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PHOTOCHEMICAL STUDIES OF ALKALI HALIDE VAPORS
Boyd Lorel Egrl
Inorganié Materialé Research Division, Lawrence Barkeley Laboratory
and Department of Chemistry; University of California,
Berkeley, California 94720 '
| ABSTRACT \

An apparatus has beeﬁ constructed for studying the photodissociation
of alkali 5alidés to produce excited alkali metal atoms. The.key
component is.a low pressure H2 arc continuum uv source. Radiation from,'
this source, modulated by a choppiﬁg wheel and anaiyzed by a mono-
chtcmatér, enters a cell containing the alkali halide vapor. 1In the
appropriate wavelength range, photodissociation occurs to produce the
alkali atom in an exqited_zp state, the fluorescence from which is
detected by a photomultipliér-lock—in amplifier conbihation.

Measurement of the relative intensity of this fluorescence as .a
function of uQ wavelength for the pure vapor allows construction of an
approximate potential curve for the dissociative molecular stéte.» This
has been dong for the following photodissociation processes:
NaI*Na*(BpZP), NaBr*Na*(3p2P), and KI*K*(Asz). FIn'addition,

KI*K*(SpZP) and LiI+Li*(2p2P) were observed, ﬁut not fully characterized.

An analytic expression is derived for the distribution in spéeds
of atoms produced byraissociation at a single energy.ffom a single
vibrational level, taking int§ account effects of molecular trans-
lational and rotational energy. Combination of this result with the
transitibn probability factofs for the uv absorption process, which can -

be calculated if the upper potential curve is known, allows calculation

of the experimental lab speed distributions of the excited atoms.



‘ Cvin :

The measurement of the intensity ofvthe atomic fiddresdence As a
function of the pressure of a foreign gas introdu;ed into the cell
allows extraction of a rate constant for collisional quenching of the
‘fluorescence by the foreign gas. - If this proéess’is then stﬁdied at
various uv Waveléngths, information concerﬁing the energy dependence
of thevquenghing cross section cah be obtained. For a system for
which a repulsive potential curve has been found, the atomic speed
distributions can be convoluted with‘the thefmal 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 queﬁching cross section. Several gases were studied
and analyzed by this technique with'Na*(3p2P) and K*(4p2P).

In addition, a‘few quenching gases were studied without energy
dependence with Na*(Sp?P) and.K*(ész), and several were studied with
K*(szP). .An attempt 1is made to interpret the quenching efficieqéies
of all the gases studied in terms of molecular propgrties. The iméortant
ﬁroperties seem to be electron affinity and the availability of a highly
exoergic reaction path with the excited atom. With Na*(3p2P) and

2

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

inefficient to "super-efficient". With K*(szP), only noble gases
- were very inefficient, and all other gases were moderately efficient

to efficient Quenchers.
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L. INTRODUCTION
Production pf atoms in resonance states by phdtddissociation of
v-diatomic molecules provides a method of investigating twp sorts of
phenomena. Following the diécoﬁery by Terenin,l'in 1926, that
photodissociation of sodium iodide produced the sodium D-lines |
fluorescence, this proceés was employed within a few years to study
the duenching of atomic fludrescence by measurement of fluorescence
intensity as a function of Eressure of added foreign gas. Although
many metal halides produce excited metal atoms upon exposure to
appropriate radiation,2 investigations through the yeafs have con-

-1 and tha1lium iodide,8’9’12-15

centrated primarily on sodium fodide

with a small amount of work on sodium bromide3’9 and potassium iodide.16
Follcwing a period of considerable popularity in the thirties,

this area of research become somewhat dormant during the forties and

most of the fifties. In the last.decade, howéver, molegular beam

research hasbbrought 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 Qas alkali atoms.17 The new insights gained

into the kinetics of processes involving ground state atoms naturai1y

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

the samé fime, technologiéal developments had been made which made bettér

experiments possible. In particular, the use of continuous radiation

sourcés7’lo made possible better data analysis,10 aad the'development

of photon counting technology ﬁade.direct lifgtime measurements

9,11

feasible. On the theoretical side, improving computational methods



- have begun to generate results on systems of experiméntal intérest.l8’19
All these factors have led to a renaissance in the field.
Lijnsezo has recéntly prepared a comprehensive review of the v
1iférafure thrdugh about.l971 concerning exﬁeriméntal and theoretical -

work on quenching, excitation,.and fine—stfucture mixing processes
invdlving alkali atoms;‘ This reviéw 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 éxcitation is produced
by atomic resonance radiation, and fluorescence measﬁrements proceed
as in the photodissociafion technique; and the use of flames, in which
a salt vappr‘sprayed into a flame of known coﬁposition is irradiated
with atomic resonance radiation, and the ratio of the absorbed to
fe-émitted 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 thé
grbund state atoms can be studied, which is not the case>wifh the
atomic vapor methbd, and moléculeé which would notﬁsurvive 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 funétion 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 uséful check §n the extrapolation of reéults 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 cqncerning the potential curve for the dissociative
molecular state (although, as the absorption process is continuous, the
information is limited)z.l It was not until the advent of sufficiently
powerful continuous radiatipn soﬁrces, 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 pofential curve, for sodium iodide.
Recently, =s detailed in Chapter III, more éophisticated computational
techniqués have been brought to bear on this problem, and the information
which is obtained abouf the repulsive potential haé been employed in
calculating the experimental speed distributions ofvthe éxcited 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 specles is monitored by measuring the



-

intensity of its fluorescence. The iatter, in which the decay of the
excitéd population‘is measured by photon ééunting following a short
excitation pulse, 1s really the‘"right" way to do thé'e#periments.
»Mainiy this is becausé it avoids any possible errors due to influences
-which might.causé“the lifetime of the excited population in the absence
of quenchiﬁg gas'fo'differ from the natﬁral radiative lifétime, which
has to be assumed in the steady-state method. vThé lifetime method
also has the added convenience of not being susceptiblé to problems
arising from absorptioh 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 1s 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, thev
essential interest was in looking at a large number of quenching

gases with different excitgd species, in order to try to discern general .
correlations between featufes of particulér atom;gaé systems and
quenching behavior. This was only possible by using the steady-state
method. Cafe in procedure énd comparison with results oflthevlifétime
method lend confidence to the results obtéined here.

Pfesentedrhere, then, are results on photodiééociation of three
alkali halides--NaIl, Néﬁr and KI—-td produce three excited'atomié o
species—-Na*(3p2P), K*(4p2P), and K*(szP)—fand on quenching of these
excited atoms by a variety of foreign gases, aiong with fragmentary
;esults on the photodissociation of LiI to producé Li*(2p2P). The
primafy hope for the results ofAthe quenching experiments is that they

will provide an emhanced understanding of the ways in which excited




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 seéond resonance states, a subject which has
heretofore been investigated in only a single, not very extensive,

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

behavior provides to that of the first resonance states.
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II. APPARATUS AND GENERAL EXPERIMENTAL CONDITIONS

A. Optics, Electronics and Vacuum Systems

1. Equipment
The apparatus employed in this study.was fairly simple in cdncept, '
design, comstruction, and operation,'with the exéeption of the hydrogen
arc lamp, which will be discussed at.seme length later. A schematic
of the apparatus, including a block diagram of the detection electronics,
is shown in Fig. II-1. Early experiments, including most of the work
on Nal, were done in tﬁe open air, so to speak, but subsequently the
experiment was relocated so that the path of the ultraviolet (uv)
radiation was entirely inside a metal vecuum chamber. Pumping this
chamber to 1-10 mTorr with a mechanical pump trapped by liquid nitrogen
to prevent back-diffusion of pumpvoil made available the upper wavelength
rangeslof 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 beeterr
shielding of the photomultiplier from room light.
Following the path of the uv radiation from ;he hydrogen arc
through the various components, then backtracking to the fluorescence
radiation, provides a convenient way to describe the various parts of
the experimental set-up and their relationships. The.uv was focused
by a 1 in., 5 cm focal length suprasil (synthetic fused quartz) lemns
into either a Heaeh Model EU-700 or a Jarrell-Ash 82-410 monochromator.
The Heath instrument has a grating with 1180 liﬁes/mm, blazed for

.2500A, in a Czerny-Turner mount, a focal length of 0.35 m, an aperture

)
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Fig. II-1. Schematic. of the‘apparatuls.

