental results for collisions with noble gases 
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indicate th.at this requirement is not at all satisfied in the case 

2 -1 of Na*(3p P), where the doublet splitting is only 17 em • However, 

separate detection of the two components is very difficult in this 

case anywaY"as discussed in Chapter II. There is evidence in the 

case of Eb*(5p2p), with a doublet splitting of 238 cm...,l, that the 

depolarization cross sections are about two orders of magnitude larger 

6 2 
than the inelastic cross sections. Presumably, the case of K*(4p P), 

-1 with a doublet splitting of 58 em ,would be reasonably good for the 

assumption in ,question. 

If one then takes nl = n2 in Eq. (17), one can obtain a ratio of 

mixing rate constants 

(18) 

Returning to the experimental case of J = 3/2, 1/2, four and two 

sublevels, respectively, one would obtain precisely the same equation. 

That is, in terms of the previous subscrjpts, u goes to 2, t goes to 1, 

and 

(18a) 

which is just what one would expect statistically, since the energy 

difference was neglected. Hence, Eq. (13) for the ratio of the two 

components becomes 

. It might be noted that this development does not apply when gas pressures 

become high, as the M* speed distribution will be relaxed, so the energy 

relationship on which the detailed balancing argument rests will .not 

' . 
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be satisfied. At high enough gas pressures, in fact, the ratio fl 

will simply be the Boltzmann factor weighted by the degeneracy 

This condition, in combination with Eq. (13), says that at high 

/ 

(20) 

pressures, i.e., thermal conditions, if quenching is negligible, the 

measured ratio of the mixing rate constants, kl2 /k21 , must go to the 

statisti~al value, since Ll is very nearly equal to L2 • This is what 

must obtain as it is the consequence of detailed balancing under 

equilibrium conditions, whether quenching is occurring or not. In this 

regard, it was noted that the ratios of cross sections reported 

2 in Ref. 2~ which correspond to k12/k21 for Cs*(6p P), are approximately 

half again as large as the statistical value. Eowever, more recent 

results by the same workers give ratios which agree, within experimental 

2b error, with that prescribed by detailed balancing. 

If it is assumed that Eq. (19) is accepted, at least tentatively, 

the four rate constants in the steady state analysis have been reduced 

to three, and the three measurable intensity ratios, plotted against 

N
A

, should allow extraction of the constants, although the process 

miaht be somewhat complicated. In practice, it would have been very 

nice if mixing effects had appeared at pressures low enough that 

quenching could have been neglected, in which case Eqs. (18) and (19) 

would have allowed calculation of kl2 and k2l • Attempts were made to 

observe such effects with K*( 4p2p), but no changes in the intensities 

of the components were observable at very low pressures. Still, it 

would have heen possible to get information about mixing if the 10/1 

vs pressu~e plots for the two components had had significantly different 
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slopes, corresponding to fl changing with pressure. Even this was not 

observed with the gases studied as quenchers,so the attempt' to extract 

quantitative information concerning the mixing rate .constants was abandoned. 

As has been indicated, some doublet mixing effects were observed 

with argon, and the same is true of CH
4 

and CF
4

, two gases which quench 

2 
K*(4p P} very weakly, if at all. No attempt was made to extract 

quantitative information about these processes, as they were not 

regarded as highly interesting per se, and also because doublet mixing 

large enough to allow extraction of such information could only be 

observed very near threshhold, as reference to the fluorescence efficiency 

curves will show, since the doublet ratio did not vary greatly from the 

stati~tical value elsewhere. 

Returning to the quenching data, it was decided to fit the lOll 

plots for the individual components to the simple Stern-Vollmer 

equation. As has been indicated, this equation is obtained by steady-

state analysis of a system involving only a single excited state. One 

case in which it falls out of the more complicated development is if there 

is no doublet mixing. Then Eq. (12) becomes, for each cmmponent 

I I I = 1 + ZaO La a(} a 
(21) 

In the case of doublet mixing which is strong compared to quenching 

one would observe, on combination of both components, the same pressure 

dependence, but the overall quenching rate constant, k , would be an 
q 

"average" of the quenching rate constants for the individual components: 

(22) 

". 

'. 



-99-

This equation does not provide a direct basis for data analysis in general, 

as the observed attenuations of the individual components correspond not 

to k
lO 

anrl k20 , but to complicated combinations of all four of the kab's, 

and Nl and N2 are themselves functions of pressure .. 

The Stern-Vollmer equation expressed in terms of k , is given, on 
~ 

converting from number density of A to pressure in 70~r, by 
/ 

where T is the experimental temperature in degrees K4lvin. What was 

done, in effect, was to combine the data for both components, taking 

into account the appropriate weighting factor corresponding to the real 

difference in unquenched intensities. That is, Eq. (21a) was used with 

10 = 101 + 102 and I = II + 12 , This gives a rate constant for the 

overall quenching of the excited state, which is just what was obtained 

2 2 directly in the cases of Na*(3p P) and K*(5p P) by simultaneous 

measurement of the two components. 

In th~ latter cases, the raw quenching data was fit to Eq. (2la) 

by the least squares method, the slope then being equal to 9. 65Xl018kqT/T. 

2 
In the case of K*(4p P), linear least-squares fits were done for each 

component, and the data were then-combined to yield the overall result. 

Since 

(23) 

combination must proceed by inverting the Stern-Vollmer plots, at least 

formally. In the general case, it would be necessary to construct 

the· ovetall lOll vs P curve by using the 

o 
and f1 = 1 101 1 20' 10 can be expressed as 

Then Eq. (22) becomes 

o 
ratio fl' Since 110 + 1 20 = 10 

000 
1 l0(fl + l/f l ) or I 20(1 + f l ). 
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(23a) , 

which gives the prescription for uonstructing the overall plot. 

However, under certain conditions, it is possible to obtain an expression 

for the slope, m, for the overall plot, which is all that is needed, in 

terms of the slopes, m
1 

and m
2

, of the plots for the individual 

components. Given 

110/11 = 1 + mlP 

1 2e1 I Z = 1 + m2P 

then, using Eq. (23a) 

Hence, 

(24) 

(25) 

Clearly, if ml a m
2 

= m, this reduces to the simple Stern-Vollmer plot 

of slope m •. However, even if ml .; m2 , the right side of this expression 

can be divided out to yield 

o I' 0 2 0 lOll = 1 + P (mlf l + m2) (1 + f l ) + P f l (m2 
(27) 

The coefficient of the linear P term is just the appropriately weighted 

average of 1111 and m2 , and if m2 - ml «ml,this coefficient can simply 

be used as the desired slope of the overall plot. In all the measurements 

on K*(4p2p), ml and m2 agreed within experimental error, so this method' 

was used to find m. It should be noted that this is purely an algebraic 

artifice, devoid of physical significance. 

So far, the data have been treated to yield rate constants for the 

quenching of the excited species under investigation. The next step 
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is to convert these rate constants into cross sections, and to see what 

can be learned from the energy dependence and magnitudes of these cross' 

,sections • 

./ ' 
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B. Quenching" Cross Sections 

1. Initial Analysis: "Energy Independent" 
Cross SE!ctions 

The raie constants are, of course, a perfectlY,good expression of 

the primary results if the conditions under which t~ey are obtained 

(e.g., "thermal, 900 oK" or "photodissociation, 23001 ") are, given. 

Traditionally, however, data in this field have been 'converted to 

cross sections or, in some 'cases, squares of collision diameters, vs 

relative collision speeds (or energies). The justification for this, 

beyond the facts that it provides a convenient pictorial representation 

and that cross 'sections seem perhaps more "physical" than rate,constants, 

lies in the fact that this form of the information is more directly 

related to the parameters of the long-range attractive forces between 

the excited ato~ and the quenching gas molecule. 

7 8 The usual analysis, ' which is followed here as an initial step, 

and which does not account for the distributions in collision energies, , " 

extracts a value of a "phenomenological cross section," (Q ), which is 
q 

assumed to be independent of relative collision speed over the 

available range, at a "characteristic collision speed," ( g). The c .m. 

recoil speed, uv ' of the metal atom, may be modified to account . 

approximately for the thermal distributions in MX rotational and 

vibrational,energies at temperature T simply by adding an increment 
/ 

of 2kT to the c.m. recoil energy for the zeroth vibrational state, 

Ev=O as defined in Eq. (12) of Chapter III. Let uT denote'this 

"thermal average"c.m. recoil speed. Then 

, (28) 
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The most probable lab speed af the excited atom is obtained, according 

to this analysis, py assigning to MX its most probabl~ speed and- averaging 

over orientations of uT with respect to v
MX

' to give 

-2 
VT = uT + v

MX
/3uT, uT > v

MX 
, 

2 -
V

T 
= v

MX 
+ u

T
/3V

MX
, u

T 
< v

MX 

(29) 

From kinelic theory comes the relation, for the frequency of collisions 

of an M* atom with A molecules under these conditions, which yields the 

7 phenomenological cvoss section: 

kq = TI~1/2 (Qq> ~A~(x)/x 

~(x) = x exp(_x
2) +(2x2 + 1) (TI1 / 2/2) erf(x) (30) 

where x =VT/;A' vA being the most probable thermal speed of A, (2kT/mA) 1/2 , 

and k is the rate constant from Eq. (2la). The characteristic relative 
q 

collision speed is given by 

2 -
( g) = vA + V T/ 3v A ' V T < vA 

(31) 

In the caGe of thermal measurement, the approximation corresponding 

to Eqs. (30) and (31) is embodies in the simple expression 

k (thermal) ... ( g) (Q ) 
q q 

(32) 

where (g ) = (8kT/'IT]J) 1/2, is just the thermallY most probable collision 

speed, ~ being the reduced mass of the collision pair. 

Examination of the non-thermal data, or comparison of thermal 

results at widely different temperatures from different studies provides 

a clear indication that the quenching cross section& increase with 
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decreasing collision energy. This indicates the desirability of 

investigating the energy dependence of the cross sections more 

accurately.· One of the goals in this study was to provide and utilize 

a method for "deconvoluting" the measured rate constants at different 

energies to obtain the true cross section as a function of energy. 

This method and its application here will now be discussed. 

2. Energy Dependence of Cross Sections 

The "right" expression for the rate constant in terms of the true 

cross seccion, Q , and relative speed, g, is simple in appearance: 
q 

kq = fOOgPT,>..(g) Qq(g) dg 

o 
(33) 

where PT >..(g) is the experimental distribution in relative speeds at , 
temperature T and monochromator setting>... The difficulty with evaluating 

the integral is that it requires knowledge of the dependence of Q on g 

and of the probability distribution of the relative speed. It is this 

latter requirement which has, in the past, provided the big obstacle to 

evaluating Eq. (33) for non-thermal conditions. However, the construction 

of the distribution in M* speeds, V, in Chapter III, permits the 

evaluation of PT >..(g) by numerical convolution of PT >..(V) with the , , 

thermal distribution in VA' the speed of the A molecules. This was 

carried out using a simple "bin-counting" program which was checked 

on thermal cases to ensure that it worked properly. Some of the results 

of these calculations are shown in Fig. IV-I, for Na* from NaI with 

two gases which represent extremes in mass among those for which energy 
t 

dependence of quenching was studied. The corresponding distributions 

". 
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/ 
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in Na* speeds, and a/thermal distribution 'for each case, are also, 

shown for comparison. ' 

Once PT,x(g) has been calculated, various forms of Qq(g) can be" 

inserted into ,Eq. (31) to try to obtain the best fit to the experimental 

k 'so In the cases where several quenching experim, ents were done with 
q 

a single gas at different energies, this should provide a reasonably 

good test of the dependence of Qq on g, as the,various PT,x(g) curves 

will samplr- different portions 6f the Q (g) curve, although, as Fig. IV-l 
q, 

indicates, the energy resolution is not especially good, particularly 

for the lighter gases. This would prevent observation of any "fine 

structure" in the Qq (g) curve. However, the energy resolution which 

is attained is sufficient to allow discernment of smooth variation of 

Qq with g, which is what one is i~clined to expect. In cases where 

only a thermal rate constant was measured, it was not possible to' 

determine anything about the dependence of Qq on g. 

The dependence of a cross section for some inelastic (or reactive) 

process on collision energy is, in general, determined by the potential 

curves for the initial and final states and by what' occurs in getting 

the system from the first of these .to the second. In a full analysis 

of the problem~ one would have to consider the perturbations on these 

potential curves due to interactions with each other or with some other 

curve which provides ~oupling between them, as well as the fact that 

the probabilities of making transitions between curves are themselves, 

in general, dependent on energy. 

~ In the case in which the coupling between the initial and final 

states is strong, however, it might be expected that the predominant 

influence on the energy deperidence'would be the long-range forces, i.e., 
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the unperturbed potential curve, in the incoming channel, as the,strong 

coupling would provide a high probability or exiting in the i-nelastic 

(or reactive) channel once some critical. regionoi-interaction,as yet 

undefined, is reached. 

There are reasons to believe that this strong coupling situation , 

appli~s a~ least to the more efficient quenchers studied here. In the 
, , 

first place, the very fact'that the cross sections are large indi'cates 

s,trong coupling of the excited and quenched state'3. Secondly, 

, 9 
,molecular beam scattering data on ground state alkali metals indicates 

such' strong coupling in some reactive pJ;ocesses. Namely, the absence 
r . ' .. 

of wide-angle elastic scattering indicates that close approach leads 
/ 

to reacti0n with a high probability. Since the reactive processes 

involved are generally pictured in -terms of the same electron transfer 

'model which.is c~nsidered to apply to quenching of the excited states, 

(see Section C of this chapter) on~-i~ -Ted tb--expect -simiiar strong 

coupling, particularly in view of the much lower ionization potentials 

of the exc1.ted atoms. Finally, calculations which will be discussed 

in some detail in Section C lend support to the notion of strong 
/ 

coupling. Furthermo,re, these same calculations ,neglecting, long-range 

attractive forces, yielded no significant energy dependence for the, 

calculated cro~s sections, contrary to experim_en.talobservations. 

For, these reasons, the energy dependence of the cross sections in 

this study will be considered in terms of the long-r~nge attractive 

forces betweeri M* and A. One useful way to investigate this relationship 

10 is through the classical orbiting model, which has been applied quite 

, 11 
extensively in the study of ion-molecule reactions. In this model, 

/ 
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the effective· potential, U, is obtained by adding the angular energy 
, , 

, 2 . 2 
of the colliding pair, L /211r , to the true potential energy, which is 

s 
assume~ to be dominated by a single term of the form V(r) = -C /r , s > 2. 

s 

The angular momentum of the colliding pair, L, is given by llgb, whe~e 

g is the "asymptotic" relative speed, that is the relative speed at 

distances large enough that V(r) is not appreciab+e, and b is the 

impact parameter for the collision, which is the distance of, closest 

approach in the absence of any interaction. 
, ' 

The angular energy provides a "centrifugal barrier" in ~, and 

conservation of energy provides a path to calculating which incoming 

trajectories get inside 'this barrier. The situation is depicted in 

Fig. IV-2, where U is shown for a given value of col~isiori energy 

E = I-'g2/2, and three different impact parameters. The turning points 

of the corresponding three trajectories are indicated by the arrow 

" heads. What happens is that at a given energy, since the angular energy , 

term 2 grows as b , an impact parameter is reached beyond which the 
/ 

centrifugal barrier prevents close approach. The critical orbiting. , ' ' 

trajectory for a given energy, defined by E arid b (E), is the one which 
o 

"orbits", i.e., has its turning point precisely at the top of the 

barrier in the effective potential (point B in Fig. IV-2). Theorbiting 

distance, r (E) is given by 
o 

r (E) = [(s - 2) C /2E]l/s 
o s 

and the height of the barrier, U[r (E)], by 
o 

U = (Eb2/2)s/(s-2) (l/sC )2/(s-2) (1/2 - lIs) 
o s 

(34) 

(35) 
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Equating collision energy to the height of the barrier, provides an 

expression forb , the maximum impact parameter which will allow cloSE!' ' 
o 

approach at a given energy. This expression is given on Fig. IV-2. 

From it cau be calc~lated direct+y the close 'approach cross sectioD, Qc' 

in terms of g and the potential power law constant, C • 
s 

, 4/s 
Q (g) = K (theor)/g 

'" c s 

In applying this model to the investigation of the quenching cross 

sections, the implicit assumption is that "close approach" Le., 

penetration to the repulsive wall of the potential or into some kind 
,. 

of trajectory sink, is necessary for,a quenching collision to occur. 

It is further assumed that a constant fraction, w, 'of trajectories which 

achieve close approach lead to quenching, thus Q should depend on g 
q 

in the same way as does Q. The orbiting model provides a very convenient 
c 

method of parameterizing the energy dependence of the cross sections, 

and of comparing quenching efficiencies of various molecules, although 

it is to be emphasized that it is a highly simplified picture of a 

process which, in full physical reality, must be very complicated' 

indeed. 

In cases where k values were measured at several different 
q 

/ 

energies, the form of Q (g) was investigated by letting s = 4, 5 or 
q 

6, and finding the value of the coefficient K (exp) , which gave the 
s 

4/s' best fit to the experimental data when K (exp)/g was put into 
s 

, 
Eq. '(33) and integrated over the appropriate relative speed distributions. 

This cross section constant can be compared to the theoretical close 
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approach cross section constant, K (theor). In paLticular, 
s 

K (exp)/K (theor) = w, and this ratio can be considered as a possible 
s s 

measure of quenching efficiency, as it gives the fraction of close 

collisions which lead to quenching. 

For cases in which a I:ate constant was measured at only one 

energy, less information about Q vs g could be determined. One could 
q 

only assume a value of s, and then find the value of K (exp) which 
. ' s 

corresponded to the experimental rate constant. Mostly, these were 

thermal cases, for which the integral in Eq. (33)- can be evaluated 

analytically to give 

k (th€rmal) = 2~-1/2 (~/2kT)(4-s)/2s (s-2/2) f(s-2/2) K (exp) (37) 
q s 

where rex) is the gamma function. 12 As before, the ratio 

K (exp)/K (theor) = w provides, within this model,_ a measure of the 
s s 

quenching efficiency. 

Of course, the orbiting model is not the only approach to analyzing 

the energy dependence of cross sections. As already indicated, the 

close approach cross section, Q , includes all trajectories which get 
c 

, 
past the_centrifugal barrier and penetrate to the inner repulsive 

wall of the effective potential. EBpecially for high values of 

collision energy, corresponding to small orbiting distances, from 

Eq. (a4), this requirement may be too strict. In particular, one might 

wish to ep~cify some minimum distance of closest approach, r , which 
m 

is regarded as necessary to the possibility of a quenching collision. 

The expression for the turning point of a trajectory, which again is 

directly from conservation of energy, yields, for the cross section as 

- 10 
a functi.on of energy in this case, 
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Q :: 
m 

2 ' 
r (1 -V(r )/E) 

m m 
(38) 

References 13 and 14 have, in fac,t used this idea in interpreting the 

2 energy dependence of the quenching of Na*(lp P) by N
2

• In particular, 

they have attempted to introduce energy dependenc~ into some theoretical 

calculations on this system, which will be discussed in the Quenching 

Theory section of this chapter. 

Refer:r'ing again to Fig. IV-2, it can be seen that if r > r 
m 0 

for a given E, the value of the impact parameter, b , which gives a 
m 

I 
turning point at r , and which corresponds to the critical trajectory 

m 

in this case, will be greater than bo : bm > bo ' therefore ~ > Qc ' 

However, for a given E, if r < r , there is no turning point short 
m 0 

of the repulsive wall, so here orbiting must apply. In fact, the 

expression for the turning point yields complex values in this region, 

so Eq. (38) is strictly invalid. Thus, if one wishes to specify r 
m 

as a basis for analyzing energy dependence, one should use Eq. (38) 

for energies such that r (E) < r , and Eq. (36) for energies such 
o , m 

that r (E) > r. The energy, E ~ at which the orbiting and minimum 
o ,m c 

distance models must coincide is clearly that for which ro :: rm, and 

this gives, from Eq. (34) 

E ~ (s - 2) C /2r2 
c s m 

(39) 

and the value of the cross section at this energy is 

Q (E ) = 0 (E ) = 1Tr2 [sf (s - 2)] 
c c 1n c m 

(40) 

The pr.imary difficulty with the minimum distance model is the 

necessity of specifying r • 
m 

As quenching of excited alkali atoms is 

generally considered to proceed via the transfer of the M* electron 
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to the quenching molecule, one choice would b~ the distance at which 

the excited covalent potential curve (for M* + A) crosses the ionic 

. + 
potential curve (forM + A-). The use of this curve-crossing distance 

for the value of r would then yield a theoretical expression for the 
m 

cross section as a function of energy which would have to be mated to 

the close approach cross section of the orbiting model at E , from Eq. (39) 
c 

to get the overall theoretical dependence of the cross section on energy. 