.
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ratio of £/6.8 at 2000A, and a reciproc#i'diépersioﬁ of ~24 A/ﬁm. It
;as empldyed'in the-experiments which did not use the vacuum chémber{
The Jarrell-Ash moﬁoéhromator has a'gratiﬁg'with 1180 lines/mm, blazed
for 1900A,.iﬁ an Ebert mount, a focal length of O,ZSm,_an aperturé. ‘, r
ratio’ of. £/3.5, and a recifrocél dispersion of ~30 A/mﬁ. It was used | )
ingide.the;ﬁacuuﬁ chamber with a simple rotéry feed—thrbugh for fhe
manual wavelénéﬁh drive and a viewing wiﬂdoﬁ and a pair of mirrérs to-
dispiay the wavélength feading.

When the experiment was first put infd the vacuum chamber, an
assembly of two Jarrell-Ash 82-410 monochromators in tandem was
introdUcéd in én attempt to eliminate the small, but;neVertheless
bothersome; stray yisible light passed by the Heath instrument. While
this "white" stray light was effectively eliminated by the double
.monoch;Omator assembly, two’other difficulties'afose. Qﬁe of the
monochromators provéd to be ~4ltiines less efficient than'tﬁe ofher
in transmitting the uv arpund ZOOOA,'so,-intensity considerations being
paramount;'it was“rembﬁed. Fufthermore, these monochromators exhibited
multiple4£éth leakagel'of;visible‘light which allowed relatively very
large amdunts to pass at certain settings in the uv around ZQOOA. This

vproblem 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 wavelengths.* 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 1900A, and did
not affect transmission at 2500A. 1In a later configuration (see Section
B of this chapter) the effect of the mask was somewhat different.

J
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intensity as a function of wavelength could be measﬁred, which‘data

were required for norm;lization of the fluorescencercurves. Following
this correction, there was, as with the Heath instrument, a small 1eakage
of visible light, but in this case it was_essentially independent of

the monochromator setting, at least in the 1500-27507 range, and could
thus'bé propetly 'accounfed for in obtaining uv intensity measurements.

Following the monochromator, the radiation was chopped by a three-
bladed whe2l possessing C3 symmetry, driven by a Globe model 53A112-2
ac hysteresis motor, which was in turn powered by a signal generated
by a PAR model HR-8 lock—-in amplifier operated.in the internal reférence
mode. This signal passed through a phase splitter and was amplified

_by a Bogen CHBlOO amplifier before reaching the motcr.

A second suprasil lens, identical to the first, focused the
chopped rédiafion 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 mmrtubing approximately
6 in. lqng, near the top of which the four 1 in. diameter, 1/16 in.
tﬁick windowévwere attached on short extensions so they protruded
1/4-1/2 in. froh the body of the cell. The‘sait charge was placed in

- the lower end of this 30 mm section and a 10 mm finger extending down
from it 3 ér 4 in. . At the upper end was attached a shért section of
~3 mm i.d. capillary tubing to retard gublimation.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 3 mm orifice except when a

gas was introduced or the cell was to be pumped. This'practice proved
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trdublesomé for a couple of reasons--the subliming salt would occasionally
. seal the rod into the opening, and the rod, being thin, wés very susceptible
. to breakage--and it was found to be unngcessary,’as itvwas discoveredvu
that many hours of experiments could be run before sufficient salt
sublimed to plug off the upper fube, and it was regarded as a good
practice to change the salﬁ charge regularly, anyway.
Thié upper tube, which led off from the short capillary section,
provided cénhectiOn with the glass vacﬁuﬁ system. This system.was
quite ordinary. The components which might merif mention in their
applications in this study were a Granville-Phillips Co. Series 203 leak
valve for the control of high-pressure gases from cylinders, a 5% mixing
flask, the use of whiéh will be discussed later, and a Texas Instruments
Fused Quartz Precision Pressure-Gége, model 141, supplied with a Bourdon
Tube Capsule calibrated (and very nearly linear) from 0 to 1000 Tofr.
The resolution of this manometer was ;0.025 Torr. This vacuum system
was pumped by a liquid—nitrégen-trapped mercury diffusion pump and a
_ two—stagé mechanical pump. The backgrbund pressure was in the range
10"5—10-3 Torr, and the leak rate in the main mahifold was found on
two separate occas;ons to be ~1 mTorr/hr."
. This aside, let ﬁs return to the experimentally interesting region;
The fluorescence cell was heated by two Lindberg ¢yliﬁdrical ceramic
heating units, 2 5/8 in. o.d., 1 3/4 in. 1.d., one 8 in. long (type 1708-kSP)
for the portion below the windows, and one 4 in{ long (type 1704-~KSP) for the
portion above the windows. The windoﬁs separated these two heaters,
and, although they did_not exfend 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 ceramic 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 wirevand 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 sﬁainless steel foil was wtapped around the heating
elemeﬁts as heat shielding for operation in the vécuum chamber. In

air, two chromel—élumel thermocouples were used to monitor the temperatures
of the sait charge an& the region immediatély aone the windows. In

the vacuumjchamber, three such thermocouples were used to monitor the
temperatures of the salt charge, the window region énd the region aloﬂg
the upper éxﬁension. The window temperature, which was taken to be thé
temperature at which ﬁhe measurements were made, was usually maintained
at 10-30°K above the salt temperature, which determined the vapor -
pressure. In the collection of the Nal fluoreséence data, however,

this differential was approximately 100°K, rendering knowledge of the
true temperature in the fluorescence region somewhat uncertain. Salt
temperatures were generally adjusted to provide 10-30 mTorr vapor
préssure,2 althoughvvalues below this range could be used, especiélly
with NéI. Data shown.in Chapter III indicates a negligible variation

in the Nal fluorescence efficiency curve over a‘sait temperature range

of 535-605°C, which corresponds to a vapor pressﬁre range of ~3-25 mTorr .

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

at various points in later chapters.
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.After gxiting the cell the uv ;adiation passed thfough a SUprésil
window and struck a layer of sodium salicylate. This substance is a uv
sensitizer whose fluoresence efficiency3 has been shown ﬁolbe flat over
a wide range of uv wavelengths; a deterioration sdmétimes observed
below ZOOOA'has been probably attributed to oil contamination in vacuum
éystems, and was not-found when the sodium salicylate was keptvscruﬁulously
clean.3 In these experiments, the sodium salicylate was not éxposed
,tovthe vacuum, so presumably no oil édntaminatioﬁ could occur. Furthermore,
the flatness of the response is important here only in the meaéurement
of uv intensity curves, for which purpose fresﬁ coatings wére applied.

The fluorescent visible photons from this substance were detected by an
RCA 1P21 photomultiplier, and their intensity taken as a direct measure
of the uv intensity.

Meanwhile, back in thé fluorescence cell, the excited metal atoms
emitte& fluorescent photons, the detection of which was the basis of this .
work. 'Various qompliéated arrangements of ienses and tubes were tried
to optimizé the collection of these sometimes elusive pafticles,'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 wind§ws of the cell, and the other. against either an interfgrence
filter (in air) or a pyrex window (in vacuum) immedistely adjacent to-
an interference filter. Five interference filteré were used at various
times, depending on thevspecies being detected. For the sodium D-lines
fluorescence at 5890 and 5896A, a single Baird Atomic type‘B-ll filter
with peak.transmissionvat 5892A, of 42%, and é full width half maximum

(FWHM) of 15A served for simultaneous detection of both components.

7
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This filter was found to have transmission of 39% at 5890A and 327%
at 5896A, For the fluorescence of potassium at 76654 (4p2P3/2), a
filter of the same type with peak transmission of 53% at 7670A and
FWHM of 17A was used aﬁd a similar filter with peak trénsmission of
50% at 6770A and FWHM of 15A was used in the brief LiI experimenté. An
Omega thical filter with a 60% transmission peak at 7699A and FWHM of
10A was uégdﬁto isolate the K*(4p2Pl/2) line at 7699A. Finally a
Corion Instrument Corporation filter with a 35% transmission peak at
4050A and a FWHM of 60A was employed for K*(szP) lines at 4044 and
4047A., |

In connection with the use of the filters,.a couple of questions
arise. The first concerns the Doppler brpadening of the atomic
fluorescence lines. This was measured by Hanson,4 and found to <0.15 cmi;
for dissociation of Nal with wavelengths in the range 2144-2313A,
This broadening is clearly negligible in terﬁs of the ﬁresent measurements.
The second question concerns the angular divergénce of the fluorescent
light which strikes the interference filter; vThe dimensions of the
collimating tube are such as to allow a maximum angle of incidence
"Gf~'4° if the tube axis is precisely perpendicular to the filter surface..
This corresponds to a maximum possible shift in-the transmission peak of
about minus 15 for the K*(Asz) filters, and proportibnally less for
the others;s Even this ma#imum shift would not cause the 7699A fiitér |
t6 transmit the 7665A lihe, but these considerations do raise some
questions, perhaps, concerning just what was seen with 5892 filter.

- Early experiments using a lens placed in such a way as to theoretically
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-collimate the 1ight incident\on.the filtef, and éxperimenté-in which
smaller (~1/8 in.) apeftures were placed in the ends of the collimating
tube showed the ‘same behavior of the fluorescent signal as did the Qide
open tube expgriments; wﬁich indicates that indeed?“whatnwas detected
was what was expected.

It_should be mentioned that attempts were made to detect tﬁe
fluorescence signalvthrough the Heath monochrométor,\which is the only
exéﬁse for the use of fhe term "wavelength'analyzer"‘in Fig. II-1. This
was done priﬁarily with hope of being able to separate the sodiuﬁ 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 repdered this experiment sucessful, but such an item, especially
one with sensitivity.at 59004, is far from reality. There are, of course,
measures which can be taken to decrease photomultiplief noise, namely
buying a new one and cboiing it. However, at this point, the experimental
road fdrkgd, 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 loc¢k-in was also used
to make measurements of the uv; except in cases where simultaneous
: monitoring of the fluorescence and uv intensities was desired. In
these cases, a second lock-in, a PAR:JB—S, operated in the selective
external refgrenge mode on the reference output of the HR-8, was employed

to measure the signal from the 1P21.
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"2. Signal Extraction and Signal-To-Noise Prdblemsv

The output sigﬁals from these lock-ins were fed_to chart recorders,
hence to a desk or table where a transparent stréighf edge and a pencil
were used tb draw the '"best" étraight lines through'ﬁhe recorder traces
to oBtain numbers proportionai'to the numbers of photons back at the
signal source. With Nal, this '"eyeball" averaging technique was generally
quite easy, but with KI énd NaBr, much less so.

The sﬁaller signal-to-noise ratios in the latter cases derived from
eithér 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 76994, . relative to 5890A,
increased the noise by ofders of magnitude. With K*(szP), on the other
hand, smaller uv intensity at the qperating'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 necessity of attaining higher temperatures in order to(
achiéve ﬁhe necessary salt pressure, combined to dectease.the signal-
to-noise ratio. In all three of these cases, the signal-to-noise ratios
were approximately equal, and perhaps 50-100 timesvsmaller than in the
case of Na*(SpZP) from Nal.

When the experiment was transferred to the vaéuum chamber, one
problem developed which caused considerable difficulty before it was
finally diécovéred, somewhat by accident. This waé 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’qn 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 e#periméntal run.

If was then observed that, during the course of one run, there was
a marked, eVen dramatic, deterioration in the signal which correlated
wi£h a loss ofruv in§ensity greater than that due to the contamination
of the léns surfaces. Again; this waé a.phenomenon’not obsérved in the
open—-air configuration. Accofding to‘Samson,6 the transmission limit
of synthetic fused qﬁartz is ~1600A at room temperature and exhibits a
positive shift with increasing temperature of 1/4-1/3 A/°K. So, on the
suspicion that the cause of this deterioration Qas 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 foundvthat the signal—to-noise-ratio for a given
system ingreased with temperature 6ver a considerable range. However,
there are‘séveral considerations which militate against higher temperatures.
The higher the temperature, the greater the sfresses on the entire heated
assembly.. Particularly notable in this régard was the téndency of the
window heater’wire'to burn out. In the vacuum chamber experiments, highef
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 NaIl and LiI, thé tendency of the salt vapor to

attack the quartz, rendering the windows ever less transparent was noted, .
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and this‘bgéame moré serious as the temﬁeraturé;was raiéed. In fact,

this wﬁs Ehe obStacle which was primarily responsible for'fhe lack of
success with LilI. A seripus problem, from the point of view ofvinterpreting
the data; is the pos§ibility thgt vapor pressureé'would be reached at

which quenching of the atomic fluorescence by the parent salt moleculés
would becgmejsignificant. This is discussed theoretically in Chapter IV

and experimentally for the various systems in Chapter V.