If one then wished to fit experimenta'l results to this comlbined' model, 

one would be required in general.to specify two parameters, rather than - " 

the single K (exp) of the orbiting model. Referring to Eg. (38) for 
s 

Q ,-one c-afl 'see that the two parameters would be a value for the energy 
m ' - ,._. _ '. ' .. 

independent term, ~hich might be obtained from high' energy extrapolation 

of the data, and a value for tpe coefficient of the energy ter~, which 
( 

w~uld, in general, be independent of the first' parameter for the 

experimental cross sections. Any interpretation in terms of quenching 

efficiency would become rather cloudy. Moreover, analysis in terms of 

the orbiting model provides some insight into quenching efficiency 

even in those cases where the model is not expected to. apply. Some such 

cases arise when the electron affinity of the quenching gas is large 

enough that the distance at which the ionic and covalent potential 

terms cross, which-- is where electron transfer should be most likely, 

is well outside the range of orbiting distances which occur in these , 
experiments (~3.5-5 A for the for the -first resonance states). Tuis 

is true for S02' 12 and Br2 , and the result is that, in terms of the 

orbiting model, these gases are "super-efficient" quenchers, i.e., 

w>l. However, even here, the energy dependence of the cross sections 
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is such that the orbiting model provides a very convenient method.of 

deconvoluting the experimental data. 
2 . . . . 

With K*(Sp P), for which most measurements were done under thermal 

conditions, the orbiting aistance at the energy corresponding to. the 

most probable thermal speed in a collision with a typical gas 

. 3 
(polarizability -sA ) is "'6.5 A, and the crossing,dis,tances for gases 

with small positive or negative electron affinities are -loA. Furthermore, 
',' 3 
if the polarizability of 1100A (Ref. 15)' is regarded, roughly, as 

represent·ing the effective volwne occupied by the excited electron, 

then the corresponding radius is ~7A, and it might be expected that if 

the collision penetrates to 'this distance, the interaction would be 

altered greatly and the orbiting model might lose its significance. 

Even here, however, quenching efficiencies will. be discuss'ed in terms 

of the orbiting model, for the reasons indicated above, as well as for 

the fact that it provides, a posteriori. quite interesting and seemingly 

reasonable comparisons to quenching efficiencies for the first 

reasonance states. 

In Chapter V, then, the orbiting model will be used to fit the 

energy depeudenceof the experimental results an~ to investigate 

efficiencies for all quenchers studied. For the three superefficient 

quenchers', rough estimates in terms of a mi.imwn distance model will 

also be made. This is done with the awareness of the limitations 

of models, particularly of the orbiting model in the case of K*(Sp2p). 
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3. Decay of the Speed Distributions 

The PT A(g) distributions used in analyzing the non~thermal data 
" 

involve the nascient PT A(V) distributions, derived in Chapter III. , 
The latter are idealized, as the real steady-state speed distributions 

for the excited atoms will vary at least slightly from the~due to 

perturbations deriving from interaction with other srecies present in 

the iiuorescence cell. The problem of just how P
T 

A(V) relaxes is a , 
complicated one, and here it will suffice to indicate approximately to 

what extenu one might expect this distribution to be perturbed under 

Be a given set of. experimental conditions. 

The time interval of concern is simply the lifetime of the excited 

population, so it is instructive to consider wha~ values of impact 

parameters, b , for elastic collisions will lead to a rate for such r 

collisions equal to the rate of decay of the excited population, and 

to discern approximately what effect collisions at such impact parameters 

will have on the speed of the excited atom. In the regime of low 

quenching gas pressure, the lifetime of the excited population is 

approximately given by the natural radiative lifetime, so the rate 

2 2 7 -1 
of decay for. K*(4p P) or Na*(3p P) will be approximately 5xlO sec 

If the elastic collision rate, krNA 
2 gTIbrNA, is to equal this at a 

pressure of A of, say, 1 Torr, b ::::; 10 -14A.At such large, impact 
r 

parameters, collisions will be quite soft, and the small angle formula 

for the classical angle of deflection, X, can be Lsed. 

(41) 
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C
6 

is just the potential power law constant for the dispersion attraction, 

which will be discussed in the next section. Taking, for the present, 

-57 6 2 2 a value oflO erg-em a typical value for K*(4p P) or Na*(3p P) 

with one of the quenching gases studied here, X is found to be <0.5° 

for these collisions. In order to assess the effect of such collisions 

on the speed of the excited atom, one can assume that the two velocities 

intersect at right angles and assign to the quenching gas its most 

probaile thermal speed. Then, for small deflection angles, the fractional 

perturbation in V can be expressed approximately as 

(42) 

and this relation gives perturbations of less than 0.5% for the soft 

collisions under consideration. 

At higher quenching gas pressures, larger perturbations will be 

expected. Considering the lifetime of the excitedpopu1at~on here to 

be dominated by the quenching term, kqN
A

, the requirement that the rate 

of elastic ~ollisions be equal to this can be expressed as Q = Q , 
r q 

where Q is an elastic cross section. Taking the maximum·quenching r . 

impact parameter, bel as Qq 0: 1Tb~, and reserving impact parameters smaller 

than this for inelastic collisions, it is found that b = i:Zb will 
r q 

satisfy Q = Q. Taking a value of Qq = 75 A2 as exemplary, the 
r' q 

approximate formulas of Eqs. (41) and (42) suggest X ~. 3° and I~v/vi ~ 1-2%. 

Of course, in either the high or low pressure regime, M* atoms 

will suffer elastic collisions at impact parameters both larger and 

smaller than those discussed here. The probability of suffering a 

collision at an impact parameter b varies as b2 • Thus, the smaller 
r r 

impact parameters, which would perturb V more seriously, become rapidly 
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less probable, and are also more likely to result in quenching collisions. 

Likewise, larger impact parameter collisions become rapidly more probable 

but also have a much smaller effect on V, so the typical values which 

were quoted probably $ive a good idea of the extent to which V will 

be perturbed. However, even if these estimates are off by a factor 

of 2 or 3, the uncertainty in the speed distributions will be no 

greater than the uncertainty in the experimental results. These 

arguments do indicate that for gases such as CH
3

0H, with quenching 

2 
cross se:!tions ;S2oA , very considerable relaxation of the speed dis-

tributions ~ill probably occur at gas pressures high enough to produce 

significant quenching. 

4. Long-Range Forces 

As men~ioned above, values of the potential power law exponent 

s, of 4, 5 and 6 were considered. These values correspond to various 

interactions between the excited atoms and quenching molecules which 

might be important here. A value of s = 4 corresponds to the electro-

static dipole-quadrupole interaction. The orientation average of this 

interaction would be zero however, except with molecules possessing 

permanent dipole moments with respect to a lab coorcinate system, 

namely symmetric top molecules with rotation about the symmetry axis 

excited. The only polar symmetric top molecules studied were 

CF
3

Cl and CH
3

CN. Of these two species, only CH3CN showed 

quenching behavior which might suggest the importance of the r-
4 

interaction. 
-1 

From Eq. (33), it is seen that if Q ex: g ,corresponding 
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to s = 4, kq will be independent of energy, and this seemed to be the 

case for.CH
3

CN. As s goes to largervalues, the tendency of kq to 

decrease with increasing collision energy becomes more pronounced, 

and CF
3
Cl, like most of the quenchers, showed a decrease of kq with 

increasing collision energy. This is· somewhat surprising, as CH
3

CN, 

though it does possess the largest dipole moment of any quencher studied~ 

is so prolate that extremeiy high rotational energies would be required 

to maintain a space-fixed dipole moment. 

A value of s = 5 corresponds to the quadrupole-quadrupole 

interaction, and most of the quenching gases studied. here have quadrupole 

moments, so this term would be expected to contribute to the potential 

energy. 

A value of s = 6 con:esponds to the classical dipole-induced dipole 

interaction, and to the non-classical dispersion interaction. For all 

quenchers considered here, the second of these two interactions is 

considerably larger than the first, so the r-6 interaction between 

the excited atoms and quenching gas molecules will be discussed in 

terms of dispersion forces. The notable cases in which the inductive 

interactions are greater than the dispersion interactions are the 

M*-MX pairs. The inductive term goes as the square of the dipole 

moment, and the very large dipole moments of the alkali halides make 

this term dominant, with the result that the orbiting model suggests 

that the cross section for MX quenching M* is generally somewhat 

greater than quenching cross sections for other molecules. Thus it is 

necessary to maintain low alkali halide vapor pressures if such "self-

quenching" is to be avoided. 

!: 
I 

: , . , 
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In order to obtain a comparison between K (exp) and K (theor) for 
s s 

a given case, it is necessary to calculate K (theor), via C , the 
s s 

potential power law constant. This involves, in the case of the 

electrostatic interaction which might be of general interest here, a 

knowledge of the quadrupole moment of the excited atom, or at least 

2 of the value of (r > •. Such information is not readily available, 

although, as indicated below, it might be susceptible to fairly 

accurate calculation. If it were obtained, however, it would still be 

a non-trivial problem to evaluate the interaction in terms of the 

atomic and molecular moments in a given case. 

The situation in the case of the dispersion interaction is 

somewhat brighter. There are several well-known approximations which 

give simple expressions for C
6 

in terms of the polarizabi1ities of 

the interacting species, perhaps the most successful of which is that 

due to Slater and Kirkwood,16,17 which is used throughout this study. 

According to this approximation 

(43) 

where a
1 

and a
2 

are the polarizabilities, Nl and N2 are the numbers 

of electrons in the outermost shells, and e, h, and m are the obvious 
e 

-physical constants. Furthermore, an excellent compilation of the 

polarizabilities of alkali metal atoms in their 2p stateo has been 

provided by Schmieder, et al. 15 They used the method developed by 

18 Bates and Damgaard to evaluate the necessary r-integrals for S-P and 

P-D transitions. This method uses the notion that the important 

contribution to the integral comes at distances large enough that the 
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potential energy on the p-electron has its asymptotic coulomb form. 

This potential is put into the Shl'oedinger equation, and the asymptotic 

solutions for the radial wavefunctions are used to evaluate the 

integrals. Bates and Damgaard applied this method to the calculation 

of transition probabilities, obtaining quite good agreement with 

experimental.values for alkali metals. Likewise, the results of Ref. 15 

for polarizabilities generally agree very well with the experimental 

values, where the latter are available. The polarizability is expressed 

as a sum·of scalar and tensor components 

and a table of values of the aO.'s and aI's is given. As the former 

is approximately 10 times greater than the latter for a given case, 

the tensor component and the resulting slight anisotropies in the 

(44) 

total po!arizabilities have been neglected here, and the values of a
O 

have been used as the polarizabilities of the excited atoms. 

One very interesting fact arises from these results. In examining 

the ta'le in Ref. 15 of contributions to the polarizability (r-integrals 

divided by energy separations), it is apparent that the value of the 

polarizability in a given case is usually dominated by a single 

contribution corresponding to a transition to the closest-lying D 

state. 2 In the case of Na*(4p P), the 3d state lies just below the 4p, 

so the polarizability takes on a large negative value. This should 

lead to a repulsive dispersion interaction, and attempts were made 

to do experiments on this state to try to see effects attributable to 

this. Unfortunately, these attempts did not meet with success, as the 
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oft~entioned problem of uv intensity at low wavelengths once again 

came to the fore. 

Given the values for the polarizabilities of the excited atoms, it 

is straightforward to calculate C
6

, and hence K
6

(theor). It would be 

nice to be able to at least get an idea of the magnitude of the 

magnitude of CS' so that the two contributions to the potential energy 

could be compared. Since the method of Bates and Damgaard works so 

well for integrals involving the first power of r, it would presumably 

provide an excellent approximation for those involving the second 

power of r, or of its components. In particular, it should be very 

2 2 19 
good for calculating (3Z - r ), the quadrupole moment of the atom. 

However, as there are no experimental values with which the results 

of such calculations might be compared, there has apparently not been 

sufficient incentive to do them. Also, as mentioned, evaluation of the 

interaction energy, given the quadrupole moments, is a fairly com-

Ii d bl Kn ' 20 f 1 h d 'h f p cate pro em. 1PP, or examp e, as treate t e case 0 

two atoms. The interaction vanishes in zero order, i.e., the trace 

of the interaction matrix is zero, corresponding to a zero orientation 

average. However, consideration of the off-diagonal elements via 

first-order perturbation theory leads to expressions for the interaction 

energy which differ according to the magnitudes of the l-s coupling in 

the two atoms, and which involve three "parts," two atomic coefficients, 

2 
the root of a secular determinant, and values of (r ) for the two atoms. 

His results are tabulated for several cases and are also found in 

Hirschfelder, Curtis and Bird.
19 

He finds interaction energies fur 

ground state atoms of -0.1-0.6 eV at separations equal to twice the 
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sum of the atomic radii. Use of·the atomic polarizabilities from Ref. 21 
. .. 

and the Slater-Kirkwood approximation gives values of the dispersion 

energy a bit larger than those of the quadrupole interaction calculated 

by Knipp at the same distances. For example, Knipp's values for 0-0 at 

1.sA, F-F at 1.54A, and O-F at 1.67A are: -0.34 eV, -0.4 eV and 

-0.55 eV, respectively, while the corresponding dispersion energies 

are approXimately -0.4 eV, -0.7 eV and. -0.6 eVe Admittedly the 

dispersion interaction falls off more rapidly for larger distances 

than does the quadrupole-quadrupole interaction. It might be noted 

2 
that the weakest point of Knipp's results are the values of (r >, 

and these values are just what one might be able to obtain quite 

accurately for excited alkalis. 

22 Margenau has iJ:ldicated that for excited atoms or molecules the 

dispersion energy is considerably greater than th~ quadrupole energy. 

For the experimental cases here, an attempt was made to estimate some 

quadrupole interactions by using M* quadrupole moments calculated from 

the hydrogen atom formula using an effective nuclear charge derived from 

Slater's rules. The result indicated a value for the quadrupole moment 

of Na*(3p 2p) of -20XlO-26 esu-cm2• This, combined with a typical 

-26 2 molecular value of -3xlO esu-cm, allowed a very rough estimate of 

the magnitude of the quadrupole-quadrupole interaction as simply the 

product of these values divided by the fifth power of the separation. 

The values thus obtained were compared to dispersion energies for 
2 . 3 

Na*(3p P) with a gas of polarizability sA. The result was that the 

two energies were approximately equal at a separation of -2oA, so the 

dispersion interaction was greater inside this distance. 
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2 The same process for K*(4p P) Yielded a quadrupole moment of 

-26 2 
SOxlO esu-cm. As the polarizability increased only by a factor 

of two, and the dispersion energy as the square root of this, it appeared 

that the quadrupole energy would dominate at dis~ces greater than 

-lOA. It should be mentioned that the relationship of values for the 

quadrupole energy indicated here to the true interaction energy is 

not really clear. The relative magnitudes for Na*( 3p 2p) and K*( 4p 2p) 

should be reasonable, but the absolute magnitudes may differ considerably 

from reality. 

Finally, in considering this comparison, if the results of Chapter V 

may be anticipated, it might be noted that for the quenching of 

2 
Na*(3p P), for which the most reliable results were obtained, the best 

fit to the data was generally obtained with s = 6, except for the 

case of CH3CN, as previously noted. This should be regarded cautiously, 

however, as the s = S fits were usually adequate, though not quite 

as good. 

Summarizing the considerations of long-range forces in this study: 

The r -4 °b i i h· f d h ° 1 contr1 ut on mgt ar1se in a ew cases, an may ave exper1menta 

support in one case. Values of K
4

(exp) will be found for all energy

dependent measurements, however. The r -5 contributilin is likely 

comparable to or smaller than the dispersion contribution, but the 

only consideration given it will be to find values of KS(exp) for the 

energy-dependent results, as its accurate treatment is felt to be beyond 

the scope of this work. -6 The r dispersion interaction will be assumed 

to dominate the scene, and comparisons will be made between K
6

(exp) 

and K
6

(theor) to investigate quenching efficiency in terms of the 

orbiting model. 
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c. Theory of Quenching 

If ,long-range forces are considered in this study 'as dominating 

the energy dependence of cross sections, which is relatively easily 

measured, the "efficiency" of quenching by a given species, which is 

harder to get a handle on experimentally, is determined by what occurs 

after the excited atom and quenching molecule reach "close approach." 

That is, there must exist a mechanism for dissipati.ng the excitation 

energy i.f quenching is to occur. This mechanism, in the case of 

alkali atoms, has generally been considered to involve an ionic inter-

mediate which couples the initial and final covalent states of the 

atom-molecule system, providing a path by which the system goes from 

the excited to the ground (quenched) state. Among the first to 

recognize the importance of this mechanism was Laidler,23 who applied 

. 2 
the idea to quenching of Na*(3p P) by H2 and halogens. The schematic 

potential curves of Fig. IV-3 illustrate the process. (Such curves 

are, in fact, appropriate to atom-atom encounters.) M* and A approach 

along the upper covalent curve, and at the outer crossing point R , o 

may make. a transition to the ionic curve, the possibility of which is 

+ - . 
indicated by the dashed lines, whence they proceed as M + A to the 

inner crossing point Ri . Here another transition may occur or not, 

and in either case the pair may oscillate in the well until eventually 

separating along the M + A curve (quenching collision) or the M* + A 

curve (elastic collision). For very highly excited states, and 

collisions of sufficient energy, separation into ions would also have 

to be considered, but will not be discussed fur~her here. The solid 
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Fig. IV-3. Schematic potential curves illustrating the covalent-ionic 
curve-crossing picture of quenching. The solid lines 
represent the diabatic covalent or ionic curves. The 
dashed lines represent adiabatic transitions from covalent 
to ionic or vice versa, which arise because of interaction 
between the diabatic terms. 
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curves displayed in Fig. IV-3 are the zero-order diabatic curves, that 

is, the interaction between electronic terms is neglected. It is 

just this interaction which couples the curves, allowing for the 

possibility of "adiabatic" transitions from one curve to another. 

The problems involved in doing decent calculations on this kind 

of process are certainly sonsiderable, and, indeed, may even be greater 

than the problems involved in doing the experiments. The approach 

which has been taken in recent years in attempts to generate quantitatively 

acceptable results is to calculate classical trajectories along the 

diabatic electronic terms, while using the Landau-Zener formula or 

24 some more sophisticated relative' in order to calculate the probabilities 

of transitions from one term to another at or near the crossing points. 

Calculations on quenching (or, more precisely, lack of quenching) 

by noble gases are, in this method, fairly simple, but are not very 

interesting because of the essentially negative nature of the results . 
. , 

Calculations on quenching by molecules are necessarily more complicated 

than curves such as those of Fig. IV-3 can lndicate. In the most 

realistic case, one must consider three-dimensional potential surfaces. 

Nikitin and Bjerre25 have done calculations on quenching of Na*(3p2p) 

by N2 using three such surfaces, two covalent and one ionic,and estimating 

the transition matrix elements from experimental data on resonance 

scattering of slow electrons from N2 • These,1Ilatrix ellBJllen~s were 

plugged into the Landau-Zener formula to calculate crossing probabilities. 

As the outer crossing distance was adjusted to match the experimental 

quenching cross section, the results of interest are in terms of 

partial cross sections for each vibrational level of the outgoing N2 
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molecule. These indicated high populations in v = 2 and v = 3, which 

is significant, if correct, as it would indicate. that electronic-

vibratio~al resonance is not important in the quenching process, 
2 . 

the excitation energy of Na*(3p P) being sufficient to excite v = 8. 