B} The Hydrogen Arc

: The single piece of equipment-most crucial to this study, aﬁd at
the, same time most problemétical, was the hydrogén arc lamp. This lamp
‘was constructed early in the cdurse of the work and was used to coliect

~ nearly all;phe data. It was modelled éfter the arc described in Finkelstein.7
Samson8 deséribeé another similar lamp. Tﬁe radiation from this source
used in these’exgeriments was part of the H, continuum, which resﬁlts

- from the decay of a ﬁound eiectronically excited state té a dissociative

v lower state.7’9 Figure II-2 dépicts the inner canstruction of the lamp
toéether with the eleéf;onics required for dc opefation.

| In order to initiate operation of thé lamp, the cathode is resistance
hgatgd, usually at 60-80 Q, the arc power supply is turned up to about
‘260 V,.and a tesla COii discharge is applied to the stérting eiectrode,
which is:a ring of tantalum wire. At this stégeithe voltage divider
chain determine the relative potentials on therArious'electrodes,which

- help to'guide the discharge. Further, a large molybdenum disc is screwed
tq.the céthbde end of the collimétbrvto prevent the discharge fromvgéing_g
afound this piece. In operétion, the catho&e héaﬁer is off, the dc

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

0
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Fig. II-2. Schematic sectional view of the H, 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. :

XBL 7012-7465
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the éixcuit, as the arc itself exhibits_a'charactéristic "negative
‘resistancef.;

~ The érc electrodes shown in Figl II-2 are mounted inside a
5-1/8 in.li;d. brass cylinder, flanged on the cathode end for a large
pyrex viewing:window énd on the anode énd for a small 1/16 in. :hick
_suprasil'window and for aftachment to either a support stand or the
wall of the vacuum chambéf. The cathode and starting ring.are supported
b& 1/8 in. nickel rods which are held in metal-ceramic feed-throughs
and which also provide electrical contact with the outside world.
‘Likeﬁise, the dopper tubes which éupport the collimator and anode also
supply cooling water'énd voltage to these pieces. The cooling water
alsd circulates through a lengthy.copper tube wound around the outside
of thg'brasé case. | |

The key to tﬁe operation of the arc is the cathodg, whiéh is formed

of a piece éf nickel screen (~50 mesh) ~'1‘1/2 in. wide and ~9 1in. long,.
folded twiéé lengthwise around a narrow strip of tantalum sheet (~5 mil)
for reinféfcement, then folded several times croséwise, accordion-like.
On this piece is deposited a sélid solution of barium—strontiUm oxide.
- The procedure by which this is done needs to be folldwed quite cérefully
if proﬁer operation is to ensue; as was emphasizéd by several.unsuccessful
attempts before the correct procedure was discovered in Ref. 10. First,
an équimolér mixture éf barium carbonate aﬁd strontium carbonate is
triturated-and mixed into a liquid consisting of‘3 parts diethyl carbonate
and 1 part dietbyl oxaléte and containing in soiution ~0.15 g/ml
nitrocellulose. It was found’that 10 g of the carbénate 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 fiﬁger. it is important to avoid -
deposition of large particles and to leave a uniform.coating‘on the
nickel screen. Following evaporation ofnmost of thérsoivent, the
cathode is put in place on the nickel rod sﬁpports inside the lamp, which
is then pumped down fhxbugh 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 thisAtémpérature for about 15 minutés; then cooling. This procedure
converts the metal carbonate mixture to a solid solution of barium-strontium
oxide, which has a low work function of 1.0 eV.11 Initially, the
tempefature.of the cathode during activation was monitored using an optical
pyrometer, but latér on an effective correlation with the pressure
inside th% lamp (due to the carbon dioxide being driven off) was developed
which indicated Vhen the temperature had feached approximately the
desired makimum value.

After being properly activated, the cathode could usually be persuaded
to produce an arc as described previously, with an H2 pressure of about
3 Torr. This pressure was_measured using a U—tube.qanometef containing
Dow-Corning 704 oil (density 1.06 g/ml at room temperature). H, was
flowed through the lamp constantly during operation:and the pressure
was controlled using a vernier needle valve. It was found to be
advantagedus to uge pressures somewhat higher than 3 Torr for continuogs
operation, as greater intensities could be obtained with the same current
through_tﬁe érc; Figure II-3 shows the relationships of the several
variables\in lamp operation. The arc voltage was taken from the meter

of the dc supply and corrected for the drop across the ballast resistance,
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show the current voltage characteristics for various Hj
pressures.. The light curves show constant intensity .
contours measured at 2500,
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and the current was measured using anvammetervacross one of the 1l ohm
resistors invthe ballast éeries.

Construction of this lamp was dndértaken beéause it wa; adver;ised
as having a larger fraction of its output in the uv, and partiéularly
as having more intensity in the region near the vééuuﬁ uv, compared to
commercial xenon or xenon—mércury arcs, and because of Finkelstein's7
claim thét it waé 50-100 timesvmore intense than commercial HZ arcs.

No reason to contradict these claims was found.. Figﬁre I1-4 shows a

typical H, arc curve of intensity vs wavelength as measured through the

2
Heath monochromator in air and simil§r curves fdr ﬁwo 1 kacbmmercial
arcs in the region 2000-2900A, Data from the manufaCturer12 was used

to plot the commercial arc curves. The compérison between the Xe-Hg'
arc and the H2 arc was established, at least roughly, by coﬁparing the
fluorescence signal from Nal excited by the two different sources. This
is why thé‘ordinate is 1a5eiled "Usable Radiation Output". A comparison.
is somewhat difficult as the Xe~Hg arc emits into 4T steradians,

while the Hzlarc has an apertufe rat;o of ~“f/1. The fluorescence signal
measurements indicated that the Xe-Hg arc output decreased more rapidly
toward lower wavelengths than the cﬁrVe in Fig. II-4 indicates.

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

2
lamp, modélled after that of Huntef.13 ‘The glow discharge Qas roughly -
three times less intense overall, as might have been expected from its
typical operatiﬁg»power of ~300 ﬁ, with relativelf somewhgt greater
intensity below 2000A. It was tried once in photodissociation of KI,

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

. _ ' 3
expected. In both these sources it was found, as has been reported 4
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Camparison of intensities for Hy arc and two commercial
arcs. The relationship between.the H, arc and the Xe-Hg arc
was established roughly by comparison”of fluorescence signal
from photodissociation of Nal. The uv was collected by a

2 cm diameter lens, ~2 cm away from the source for the H

arc, and ~4 cm away from the source for the Xe-Hg arc. %hese
arrangenents seemed to maximize the fluorescence signal.
The Hy arc curve was measured through the Heath EU-700
monochroniator with a bandpass of 48 (FWHM).
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for the glow discharge, that the use of D2 as a discharge medium gave
~257% greater intensity in the region investigatéd‘(~2000-2500A). VD2 was
used experimentally in one case, the experiments on the quenching of

2

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

K*(4p°P) by I

monochromator'installed, new lamp curves weré measured through the
Jarrell-Ash monbchromator ih vacuum. Figure II-5 shows two of these
curves, one taken juét prior to measurement of the KI fluorescence
efficiency curves, and the other just prior to measurement of the NaBr
fluorgscence efficiency curves. A relative maximum:in phe H2 continuum
below 2000A ié supposed to exist,9 but it was observed only during the
later measurements in vacuuﬁ. Probably this wa§<due to the relocation
of the paper mask, which had been removed during somé of ;he intervening
expériments. The presence or absence of the lower hump would not :
affect the results on KI, as the K*(4p2P) fluorescence efficiency curves
do not extend so low, and the K*(szP) data wasvnot energy analyzed.
Fdrtunately, 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 u? was proved by venting the vacuum chamber and
watching it disappearf |

In using the Hz arc, it.was found that the lifetime of the cathodes
was. limited mostly by the damage incurred during and immediately after
sﬁarting. 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 gé 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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Relative intensity vs nominal wavelength for the H, arc as measured through one Jarrell-Ash
82-410 monochromator with 60A (FWHM) bandpass for two configurations of the black paper
mask which was used to eliminate multiple-path leakage. The circles represent the

data points .for the curve used to normalize the KI fluorescence, and the triangles .
represent the data points for the curve used to normalize the NaBr fluorescence.
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usually resulted from burnimg out the remaining thin portionvduring
an attempt at startinglthe 1ahp.

Once started, the arc would operate in quite'staﬁle fashion. Normal
operation appeared to cause little cathode wear and there is no reason
to believe that the lamp would not opérate in the continuous mode for
an essentially unlimited time. Thére would be occasional jumps in intensity
of.a few percent, presumably associated with a spontaneous self-
reconfiguration of the discharge. There woﬁld 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 COﬁper——probably
between the anode tubing and the lamp houéing. These aberrations were
nearly always self-correlcting and were rare, but became mére frequent
when the lamp was operated at very high currents (~17A). Such currents
were gometimes employed, although they tended to cause cathode wear
as well as occasional instability problems, since signal intensity
was extremély dear in some experiments.

C. General Experimental Considerations

In studying one of these alkali halide'systemé 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°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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Upoﬁ exposure to uv radiation in the appropriate wavelength range,
the fluoreséence signal from the metal atom could be detected and-studied
as a function of wavelength for the pure salt or as a function of gas
pressure and wavelength for some added fdreign gas. Table I shows the
general conditions under which these studies wefé_conducted for the
various systems.

In ottaining ‘a fluorescence efficiency curve, the relative intensity
of fluorescence was measured as a function of the nominal’ uv wavelengfh
at severélvpoiﬁts,across thé range in which photodissociation to the
desired product occurred. Then the valueAfor each point was divided
by the relafive 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 thevtheoretical fluorescehce
curve for an infinitéssimal uv bandwidth.

With NaI,'fluérescence efficiency curves were measured under a
wide variety'of conditions. Except at the lowest temperatures and
smallest bandwidths, it &as possible to colleét the aata by setting the
(Heath) monochromator at é slow automatic séan rate (1 or 1/2 A/seé)

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. 1In these cases, the (Jarrell-Ash) monochromator
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Experimental conditions.

Table I.
' System Subject Temp. Range Wavélength Bandwidth
(°K) &) A)
NaI*(Na*3p2P) Fluorescence 870-1000 1900-2000 12-48
Efficiency _ :
Quenching 860-920 2150-2400 48
(870,960)* (2125)* (36,28)*
NaBr>Na* (3p°P)  Fluorescence 900 11700-2300 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 whlch were used on single
occasions, usually for a special purpose.




-31~

éetting'was varied manually and left at each value long enough to
establish a level, usually three to five minutes. For the Na*(3p2P)
from NaBr ana K*(ész) frqm 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 mohochromator setting as 5 refefence and returning to it
regularly, usually every third point. The fluorescence curve for
K*(szP) from KI was examined only briefly as the presence of interfering
processes (see Chapter V) rendered the resuits at lower wavelengths
ambiguous.

In taking measurements on quenching by a foreign gas, a value of
the unquenched fluorescence was obtained, then the ghs was added at
a known pressure and the value of the quenched fiuorescence 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, eﬁen at the lowest pressures
of quenching gases studied, the mean free path within the gas was ﬁuch

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

to the fiuoreséence cell, the pressure measured in the manifold on
fhe 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 experiments, however, a known pressure of a foreign gas was pre-

mixed with several hundred Torr of érgon 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 ndtvﬁrgducé meésuraB1e quenching'ag thé'prgséurés,employed; The
préssurérof_the‘foreién gas was then taken és its calculated partiél
presédre in the mi#ed sample; « | |

The pre-mixing was done in a 52 flask equi§ped with a magnetically;
drivén stirring blade. It was necessary to check thejthoroughness of
the mixing:procedure in drder to be confidént of the calculated gas
pressﬁres.x This was done in twobwAys. - First, visﬁal checké were made
using iodine and brqﬁine vapors. ‘These.indicated that when argon was
introducéd into the flask over a iow_presSure (~i/2 - 10 Torr) of the
vapor;'the vapor was compressed toward the bottom of the flask, more
noticéably for higher pressures, and that full mixing occurred quite
readily when the géses were stirred. Second, absorption of the uv
at 2100A by SO2 at caicuiated pfessures in a mix was compared with
absorptipn by pure SO2 at di:ectly measured pressures.' The results
bf this check are shoﬁn in Table II. Since there are clearly departures
from the Beer-Lambert law, it waé'impoftant to compare points taken |
at nearly equél pressures. For such points, the ratio of the pressure

2
is well satisfied by the data of Table II.-

of SO, to the quaptity [ln(I/IO)] should be the:éame.' This rgquirementv
Whep the foreign gas-argon mixtufé was added to the fluorescence

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

nearly to zefo, and would then rise slowly énd eventually establish

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

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 S0, ‘ 3.5 Torr'S_O2 in 650 Torr Argon
PSOZ(Torr)‘ "=1n I/Io |P/1n I/;él PSOZ(Torr) -1n I/I0 |P/1n I/Id|
3,45 - 0.82+0.03*  4,20%0.15 3.34° - 0.78%0.03 '  4.28%0.15
2.35 0.678+0.03 3.4720.14 2.25 0.655%0.025° 3.44%0.14.
1.15 0.415%0.02 - 2.77%0.13 1.11 . 0.40%0.02 2.78%0.13

Tolerances indicate the regolution'of'the meaéurement, which is ~1/2
division on 100 division(lo in, chart paper.
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_ re-equilibrétion of the spatial distributiqn;v Usualiy 3-5 minutes
WOuldTpaséibefore a ﬁeas;;ement could Begin. 'This phenomenon was ,i
also observed with qompérable.preSSUres_of pure argon. .As will be
diécussedfin Chaptér V?'quenching experimen;s with CH&’ CDA’ C2H4,‘and
CH3QH, pure and in'argon—gas mixtureé, gave results which_ag;eed )
within expérimeﬁtal.error. _ ' B | o N
An.additional complication arose when the foreign gas itself
absorbed uv radiatidn at the wévelength being-used; If this ébsorptionv
was not too strong, and éttempt was médé té correct the.daté for it.
To do this, tﬁe uv iﬁtensity was monitored continuously during and
between qUenching.measurements.n Valués of (Illojuv'were'obtaiﬁed, |
and fhé IO/I values for the fluoreséence were divided by (I/Io)zv’ whefe
x =~ 0.5, cofresponding to tﬁe'fact that thé zone from which fluorescence
was detepfed Qas'approximately halfway through tﬂe'cell. Thié problem,
of éoﬁrse, lessened the teliability of the results, and measuréments
were nof'attgmpted for caSeé in which the absorption‘of‘tﬁe uv accounted
for about half or more of the observed drop in fluofgscépqe intensity.
5In,the'coﬁfse of this work, many géses were fried aé prospective
quenchers, some of which proved unusaBle for various reasoﬁs,:some
of whichvduenched so little‘as to seem unintgresting, and some of
which behaved in éugh a manner as to méfit’study.v Three checks were
- employed on the behavior of gases in the fluorescence celi to try to
ascertain that nothing untowafd occurred, particﬁlarly for those
gases which were'étudied at some.léngth. The first‘ﬁés that the
unqueﬂched_fluo;escence level shbuld rethrnvto its ofigiﬁal va}ue
when the gas was pumﬁed out of the cell. There Qefe certain tolerances

'in this, of course, correspohding to normal fluctuations in-the signal

)
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level. Only one gas (CCla)yfailed 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 pumﬁed §ut, and the pressure
in the cell-manifold when the cell was Qpéned could be compared to

the value expected ffom 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 thosevof gases directly
from the reagent supply. Data from the spectra will be presented

when the gases are coﬁsidered'in Chapter V.