A series of calculations which seem more satisfying in that the 

adjustability of the quenching cross-sections is somewhat restricted 

26 have been done in recent years by Fisher and Bauer and their co-workers 

. ( 2 on quenching of several excited alkalis by N2 and of Na* 3p P) by CO 

and O2 as well. They have restricted their calculations to two dimensions, 

however, by averaging the M*-A interactions over orientations of the 

diatomic, so that the trajectories proceed on curves rather than surfaces. 

To account for vibrational excitation of the diatomic, the ionic and 

lower covalent curves were each replaced by a family of curves generated 

by displacements of the v = 0 curves by amounts equal to vibrational 

quanta of the diatomic. This introduced a complex series of crossings, 

and at each point the adiabatic. transition pnbJlJ>i11ty _s calculated 

by inserting into the Landau-Zener formula a transition matrix element 

which was a product of an electronic term and a vibzrationa1 term (Franck-

Candon factor). The electronic terms were taken from a correlation, 

due to Hasted and Chong,27 between the value of the transition matrix 

element and the distance of crossing, and the Franck-Condon factors were 

derived from spectroscopic data. Using these transition probabilities, 

summation over all possible paths along the network of curves was done 

in order to generate partial cross sections for each vibrational level 

of the outgoing diatomic molecule. 

The covalent potentials were taken from the 0 + N2 interaction and 
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were simple exponential repulsive terms. The ionic curves were taken 

as sums of a coulomb term plus a polarizabi1ity term, _e
2
0./2R4, where 

a is the polarizability of the ionic complex. This quantity was the one 

arbitrary parameter in the calculations. It was generally adjusted 

to fit experimental values, but over a reasonable range it did not make 

a drastic difference in the results. 2 
In the Na*(3p P) - N2 

3 example, 0..= loA gave Q 
q 

= 26A2 ,26a and 0. = 4oA3 gave Q
q 

= 

case, for 

Experimental results generally fall in the range bracketed by these 

two values, although favoring the smaller side. 

The ~alculations of partial cross sections indicated, as did those 

of Nikitin, a lack of importanc.e of electronic-vibrational resonance. 

2 
For instance, in the Na*(3p P) - N2 case the greatest vibrational 

populations in the outgoing channel were in v = 3, 4, 5 and 6. However, 

the vibrational excitation is considered as being produced solely by 

the electronic-vibrational coupling introduced by the inclusion of the 

Franck-Condon factors in the transition matrix elements, and possible 

effects of translational-vibrational energy transfer are neglected. 

For a system which comes together on a very steep ionic curve and 

slams into the repulsive wall with relative translational energy up 

to ",2 eV, translational-vibrational energy transfer,might well be 

significant. In fact, the calculations of Nikitin and Bjerre indicate 

this, as they contained no ad hoc electronic-vibrational coupling, 

and yet produced significant vibrational excitation. 

The Fisher~Bauer calculations were done for collision energies 

corresponding to temperatures achieved in flame studies, and their 

results generally agree quite well with experimental quenching cross 
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sections, although there. is apparently no data on vibrational populations 

in molecules following quenching. The importance of e1ectronic

vibrational coupling in the Na*(3p2p) - N2 system has been demonstrated, 

however, for the "inverse" process of excitation of sodium atoms 

28 by vibrationally hot N2• The values of total quenching cross 

sections are predominantly a function of the outer crossing distances, 

as the probability that a trajectory which reaches the outer.crossing dis-

tance on the incoming path will lead to quenching, which might be 

regarded as a quenching effiCiency, is generally in the range 0.7-0.8. 

Thus the value of the quenching cross section depends primarily on the 

choice for the electron affinity of the diatomic, and secondarily on 

the fi~ting parameter, a. Given a value for the electron affinity of 

N2 of -1.89 eV, which is what was used, the outer crossing distance 

2 for a = lOA , is at about 3.3A, and this alone would indicate a cross 

section for reaching this distance in the absence of any attractive 

2 forces of 35A , which would lead to the expectation of Q being 
q 

2 perhaps 2Q-25A , not at all in bad agreement .with experimental results. 

If attractive forces were introduced, larger Q values would be calculated. 
q 

The neglect of attractive forces leads to one result which is in 

contrast to experimental evidence on most systems. This is that the 

calculated cross sections are essentially independent of initial 

collision energy. This lack is just what Refs. 13 and 14 have attempted 

to remed~ as mentioned earlier, by introducing an attractive potential 

in a minimum distance model. Reference 14, using r = ~3.sA and m' , 

extrapolating the Fischer-Bauer results to lower energies, achieves a 

good fit to the experimental cross-sections over a wide energy range. 
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It should be emphasized that Beither Reference 13 or 14 employed the 

attractive forces directly in doing traj ectory calculations, but merely·· 

tried to correct the Fischer-Bauer results by assuming that they were 

essentially correct for high energies and using the attractive forces 

after the fact to achieve agreement for lower energies. What one would 

like to see is a full trajectory calculation with the attractive forces 

introduced in the construction of the initial potential curves or 

surfaces. Since these calculations were not really for extremely high 

collision. energies (values between 0.1 and 0.2 eV were used), one 

would expect that this would lead to considerably lar8er calculated cross 

sections .• 

This hopefully describes tiriefly the present state of calculations 

on quenching of alkali atoms. There are many effects-which might be 

regarded as influencing quenching efficiency for which calculations 

have not been done and, indeed, may not be currently feasible. This 

model of the quenching process, however, provides a g90d basis for 

discussing some of these effects, and indeed, the calculations described 

point the way in a couple of instances. 

One thing which might enhance the quenching efficiency of a given 

molecule is the availability of more than one channel corresponding 

to quenching. 2 The calculations on Na*(3p P) - 02 indicate this rather 

strongly. 02 has three electronic smt~ which are e~ergetically 

accessibl~ in the quenching process, and which can be reached via two 

+ -intermediate Na 02 states, all six paths being spin-allowed. Thus 

there would appear on a simplified potential curve diagram such as 

Fig. IV-3 two ionic curves and three outgoing covalent curves. These 
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excited electronic states of the quenching molecule not only provide 

a very convenient means of dissipating the excitation energy but also 

provide additional paths to quenching , S~ they should provide both 

energetic and statistical enhancement of the quenching efficiency. 

Preliminary calculations which accounted for only one quenching path 

yielded a value for the quenching cross sections -4 times smaller 

26a. than the experimental value. 

A similar situation which would provide an additional quenched 

channel is chemical reaction. That is, if the quenching molecule is 

represented as AB, there would be two outgoing covalent curves, one 

for M + AB, and one for MB + A. This would again provide an extremely 

efficient mechanism for dissipation of the excitation energy, and 

would presumably become more probable as the asymptotic energy separation 

between the M* + AB curve and the MB + A curve, i.e., the reaction 

exoergicity, became larger. The idea that the large exoergicity for 

some such processes would lead to reaction with low activation energy, 

corresponding to high reaction probability and thus to large quenching 

Bc 29 efficiency, has been advanced previously, , and will be considered 

for several of the quenching processes to be discussed in Chap~er V. 

The effect of Franck-Condon factors on quenching efficiency will 

also be cOllsidered in interpreting the results presented in Chapter V, 

namely cr.oss sections for quenching by hydrogen and hydrides vs 

deuterium and deuterides. In particular, the larger vib~ational 

amplitudes of the hydrogen-containing species should lead to more 

favorable overlap between the vibrational wavefunctions of the neutral 

molecule and the negative molecular ion, making an adiabatic transition 

more probable. 
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There are various factors which might be regarded as playing a 

role in quenching efficiency via their effect on the electron affinity 

of the molecule, which plays a crucial part in getting the colliding 

pair into an ionic intermediate. A classic example is the contrast, 

·2· discovered very early in Na*(3p P) quenching studies, between the 

quenching behavior of saturated and unsaturated organic molecules. 

The former are very inefficient in quenching this species, and for 

that matter, first resonance states of other alkalis, presumably 

because their lowest unfilled molecular orbitals are at such high 

energies that they are extremely reluctant to accept an electron. On 

the other hand, the unsaturated molecules, possessing relatively low 

lying unfilled molecular orbitals, as is the case for ethylene and 

benzene, to name but two examples, should accept an electron quite 

easily, thus making the ionic iDtermediate readily accessible. 
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V. QUENCHING OF EXCITED ALKALI METALS 

A. Introduction 

As indicated in Chapter I, one goal of this work was to attempt 

to develop a general feeling for the type of quenching behavior which 

might be expected if a given excited alkali atom is exposed to a given 

quenching gas. 
2 Initially, this involved studies on Na*(3p P) from NaI. 

This excited state has been the principle subject of quenching studies 

among the alkali metals over the years. Still, most of these studies 

concentrated on small molecules (e.g., H2, first row diatomics and 

noble gases). Notable exceptions were the atomic vapor studies of 

I 
Norrish and Smith, who, in 1940, investigated an impressive variety 

2 
of organic molecules, and the photodissociation studies of Dowling, et al. 

Aside from these, there have been photodissociation studies on quenching 

3 
by 12 and Br2 • 

Still, it was felt that the picture could be clarified by investigation 

of a few more molecules of "chemical" interest. In this spirit, species 

which quenched only slightly were not investigated at length, as cross 

2 sections of the order of lA were not regarded as interesting, except as 

a basis for comparison to larger values. Combination of the results on 

2 
Na*(3p P) from NaI led to a tentative separation of prospective quenchers ~ 

4 into four c.lasses. Class A included molecules which provided no 

possibility of a highly exoergic reaction (which might be expected 

to proceed with low activation energy) with the excited atom, and 

which possessed large negative electron affinities due to their lowest 

unfilled molecular orbitals being atvery high energies. Examples would be 

saturated hydrocarbons, CF
4

, and possibly H
2
0, all very inefficient 
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2 
quenchers of Na*(3p P). For this class, w, the ratio K

6
(exp)/K

6
(theor), 

would be in the range 0-~.05. Class B included molecules which 

could not react with Na*(3p2p), but which did possess relatively low-

lying unfilled molecular orbitals, placing their electron affinities 

in a range which made electron transfer more favorable than with class 

A molecules. Molecules in this class, examples of which would be 

CO2 , C2H
4 

and C
6

H
6

, were characterized as having quenching efficiencies, 

w, in the range ~.2-l.0. Since no exoergic reaction channel was available, 

the excitation energy in a quenching collision would have to be dissipated 

as internal excitation of the molecule or as translational energy of 

separation. In class C were included molecules which, though not 

highly electronegative, afforded a very exoergic reaction channel. The 

two examples studied, CF
3

Cl and CH
3

CN, indicated that w values near 

unity might be expected for molecules in this class. Finally, the 

proposed class D included molecules with large positive electron 

affinities, such as S02 and 12 , which might be denoted as super-efficient, 

since w values larger than one indicated that the orbiting-dispersion 

forces model failed to account for their quenching ability. 

Following the NaI studies, it was desired to extend measurements 

2 to other alkali metals, and K*(4p P) from KI proved accessible. Previous 

studies had provided extensive data on quenching of this atomic state 

5-9 10 by H2 and D2 , but very little on larger molecules. Quenching 

by three gases which had been used in the NaI work was studied as a 

function of energy. These gases represented the last three of the 

four groups proposed above, and the results seemed to indicate behavior 

2 similar to that toward Na*(3p P). 
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The next experimental step was to go to more highly excited atomie 

states, on which only one previous study is known, that by the flame 

9 
te~hnique.. Results on quenching by molecules of classes Band C 

indicated only the expected increases in quenching cross sections. 

However, the only super-efficient quencher studied with this state 

and most of the inefficient quenchers provided interesting and sometimes 

quite unexpected contrasts to what had been observed with the first 

resonance states. I became an only moderately efficiently quencher, 
2 

and promotion of very inefficient quenchers to apparently quite 

efficient status led to considerable investigation of various effects 

in the quenching of K*(5p2p). 

The results of these studies are presented here, along with 

discussion on various factors which might influence quenching efficiency 

and comparisons to other work on quenching of atomic fluorescence. 

B. Experiments and Results 

1. Quenching of First Resonance States 

The general experimental conditions and procedures have been set 

forth in Chapter II. Discussion of these matters in this chapter will 

be confined to specific problems relating to particular gases or to 

experimental checks which were made to investigate possible effects 

of factors such as polarization or self-quenching. These considerations 

will be presented following the results. 

Figure V-I and the upper panel of Fig. V-2 show experimental 

Stern-Vollmer plots for cases which are more or less typical of the 

quality of the data with the indicated excited atoms. The lines are 

the linear least-squares fits to the experimental points. Reference 
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Fig. V-I. Stern-Vollmer plots typical of those obtained with Na*(3p2p) 

from NaBr (upper left), K*(5p2p) (upper right) and K*(4p2p) (lower 
panels). The bandwidth in each case was 60A (FWHM). With 
K*(5p2p), the monochromator setting was 192sA; others were as 
indicated. The CH4 and CD4 data were obtained using thermalization 
with high pressures of argon. The H

2
0 data were not therma1ized. 
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Fig,. V-2. Quenching of Na*(3p P) from NaI by C2H4. The upper panel 

shows the Stern-Vollmer plots, quite typical of those obtained 
with this salt-excited atom system. The bandwidth was 4sA (FWHM). 
The lower panel shows: Quenching data represented by points as 
phenomenological cross sections, (Qq>, at characteristic relative 
collision speeds, (g>, from the ~nitial data analysis discussed 
in Chap. IV; deconvaluted Qq(g) curves which gave the best fits 
to the data, upon averaging over the relative speed distributions, 
if Q~(g) was assumed to vary as KS/g4/S (dash-dot-dash) and . 
K6/g 13 (dot-dot-dot); the fits obtained from these Qq(g) curves 
from s = S (solid curve) and s = 6 (dashed curve) • 
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to the Stern-Vollmer formula, Eq. (21a) of Chapter IV, indicates that 

the plots should have unit intercepts on the ordinate. There is 

generally some deviation from this, and this is one indication of the 

uncertainties in a given case. One case in Fig. V-I displays a considerable 

deviation, and it is to be noted that the scatter of the points is quite 

large in this case, as well. Quenching rate constants were extracted 

from the Stern-Vollmer plots using the following values for excited-

11 2 -8 2 -8 2 state lifetimes: Na*(3p P), 1.6lxlO ; K*(4p P), 2.70x10 ; K*(5p P), 

-7 -1 1.40xlO , all in units of sec • 

The lower panel of Fig. V-2 and Figs. V-3 through V-6 display 

the results of the energy-dependent studies. The points are the 

phenomenological cross sections,<Qq >, at characteristic relative speeds, 

(g>, from the first-order analysis of Chapter IV, Eqs. (30) and (31), 

with one modification of the usual first-order procedure: VT, the 

characteristic lab speed of the excited atom as calculated from Eq. (29) 

of Chapter IV was replaced by the most probable speed as found from 

the calculated atomic speed distributions. 

The error bars on the points represent one standard deviation in 

the least-squares slopes and do not represent all possible uncertainties 

in a givt!n case. For instance, absorption of the uv by S02 and C6H6 

in the lowe~ ranges used with NaI added to the uncertainty in these cases. 

Also, in Fig. V-5, the two· highest energy points for quenching of 

2 Na*(3p P) by Br
2 

are subject to larger uncertainties than the others. 

This derives from possible ambiguities in the lower wavelength portion 

of the NaBr fluorescence efficiency curve, particularly from the 

assumption that only a single process contributed. As indicated in 
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Fig. V-3. Cross sections for quenching of Na*(3p2p) as a function of 
relative speed. The points are the data represented as (Q~ vs (W· 
The curves show the best fits to the data obtained by averaging 
cross sections of the form Qq(g) = Ks/g4/s over the relative speed 
distributions: solid curve, s = 4; dashed curve, s = 5; dotted 
curve, s == 6. 
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Chapter III, an adjacent process might be expected to peak at -184~, 

and a smal~ contribution could not be ruled out. If this is occurring 
2 . 

these Na*(3p P) atoms would have much lower speeds than were used in 

analyzing the data taken at the affected wavelengths. 

In Fig. IV-6, the points with the largest error bars for C
2
H

4 
and 

S02 were taken under thermal conditions, using high pressures of argon~ 

The (Q ) and ( g) then came from Eq. (32) of Chapter IV, which applies q 

in these cases. The increased uncertainties represent real added 

difficulties involved in taking the thermal data. 

As indicated in Chapter IV in discussing the energy dependence of 

the CIT.ss sections, the "true" cross sections might, under certain 

assumptions, be expected to vary as K (exp)/g4/s, s = 4,5 or 6. 
. s 

Employing this idea, the energy dependence of the cross sections can 

be deconvoluted in terms of these functional dependences, which process 

is a convenient means even in cases in which the above-mentioned 

assumptions become questionable. This deconvolution yields values 

of K (exp) for each atom-gas system which provide the best fits to s . 

the experimental rate constants when integrated over the appropriate 

relative speed distributions, as per Eq. (33) of Chapter IV. Also, 

the fits to the data obtained for different values of s' can be compared. 

In the lower panel of Fig. V-2, four curves illustrating this 

process are shown. Two are the deconvoluted Q (g) curves for s = 5, 6, q . 

and the other two represent the corresponding fits to the data. For 

purposes of constructing the latter two curves, the rate constants 

derived from the first two were subjected to the same first-order analysis 

as were the experimental rate constants. Comparison of the curves in 
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Fig. V-2 shows that there is a noticeable, though not great, difference 

between a ~ (g) curve and the corresponding <Qq ) vs < g) curve. 

In each of Figs. V-3 through V-6, three curves are shown. In 

Figs. V-3 and V-4, these curves show the best fits to the data obtained 

4/s by averaging the Q (gf- ... K /g functions over the relative speed q . s 

distributions. In Fig. V-5 and Fig. V-6, these curves are the 

deconvoluted Q (g) curves which themselves gave the best fits to the 
q 

data when averaged over the relative speed distributions. Tables I and 

II list the values of kq' <Gq> and <g> for each atom-gas system and 

Table III lists the values of K (exp) which gave the best fits to 
s 

the data. It might be noted that there is, in general, a tendency 

of k to decrease with increasing energy, and, in fact, the s = 6 fits 
q 

were generally best, in cases in which there seeme~ to be a real 

distinction. The one exception, as previously discussed, was CH3CN , 

which seemed to show a predilection for s = 4. However, the data 

in no case allow a definite choice for a value of s. 

Besides the energy-dependent results presented thus far, several 

gases were studied with the first resonance states with only single energy 

distributions, usually thermal. The results for these cases are 

presented in Table IV. The rate constants are given, again with the 

tolerances from the least-squares fits, along with <Q ) and ( g) values, 
q 

as discussed for thermal conditions. . ( 2 For CH30H with Na* 3p P), non-

thermal measurements at three wavelengths, 2150, 2300, and 240oA, 

spanning the full energy range used in NaI quenching studies, failed 

to reveal a significant variation in the rate constants. The two longer 

wavelength values were essentially equal to the thermal value, and the 
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Energy dependent quenching of 
2 

Table I. Na*(3p P). 