Gases used were commercial reagent grade or befter, where available,
and were used directly from the cylinder. Liquid samples, likewise
commerciai reagent grade except for H20, ,WhiCh was obtained from
thé'labqratory distilled water suppiy, were degassedlby repeated freezing
and thawing under vacuum beforé use. Deuterated compounds were 957
or better isotopic purity. In these experiments, where the quenching
cross sections are large, small amdunts of impurities would not be
expected to introduce significant uncertainty intq the results.
Nevertheless, fbr most gases which were studied at some length, the mass
spectra served -to.give a good indicatién as to the purity, both inithe
presence Or absence of impurity peaks, and in compafison to standard
speétra. |

Table III presents é summary of the behavior and the kinds of results
obtained for all the éases studied. Problems or speéial considerations

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

are presented.



Table III. Summary of results.

Comments

irregular enhancement

System/Gas Checks (i,p,m)* Results**
NaI*Na*(3p2P)
12 i, (p res) Qq vs g
C2H4 i,pym Qq vs g
co, i,p,# Qg vs g
C6H6 i,m Qq vs g .Absorbs uv/adsorbs slightly
. on glass-p inconclusive
802 i,p,m Qq vs g Absorbs uv
CF3CI i,p,m Qg vs'g 'Signai drops slowly -at higher
S ~ pressures--NaCl?
CHBCN i,p,m Qq vs g Isomerization?
CH3OH i,m Qq vs g and kq Adsorbs on glass, p
thermal inconclusive
H, i,p,# kq thermal Fnhancement observed
D2 i,p,# kq thermal "Enhancement observed
HZO i, (p res) kq thermal--very small Adsorbs on glass
enhancement T-
dependent?
D20 ,i (p res) kq unobservable Adsorbs on glass

~g9g- -.‘



Table III. Continued.

System/Gas Checks - Results Comments
NaI*Na*(3p°P)
CH4 kq very small
C2H6_ kg very small
CF3H i,p,Nom Enhances to 50 Torr
CS2 Absorbs too much uv
SF6 Fails m Apparent kq very large
Propehe Fails p Decomposes?
‘2-butene Fails p Decomposes?
N02 Signal drops-rises Decomposes?
slowly
BE3 - Signal drops-rises Decomposes?
slowly
CCl4 Fails i Reacts with'salt?
NaBr+Na*(3p2P)
Br, i,ﬁ Qq vs g Pressure drops slowly, p

inconclusive-reacts with
stopcotk grease?

—LE_



~ 'Table III.. Continued.

Checks

Resulte:

System/Gas Commerits

KI=K* (4p°P) |

CoH, i, p,# Qq vs g and kq thermal

CF3Cl i,p,t Qq vs g Signal.drops slowly at -
higher pressures, cannot be
thermal '

s0, i,p,# Qq vs g and kq thermal

CH,OH ih, P kq thermal

H, i,p,% kq thermal

D2 i,p,# k9 thermal

HZO i,ﬁ (p res) kq thermal--very small Adsorbs on glass

CF4 i,p,# kg very small

CHA i,p,# kq very small

CF3H windows become coated HF? KF?

I i,#, (p res) kq non-thermal

g~



Table III. Continued.
System/Gas Checks Restlts -Comments
N

KI>K* (5p“P)

CF,C1 i,%,P  kq thermal No signal drop

CF4 i,h,p kq thermal

CH3OH i,m,p kq thermal

N, i,d,p kq thermal

H20 i,#,(p res) kq approx thermal Adsorbs on glass, cannot do
thermal

DZO i,m,(p res) kq approx thermal Adsorbs on glass, cannot do
thermal

HC1 1,4 'kq non-thermal . Pressure drops slowly, p
inconclusive reacts with metal
tubing?

DC1 i, wh kq non-thermal Pressure drops slowly, p
inconclusive reacts with metal
tubing?

C,H, i,p,# kq thermal and

: non-thermal

C,Dy i,p,8 kq thermal

H i,p,d kq thermal

p
Hewin

Sser

=
e



Table III. Continued.

System/Gas Checks o '/kResulté_ . . | Commenﬁsi
KI*K* (5p°P)
‘Dz. ' i,p,¢ kq thermal
CH4_ i,p,m - | kq thermal and non-thermal
CD4 | _ i,p,m kq thermal and non-thermal
C2H6 _ : i,m,ﬁ ' kq thermal
c,D, 10,0 kq thermal
I2 o © i,# (p res) .. 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. : o

p denotes a case in which no pressure check was made because all measurements were

done with argon mixtures.

# 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, g the relative velocity. If "Qq vs g" 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.

-07-
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III. POTENTIAL CURVES AND PHOTODISSOCIATION

A. Introduction

In these experiments; photodissociation of.an alkali halide
molecule, MX, occurs when a molecular transition from the ground
electronic state to an excited repulsive electronic state is induced
by the absorption of a uv photon. Thé atoms, one or both_of‘which may
be excited, then separate as the system 'rolls down" the potential curve
of the upper stéte. There 1is experimentalﬂevidenCe which indicates
that the photodissociation of Nal to préduce Na*(3p2P) and ground state
I procéeds by a direct transition to the repulsiQe state involved in
the dissociation. By photon counting, the natural radiative lifetime
of the Na*(3p2P) aﬁoms has been observed following short uv pulses.l’2
 Reference 1 also reports no indications of delay in the fluorescence
of Na*(aézP) from NaBr, again leading to the probable conclugion 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
small well3’4 of ~0.2 eV has been considered:in the upper curves of
' seﬁeral alkali halides, and is not ruled out by ﬁhe‘results of this
work. This weii, however, is less probable fof iodides than for other
, halides.3

Since the metal atom produced by photodiss;ciationvin these
experiments is in an excited state, whose steady-state population can
be monitored by observing'the emission from -it, the intensity of th{s

emission can‘bé taken as a measure of the relative efficiency of the

photodissociation process. That is, the fluorescence efficiency curve
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provides a measure of the relative absdrption‘probability Vs energy

for the molecular electronic transition. This iﬁ turn provides a handle
on the'ﬁpper potential curve, if an acceptable reﬁresentation of the
‘ground state potentiallcurve is available. ' The numerical analysis

of this éroblem and the calculations for NaI'arevprimafily due to
Shen-Maw Lin, and are detailed in his thesis,5 as well as being
described in Ref. 6. Théy"éré presented here for the sake of com-
pletenesé, along with the results on NaBr and KI.

Knowledge of the upper potential makes poséible the calculation
of the speed distribution of the photodissociatively produced atoms.
The latter part 6f this chapter develops the analytic expression
for this distribution for the case of a'single vibrational level at
a single frequéncy neglecting and including the contribution of the
molecular rotational energy, and describes the additional numerical

steps iﬁvolvéd in obtaining the full experimental speed distributions.