System/Gas Temp.* Monochromator 10
9 kq ( Q~} ( g) 

(OK) Setting (A)** cm3/sec-molec. (A ) km/sec 

2 NaI+Na*(3p P) 

C2H4 (961 ) 2150 1.04±0.02 . 44 2.22 
890 2200 0.98±0.02 48 2.00 

, 
2250 0.89±0.03 48 1. 78 

2300 O. 85± O. 02 52 1.57 

2350 O. 84± 0.03 56 1.40 

2400 o. 87± 0.03 63 1.31 

(920) 2175 0.92±0.05 43 2.10 
897 

2225 o. 97± 0.04 50 1.87 

2275 o. 89:!: 0 • 05 52 1.67 

2325 0.91±0.03 59 1.46 

CO2 (897) 2150 O. 94± 0. 03 43 2.18 
860 2200 0.8ltO.04 42 1. 78 

2250 0.8ltO.05 47 1.72 

2300 o. 82± 0.03 53 1.92 

2350 0.88±0.04 64 ' 1.33 

C6H6 (906) 2150 1. 49±0. 07 69 2.15 
875 

2175 1.42±0.03 70 2.04 

2200 1.37±0.03 72 1.92 

2225 L32±0.04 73 1.80 

2250 1.21±0.05 71 1.69 

2275 1.31±0.03 82 1.59 

2300 1.26±0.03 85 1.47 

2350 1.31±0.03 100 1.29 

2400 1.11±0.06 92 1.19 

S02 (906 ) 2125 1. 9S± 0.06 83 2.30 
815 

2150 1.9~O.06 89 2.16 

2175 1. 97± O. OJ 94 2.04 

{ 
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Table I. Continued 

System/Gas Temp. * Monochromator 10
9 kq ( Qq> ( g) 

(OK) Setting (A)** cm3/sec-mo1ec. (A2) lan/sec 

S02 2200 1. 91±0.03 98 1.92 

2225 1. 93±0.05 104 1.80 

2250 1.80±0.05 103 1. 70 

2275 1.84±0.03 112 1.60 

2300 1. 75±0.04 115 1.48 

2350 1.59±0.06 118 1.30 

2400 1.65±0.05 132 1.20 

CF
3

C1 
(920) 

2150 1. 27±0. 06 59 2.14 
895 2200 1.30±0.05 68 1.91 

2250 1.05±0.07 62 1.68 

2300 1.14±0.04 77 1.47 

2325 1. 24±0. 08 90 1.36 

2350 1.10±0.06 85 1.28 

2375 1.07±0.06 86 1.23 

2400 lo06±0.06 89 1.18 

CH
3

CN (920) 2175 1.17±0.03 56 2.07 
895 

2225 1.23±0.05 66 1.84 

2275 1.16±O.02 70 1.63 

2325 lo16±0.04 80 1.42 

(861 ) 2250 lo18±0.03 68 1.71 
850 

2300 1. 22±O. 04 80 1.50 

2350 1.32±0.OB 97 1.33 

2400 1.21±0.05 92 1.21 

. 12 (906) 2150 2.B7±0.20 136 2.13 -
875 

2200 3.25±0.65 199 1.89 

2250 2.83±O.90 171 1.66 

2300 2.83±0.55 196 1.44 

2350 2.84±0.95 227 1.25 

2400 2.24±0.40 196 1.15 
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Table I. Continued 

System/Gas Temp. * Monochromator 10
9 kq <Qq) < g) 

(OK) Setting (A)** em3 / sec-molec. (A2) km./sec 

2 NaBr-+Na* (3E P) 

Br2 (903) 1875 3.40±0.30 140 2.40 
890 1925 2.9l±0.26 132 2.21 

2000 2.73±0.33 150 1.82 

2075 2.70±0.25 183 1.46 

2125 2.53±0.23 219 1.15 

* The lower temperature in each case is that of the salt, which determines 
the vapor pressure. The higher value is the temperature of the window 
region of the cell, which is involved in the speed distribution. 
** For all the NaI data listed, the monochromator bandwidth was 48°A 
(FWHM). For the NaBr work, it was 6oA. 
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Table II. Energy dependent quenching of K*(4p2p).t 

Gas Temp.* Monochromator ' 109 kq (~) ( g) 
(OK) Setting (A)** cm3/sec-molec. (A2) km/sec 

+ C2H4 873 2300 0.70±0.07 43 1.58 

2375 0.70±0.04 50 1.34 

2450 0.65±0.05 54 1.12 

2525 0.67±0.05 63 0.98 

2450 0.54±0.11 51 1.08 (Thermal) 

913 2375 0.76±0.04 53 1.37 

S02 893 2300 1.42±0.12 92 1.52 

2375 1.42±0.06 III 1.26 

2450 1.37±0.05 130 1.02 

2525 1.l6±0.13 130 0.85 

2450 

(Thermal) 1.21±0.22 138 0.88 

CF
3

Cl 893 2300 0.92±0.09 60 1.50 

2375 0.93±O.07 - 74 1.24 

2450 0.87±0.06 87 0.99 

2525 0.80±0.06 95 0.81 

t For every case, quenching measurements were made on each component 
separately, and the results combined as described in Chapter IV. No 
significant difference between the two was observed in any case. 
* The temperature listed in the window temperature. The salt temperature 
was 20 0 K lower. 
** The monochromator bandwidth was 60A (FWHM) in each case. 

\ 

\ 
\ 
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Table III. Best-fit values of K(exp)* for 
s energy-dependent quenching. 

Na*(3p2p) Quenching 2 K*(4p P) Quenching 

Gas 109 K 4 
1010K

S 
lOll K 

6 109 K 
4 

1010 K " 5 lOll K 
6 

C
2
H4 0.93 0.82 1.7 0.69 0.65 1.3 

CO2 
0.88 0.78 1.6 

C6H6 1.3 1.2 2.4 

CF
3

Cl 1.2 1.1 2.2 0.87 0.86 1.8 

CH
3

CN 1.2 1.1 2.3 

S02 1.8 1.6 3.3 1.3 1.3 2.8 

I2 2.9 2.6 6.0 

Br2 2.9 2.5 5.0 

* 2 4/s 
K has units of em -(em/sec) • 

s 
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Atom/Gas 

2 Na*(3p P) 

CH
3

0R 

H2 

D2 

D2 
(polarized uv) 

H
2
0 

D20 

CF4 

CH4 

C2H6 

K*(4p2p ) 

CH30R 

H2 

D2 

H
2

0 

CF4 

CH4 

12 
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Table rio 
2 2 

Quenching of Na*(3p P) and K*(~ P) 
at single energies. 

T(OK) 
Monochromator 
Setting (A).'" 

873(t) 

873 

873 

873 

820 

820 

873 

873 

873 

893(t) 

893 

893 

893 

893 

893 

893/2450.&.** 

10
9 k q 

em3/sec-molec. 

0.28±0.01 

0.32±0.01 

0.19±0.01 

0.19±0.01 

0.04±0.01 

<0.01 

<0.01 

<0.01 

<0.01 

0.2S±0.2 

0.098±0.009 

0.073±0.007 

0.024±0.008 

<0.01 

<0.01 

2 .08tO. 21 

25.1 

10.2 

8.3 

8.1 

3.0 

d.O 

<1.0 

<1.0 

<1.0 

24.0 

3.0 

3.0 

1.5 

<1.0 

<1.0 

214.0 

( g) 

Ckm/sec) 

1.17 

3.15 

2.32 

2.32 

1.31 

1.25 

1.03 

1.37 

1.2i 

1.04 

3.14 

2.28 

1.24 

0.84 

1.29 

0.97 

lOll K 
2 6 2/3 

em (em/sec) 

0.59 

0.48 

0.32 

0.31 

0.08 

<0.01 

<0.01 

<0.01 

<0.01 

0.55 

0.15 

0.12 

0.05 

<0.01 

<0.01 

4.6 

* Ihc temperature given is that of the window region. The salt temper~ture was 
200 K lower. The monochromator settings were 2250 or 2300A for Na*(Jp P) 
from NaI and 2450A for K*(4p 2p ) from KI. The symbol "(t)" indicates thermal i
zatfon with argon. As indicated in the text, speed distributions may be assumed 
to be thermal in all other cases except for K*(4p2p )-I2' 
** The mOT'.ochromator bandwidth for this measurement was 60.&. (FWHM). 
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value obtained at 2l50A was only 8% higher. An absence of variation 

of k wit,h energy may in some cases be interpreted as indicating that 
q 

~ (g) cc 1/ g. This, however, assumes that the distributions in collision 

energies are significantly different for the various measurements of 

kq • In the case of CH
3

0H, it seems probable, in view of the small 

quenching cross section, that the lack of dependence of k on nominal 
q 

energy is due to collisional relaxation of the speed distributions, 

which wipes out much of the energy selection. 

For most thermal measurements listed in Table IV, argon at high 

pressures was used to thermalize the energy distributions (generally, 

the use of the term "thermalize" or "thermalization" indicates the 

forced relaxation of the speed distribution by this means). The 

exceptions were H2 and D2 , whose small masses ensured that the relative 

speed distributions were essentially thermal, and the several gases 

which exhibited very sinall quenching cross sections, _1A2 , which 

ensured at least quite effective relaxation of the speed distributions 

in a time short compared to the quenching lifetime. At any rate, the 

precise character of the speed distributions was not of great con-

sequence with the very inefficient quenchers. 

The one non-thermal case presented in Table IV is for 12 quenching 

K*(4p2p) at 245oA. This quenching process, though it is very interesting, 

was studied at only one wavelength, because of special difficulties 

encountered with this system. 

As energy dependence was not studied for the cases of Table IV, 

it was assumed, for purposes of analysis, that s = 6 was appropriate, 

which is probably not too bad an assumption for most of these cases, 
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and values of K
6

(exp) were calculated and are presented in Table IV 

along with the other results. With exception of the 12 case, for which 

the appropriate non-thermal speed distribution was calculated and the 

integration to fit K6 (exp) to kq done numerically, these K6 values are 

just from the analytic expression, Eq. (37) of Chapter IV, which 

applies in thermal cases. 

2. Quen.ching of K*(Sp2p) 

The ini.tial plan of attack with this species was to investigate 

its quenchiug by the same gases which were investigated with energy 

2 dependence for K*(4p P), plus perhaps a few ''basic'' molecules such 

as H2 , D2 or H20. However, the quenching behavior of some gases with 

this state seemed so unusual that finally a considerable number of 

gases were investigated. 

( g), and K6 (exp). 

Results are presented in Table V as k ,'(Q ) , 
q" .. q 

The tolerances again indicate the standard deviations in the 

least-squares fits. Here, there are more uncertainties in almost 

every respect than was true for the studies of the first resonance 

states. Self-quenching could be a more significant experimental 

problem, the presence of interfering stat~s could affect the results, 

and interpretation is subject to greater uncertainty, due to less 

11 reliable values for the atomic transition probabilities. Overall, it 

is estimated that the uncertainty in the results is probably ±20% here, 

2 2 as compared to ±IO-20 with Na*(3p P) from NaBr and K*(4p p), and ±S-IO% 

for Na*(Jp2p) from NaI (except for the case of 1
2
), 
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Table V. Quenching 2 of K*(5p P). 

Gas T(OK) 109 kq ~~} ( g) lOll K6 
Monochromator em3/ sec- (A ) (km/sec) em2 (cm/sec)2I3 

Se t ting (A) * molec. 

THERMAL 

C2H4 893 0.83iO.lO 77 1.08 1.8 

C2D4 893 0.82iO.ll 79 1.04 1.8 

CF C1 
3 893 1.40iO.25 172 0.82 3.3 

N2 893 0.65±0.05 60 1.08 1.4 

CH30H 893 1.16iO.18 112 1.04 2.5 

CF4 893 0.21±0.04 25 0.84 0.49 

H2 893 0.39iO.03 12 3.15 0.58 

D2 893 0.25±0.02 11 2.28 0.41 

CH4 893 0.77iO.06 60 1.29 1.6 

CD4 893 0.48iO.05 40 1.19 1.0 

C2H6 893 L03iO.OS 98 1.05 2.2 

C2D6 893 0.70iO.07 70 1.00 1.5 

NON-THERMAL** 

H
2
O 893 1.04±0.10 84 1.24 2.1 

D20 893 1.09±0.09 91 1.19 2.3 

HC1 893/1925 1.12±0.06 102 1.03 2.4 

DCI 893/1925 1.13±0.06 103 1.03 2.4 

12 893/1925 0.39iO.04 43 0.90 0.87 

CD4 893/1925 0.44iO.04 

CR 4 
893/1925 0.67±0.08 

CR. 893/1950 0.70±0.09 

CB4 893/1975 0.62±0.10 

* The temperature given is that of the window region. The salt temper-
ature was 200 K lower. The symbol "(t)" indicates therma1ization with 
argon. All the thermal measurements for which monochromator settings 
are not given were not done at 192~. As discussed in the text. the 
H20-D20 cases were assumed to be thermal for purposes of analysis. and 
the HCl, DC1 and 12 were analyzed using speed distributions obtaioed 
for K*(4p2p ) from KI at 2475A. Tht! non-thermal measurements on methane 
are also discussed in the text'in relation to the problem of possible 
interference from K*(6s2S) and K*(4d 2D). . 

** -The non-thermal measurements were done ~ith monochromator bandwidths 
of 60A (FWHN) • 

,-
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With the exceptions of H2 , D2 , H
2
0, D

2
0, HCl, DCl, 12 and some 

special CH4 and CD4 runs, all the measurements were thermalized, 

and except for some of the special CH
4 

and CD
4 

runs, all were done at 

a monochromator setting of 192sA. The speed distributions in the cases 

of H20, D20, HCl, DCland 12 could not be thermalized, due to experimental 

problems. In the cases of H
2
0 and D

2
0, they were assumed to be thermal, 

for purposes of analysis, as the masses of these gases are fairly small. 

In the cases of CH4 and CD4 , whose masses are nearly the same as those 

of H20 and D20, the results of thermalized and non--thermalized measurements 

agreed within experimental uncertainty. 

HCl, DCI and 12 are a bit more problematical, as the assumption of 

full thermal character in the relative speed distributions would be 

quite suspect, especially in the 12 casew The speed distributions 

used to analyze these cases were generated by assuming that one could 

2 
obtain the potential curve for the photodissociation of KI to K*(5p P) 

2 simply by displacing the curve for the K*(4p P) process, and that 

one could then use the same transition probability factors in generating 

the speed distributioas. These are essentially the assumptions made 

in analyzing the lower fluorescence processes in Chapter III, but are 

probably somewhat less plausible here. At any rate, they lead bo the 

conclusion that the speed distribution for K*(5p2p) at 192sA would be 

about the same as for K*( 4p2p) at 247sA, so the latter was found, 

convoluted with the thermal quenching gas distributions, and the results 

were applied to find values of K
6

(exp). For HCI and DCl, analysis 

assuming thermal distributions was doae for purposes of comparison, 

and it was found that the thermal values for K6(exp) were ~5% larger 
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than the values obtained using the non-thermal distributions. This 

would indicate only a very small error in the assumption of thermal 

distributions for H20 and D
2
0. 

As with the single-energy-distribution results on the first 

resonance states, it has been assumed he!e, for purposes of analysis, 

that s·· 6 applies. It is probable that the quadrupole-quadrupole 

interaction energies here are considerably enhanced relative to the 

dispersion energies as compared to first resonance states, and in 

addition, there are considerable doubts concerning the applicability 

of the orbiting model here, even insofar as it applies to the first 

resonance states. Why, then, bother with K
6

(exp). Certain dramatic 

differences in quenching behavior are obvious anyway. The answer lies 

in an interest in trying to obtain a better estimate of changes in 

quenching efficiency than can be got from simple comparisons of cross 

sections. If one wishes to do this in an amount of time small compared 

to a graduate career, .the orbiting-dispersionforres model or some 

equally simple approach is the sort of thing one uses. One can partially 
. 2 

dispense with the notion that increased quenching ability with K*(5p P) 

is due simply to much larger quadrupole forces by noting that C2H6 does 

not behave much differently than CH4 , but there are obviously many other 

matters to be considered as far as quenching efficiency goes, and some 

of these will be taken up at length in the Discussion. For purposes 

of convenience, this subject will often be considered- in terms of 

w, the ratio K6(exp)/K6 (theor), as discussed in Chapter IV. The 

quantitative validity of this may be in doubt, but the trends which 

are represented by significant changes in ware quite probably real, 

and need explanation. 
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3. Special Experimental Considerations 

As has been indicated at several points, there were various problems 

and questions which had to be dealt with in the course of the experiments, 

and their consideration can no longer be deferred. First will be con-

siderations involving particular quenching gases. The reader may refer 

to Table. III of Chapter II for a capsule view of these. The mass 

spectral 9ata referred to along the way will be presented and discussed 

in more detail later in this section. 

1
2

, The main source of the difficulty with this gas is that it 

has a low vapor pressure. Even at elevated room temperature (-90°F) 

only -0.6 Torr can be obtained. To make it worse, it dissociates to 

a considerable extent at the experimental temperatures, so that at 

0.6 Torr in the vacuum line, only -0.3 Torr in the fluorescence cell 

is 12 , With NaI, it was possible to get results, even at such low 12 

pressures, as the signal-to-noise situation was quite good. This data 

has been presented in Fig. V-4, where it is compared in the upper panel 

to results obtained by the direct lifetime measurement method. 3 The 

large error bars on the results obtained here are due to the fact that 

only small deviations from unity could be induced in the I /1 ratio 
o 

at the low vapor pressures used. However, the general agreement with 

the results of Ref. 3 is quite satisfactory. 

2 2 In studying the quenching of K*(4p P) and K*(5p r) by 12 , the 

signal-to-noise situation demanded considerably higher pressures if 

significant results were to be obtained. This was achieved by attaching 

a bulb containing 12 to the vacuum line near the feed-through into the 

vacuum chamber, then heating this bulb with a water bath and heating 
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the exposed portion of the line with heating tape. It was known that 

the metal and quartz 'tubing inside the vacuum chamber became very hot 

during experiments, so they presented no problemas far as condensation 

of the'I
2 

was concerned. However, the feed-through flange itself had 

to be heated regularly with a heat gun. All this rendered the experiments 

somewhat" bothersome, and the uncertainties in the va.por pressure values, 

taken from the water bath temperatures, somewhat larger than usual. The 

estimated uncertainties in the vapor pressures are ~10%. However, 

2 2 the validity of the comparison of the results on K*(4p P) and K*(5p P), 

which is what will be of greatest interest, is not seriously impaired 

by this added uncertainty. 

That the quenching observed was due primarily not to I but to 12 , 

as Brus3 has found for the Na*(3p2p) case, was indicated by plotting 

10/1 vs both P
I2 

and PI. The latter plots were distinctly non-linear, 

and if conEltrained to linear fits would have given I /1 intercepts of' 
, 0 

~O.5. The I /1 vs PI plots, on the other hand, were representative 
o 2 

Stern-Vollmer plots with intercepts of -0.9, so all the observed 

quenching was assigned to 1
2

• In theory, measurements of I /1 for 
o 

various values of PI + Pi could yield kq values for both species. 
2 

However, in these experiments, the uncertainties in the data, coupled 

with the probably relatively small quenching cross section3 of I, made 

this impossible. 

C6H6 and S02. The main problem with these two gases was absorption 

of the uv in the range used in the NaI experiments. Both absorbed 

only very slightly at 240oA, but became progressively stronger absorbers 

as lower wavelengths were reached. In order to correct for this, it 
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was necessary to measure the uv transmitted through the cell and to 

estimate the fraction of the distance through the cell traversed by 

the uv beam before reacming the zone from which fluorescence was 

detected. This latter quantity became somewhat of a parameter in the 

analysis, and was finally estimated to be 0.6 for these experiments, 

which were done in the open air days when the geometry of the apparatus 

was not as tight as later. The difference between cross sections found 

using a value of 0.6, and those found using a value of O.S,was, for 

both gases, -10% at the lowest wavelength, -5% at 225oA, in the center 

of the spectrum, and negligible at 240oA, where there was very little 

absorption. The absorption of the uv by the quenching gas indicates 

the production of electronically excited molecules and the possible 

effects of this were checked, in the case of S02' by measuring quenching 

2 of Na*(3p P) at different uv intensities. These experiments will be 

referred to again in connection with the possibility of radiation 

imprisomment. The result found was that a decrease by a factor of 

three in uv intensity produced no significant variation in the measured 

quenching cross section. This indicates either that the excited. 

molecules exhibit quenching behavior similar to that of the ground 

state molecules, or, more probably, that excited molecules are being 

produced in negligible concentration. If the latter explanation is 

correct, the result would hold for C6H6 as well. 

C6H6 was one of several gas studied which adsorbed to some extent 

on the'surfaces of the vacuum system. With this gas, the tendency 

was not pronounced, though it did produce a measurable pressure drop 

during the taking of a fluorescence intensity reading. It was felt 
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that, due to the smallness of the effect, it 'could be assumed that it 

occurred mostly in the cold manifold, so the initial pressure was 

measured.and then the cell was isolated. The constancy of the fluorescence 

signal during a measurement, and the fact that only a short time (~2 min) 

was required to establish the value of this signal lent acceptability 

to this procedure. The mass spectral results indicated good behavior. 

Mass spectral analysis was also done on S02' 

CF
3

Cl. With high pressures (~6 Torr) of this gas in the cell, 

it was found that the quenched fluorescence signal would begin to drop 

slowly after a minute or two and would continue to do so until the 

CF
3
Cl was pumped out. One possible, though not necessarily probable, 

explanation for this is that NaCl or KCl is formed by reaction of the 

excited species with the gas and, if the gas is present at higher 

pressures, enough of the chloride forms to begin to coat the cell 

windows slightly. It is also possible that a very slow reaction 

occurred with the KI or NaI, although the restoration of I on pumping 
o . 

out seems to make this unlikely. This gas presented no problem with 

K*(5p2p), perhaps due to much lower excited atom concentrations, or 

perhaps directly to the lower CF
3

Cl pressures required to produce 

quenching (larger cross section plus longer excited state lifetime). 

2 However, tt did prevent thermal measurements with K*(4p P), presumably 

due to excessive signal deterioration in the time period (5-10 min) 

required to establish the fluorescence level after 'introducing the 

argon-CF
3

Cl mixture. The mass spectrum of a 10 Torr sample exposed 

under experimental quenching conditions showed negligible changes from 

that of an unexposed sample. 
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CH
3

CN. It was considered that significant isomerization of this 

compound to CH
3

NC might occur at experimental temperatures. However, 

estimation of the equilibrium constant for the isomerization from data 

in Benson's fine little bookl2 gave a value 1.7xIO-3, indicating no 

particular cause for concern. Mass spectral data were taken on this 

gas. 

CH
3
0H. The vapor of this compound again showed a tendency to 

adsorb on glass, similar to that discussed for benzene, but slightly 

moEe pronounced, so as before, no good pressure checks could be done. 

The behavior of the fluorescence and the mass spectral data indicated 

that no significant problem was occurring the fluorescence cell. 

CF
3
H. This seems to be a very strange species. With Na*(3p2p ) 

it enhanced the fluorescence regularly to pressures up to 50 Torr. 

2 With K*(5p P), it appeared to be a fairly strong quencher, but with 

2 K*(4p P), its introduction into the cell at pressures >10 Torr brought 

about a translucent coating of the inner surface of the cell, which 

could not be removed with H
2

0 or hot chromic acid cleaning solution, 

but which did come out fairly well with 50% HF. This was the last time 

this gas was looked at. 

H20 and D20. These gases are apparently well known as strong 

adsorbers on vacuum system surfaces, and this made it necessary to study 

them by maintaining at least approximate equilibrium with a reservoir 

at a temperature corresponding to the desired vapor pressure. Thus they 

could not be studied in argon mixtures. A further problem arose in the 

2 study of quenching of K*(5p P) by D20. As this involved low D20 

pressures in a vacuum system constantly exposed to H
2
0, albeit at low 
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pressures, there was some concern as to the composition of the gas which 

was doing t;:he quenching.' Investigation by mass spectrometry was 

complicated by the well known tendency of mass spectrometers to give 

H
2
0 and lIDO peaks when fed "pure" D

2
0, as well as by the tendency 

of mass spectrometer operators to resist introduction of water in any 

form into their instruments. 

Analysis of some D20 samples was, finally done by mass spectrometry. 

As the problem and the nature of the results is a bit more complicated 

than with the other mass spectra used, this operation will be discussed 

in some detail, and the data will not be presented in tabular form. 

Due to the scrambling introduced by the mass spectrometer, some artifice 

had to be used to get the desired information. What ~as done was to 

compare the ratios of the 20(D
2
0+) and 17 (OH+) peaks in four separate 

samples. These were (1) a sample of pure D20 put directly onto the 

mass spectrometer vacuum line, degassed briefly, and run, (2) a sample 

of nominal D20 which had been exposed to the experimental vacuum line 

but"not to conditions of a quenching experiment, (3) a sample of nominal 

D
2
0 which had been used in a quenching experiment, and (4) a sample 

consistil,lg of equal pressures of sample (3) and pure H
2
0. The 20/17 

ratios were, respectively, 3.5,2.5,2.5, and 0.5. It can be seen that 

a D20/H20 pressure ratio in (3) of 3:1 would give such a ratio in (4) 

of 3:5, which values are consistent with the intensity ratios of the 

mass peaks, indicating a value of -25% H20 in (3), which would clearly 

hold for (2) as well. + However, if one then assumes that all the OH 

peak in (1) is due to the mass spectrometer, one comes up with the result 

that the most probable vaiue for contamination due to the quenching 
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experiment or the experimental vacuum system is -5%. Thus the 

analysis yields the result that the H20 content of (2) or' (3) is less 

than -25%, and probably -5%. This result, though subject to con-

siderable uncertainty, leads to the conclusion that the quenching 

observed with the nominal ''D20'' sample was, at least predominantly, 

due to D20. 

SF
6

• This gas exhibited strange behavior in several respects. 

The apparent quenching cross sections with Na*(3p2p) were in the range 

800-l20oA2• The pressure and fluorescence intensity fluctuated in 

such a way as to indicate possible decomposition, and the mass spectra 

of exposed samples showed a discrete infinity of peaks which were not 

assignable directly to SF6 , although these were small compared to the 

assignable peaks. Reference 2b also observed anomalously large quenching 

with this gas, and surmised that it might have been due to reaction 

with NaI, liberating significant quantities of 1
2

, 

BrZ' This gas exhibited a behavior similar to H
2
0 and D

2
0 

as far as pressure instability was concerned. It was felt that it 

probably reacted with stopcock grease. It was not convenient to 

maintain pressure in equilibrium with a reservoir, as only quite low 

pressures were needed, so a procedure was adopted which involved initially 

exposing the entire vacuum manifold and cell to a relatively high pressure 

of BrZ for several hours before and during heating to the experimental 

temperature. This Br2 was then pumped out, and any pressure 

deterioration which occurred when Br
2 

was admitted to line for 

quenching measurements was controlled by admitting additional small 

doses as required to maintain the pressure within-O.OS Torr of the 

Dominal value. This problem certainly introduced some additional 
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uncertainty into the results,and would perhaps have led to abandonment 

of a less.interesting quencher. However, the experiments on NaBr, 

including the fluorescence efficiency measurements, were done with 

the main idea of studying quenching by Br
2

, as it was regarded as 

very interesting, so persistence overcame recalcitrance, and quenching 

cross sections were obtained. Comparison of these results to direct 

lifetime measurements by Brus,3 which gave a cross section of -18oA2 

at a nominal speed of 1.4 km/sec, using, excitation over the entire 

range available from an H2 lamp in air, indicates that the results 

obtained here are probably fairly reliable. 

HCl and DCl. These gases again aBsorb on or react with some 

component of the vacuum system. Impregnation of the system with a 

particular gas was done here as with Br2 , but with somewhat different 

results. First of all, the pressure dropped quite sharply as the 

cell was heated up, indicating that probably the gas was reacting with 

the metal tubing inside the vacuum chamber. Secondly, better, though 

not complete, stabilization of pressures during subsequent measurements 

2 was achieved by this impregnation, so that experiments on K*(5p P) 
, 

proceeded fairly easily. However, at the considerably higher pressures 

2 needed to de quenching of K*(4p P), the pressure instability was a 

sufficiently serious problem that experiments were not done. 

Mass Spectra. The mass spectral data which have been referred to 

in the preceeding section are shown in Table VI, with the exception 

of the SF
6 

data, along with similar data on C
2

H
6

• Given in each case 

is a standard spectrum, a spectrum of a reagent sample which was not 

exposed in a quenching experiment, and a spectrum of a sample 
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Table VI. Mass Spectral Data 

• 
Peak Intensities Scaled to 100 

Peak Standard* Unexposed Exposed Comment 

C2H4 

12 0.5 1.0 <0.5 

13 1.0 2.0 1.0 

14 2.0 5.0 2.0 

15 0.3 0.5 b** 

24 2.0 3.0 2.0 

25 8.0 12.0 8.0 

26 52.0 56.0 40.0 

27 59.0 60.0 50.0 

28 100.0 100.0 100.0 

29 3.0 1.5 2.0 

C6H6 

17 0.0 0.1 0.1 Impurity 

18 0.0 0.5 0.5 Impurity 

25 0.5 0.1 0.1 

26 3.0 1.0 1.0 

27 3.0 1.0 1.0 

28 0.5 b b 

36 0.5 0.2 0.2 

37 4.0 1.0 1.0 

. 38 6.0 2.0 2.0 . 
39 16.0 5.0 6.0 

. 43 0.0 1.0 0.2 Impurity . 
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Table VI. Continued 

Peak Intensities Scaled to 100 

Peak Standard* Unexposed Exposed Comment 

C6
H6 

49 3.0 2.0 1.0 

50 16.0 12.0 12.0 

51 19.0 15.0 14.0 

52 19.0 16.0 15.0 

53 1.0 1.0 0.5 

58 0.0 0.2 <0.1 Impurity 

59 0.0 0.3 0.0 Impurity 

61 0.5 0.5 0.5 

62 0.5 0.5 0.5 

63 3.0 2.0 2.0 

64 0.0 0.2 0.1 Impurity 

65 0.0 0.1 <0.1 Impurity 

66 0.0 0.2 <0.1 Impurity 

73 1.0 1.0 2.0 

74 5.0 5.0 5.0 

75 2.0 2.0 2.0 

76 6.0 5.0 4.0 

77 14.0 16.0 18.0 

78 100.0 100.0 100.0 

79 6.0 8.0 7.0 
. -

S02 

17 0.0 0.0 1.0 Impurity 

18 0.0 0.3 5.0 Impurity 

24 1.0 0.2 0.1 

32 10.0 4.0 4.0 

43 0.0 0.1 0.2 

44 0.0 0.2 2.0 Impurity 

III 
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Table VI. Continued. 

Peak Intensities Scaled to 100 

Peak Standard* _Unexposed Exposed Comment 

S02 

48 50.0 48.0 45.0 

49 0.5 0.3 0.5 

50 2.0 2.0 2.0 

64 100.0 100.0 100.0 

65 1.0 1.0 1.0 

66 5.0 5.0 5.0 

CH
3

CN 

12 5.0 1.0 1.0 

13 3.0 1.0 1.0 

14 11.0 3.0 3.0 

15 2.0 1.0 1.0 

16 0.0 0.0 0.5 Impurity 

17 0.0 0.0 0.5 'Impurity 

18 0.0 0.1 3.0 Impurity 

20 1.0 0.3 0.5 

24 1.0 1.0 1.0 

25 3.0 1.0 2.0 

26 5.0 2.0 3.0 

27 2.0 1.0 2.0 

28 3.0 2.0 b 

38 11.0 11.0 10.0 

39 19.0 18.0 20.0 

40 52.0 52.0 55.0 

41 ,100.0 100.0 100.0 

42 3.0 3.0 4.0 

44 0.0 0.0 0.1 Impurity 

52 0.0 0.1 0.1 Impurity 

53 0.0 0.1 0.1 Impurity 

54 0.0 0.2 0.0 Impurity 
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Table YI. Continued. 

Peak Intensities Scaled to 100 

Peak Standard* Unexposed Exposed Comment 

CF
3

Cl 

19 Not 2.0 2.0 F+ 
Given 

31 2.0 2.0 1.0 

35 3.0 2.0 2.0 

37 1.0 0.5 0.5 

43 0.5 0.3 Impurity 

50 6.0 6.0 5.0 

69 100.0 100.0 100.0 

70 1.0 1.0 0.5 

85 18.0 20.0 20.0 

87 6.0 7.0 8.0 

104 1.0 0.5 0.5 

CH30H 

12 Not 1.0 1.0 C+ 
Given 

13 " 2.0 2.0 CH+ 

14 " 5.0 5.0 CH + 
2 

15 " 31.0 28.0 CH + 
3 

15.5 " 0.2 0.0 CH 0++ 
3 

16 " 0.5 3.0 CH OH++(O++) 
3 2 

17 " 1.0 1.0 OH+ 

18 " 1.0 2.0 H 0+ 
2 

19 0.0 0.5 0.0 Impurity 

29 42 .0 66.0 60.0 

30 8.0 10.0 8.0 

31 100.0 100.0 100.0 

32 72 .0 90.0 80.0 

33 1.0 2.0 2.0 
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Table VI. Continued. 

Peak Intensities Scaled to 100 

Pea.k Standard* Unexposed Exposed Comment 

C2H6 

14 3 100 100 

15 4 10 9 

16 1 40 43 

25 4 2· 2 

26 23 26 23 

27 33 40 34 

28 100 b b 

29 22 26 21 

30 26 29 23 

** b indicates interference from a background peak, due 
either to mass spectrometer background or air leakage into the 
sample. 
* Standard spectra from Ref. 13, except for CF

3
Cl, from 

Ref. 14. 

'. 



which was used in a quenching experiment, denoted by "exposed" in the 

table. The spectrum of the unexposed sample compared to that of the 

standard serves as a check on the purity of the reagent, and comparison 

of the spectra of the eXposed and unexposed samples provides a check 

on possible decomposition. It should be noted that what would be of 

primary concern is evidence of significant changes in composition during 

the typical exposure time in a quenching experiment (2-10 min). 

For purposes of comparing intensities to those of peaks in the 

standard spectra,. these latter were neglected if their intensities 

were less than 0.5/100. However, peaks in either of the experimental 

samples which did not correspond to standard peaks have been noted 

even if considerably smaller than this. Exceptions occur in the cases 

of CF
3

Cl and CH
3

0H, for which the lower mass portions of the standard 

spectra were not given. This is apparently not uncommon, and consultation 

15 with an expert lent assurance that, indeed, peaks in the 12-17 range 

were to be expected in the case of CH
3
0H, and that even an 18 peak 

might be expected, from rearrangement. Armed with this assurance, the 

assignments indicated were made just to be clear that these peaks were 

not due to impurities, at least for the most part. It is to be noted 

that the behavior of the peak at 16 is slightly suspicious. In the CF
3
Cl 

+ case, assignment of the peak at 19 to F seems quite obvious. 

In the case of C
2
H

6
, the locations of the peaks can be compared 

with the standard spectrum, but intensities cannot be compared, as 

the two samples were run on a quadrupole instrument which gave very 

different intensities from those obtained on the magnetic instrument 

on which the other samples were run. Of course, quantitative peak-height 

I, 

.-

: 
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comparisons are not necessarily to be expected in mass spectra, and 

some fairly sizeable deviations of other samples from the standards, 

especially in the low mass region, are probably not significant. 

The results of spectral comparisons are generally quite satisfactory. 

A few small "impurity" peaks have been noted in the reagents. In 

addition, noticeable increases in intensities of "impurity" peaks 

appeared in the exposed samples of S02' at 18 and 44, of CH3CN, and 16, 

17 and 18, and of CH30H, at 16. The last of these, as has been 

mentioned, is probably not entirely impurity, but the growth indicates 

2+ 
the addition of some impurity, possibly °2 • The peak at 18 also 

appeared as an impurity in other cases, and may be due to H20, 

particu1ar~y as it nearly always appeared in combination with a smaller 

peak at 17. H
2
0 could have been introduced either from atmospheric 

leakage or exposure to the ex~erimenta1 vacuum system •. 

As the electron-impact ionization cross section for 75V electrons 

has been found to vary in an approximately linear fashion with the 

16 polarizability of the species to be ionized, and as any imagineab1e 

impurities in the reagents used in these experiments would not be 

expected to possess po1arizabi1ities largely different from those of 

the reagents, the intensities of the impurity peaks may be taken as 

approximately indicating the amount of impurity present. Since 'the 

quenching cross sections measured are generally quite large, any 

contaminant present in small amounts would have to quench with a 

ridiculously large cross section in order to affect the results 

noticeably. Thus it is felt that these mass spectra indicate reagent 

purities more than sufficient for the purposes of this study. 
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Mass spectra were also run to check the isotopic purity of 

unexposed samples of CD
4

, C
2
D6 , and C

2
D

4
, with fully satisfactory 

results. It was assumed that if the hydrogen-containing counterparts 

behaved themselves in the fluorescence cell, the deuterated species 

would do likewise, so no spectra were run on exposed samples. Some 

mass spectral studies of CH
4

-CD
4 

mixtures were done, but they will 

be gone' over in the Discussion. 

Absorption of uv. 2 In doing quenching experiments on K*(5p P), 

CF3Cl, C2D6 , H20, CH30H and C2H4 were checked to see if they absorbed 

uv at a monochromator setting of 192sA. As expected, Only C
2

H
4 

showed 

any absorption, and this was so slight as to be negligible in the 

quenching experiments. 17 Comparison of measured spectra indicates that 

C2D 4 would absorb no more' than C2H4 around 192sA. 

Self-Quenching and Radiation Imprisomment. The validity of rate 

constants derived from Stern-Vollmer analysis depends on, among other 

things, the use of the correct value for the lifetime of the excited 

state. Two factors which might cause this value to vary from the 

natural radiative lifetime are Dadiation imprisonment and "self-

quenching". The' first of these is generally not regarded as a problem 

in photodissociation experiments, due to the very small concentrations 

of ground state atoms produced. An experimental check was run by 

2 measuring quenching of Na*(3p P) by S02 at monochromator bandwidths 

corresponding to 1/2 and 1/3 the usual uv intensity. Comparison of 

the results of these measurements to the "full-intensity" results 

showed no significant variation. As radiation imprisonment would 

scale with uv intensity, if it did occur, and as it would cause the 

~. 
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apparent quenching to be fictitiously large, this was taken to indicate 

that it was not a problem. 

Self quenching, however, could present real difficulty. The problem 

is the possible quenching of the excited atoms by the parent salt vapor. 

If such quenching occurs at a rate which is not negligible compared 

to the natural decay rate, the lifetime of the excited population in 

the absence of any foreign gas would be shortened, with the result 

that the apparent quenching rate constant for foreign gases would be 

fictitiously small. 

As was indicated in Chapter IV, the very large dipole moments of 

18 the alkali halides, coupled with the very large polarizabilities of the 

excited atoms, give rise to a dipole-induced dipole interaction which 

. -6 var1es as r and which is much stronger than the corresponding 

dispersion'interaction. If C~ represents the dispersion potential 

constant, and C! the induction potential constant, then for 

( 2), D 4 I It ( 2) Na* 3p P ,NaI, C
6 

= 1.8xIO and C
6 

= 6xlO , and for K* 4p P -KI, 

C~ = 2.5xI04 and C! = 1.7xI05 , all in units of kcal/mole A6. The C~ 
. 

values are about the same as those for typical quenching gases, so the 

-6 total r interaction should be much stronger for M*-MX than for M*-

quenching gas cases. In terms of the close-approach cross section of 

the orbiting model, which varies as c!/3, one might expect cross sections 

for the Na*(3p2P)-NaI case to be -2 times larger than the cross sections 

for typical efficient quenchers such as CF
3
Cl, and for K*(4p 2p)-KI 

one might expect cross sections ~2.5 greater than for such quenchers. 

If the quenching cross sections reflect ,this comparison, these 

values eould lead to a 5% change in the lifetime of the excited population 
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at MX pressures of -100-150 mTorr. It has already been stated that MX 

pressures ~ere usually maintained at less than -30 mTorr, so no significant 

error would be expected from this effect. An experimental check 

2 was made in the case of K*(4p P) by measuring quenching by C
2
H

4 
at 

630°C (salt temperature) and comparing the result to the measurements 

at 580°C, wlrlch comparison can be seen in Fig. V-6 or Ta&le II. The 

vapor pressure of KI at 630°C is 66 mTorr, and at 580°C is 16 mTorr. 

2 In the case of K*(5p P), the increased po1arizabi1ity of the 

excited atom would lead to an estimate of a possible 5% error at 

-40 mTorr KI pressure. Most of the experiments on this state were 

done at vapor pressures around 30 mTorr, so a small uncertainty might 

arise from this effect. 