B. Photodissociation Thebry and Numerical Analysis
Consider the hypothetical situation of a sample of MX molecules, -
all in vibrational state v, of thickness Ax, and number density Nv'
If uv radiation at frequency Vo, of‘intensity Io (ene;gy/cm2 sec),

falls on this sample, the intensity absorbed, Ia,'is given by7

I, = INAxhV B o, | (1)

where h is Planck's constant and Be is the Einstein absorption
’
coefficient for the transition connecting the eigenstate v of the

ground electronic state with the eigenstate € of the repulsive

electronic state, having energy € above the dissociation limit. 1In
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terms of we, the vibrational frequency of MX, De, the Well—depth
of the ground electronic potential, and E*, the excitation energy of

the excited M* atom
= - - F%
€=hv +he (v+ 1/2) D, - E . (2)

The relationship of the various energy quantities is indicated in

Fig. III-1 for a hypothetical case. Be v is given in the Franck-
’

7,

Condon approximation by

B, , - @r/3me) W2 |¢elvi? (3)

where ﬁz(r) is the average value of the electronic transition moment
and (€|v) fepresents the overlap integral between the wave functions
of the states v and ét |

Combinaﬁion of Eqs. (1) and (3) gives an expression in terms of
moleculér parameters for Ia in units of energy/cm2 sec, thle the
number of excited metal atoms produced, which is what is detected
in these experiments, is proportional to I;, in unifé of photons/cm2
sec. I; is just Ia/hvo,which eliminates»the fac;or of vo, which
appears.én the right side of Eq. (1), from the expression for the
experimental fluorescence intensity. However, the reduced fluorescence
efficieﬁcy, that is, the fluorescence efficiency normalized to unit
incident uv intensity (in units of photons/cm-2 sec), is proportional
to I;/Ié, where Ié is just Io/hvo, which reintroduces the factor of
V.. Reéognizing this, and collecting constant terms, the reduced

metal atom fluorescence intensity for a given vibrational level,

JrIn calculéting transition probabilities for these molecules, the effect
of rotation was ignored by setting J=0 for both the upper and lower states.
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Fig. IiI-l. Schematic of the photodissoéiation'process,

" showing the various energy quantities involved.
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Iv(vo), can be expressed as a function of frequency as
I (v) =cNv |€|v]? (4)
v o v o ’

where it should be noted that € is also a function of vo.

This equation relates the fluorescence efficiency curve for a
given vibrational 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 seeﬁs to be no rigorous proof
that the relationship is unique. Ig the real case, in which more
than one vibrational level is populated, Eq. (4) is easily generalized

to

)
IV) = )TV, (4a)
v=0

wherg now € also depends on v, as per Eq. (2).

A computer program5 was written which, given the two potential
curves, found the wave functions, did the infegrals, and'carried out
the summation indicafed in Eq. (4a). The solution of the Schroedinger
équation for the ground state was done by the method of Zare and
Cashion,9 as applied in the program of Zare9b for intensity calculations
for two bound statés. This latter program was modified for the
present. calculation. ' The continuum wave functions were obtaiﬁed from
a one~dimencional, box (energy) normalized solution to the radial
Schroedinger equation for a given trail potential.5 In this method,
the wave functions were restricted to a maximum internuclear spparation
of 1230, and the continuous infinity of solutions was replaced by a
discrete infinity. Tests were made to insure thgt the maximum separation

was sufficient so that changing it did not affect the results. After
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calculating the theoretical fluorescence efficiency curve of Eq; (4a), -
the program then convoluted it with the bandpass function of the

monochromator, M(A,Ao) to obtain the total intensity, IT’ for com- .

parison with experimental data. Converting to the wavelength ()

domain,6 -
. ”
1,() f I(e/A)) M(A,A ) (c/AD)dA | (5)
A .
As discussed in Ref. 5, previous attempts to extract repulsive
potential curves from molecular absorption;spectra3’10’l1 or atomic

fluorescence data4 have used the sovcalled delta~-function approximation,
in which the overlap integral is replaced by the value of the bound
state wéve function at the internucle#r separation corresponding to
the frequency'Being'considered. This approximation, as preQiously_

used, gave considerably different results for the repulsive curve

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

12,13 have

employed here. quwever, recent studies by_otﬁer workers
indicated that at least a part of the problém with previous delta-
function approximation calculations was improper energy normalization
for the upper state. | |

It isvconceivable that the atomic fluorescence produced in these
photodissociation experiments is polarized to some degree. This couid
give rise to problems in interpreting the data, as the polarization ‘H, s
would be accompanied by spatial anisotropy14 which could phen‘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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Oﬁ the atomic level, polarizétion means a non-statistical population
of my levels; which can occur for J = 3/2, but not for J = 1/2., There
is apparently no experimental evidence of this in photodissociation
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
of the J = 3/2 level of Na*(3p2P) by helium, with which the interaction
. should be very weak, has been found to be 951&2.15 However, the |
possibility that it might be produced will be considered a bit further.

Defining the atomic coordinate system in terms of the instanfaneous
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; levels
are not statistically populated, the atomic fluorescence would be
polarized and anisotropic with respect to this axis. This could lead
to anisqtropy in the angular distribution of photons in the lab 1if
the axes of dissociated molecules are not isotropically distributed,
which condition would produce a spatial anistropy of photodissociation
productg. This problem, as discussed by Zare and Hérschbach{6 involves
the question of whether the molecular gransition is 1 (Z+Z) or 1(Z-1).

In tﬁese.experiﬁents 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
monqchromator would be expected to be only slightly polarized, as all
experiments were ‘done near the blaze Settings.l7' For the Jarrell-Ash
monochromator, the ratio of the two polarized components (I and L to the

grating grooves) was found to ~1/2 at 4860A, and so wo#ld be expected to
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.be éuite near 1 at settings within 800A of the 1900A blaze settiﬁg.

All these considerations lead to the expectation that boiarization
effects would not be important in these or eimilar‘experiments. Ain..
facf, experimental attempts18 to obserye anisotroby[in the angular ‘
distribution_of Nal photodissociatiqn products using polarized uv
have led to the conclusion that no such anisotropy ekieted.

To be convinced of the lack of importance of polerization effects
in the preseﬁt case, one need only consider that addition of high pressures
of argon, which should depolarize quite efficiently, produced no per-
manent change in the intensity of fluorescence from either Na*(3qu)
or K*(szP). 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
were based on the Rittner polarizable ion model,19 which has been shown20
to account well for the dipole'moﬁents and dipole derivatives of several
alkali halides. This model was modified slightly by the inclusion of a
scaling faceor, B,to fit the potential minimum to the known dissociation

‘ 21
energies to ions. The expression for the interatomic potential near

the minimum is then

V() = Blae™/P - &¥r - QPa, + e/t - o /e® - 2e%00 /171 ()

where oy and o_ are the polarizabilities of the alkali and halide ions

(values from Ref. 22). 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 = 0 and by fitting (dZV/drz)r=r
v e - S e
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to the experimental (harmonic) force.constant. Values of w, and r,
were taken from Ref. 24, and values of Do for the process MX —ut + X
were taken from Ref. 21’andl¢orrected by we/2 to get Dé for evaluation
of B. Table I lists the values of the input and oufput parameters of
this model for the molecules under considerdtion, along with values

of w_exez4 and “%yEZS which were used in calculating trial energy levels
" for the computer program. Although the Rittner potential gives the
'dissociation energy to ions, it 1s 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 sclving the Schroedinger equation for this potential agreed

to within IZ'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
thevparticular 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. III-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.

Farametér/Salt Nal NaBr KI

Input.

D (V) 005.095 = 005.3955  004.5211 e
'me(cm'lj 258.0 298.5 186.5 ' ;
r Ay 002.7115 002.5020  003.0478

q+oﬁ3) 000.15 000.15 001.20(0.9)*

o Ay 007.0 004.5 007.0

G (evA®) 015.41  011.98 099.96(78.03)

Output

A(eV) 1629.7 1672.63  2753.4(2728.8)

pA) 0000.3813 0000.3511  0000.3896 (0.3876)

B 0001.022 0001.012  0001.008(1.011)

@éxe(cmf}) 0000.96  1.16 0.57

w_y_(cn b 0000.001  0.001 Of061

% : _ v —
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 em 1 over

the important range of r).
slightly better fit to Dg.

magnitude smaller, would affect the potential curves even

" less.