3 Itsh9uld be noted that Brushas estimated a maximum cross section 

2 2 for quenc~ng of Na*(3p P) by NaI of -lsA. This estimate was based 

on the failure to observe any deviation from the natural lifetime of 

2 the Na*(3p P) population at NaI temperatures up to 640°C. However, 

the value of the NaI vapor pressure which he used was -8 times larger 

19 than the value derived from the data of Margrave, which agrees quite 

well with that of Stul1. 20 Thus there is room for a cross section 

2 of -I2oA , which would be quite compatible with the estimate made above. 

Polarization. In order to check possible effects of polarization 

on quenching measurements, an experiment was done with a partial polarizer 

in the uv beam, using D2 as a quenching gas. 
21 A pi1e-of-p1ates polarizer 

was constructed using 6 suprasil plates arranged in two piles of three 

each and put into a '~" configuration to eliminate displacement of 

the uv beam. This polarizer was found to have a polarization of -60% 
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at 486oA, according to the usual definition of polarization as the 

difference of the intensities of the two perpendicular components 

divided by their sum. 
22 In accordance with literature on gratings, 

it was found that, at 486oA, the polarization of the monochromator 

(grating blazed for 190oA) was 33% favoring the orientation peEpendicular 

to the grating rulings. The polarization of the monochromator is 

probably somewhat less at lower wavelengths, while that of the pile-of-

plates polarizer should have peaked at 22SoA, as it was constructed to 

do so. However, the construction was not particularly fine. The 

results of the quenching measurements on D2 with and without the 

polarizer have been listed in Table III, and there is clearly no 

significant difference. 

Interfering States. Another problem which has been referred to 

2 2 
previously is the possibility of interference from the 4d D and 6s S 

2' states of potassium in the K*(5p P) experiments. The 4d state would 

present the greatest problem in quenching experiments, if it is produced 

in significant quantities, as it decays almost ex,lusively to the 5p 

state and as its lifetime is -2.5 times greater than that of the 5p 

11 state. These two factors would presumably lead to fictitiously 

large quenching rate constants if all the observed quenching were then 

analyzed assuming the lifetime of the unquenched excited atom population 

2 to be that of K*(5p P). It was estimated that perhaps 5% of the 
2 . 

fluorescence observed from K*(Sp P) with a monochromator setting of 

2 1925A could be originating from production of K*(4d D). Naturally, 

the amount of the latter produced would decrease at longer wavelengths, 

2 
so experiments were done to compare non-thermal quenching of K*(Sp P) 
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by CH4 at 1925,'1950 and197sA, in order to see if a noticeable decrease 

in the quenching rate constants appeared at the longer wavelengths. 

Non-therma1ized conditions were employed as better data could be 

collected, and it was only desired to compare the rate constants. The 

measured values have been listed in Table V, and it can be seen that 

there is not significant deviation among them. The comparison of the 

non-thermal rate constant at 192sA to the thermal rate constant is a 

bit surprising, as the latter is -15% larger~ This is not thought 

to be a real difference, and is probably reflective of the overall 

2 ' 
quality of the K*(5p P) results, and particularly of the results of 

thermalized measurements. 

Enhancement. The observation of an increase in the intensity 

of fluorescence from excited atoms upon exposure to a foreign gas has 

been previously reported for the fluorescence of 2 Na*(3p P) from NaI, 

23 for which the enhancing agent was H2 , and for the fluorescence of Tl(7s 2
S) 

from TIl, for which the enhancing agent was NH
3

•24 , In the present 

experiments, enhancement of fluorescence of Na*( 3p2p ) from NaI was 

observed with H2 , H20, D20 and CF
3

H. Enhancement was not observed with 

any other fluorescence system studied, but this may have been at least 

partially ,due to poorer signal-to-noise, as enhancement is generally 

small, ~lO%. 
2 " 

Additionally, with Na*{3p P) from NaBr, the only foreign 

gas examined was Br2 , which, being a very strong quencher, would not be 

expected to produce any enhancement. 

Theone case in which enhancement was very pronounced was with 

CF
3
H, which produced increases in the fluorescence intensity of up to 

30% at 50 Torr, with smaller increases at smaller pressures. In this 
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case, the effect did seem to deteriorate with time in a given experimental 

run. Attempts to investigate this gas with the potassium states met 

with a somewhat disastrous end, as previously discussed, but preliminary 

2 
results on ~*(5p P) indicated that it quenched quite strongly, comparably 

2 to Hel. In the brief exposure of K*(4p P) to CF3H, there were no clear 

indications of enhancement, though the behavior of the gas did not 

allow for a clear interpretation of this fact. Definite, though much 

smaller, enhancement effects were also observed with H
2

, H
2
0 and D

2
0 

with Na*{3p2p). Hanson23 studied the first of these cases quite 

thoroughly"and no attempt was made to do more than observe it here. 

Enhancement by H20 seemed to be temperature dependent. At 800 o K, salt 

temperature (820 0 K, window temper a ture) , none was observable, and quenching, 

albeit slight, was measured at H20 pressures from -10 to -20 Torr. 

At 9000 K (9200 K), no clear quenching was measurable even at 20 Torr, 

and lower pressures produced varying degrees of enhancement. At 

8500 K (8700 K), no quenching was observable at 10 Torr, but quenching 

could be seen at 20 Torr. D20 seemed to produce some enhancement over 

a like range of tempematures, with no clearly discernible quenching 

at any temperature. With both these gases, the enhancement seemed 

to be somewhat irregular. These results certainly indicate a good 

deal of uncertainty concerning the value of kq reported for H20 in 

Table IV, which was obtained from the 8000 K (820·K) measurements, and 

the other numbers derived from it. 

When enhancement occurs at very low pressures with a gas which 

quenches at higher pressures, the effect on the Stern-Vollmer plots 

should be to depress the I /1 intercept~, 
o. 1 

I 
as quenching is occurring 
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with respect to an enhanced 10 value, but the smaller value seen 

with no gas present is assumed. In these experiments, the Stern-Vollmer 

plots generally exhibited intercepts between 0.9 and 1.1, with values 

less than unity being much more common than those greater than unity. 

However, in all but possibly three cases, the deviations in the intercepts 

were regarded as being within the experimental uncertainties. These 

2 three cases were quenching of Na*(3p P) by CF
3
Cl, for which intercepts 

in the range -0.7 to-O.S were found, by CH
3

CN, for which intercepts of 

-0.75 to -0.9 were found, and by CH30H with no argon present, for which 

intercepts near 0.8 were found. These results would seem to indicate 

that these three gases would enhance the fluorescence at sufficiently 

low pressures. 

Three possible explanations have apparently been advanced for 

25 the kind of enhancements seen here. They are, redistribution of the 

salt vapor, depolarization of the fluorescence, and collisionally 

induced dissociation of salt molecules from a shallow well in the 

upper potential curve. None of these is supported by the failure of 

several non-quenching gases, 

produce enhancement effects 

including argon, CH
4

, C2H6 and .CF
4

, to 
2 with Na*(3p P). Indeed, in view of the 

fact that enhancement seems to be dependent on the particular gas, and 

perhaps on the particular salt, it seems that a better guess concerning 

its origin is that it results from a real increase in the steady-state 

concentration of alkali-con~ainin~ species presumably due to some 

interaction of the vapor and/or solid salt with the foreign gas. Tlis 

problem is really a side-issue here, and will be left with this 

suggestion. In view of the polar nature of most of the enhancing 
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agents, and of the· strong affinity of solid NaI for water, it would 

seem to be reasonable, although it apparently fails to account for 

enhancement by H
2

. 

C. Discussion 

1. Quenching Efficiencies 

Values of w for all quenching processes studied in these experiments 

and a few estimated from other studies are given in Table VII. These 

provide estimates of the quenching efficiencies in terms of the 

orbiting~dispersion forces model, as discussed in Chapter IV, as they 

give the ratios of the rate of quenching collisions to the rate of 

close collisions according to this model. In the orbiting model, 

1/3 K6 a: C6 ,and the Slater-Kirkwood approximation for C6 , in a case in 

which aI' the polarizability of the metal atom, is much greater than 

a 2 , the polarizability of the quenching gas, says that K6 (theor) should 

1/6 1/3 scale as a l (a2/~) • The values of w listed obviously indicate 

sizeable deviations from this behavior, and these variations in quenching 

efficiencies lead to the examination of several factors which might be 

related to such variations. 

There has been considerable discussion to this point concerning 

the limitations of this model, and it should be clear that the numbers 

in Table VII must be regarded cautiously in some cases, especially 

2 those involving K*(5p P). Such reservations, however, do not alter 

the fact that there are significant effects in quenching efficiencies 

Which are reflected, though perhaps not quantitatively, by changes in 

w values. That is, although w may not give accurately the ratio of 

quenching collisions to "close collisions" in the real case, changes 
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Table VII. "Quenching efficiencies".* 

Atom 

Gas 

C
2

H4 
C H 

6 6 
CO

2 
CH CN 

3 
CF

3
C1 

S02 

12 
Br

2 
N2 

CH30H 

C2H4 
C

2
D

4 
lIC1 

DC1 

H2 

D2 
CF

4 
CH4 
CD

4 
C

2
H

6 
C2D6 
H

2
0 

D20 

0.68 

0.83 

0.80 

0.96 
1.0 . 

1.5 

2.2 

2.0 

-0.2** 

0.26 

0.68 

-0.8** 

0.18 

0.14 

<0.01 

<0.01 

<0.01 

<0.01 

<0.01 

-0.04 

0.56 

-0.7** 

0.82 

1.3 

1.8 

-0.2** 

0.24 

0.56 

0.05 

0.05 

<0.01 

<0.01 

<0.01 

<0.01 

<0.01 

-0.03 

0.49 

1.0 

0.22 

0.48 

0.74 

0.49 

0.50 

0.80 

0.80 

0.13 

0.11 

0.16 

0.45 

0.30 

0.58 

0.41 

0.71 

0.77 

Values of po1arizabi1ities used in calculating 
~ (theor) from: ,for M*, Ref. 15 of Chap. IV; 
for CH3CN, Ref. 26; for CF3C1, Ref. 27; for 12 
and Br2, Ref. 28; for the rest, Ref. 29. 
** Values approximated from results in: for 
K*(4p2p)-C02,N2, Ref. 10; for Na*(3p2P)-N2, 
Ref. 30; for Na*(3p2P)-BC1, Ref. 23. All other 
values from this work. 

. . 
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in w which are outside experimental uncertainties should reflect 

reasonably well changes in this ratio, and thus maybe regarded as 

significant~ With this in mind, the w values do provide a convenient 

basis for discussion of quenching efficiencies, and, of course, a value 

ofw is, p~r,se, a valid representation of the results in a given 

case., as it does correspond to a value of k under specified conditions. 
q 

The "simple model used to obtain w values might be expected to 

apply best for moderately efficient quenching of the first resonance 

st8tes~ as the covalent.,..ionic curve-crossing distances are in a 

favorable range, and as strong coupling between the excited and 

quenched states might be expected to apply, as discussed in Chapter IV. 

As detailed in the introduction to the present chapter, quenching 

2 experiments on Na*(3p P) led to tentative separation of quenchers into 

four classes. The very inefficient quenching of class A molecules, 

w« l, indicated that strong coupling of· the excited .and quenched states 

was not available. This was interpreted predominantly in terms of 
, , 

large negative electron affinities, with the added consideration that 

these molecules provided no highly exoergic reaction channel with the 

excited atom. Moderately'efficientquencheBs of class B, -0.2 < w < 1.0, 

had more favorable electron affinities, as a consequence of possessing 

low-lying, unfilled molecular orbitals~ This made an ionic intermediate 

available at reasonable separations, thus providing coupling, but the 

excitation energy had to be dissipated, in a quenching collision, in 

internal excitation or translational separation, as no highly exoergic 

reactioll channel was available here, either. Class C molecules, again 

moderately efficient quenchers, with w values generally cloSier to unity 
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than for class B,were distinguished from class B primarily by the 

availability of a highly exoergic reaction path, which was regarded as 

responsible for their quite efficient quenching. Class D, w > 1.0, 

the "super-efficient"quenchers, included molecules of large electron 

affinities, for which curve-crossing distances were well outside the 

expected range of orbiting distances. 

Z 
Examination of w values for quenching of Na*(3p P) illuminates 

this breakdown into classes, though distinction between molecules of 

classes Band C is not clear simply in terms of these numbers. There 

are some species, notably HZ and DZ~ and perhaps N2 and CH30H, which 

might be regarded as borderline between classes A and B or C. Subsequent 

Z 2 
experiments on quenching of K*(4p P) by several gases and of Na*(3p P) 

by Br
Z 

have led to no notable departures from the behavior which was 

Z expected on the basis of the initial Na*(3p P) work. There does seem 

Z to be a decrease in w values for quenching of K*(4p P) as compared to 

Z Na*(3p P).for those gases studied with energy dependence, as well 

Z as for I 2 , but in view of the quality of the data on K*(4p P), this 

is not necessarily significant. Furthermore, the apparent change 

in efficiency in going from C
Z
H

4 
(class B) or CF

3
CI (class C) to I Z 

or SOZ (class D), is about the same as in the Na*(3p2p) case •. 

The really interesting results as far as quenching efficiencies 

are concerned, are found in examining the values for quenching of 

K*(5p2p). Here the only clear separation into classes would probably 

be noble gases, which do not measurably quench this state, on the one 

hand, and everything else on the other. The first two gases studied 

with this state, C
Z
H4 and CF

3
CI, held no promise of things to come, as, 
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within experimental ul1certainties, their quenching ,efficiencies are 

quite c'ompa~able to those for these same gas~s with the first resonance 

states., This is also apparently 'true for Hel, which was studied later. 

Thus, on the admittedly limited bases of these three molecules, it appears 

that reasonably efficient quenchers ,of classes Band" C exhibit no 
," 2 ' 

particular, increase in quenching efficiency with K*'(5p P}, and show only 

the nominal increases in quenching cross sections which might be 

expected in terms of increased dispersion forces,~lthough it is not 

obvious that such is the true explanation. 

Results on N 2' one of the ' less" efficient classB quenchers ,indicate 

an apparently significant, although not really dramatic, increase 'in 
" , 

. . . . , 

quenching efficiency. There are various, factors' which might be' regarded 

as contributing to this • One is the probably considerably increased 

quadrupole-q~drupole forces with the more highly excited atom, which 

are obviously not accounted for by K6(theo~}. Another is the 

availability of four atomic states to whichquench!ng can occur, 

particularly'as two of these states, and 3d and 5s"lie only 3200 and 
...;1 

3700 em, respectively, below the 5p, and provi~equenched channels 

which 'require transfer of only relatively small amounts of energy. 

Another factor to consider is the increased density of molecular 

vibaational levels at energies near the atomic excitation energy. 

CH)OH exhibits a larger apparent increase in quenching efficiency, 

but even here, the increaile is not dramatic, and one milht well explain 

it in terms of the effects considered above. The striking and, in some 

cases, quite unexpected increases in quenching ability are apparent 

when one considers the relilults on a whole group of molecules, from 
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CF
4 

through HZO and DZO in Table VII, which are definitely in the 

inefficient class for quenching first resonance states, but which are 

promoted ,to a considerable degree of efficiency on going to the second. 

The newfound quenching abilities of CH
4 

and CF
4

, at least,cannot be 

explained in terms of increased quadrupole interaction. In considering 

the possible effect of the proximity of the- 5s and 3d levels, it was 

thought that one might see some quenching to these levels by noble 

gases, yet argon, at 600 Torr, and Kenon, at ZOO Torr, failed to 

produce measurable attenuation of the ( " Z d K* 5p P) fluorescence. Indee, 

these two gases were the only species 
Z studied with K*(5p P) which 

entirely failed to quench. This at least indicates that quenching does 

not proceed by purely electronic-translational energy transfer, but 

that the excitation must find its way into the internal degrees of 

freedom of the quenching molecule, which process presuaably requires 

fairly intimate contact. It is also interesting in this regard to 

3 31 
compare to the case of Hg*(6p PI)' at 4.86 eV, which has the 

3 -1 Hg*(6p PO) metastable state only O.ZZ eV (1750 cm ) below it. It 

is well established that in many quenching processes this close-lying 

level does not participate, but rather quenching proceeds directly 

" I 
to the ground state (6s S). Amongst the gases which do not quench 

Hg*(6p3PI) efficiently at all are CH
4

, C
Z

H
6 

and CF
4

, Indeed, this 

fact contravenes the contention that the quenching efficiencies 

Z observed for these gases with K*(5p P) can be explained in terms of 

increased density of molecular vibratioaal levels at the higher energies 

corresponding to the atomic excitation, as the excitation energy of 

Hg*(6p3P1 ) is well above that of K*(5p2p). 
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While it would seem reasonable to expect that some of the quenching 

2 of K* (5p P) ,i.n many, if not most, cases would be to one of the close-

lying states, it also seems that the presence of these states, per se, 

is not a sufficient explanation for fairly efficient quenching by 

former class A molecules. What other processes which have been made 

available by the increased excitation energy of the atom might then be 

considered in investigating these increases in quenching efficiency. 

First of all, the decreased ionization potential of the atom should 

lead to the possibility of electron transfer with gases where this was 

not formerly possible at distances outside the repulsive wall of the 

potential. _ That is, the ionic intermediate becomes aacessible, whereas 

it was not with the first resonance states. This situation is illustrated 

in Fig. V-7, in which rough potential curves, ignoring small attractive 

forces, indicate approximate crossing distances which might be expected 

for various values of molecular electron affinities with K*( 4p2p } and 

2 K*(5p P}. A value of ""-2.5 to ""-3.5 eV would tend to explain contrasting 

behavior toward the two atomic states, such as that which is observed 

with the quenchers under consideration, as the outermost curve-crossing 

distance in such a case would be on the repulsive part of the potential 

2 2 for K*(4p P), but would be favorably situated for K*(5p P). Appearance 

32 
potentials in dissociative electron attachment studies on CH4 , 

~ 32 33 
~20. and CF

4 
have yielded values for the electron affinities of 

. 34 
--7.5, ""-5.0 and ""-4.7 eV, respectively. However, Claydon, et al., 

have suggested that the lowest negative ion state of H20 is not seen 

in such experiments because it is bound relative to. dissociation to 

OH and H. They suggest a value greater than -3.28 eV for the vertical 
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Fig. V-7. Potential curves illustrating crossing distances for ionic and 
covalent curves for various states of the K atom with gases, M, 
of various electron affinities. For K + M, numbers in 
parentheses represent the excitation energy of the atomic 
state in eV. For K+ + r.f", the numbers in parentheses represent 
1. P. -E .A., where 1. P. is the ionization potential of K{4s), 
I.P. = 4.3 eV, and E.A. is the electron affinity of M. Thus 
the four ionic curves shown are appropriate, from bottom to 
top, to gases of electron affinities +0.6, 0.0, -2.0, and -4.0 eV, 
respectively. 
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electron affinity. Similarly, suggestion of a considerably higher 
. 35 

electron affinity for CH4 has been made by Christophorou and Stockdale. 

Thus, it seems quite possible that one very significant new effect 

in quenching by former class A molecules is the availability of the 

ionic intermediate which couples the excited to the quenched state. 

Of course, there is still the problem of how the excitation energy 

is to be dissipated, and the second effect of the inceeased atomic 

excitation which might bear strongly on these cases is the much larger 

exoergicities for possible reactions between the excited atom and the 

quenching molecule. The effect of highly exoergic reactive channels 

corresponding to quenching has been referred to previously, and has 

been granted some importance in the interpretation of quenching 

2 4 efficiencies with first resonance states.' Reference 2b, in fact, 

proposes that fairly efficient chemical quenching with low activation 

energy is likely for reactions which are aore than ~20 kcal/mole 

exoergic. Values of the reaction exoergicity, 6D = D (M-B) + E*(M*) -
. 0 0 

D (A-B), where A-B represents a polyatomic molecule, are listed for o 

some possible reactions of interest here in Table VIII, along with the 

corresponding w values. It can be seen that there is no particular 

value of 6D which affords efficient quenching in general. However, 
o 

2 the very large value for the reaction of K*(5p P) with CF4 , and the 

considerable value for the reaction of this excited atom with H20,are 

comparable in magnitude to the values for Na*(3p2p) and K*( 4p 2p) with 

2 CF3Cl, and to the value for Na*(3p P) with CH
3

CN. This indicates that, 

indeed, the reaction path should be considered a probable one for dissipation 

of e~citation in quenching of K*(5p2F) by H20 and CF4 , and that this 
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Table VIII. Reaction exoergicities.* 

Atom Gas Product llD (kcal/mole) w 
0 

2 
Na*(3p P) CH3CN NaCN -46 1.0 

CF
3

C1 NaC1 66 1.0 

HC1 NaC1 43 """0.8 

CH30H NaOH 32 0.26 

CF4 NaF 36 <0.01 

H2O NaOH 10 """0.04 

CH4 NaH -6 <0.01 

H2 NaH -8 0.18 

K*(4p 2p) CF
3

C1 KCl 59 0.82 

CH30H KOH 35 0.24 

CF
4 

KF 31 <0.01 

H2O KOH 6 """0.03 

CH4 KH -21 <0.01 

H2 KH -23 """0.05 
2 

K*(5P P) CF
3

C1 KC1 93 1.0 

HC1 KC1 70 0.8 

CH30H KOH 69 0.74 

H2O KOH 40 0.71 

CF4 KF 65 0.16 

CH4 KH 13 0.45 

H2 KH 11 0.13 

* The reaction exoergicity, An = Do(M-B) + E*(M*) -
Do (A-B) , where A-B is the quegching gas. Bond energies· 
from: for NaCN, estimated from arguments given in 
Ref. 36; for NaF, NaH, KF, KH, from Ref. 37; the rest 
from Ref. 38. 
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path may well contribute to quenching eff.iciency in these cases. However, 

in a way, this begs the question, as the atom and the molecule must 

get together before reaction can occur, and this getting together has, 

for excited alkali atoms, generally been pictured in terms of electron 

transfer. Once such transfer occurs, quenching may proceed by several 

paths, and, although some may be somewhat more efficient than others, 

any distinction among them here is unclear. For instance, CH
4 

and C2H6 , 

for which the AD values are not in such a range as to indicate a 
o 

strong possibility of reaction, apparently possess quenching efficiencies 

in between those of H
2
0 and CF

4
• Thus, it would seem that the primary 

recourse in interpreting the quenching efficiencies of the former 
. 2 

class A molecules with K*{5p P) would probably be the accessibility 

of the ionic intermediate. 

It is interesting to note that, in all the quenching of K*{5p2p), 

no gas has a value of w greater than unity. So, empirically, at any 

rate, this method of estimating quenching efficiencies seems to be 

fairly good. Considering the basis of it, however, this may be purely 

accidental. 

Isotope Effect. So far, the comparison of the hydrogen vs deuterium 

compounds ~a.s not been mentioned, and here an intriguing effect appears. 

Notably, for CH
4

-CD
4 

and for C
2
H

6
-C

2
D

6
, there is a definite "isotope 

effect", a ratio of -1.5 for the quenching efficiencies of the hydrides 

to those of thedeuterides. There is room for such an effect in the 

2 results on quenching Na*{3p P) by H2 and D2 and possibly on quenching 

2 of K*{5p P) by these gases, as well. Note that the observation of 

this effect for the two hydrocarbon pairs does not necessarily involve 
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comparison of w values. In these cases, the masses of the partners 

are sufficiently similar that the measured quenching rate constants or 

the derived cross sections provide clear evidence of a definite 

distinction in quenching efficiency, which distinction is then reflected 

in the wvalues. The H2-D2 case is somewhat trickier. One cannot 

simply compare measured tate constants, as they correspond to significantly 

different relative speed distributions, and comparison of K6 (exp) values, 

which amounts to comparing cross sections for the same value of relative 

speed, ignores the effect of reduced mass on collision behavior. Thus, 

it would seem necessary to compare values of w, if one wishes to look 

for an "isotope effect." In the following, consideration of this 

effect will be concerned mainly with the hydrocarbon cases, as there 

is less ambiguity. 

Apparently, any possible isotope effect in alkali quenching has 

not been investigated previously, except for theH
2
-D

2 
case. In the 

present work, this effect was observed initially with CH
4

-CD
4 , and 

was thought to support the notion of chemically reactive quenching. 

In fact, experiments were done in which mixtures of these gases were 

exposed to experimental quenching conditions with K*(Sp2p) for long 

periods of time, and subsequent mass spectral analysis was done to 

see if peaks due to isotope scrambling could be observed. It turned 

out that such peaks were present, but the same result was found with 

control samples exposed at 2l0oA and 24SoA, where no K*(Sp2p) could 

be produced, and, furthermore, the amount of scrambling appeared to 

be approximately proportional to the length of time for which the 

mixture was exposed, regardless of the uv wavelength. Thus, these 
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experiments provided no clear information· on the behavior of CH4 and 

2 CD
4 

with K*(5p P). 

It is now believed that a more plausible explanation for the 

isotope effect can be found in the Franck-Condon factors involved in 

making the transition from the molecule to the negative molecular ion 

when the quenching gas molecule accepts the electron from the excited 

atom. Since the electron is being put into a strongly antibonding 

orbital, it is to be expected that the bond distances in the ion will 

be considerably greater than in the neutral molecule. The larger 

vibrational amplitudes of the hydrogen-containing species, and the 

greater non-classical tunneling possibilities, should then make the 

transition from the neutral molecule to the ion more favorable for 

hydrogen than for deuterium-containing molecules. 

No sooner is this hypothesis adopted, however, than it leads 

to apparent difficulty in the cases of HCI-DCI and H20-D
2
0. Why is 

no isotope effect observed in these cases. (Indeed, this was one 

reason that a special effort was made to get mass spectrometric analysis 

of a nominal D
2
0 sample, despite the difficulties involved.) In seeking 

an explanation in the HCI-DCI case, one is led to consider the large 

w values. HCI is apparently quite efficient already in quenching 

first resonance states, and increased exoergicity for the formation 

. 2 
of KCI with K*(5p P) might lead one to expect that this molecule 

would be a "saturated" quencher. That is, without reference to any 

model or any. particular attractive potential, it could well be that 

2 HCI quenches K*(5p P) on essentially every close encounter. As the 

thermodynamics would be essentially identical for the DCI case, no 

particular difference in quenching behavior would be expected. 
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Such an argument might apply in the case of H
2
0-D20 as well, as 

2 ' 
ADo ,values fot possible reaction with K*(5p P) are quite large, and 

the w values al'e comparable to those of HCl and DC 1. (The fact that 

the w value for D20 is slightly larger than that for H20 is not 

regarded as significant.) In this connection, it was thought that an 

isotope effect with the H
2
0-D20 pair might be observable in the 

. 2 
quenching of Na*(3p P), as the quenching efficiencies would be very 

small, and good signal-to-noise was available. As it turned out, 

however, no quenching at all could be measured with D
2
0, and there 

were complications with slight enhancement of the fluorescence by both 

gases, so no clear results could be deduced as far as any isotope 

effect was concerned. In this regard, it is interesting to note that 

a clear "isotope effect" has been observed3l in the quenching of 

3 Hg*(6p PI) by H20 and D20, and by NH3 and ND
3

; for all these gases, 

the quenching cross sections are in 0.5-sA2 range. Curiously, H2 

and D2 apparently show no isotope effect in quenching this mercury 

31 3 . 39 state, but do show one in quenching the Hg*(6p PO) metastable state. 

The absence of an isotope effect in the C
2
H

4
-C

2
D4 situation seemed 

puzzling at first. Here, however, it was realized that the TI* molecular 

orbital which would be expected to accept the donated electron is 

situated on the carbons, so one might regard these molecules, as far 

as the electron-transfer picture in concerned, as C-C systems, and, 

in this simple way of thinking, no isotope effect would be expected. 
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Super-efficient Quenchers. Besides the promotion of several class A 

2 quenchers to efficient status on going to K*(Sp P), the one formerly 

super-effi~t quencher studied with this state, 12 , suffered a severe 

demotion in quenching efficiency. As has been mentioned, the analysis 

? 
of the K*(Sp~P) - 12 data involved the use of a speed distribution 

2 derived for K*(4p P) at 247sA, and this procedure introduced some 

additional uncertainty into the results. However, if one analyzes 

this case as fully thermal, in order to estimate .the effect of this 

uncertainty, one obtains a value for 1011 K6 of 0.98 cm2_(cm/sec)2/3 

and for w of 0.2S. These values are larger by only lS% than those 

quoted in Tables V and VII, so the co~clusion that 12 has become an 

only moderately efficient quencher is not affected by the uncert~linty 

in the analysis. 

This striking decrease in quenching efficiency seems to be readily 

understandable in terms of the curve-crossing picture, as it is found 

that the K*(Sp2p) + 12 curve lies above the K+ + 12 curve at all 

separations. This situation is illustrated in Fig. V-8 for the case 

of Na + 1
2

, which is exactly analagous. Thus, there is no crossing 

of the excited uovalent curve and the ionic curve, so the quenching 

efficiency is markedly decreased. One is inclined to wonder how 

quenching can occur at all, but recourse to vibrational excitation 

of the 12 provides a possible answer. Namely, the excited covalent 

curve will cross the ionic curves corresponding to highly excited I;. 

However, such crossing would involve more than 1.S eV of vibrational 

excitation in the molecule, and the Franck-Condon factors involved in 

possible transitions at these crossings would probably be expected to 
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to be quite small. Alternatively, one might imagine quenching here 

as proceeding via curve crossing involving an electronically excited 

state of 1; , which could place the crossing distance at a fairly 

reasonable value. Here again, the Franck-Condon factors involved would 

probably be expected to be quite small, due to the rapidly oscillating 

nature of the continuum ion-state wavefunctions. 40 

This leads to consideration of all the class D quenchers in a 

bit more detail, in terms of the curve-crossing idea. The outer curve-

crossing distances, R , calculated approximately from the atomic o 

ionization potentials and the molecular electron affinities are given 

in Table IX for the cases studied. For S02' the crossing distances are 

not too great, and one might expect a fairly large quenching "efficiency" 

measured against a cross section of rr,R2. This provides a very rough 
o 

estimate of the quenching efficiency in terms of a minimum distance 

.1I,lodel, with R as the minimum distance. If one compares the "average" 
o 

cross sections for the cases studied to the appropriate values of 

2 TIR , one obtains the estimates of quenching efficiencies given in Table 
o 

IX. Obviously, for the cases listed, larger R values result in less 
o 

efficient quenching, in this picture. The small efficiencies for large 

R 's are generally considered to be due to the difficulty of transferring 
o 

the electron over such large distances. The extent to which this 

brealtiiown of the Born-Oppenheimer princi,ple occurs in a given case might 

be estimated, at least very roughly, from the "efficiencies" given in 

Table IX. The breakdown would not seem to be very serious for the 

crossing distances involved in the S02 cases, but is clearly quite 

serious for the 12 add Br
2 

cases. 
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Table IX. Rough minimum distance efficiencies. 

-
"'Ra "Aver age" (Q ) "Efficiency" 

System* (A) (A2) q « Q ) j'ITR2) 
q 0 

2 
Na*(3p P)-S02 7.5 120 -0.55 

K*(4p2p)-S02 9 110 -0.45 

2 Na*(3p P)-Br2 32 180 -0.05 

2 Na*{3p P)-I2 36 180 -0.05 

2 120 200 -0.005 K*(4p P)-I 2 

* Electron affinities: for S02, from Ref. 41, -1.1 eV; 
for 12 and Br2' Ref. 42 reviews recent measurements 
which seem to converge on -2.5 eV for Br2 and -2.6 eV 
for 12 . 

.4 

• 
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43 Berry, et al., have discussed this breakdown effect in relation 

to the branching ratios of neutral atoms to ions in thermal dissociation 

of alkali halide vapors. Child 44 has obtained an expression for the 

translational energy dependence of the cross sections for reaction of 

ground-state alkalis with halogen molecules by calculating the 

covalent-ionic transition probability as a 'unction of the local 

radial velocity at R. His calculations did not extend to the large 
o 

R values encountered with excited atom-halogen systems, but extrapolation o 

of his results indicates qualitative agreement with the magnitudes and 

velocity dependences of the quenching cross sections reported here. 

One might expect, in quenching by 12 and Br 2 , that the initial 

covalent-to-ionic transition is made to an ionic curve corresponding 

to a vibrationally excited negative ion, placing the curve-crossing 

distance at a more favorable value for the electron jump. Examining 

the rough potential curves of Ref. 40 indicates that an optimum 

vibrational overlap for the 12 ~ I; transition would probably be 

realized for -0.5-0.7 eV vibrational excitation of I;, which would 

place the crossing distance at -l2-lBA for the cases involved here. 

Inside this "optimum Franck-Condon distance", the curve crossing picture 

might be regarded as a trade-off between the Born-Oppenheimer principle 

and the Franck-Condon principle. That is, at smaller separations, 

the vibrational overlap becomes progressively worse, but the ease of 

transferring the electron over the distance involved becomes greater, 

other things being equal •. In considering this picture with regard 

to the present situation, it is interesting to note that Br2 and 12 

with Na*(3p2p) have nearly indentical R values, and that the measured 
o 
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( Qq) vs ( g) values lie essentailly on the same curve. The 12 quenching 

K*(4p2p ) cross section is a bit below this curve, but perhaps not 

significantly so, considering the quality of the data. 

2. Comparison to Other Alkali Quenching Work 

There has been relatively little study of quenching of excited 

alkalis by the sorts of molecules which were the primary concern of 

this study, with the exception of 12 and Br
2 

quenching Na*(3p2p). 

Comparison to the direct lifetime measurement results of Brus3 on these 

two quenchers has already been made. The 12 comparison is shown in 

Fig. V-4. 
2 

Brus's value of -lsoA for the quenching cross section of 

Br2 at a nominal relative speed of 1.4 km/sec has been noted as agreeing 

well with the results displayed in Fig. V-5. Also, measurements on 

2 quenching of Na*(3p P) by N2 , which are not referred to elsewhere, gave 

rate constants which ag'reed within 15% with the recent results of 

Weston and Barker, which were also obtained by direct lifetime measurement. 

2 One of the first quenchers studied here was CO2 with Na*(3p P), and the 

23 results were compared to those of Hanson as an initial check of the 

experiment. It was found that the agreement was good. 

Aside from comparison to these other photodissociation studies, 

it is also worthwhile to compare results with inherently thermal 

studies. These latter fall into two general classes, atomic vapor and 

flame, as discussed in Chapter I. As the results generated by these 

two methods cover a very wide range of temperatures, it is convenient 

to convert the reported cross sections into K6(exp) values for purposes 

of comparison, using Eqs. (32) and (37) of Chapter IV. The results 

of these. manipulations are given in Table X, along with the reported 

.. 



~J .j 9 

-2Q1-

Table X. Comparison to thermal studies. 

Atom-Gas Method Ref. T (~ 1011 K (exp) 101l(K
6

(exp) 
(elt) (A ) 6 This Work 

r' 

2 Na*(3p P)-H2 Vapor 1* 400 23 0.85 

Vapor 45(1)** 400 16 0.60 

Vapor 46 (1) -600 12 0.50 0.48' 

Flame 47 1600 9 0.53 

Flame 8 1900 8 0.51 
2 Na*(3p P)-D2 Vapor 45(1) 400 10 0.30 0.32 

Vapor 46(1) -600 10 0.34 
2 Na*(3p P)-C02 Flame 47 1600 49 1.4 1.6 

Flame 8 1900 50 1.5 

Na*(3p2p)-C2H4 Vapor 1* 400 138 2.8 1.7 
2 Vapor 1* 400 230 4.1 2.1 Na*(3p P)-C6H6 

Vapor 46 -600 95 2.0 
2 Vapor !i 350 5 0.17 O.l~ K*(4p P)-H 2 

Vapor 6 400 1\15 0.18 

Vapor 5(1.) 400 9 0.33 

Flame 7 1600 3.1 0.19 

Flame 8 1900 3.4 0.21 
2 K*(4p P)-D2 Vapor 6 400 -1.5 0.05 0.12 

Vapor 8 400 10 0.24 

Vapor 9 350 3.5 0.10 
2 8 1900 60 3.8 0.58 K*(5pP)-H2 Flame 

K*(5p2p)-H
2
O Flame 8 '2100 10 0.33 2.1 

2 Flame 8 1900 48 1.5 1.4 K*(5p P)-N2 
j 

* As discussed in the text. results of Ref. 1 are probably affected by 
radiation imprisonment. 
** 

! (1) denotes measurement by a lifetime method. in Ref. 46 by phase-shift. 
and in Refs. 5 and 45 by monitoring the decay of the excited population 
following a pulse. All other atomic vapor studies were by the steady-state 
method. 
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cross sections and temperatures in each case, where they are compared 

to the K
6

(exp ) values derived from the experimental results of this 

study. The overall agreement between this work and the thermal studies, 

as well as among all the studies, is quite good. There are, however, 

a few points which require discussion. ~ 

The values from Norrish and Smithl are about a factor of two 

higher than those of any other studies with which they can be compared. 

Reference 1 was perhaps the first atomic vapor study to get quenching 

cross sections anywhere close to values obtained in later studies. Two 

48 49 early studies ' obtained astronomically high values for quenching 

222 
cross sections for N2 (190 and 90A ) and H2 (54A ) with Na*(3p P), 

presumably because they operated at excessively high temperatures, 

-500 0 K. These studies are subject to considerable difficulty with 

radiation imprisonment, and this might explain the anomalously large 

cross sections. It is worth noting that Norrish and Smith did 

investigate an impressive variety of hydrocarbons, and divided them 

into efficient (unsaturated) and inefficient (saturated) quenchers. 

It is also interesting in reading their paper to note that, as of 

1940, the importance of electron transfer in alkali quenching had 

apparently not been recoanized. 

With respect to the problem of temperature, or, more directly, 

vapor pressure, in atomic vapor studies, it should be noted that the 

value of -600o K quoted with the results of Ref. 46 is the temperature 

of the quenching region. Their measured value of the lifetime for 

the excited population, by a phase shift method, of 1.66 nsec indicates 

that the vapor pressure was determined by a much lower temperature, 
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which is apparently not given in their paper. The use of a lifetime 

measurement technique may make their results a bit more reliable 

than those of atomic vapor stuqies which used steady-state measurements. 

The latter include all except Refs. 5, 45 and 46. 

2 
The results displayed in Table X for quenching of K*(4p P) by D2 

seem to be in a rather sad state of disorder. The results on this 

2 
process and on K* (4p P) - H2 from Refs. 5 and 6 were produced by Krause 

and his co-workers. The values from Ref. 6 were obtained by measurements 

on separated doublet lines by a steady state technique, while those 

from Ref. 5 are the results of lifetime measurements on both components 

together. Results of other workers generally support the former 

measurement for H2 , but for D
2

, the results of Refs. 5 and 6 represent 

the extremes, with the other two available measurements intermediate. 

Finally, in regard to Table X, consider the results on quenching 

of K*(5p2p ). The values from Ref. 8 for H2 and H20 essentially reverse 

the values of the present work, while the value for N2~grees well. 

flame measurements on quenching by these gases were done in flames 

containing combinations of 2 or 3 gases, so extraction of cross 

sections required knowledge of flame composition. Examination of the 

The 

results indicates, however, that the value for N2 should be unequivocal, 

as it depends only on knowing how much N2 is introduced into the flame. 

The values for H20 and H2 , however, depend on calculation of equilibrium 

concentrations following combustion of H2 and 02' Noting that the sum 

of the H2' and H20 cross sections is very similar to that obtained here, it 

seems possible that the results of Ref. 8 might be compromised by 

inaccurate knowledge of flame composition. 
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3. Comparison with Other Systems 

Other "Electron-Transfer" Systems •. In considering the covalent-

ionic curve-crossing picture of alkali quenching, it is instructive 

to examine other processes which are also generally thought of in terms 

of this picture. Perhaps the prototypical electron-transfer process is 

the reaction of a ground state alkali atom with a molecule of a large 

electron affinity, such as 1
2

, Processes of this sort have been 

referred to in Chapter IV in connection with the notion of strong 

coupling between the initial and final (in this case, reacted) states. 

50 Davidovits and his co-workers have recently measured what should 

be quite reliable cross sections for reactions of the alkali metals 

with 1
2

, They produce ground-state alkali atoms, by photodissociation 

of the alkali iodid~ in the presence of 1
2

, monitor the alkali 

concentration by measuring the absorption of resonance radiation 

through the reaction cell, and extract reaction cross sections from 

the decay rate of the alkali population. 

51 
Using a similar technique, they have also measured cross sections 

2 
for quenching of metastable Tl*(6p P

3
/ 2) atoms by 12 and for reaction 

of ground s.ate Tl atoms with 1
2

, As the ionization potential of Tl is 

only 6.106 eV, it is often thot@h.t of as "alkali-like", and these processes 

are also considered as proceeding via electron-transfer. The experimental 

results in Refs. 50 and 51 have been compared to cross sections 

52 calculated from a modified orbiting theory due to Anderson, which 

approximately takes into account the interaction between the ionic 

and covalent electronic terms in the potential curve for the approach 

of the reactants. Computer solution is required to obtain a value for 

•• 



the calculated cross-section. Good agreement was obtained between these 

calculated cross sections and the experimental results. Gislason53 has 

recently calculated reaction c~oss sections for these systems using the 

multiple curve-crossing method described in Chapter IV (Ref. 26 of 

Chapter IV) in connection with the Na*(3p2p) - N2 quenching calculations. 

He reports that good agreement with experimental results of Ref. 50 is 

obtained by this method also. 

The experimental cross sections from Refs. 50 and 51 are shown in 

3 Table XI, along with the cross section obtained by Brus for quenching 

2 of Tl*(7s S) by I. In addition, cross sections for quenching of 
2 

Na*(3p2p ) and K*(4p2p) by 1
2

, extrapolated from the results of this 

work to the conditions of the measurements on the corresponding ground 

state alkali reactions, are given for comparison. Likewise, these 

quenching cross sections are extrapolated to the mominal speed of 

Brus' Tl*(7s2S) - 12 measurement for comparison to that cross section. 

Taking ratios of measured cross sections from Ref. 50 to values 

of nR~, one obtains a value near unity for the Na-I2 reaction, and 

decreasing values as one goes to the K-, Rb- and Cs-I2 cases, with a 

value of -0.5 in the last case. As with the "super-efficient" quenchers, 

these numbers might be considered as roughly reflecting the extent 

of the Born-Oppenheimer breakdown in a given case, with larger values 

indicating less serious breakdown. For the reaction of Tl with 12 , 

nR2 ~ 55 and for quenching of metastable Tl, nR2 ~ 100 both values 
o ' 0 ' 

being well below the measured cross sections. The larger measured 

cross-sections may be simply due to the effect of attractive forces, as, 

in these cases, the R values are considerably smaller than in the 
o 
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Table XI. Comparison to other "electron-transfer" systems. 

Process "'R Measured Conditions Ref. 
(A~ ( Q) 

(A2) w: 

Na+li~NaI+I 6 97 860 0 K 50 
Thermal 

,t 

2 ' 
36 860 0 K This* Na*(3p P)+I2-+ 300 

Na+I
2

, NaI+I Thermal Work 

K+I
2
-+KI+I 8 127 860 0 K 50 

Thermal 

K*(4p 2p)+I
2

-+ 120 260 8600 K This* 

K+I
2

, KI+I Thermal Work 

Rb+ 12 -+Rb I + I 9 167 860 0 K 50 
TheElmal 

Cs+I
2
-+CsI+I 11 195 860 0 K 50 

Thermal 

2 4.5 105 600 0 K 51 TR.(6p P1/~)+I2-+ 

TR.I+I Thermal 

TR.*(6p2P3/2)+I2-+ 6 159 8600 K 51 
2 . Thermal TR.(6p Pl / 2)+I2 

Tt*(7s2S)+I
2 

-+ 65 480 g = 0.35 km/sec 3 
any of several 
combinations 

Na*(3p2p)+I
2

-+ 36 560 g = 0.35 km/sec This* 

Na+I
2

, NaI+I Work •. 

K*(4p2p)+I
2 

-+ 120 430 . g = 0.35 km/sec This* 
Work .\f) 

K+I
2

, KI+I 

* These values were extrapolated from the results of this work to 
the given conditions. 
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alkali cases, and little or no breakdown of the Born-Oppenheimer 

priaciple might be expected. 

Referring to the quenching of TI*(7s 2
S), it is seen that, first, 

R is extremely large, and, second, the cross sections for quenching 
o 

2 2 
of this state and of K*(4p P) and Na*(3p P) by 12 are nearly equal at 

the same relative speed. 2 The cross section for quenching of Na*(3p P) 

by Br2 would be essentially equal to these, as well, since it appears 

to be nearly identical to the Na*(3p2p) - 12 quenching cross section. 

In all these cases, the Born-Oppenheimer breakdown at R is quite 
o 

serious, and, as opined earlier, one might expect that the initial 

covalent-ionic transition would occur at some smaller distance, at a 

crossing point involving an ionic curve corresponding to a vibrationally 

excited halogen molecule negative ion. 

The main feature of these electron-transfer systems, pSEticularly 

as they are combined here with highly exoergic reactive channels, is 

the very large cross sections. These indicate again the strong coupling 

between initial and final states. The agreement between the experimental 

cross sections and those calculated from the modified orbiting theory 

indicates this, as the theory rests on the assumption that penetration of the 

centrifugal barrier is the critical factor in producing a reactive 

collision, in just the same way as does the ordinary orbiting theory • 

Reference 50, however, cautions that the particulary good agreement 

found probably would not be expected from such a simple theory, and 

may be, to some degree, accidental. 
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Quenching of Excited Mercury. Quenchirtg of mercury Hg*( 6p3Pl ) 

has been studied perhaps more than that of· any other excited atom. The 

properties and behavior of this species provide interesting comparisons 

to the excited alkalis. Several references have already been made to 

quenching of this state, and it will be discussed a bit more here, 

31 based on data from several sources collected in Calvert and Pitts. 

3 Perhaps the most significant contrast in the properties of Hg*(6p PI) 

as ccnnparedto the exd.ted alkali metals, is that its excitation energy 

of 4.86 eV is sufficient' to break many chemical bonds. This has the 

consequence that photosensitized reactions play very important roles 

in quenching this state. In fact, the analysis of the products of 

such reactions is a considerable field in the study of Hg*(6p3PI). 

Another difference in the mercury case, at least from first resonance 

3 states of alkalis, is the presence of the close-lying 6p P state, only o 
3 0.22 eV below the PI state. Interestingly enough, however, quenching 

3 to this metastable Po state :is not regarded as important in most 

cases, including quenching by hydrocarbons. N2 is one well-established 

exception, but its quenching cross section is only-O.2A2 • 

3 The importance of reactive quenching of Hg*(6p PI) is illustrated 

by the fact that H2 and D2 both quench with cross sections of gas-

o '. 2 2 
kinetic magnitude, "'9A and ...... 12A , respectively, via photosensitized 

decomposition of the molecule, whereas N
2

, which cannot be decomposed 

by 4.86 eV, does not quench nearly so strongly. 

3 Extensive studies have been made of quenching of Hg*(6p PI) by 
I 

saturated and unsaturated hydrocarbons. At first glance, these results 

might seem comparable to those for first resonance states of alkalis, 

, . 
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as small saturated hydrocarbons have very small cross sections, and 

unsaturated hydrocarbons display cross sections of ~25--5oA2. However, 

larger saturated molecules are generally quite strong quenchers of 

Hg*(6p3PI), with cross sections comparable to those for the unsaturated 

molecules •. N-heptane and n-hexane for example, possess quenching 

2 2 I cross sections of -20A and -30A , respectively. Norrish and Smith, 

2 studying quenching of Na*(3p P), found no significant increase in 

quenching ability of saturated hydrocarbons as molecular size and 

complexity increased. The overall process by which saturated molecules 

3 quench Hg*(6p PI) is generally recognized to involve decomposition of 

the molecule, and the inc~ased reactivity of certain molecular sub-

groups is regarded as responsible for the quenching ability of the 

large molecules. The mechanisms and particular trends in reactivity 

are a subject of considerable complexity and research. However, the 

basic fact of reactive quenching seems to be clear, in contrast to 

excited alkalis, where such a process is energetically forbidden for 

first resonance states, and probably not very likely even for second 

resonance states. 

3 In quenching of Hg*(6p PI) by unsaturated hydrocarbons, the 

situati~n is considerably differe~t, due to the possibility of triplet 

energy transfer, as the lowest triplet states of the molecules lie 

below the atomic excitation energy. Thus, the electronic structure of 

the molecule is regarded as contributing directly to its quenching 

ability, much as with excited alkalis, but in the mercury case, the 

quenching proceeds again via decomposition of the quenching molecule. 
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3 Another important difference in the properties of Hg*(6p PI) is 

that its ionization potential is 5.S eV, greater even than those of 

ground state alkalis. This has the consequence that an ionic 

intermediate coupling the initial and final states would become 

energetically available only at very small separations with most gases. 

This may explain why the largest cross sections observed for quenching 

of ·Hg*(6p3PI ) are only· of gas kinetic magnitude, while much larger 

cross sections for quenching of excited alkalis are commonplace. 

D. Conclusion 

On the basis of the quenching measurements reported here, combined 

with other data, it is felt that a reasonably good guess could be made 

as to the quenching ability of a good many molecules with alkali 

atom resonance states. With first resonance states, the molecular 

parameters which seem to be important, at least empirically, are the 

electron affinity and the presence or absence of a highly exoergic 

2 ' 
reaction path. Results on K*(Sp P) indicate that everything except 

noble gases is a moderately efficient quencher, and this would probably 

extend to most other second resonance states, and possibly to more 

highly excited states as well, although the kinds of interactions to 

be expected become less clear. 

One intriguing future experimental possibility is the study of 

2 
Na*(4p P), "anomalous" amongst the second resonance states of alkalis 

in possessing a negative polarizability. Due to the impossibility of 

obtaining accurate knowledge of photodissociatively produced speed 

distributions with second and higher resonance states, and the problems 

involved in thermalizing, as well as the difficulties with uv intensity, 



) 

u ~) U U ,j <7 ) 
i/ 

-211-

it seems that the photodissociation method is not the best for studying 

these more highly excited states. Probably, one should go to atomic 

vapors, and possibly utilize a laser as the excitation source. This 

would also permit excitation of extremely highly excited states, 

with the possibility of looking for ionizing collisions. 

Another, probably more complicated, experiment, which would be 

good to'~ee is the measurement of the vibrational energy distribution 

in N2 or CO following quenching, as comparison to calculations could 

be made. There was indication that such work was in progress a few 

54 years ago, but if quantitative results have been obtained, they have 

escaped notice here. 



-212-

REFERENCES 

1. R. G. W.Norrish and W. Mac F. Smith, Proc. Roy. Soc. London A176, 

295 (1940). 

2. (a) D. J. Dowling and E. Warhust, Trans. Far. Soc. 55, 532 (1959). 

(b) D. J. Dowling, G. R. H. Jones and E. Warhurst, ibid., p. 537. 

3. L. E. ~rus, J. Chem. Phys. 52, 1716 (19~0) and references therein. 

4. B. L. Earl, R. R. Herm, S-M. Lin and C. A. Mims, J. Chem. Phys. ~, 

867 (1972). 

5. G. Copley and L. Krause, Can. J. Phys. !!I, 533 (1969). 

6. D. A. McGillis and L. Krause, Can. J. Phys. 46, 25 (1968). 

7. W. M. Smith, S. A. Stewart and G. W. Taylor, Can. J. Chem. 32, 961 

(1954). 

8. D. R. Jenkins, Proc. Roy. Soc. A303, 453 (1968). 

9. H. P. Hoomayers andP. L. Lijnse, J. Quant. Spectrosc. and 

Radiat. Trans. 1, 995 (1969). 

10. J. Gatzke, Z. Phyzik. Chem. (Leipzig) 223, 321 (1963). 

11. W. L. Wiese, M. W. Smith and B. M. Miles,. Atomic Transition 

Prohabilities (Nat. Stand. Ref. Data Ser., Nat. Bur. Stand. (U.S.), 

22, 1964), Vol. II. 

12. Sidney W. Benson, Thermochemical Kinetics (John Wiley and Sons, 

New York, 1968), Table A.l1. 

13. American Petroleum Institute Research Project 44. Selected Mass 

Spectral Data (Thermodynamics Research Center; Departement of Chemistry, 

Texas A and M Univeristy, College Station, Texas). 

14. A. Corme and R. Massot, Compilation of Mass Spectral Data (Heyden 

and Son, Ltd., London, 1966). 



u u J 

-Q1-3-

15. Dr. C. W. Koch, University of California, Berkeley (private 

communication) • 

16. F. W. -Lampe, J. L. Franklin and F. H. Field, J. Am. Chem. Soc. 79, 

6129 (1957). 

r 17. G. H. Herzberg, Electronic Spectra of Polyatomic Molecules 

(D. van Nostrand Company, Inc., Princeton, 1967), p. 534. 

18. Ronald R. Herm and Dudley R. Herschbach, Inhomogeneous Electric 

Deflecting Field for Analysis of Rotational Excitation in Reactive 

Scattering of Molecular Beams, UCRL-16039, 1965. 

19. John L. Margrave, The Characterization of High Temperature Vapors 

(John Wiley and Sons, New York, 1967), p. 503. 

20. D. R. Stull, Ind. and Eng. Chem. 39, 517 (1947). 

21. J. A. R. Samso~Techniques of Vacuum Ultraviolet Spectroscopy 

(John Wiley and Sons, New York, 1966), p. 300. 

22. Diffraction Grating Handbook (Baush and Lomb, Inc., Rochester, 

New York, 1972). 

23. H. G. Hanson, J. Chem. Phys. 23, 1391 (1955). 

24. V. A. Dqdkin, V. I. Malyshev and V. N. Soroken, Opt. Spectrosc. 20, 

313 (1966). 

j 25. H. G. Hanson, J.- Chem. Phys. 47, i773 (1967). 

26_. E. P. Lipincott, G. Nagarajan and J. M. Stutman, J. Phys. Chem. 

70, 78(1966). 

27. W. N. Hess, R. L. Mather and R. A. Nobles, J. Chem. Eng. Data I, 

317 (1962). 

28. J. H. Birely, R. R. Herm, K. R. Wilson and D. R. Herschbach, J. Chem. 

Ph,s. 47, 993 (1967). 



-214-

29. Landolt-Bornstein Zahlenwerte und Functionen,A. M. Hellwege and 
. . . 

K. H. Hellwege, eds. (Springer, Ber1i.n, 1951), Vol. 1, pte 3, p. 510. 

30. J. R. Barker and R. E. Weston, Jr., Chem. Phys. Letters 19, 235 

(1973) • 

31. Jack G. Calvert and James N. Pitts, Jr., Photochemistry (John Wiley 

and Sons, New York, 1966), Chapter 2 gives an extenstive review of 

mercury quenching. 

32. L. G. Christophorou, Atomic and Molecular Radiation Physics 

(John Wiley and Sons, New York, 1971). 

33. K. A. G. MacNeil and J. C. J. Thynne, Int. J. Mass Spectrom. Ion 

Phys. 2, 455 {1970). 

34. C. R. C1aydon, G. A. Segal and H. S. Taylor, J. Chem. Phys. 54, 

3799 (1971). 

35. 1. G. Christophorou and J. A. D. Stockdale, J. Chem. Phys. 48, 

1956 (1968). 

36. R. R. Henn and D. R. Herschbach, J. Chem. Phys. g, 5783 (1910). 

37. A. G. Gaydon, Dissociation Energies and Spectra of Diatomic 

Molecules (Chapman and Hall, London, 1968). 

38. B.tte B. Barwent, Bond Dissociation Energies in Simple Molecules 

(Nat. Stand. Ref. Data Ser., Nat. Bur. Stand. (U.S.), 31, 1970). 

39. A. C. Vikis and H. C. Moser, J. Chem. Phys. 53, 1491 (1970). 

40. D. R. Herschbach, Advances in Chemical Physics X. Molecular Beam~, 

John Ross, ed. (Interscience, New York, 1966), Chapter 9. 

41. K. KXaus, W. Muller-Dzying and H. Neuert, Z. Zaturforsch. l6a, 

1385 (1961). 

42. A. P. M. Baede, Physica ~, 541 (1972). 



U .. ) \j u .j {) 

~215-

43. J. J. Ewing, R. Milstein and R. S. Berry, J. Chem. Phys. 51, 

4173 (1971). 

44. M. S. Child, Mol. Phys. 16, 313 (1969). 

45. B. P. Kibble, G. Copley and L. Krause, Phys. Rev. 159, 11 (1967). 

46. C. Baest1ein, G. Baumgartner and B. Brosa, Z. Physik. 218, 319 (1969). 

47. D. R. Jenkins, Proc. Roy. Soc. (London) 293, 493 (1966). 

48. R. Mannkopff, Z. Physik. 36, 22 (1926). 

49. L. von Hamos, Z. Physik. Z!, 379 (1932). 

50. S. A. EdeUrtein and P. Davidovits, J. Chem. Phys. 55, 5164 (1971). 

51. A. Gedeon, S. A. Edelstein and P. Davidovits, ibid., p. 5171. 

52. Roger Anderson, Ph. D. Thesis, Harvard University, Cambridge, Mass. 

1968. 

53. E. A. Gis1aso~ University of Chicago-Chicago Circle (private 

communication). 

54. J. C. Hassler and J. C. Po1anyi, Disc. Far. Soc. 44, 157 (1967) • 

• 



ACKNOWLEDGEMENTS 

It is a pleasure to acknowledge the very large part played by 

Professor Ronald R. Herm in the success of this project. He initiated 

it, ,and his assistance, scientific advice, and moral support were 

essential to its completion. For what has been learned, by me and by 

the reader, his insight is primarily responsible. 

Several people played significant roles in assisting along the 

way: Tom Weber, with the construction of the H2 arc; Maynard Chen, 

with collecting some of the NaI data; Chuck Mims and Shen-Maw Lin with 

assembly of the apparatus and early experiments. Lin, in addition, 

deserves special credit for his contributions to the data analysis. 

In 1969, before I started this project, I seriously considered 

quitting graduate school. Professor William D. GWinn urged me to 

continue, and influenced in no small way my decision to do so. For 

his confidence in me and his contribution to my career, I am grateful. 

The staffs of the chemistry department and LBL have contributed 

much to the progress of this work. Especially the efforts of the very 

talented people in the departmental machine shop and the glass shops 

of both the department and LBL have been of great help. In addition, 

the efforts of Nancy Monroe and Gloria Pelatowski in preparing the 

figures, and especially of Jean Wolslegel in typing the manuscript, 

have made the preparation of this thesis go very smoothly, and 

deserve special thanks. 

Among the things which contributed significantly to keeping me on 

a more or less even keel, especially through the le'ss fruitful 



U , .. 1 :j u .j 

-217-

experimental periods, ~ere the works of J. S. Bach, W. A. Mozart, 

L.van Beethoven, and all that they made possible. 

This work has been done under the auspices of the U. S. Atomic 

Energy Commission. 



.j ) 

.------------------LEGALNOTICE--------------------~ 

This report was prepared as an account of work sponsored by the 
United States Government. Neither the United States nor the United 
States Atomic Energy Commission, nor any of their employees, nor 
any of their contractors, subcontractors, or their employees, makes 
any warranty, express or implied, or assumes any legal liability or 
responsibility for the accuracy, completeness or usefulness of any 
information, apparatus, product or process disclosed, or represents 
that its use would not infringe privately owned rights. 



TECHNICAL INFORMATION DIVISION 

LAWRENCE BERKELEY LABORATORY 

UNIVERSITY OF CALIFORNIA 

BERKELEY, CALIFORNIA 94720 

~' 