The value of 1.20 gave a
o, for Na*, being an order of
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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 100°C lower. The
uv bandwidths were 24A (FWHM) for the 633°C data, and 36A (FWHM) for
the 664 and 705°C data. The solid line shows the best fit calculated
for the 633°C data for both fluorescence processes, Eqs. (7) and (8).
The lines show the separate contributions in the region of overlap.
All three sets of data weee normalized to the same height at the

long wavelength relative maximum.
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noted that, as the data points indicate, the’undeftainty iﬁ the data
increases to&ard lower wavelengths, expecially’bglow 2600A. However,
even considering this, it seems likely that the 1bwef wavelength
peak would be more intense than the ubper.

The pfocess of primary interest here in the}photodissociation

of Nal can be represented as

~ ~2000-2500A
Nal

2 2 ' ’ : :
*
Na*(3p“P) +_I( 23/2) . )
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

?7- ~2100A

. 2 2 :
Nal ——————— Na*(3p“P) + 1*(.P1/2) - (8a)
or
P | ?7-~21004 2 2
Nal.—————=Na*(4s°S) + I1(°P, ) . (8b)

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

62 14 8800 cm t. If the potential

7600 cm-l, and fo:.process (8b) 2
curves for these processes are similar in ahape to that for process
(7), these energy increments would correspond to wavelength shifts

of ~320A and ~360A, respectiveiy, placing the fluorescence efficiency
peak at orvbelow 1900A. The domain of the study of these two (or
three) processes was 1900-2600A. This work was done in air, and,
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 pfocess ﬁas'going on; the
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much-decreased intensity at lower wavelengths; the lack, even in
vacuum, of sufficiehtly low wavelengths to permit investigation over
thg fullkenergy range; and the fact that interfering processes could
.be~expected to lead to further ambiguity at lower wavelengths.

Figure III-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 parametess of the ground-state curve aee
given in Table I. The calculated fluorescence efficiency curve of
Fig. III-2 was calculated from these potential curves 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 peak-thfough the experi-
mental region, based on certain assumptions: (1) the lower peak is due
to process (8a); (2) ue(r) is the same for transitions of processes (7)
and (8a); and (3) the upper potential curve for process (8a) can be
obtained by simply displacigpg the curve for process (7) upward by
7600 cm-l. The fluorescence curve calculated on the basis of these
assumptioﬁs 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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Potential curves for Nal used to construct the fit shown in
Fig. III-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 bé met in order for the fluorescence
efficiency data to be valid is that.the uv musf 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 ~17 to ~7% over the
temperature range included in the data of Fig.'III—Z. The value of
7%, which wculd correspond to ~3-47 absorption at the detection zone,
is perhaps pushing the limit of acceptability.

Another.conditidn necessary to the validity of the data is that
the fraction of molecules dissociated 1s negligible. To see the necessity
of this, consider Eq. (4); Nv is just Fhe number density of molecules
in vibrational level v, which is given in terms of N, the total number

density, and Qv’ the vibrational partition function, by
= [~h
NV. N exp[-huw (v + 1/2)_/kT]/Qv (9)

The analysis of the data using Eq. (4) and those derived from it assumes
that N and hence all the Nv's are independent of frequency. If a
significant fraction of molecules is dissociated, this is not trueg

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

of the fluorescence efficiency curve, although in a slightly different
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wﬁy'from'tﬁé préviouS'problém,as the effect Qquldibé;gréatest for the
1argest‘number of uv phogons absorbed,.as opﬁosed to the largest
fraction of the uv ébsdrbed,.and thué would be'shifted'slightly to
ldnger waveléngths (to the experimental peak). |

In.the'vapor pressure region in which the fréctidn‘of the ﬁv
absﬁrbed-is small, this fraction will increase aﬁproximately linearly
with'pressure; so the fraction of molecules diésdciéted wili be
approximétely independent of pressure. The problem, then, is to be
sure thaﬁ the uv intensity is not so great that too much diséociation
vocéurs. ‘Perhaps the best way to do this would be to combine uv absorption
cross—sections with absolute intensity data for fhe-uv sgprce,aithough
the difficu;ty in estimating the geometry of the fluctescence zone }
makes this:non—triviél. ‘Lacking the uv inteﬁsity data, the problém.

was attacked experimentally by comparing fluorescence efficiency

curves taken at the same temperature but with"ménochrémator bandwidths.
of 12A-éhdv48A..Sincé‘the uv.intenéity>is proﬁorﬁional to‘thé squaré

of the bandwidth, the curves represent a factor of 16.in thevintenSify,
and the égréement between them,-shbwn in Fig. III—4; indicateé littie,
if any, problem with excessive dissoqiation at 603°C. The larger values
for the 48A curve at fhe long wavelengthvtail énd tﬁrough the minimum
around 2000A would be e#pected from the added bandwidth. A similar
comparison between two such curves taken at 635°C showed a slight but
probably real difference between tﬁe two, which was probably due to
excessive uv absorption. Note that.these temperatures are salt
temperatures, while the temperatures shown in Fig. III;Z are window

temperatures.
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Comparison of fluorescence efficiency data for Nal 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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Fluoresceﬁce efficiéncy curves for Nal have been reported in 'at -
least oﬁe previous study.4 The two curves éhown there; covering the
range 2100-2500A, for témperatures of 581°C aﬁd 668°C, peak at ~2250A
and‘ZSOOA, resﬁectively, whereas the results of the present work
show ‘a peak:at ~2220A, with no apparent temperature dependence. The
present résults coincide closely with the reported absorption spectrum
for this-proc_:ess,3 which shows a peak at ~2200A. |

2. Sodium Bromide

The sodium D-lines fluorescence from photodissociation of NaBr
has been observed, but apparently not previousiy studied as a function
of wavelength. 'Brusl reported that photodissociétion over the full
wavelength range by an H2 spark lamp was necessary to produce sufficient
signal to allow data collection. Winans,27vin 1930, studied the quenching

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

2

sources. Assignment of this fluorescence to the process’

NaBr 'V1750_2309§: Na*(3P2P) + Br(2P3/2) | (10)

seems obvious for several reasons. -This is thé fegion where the
process would be expected to occur eneréetically; this is the longest
wavelength abSbrption3 which produces sodium fluorescence; and this

is the third absorption peak,3 as 1s the Nal peak for proceés .
Furthermore; Ref. l,.as previously mentioned, stafes that there is no
indication of delay in the D-lines fluorescence observed in this region.

The absorption spectra of Ref. 3 were quite helpful in providing
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corroboration of assignments for the fluoresceﬁce spectra of NaBr
and KI. For these salts, as well as for Nal, the fluorescence data
agreed well with the absorption spectra in the regions where the
measurements overlapped{

Ihe experimental points for the fluorescence efficiency curve
of NaBr are shown in Fig. III-5, along with the best calculated fit.
As shown, no fluorescence could be measured at a monechromator setting
of 17004, 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 Nal
might be, expected to come info the picture at lower wavelengths, but
in fhis case the production of the excited halogen atom, Br(ZPl/Z)
would involve only 3700 cm.1 additional energy%6b which would place
the peak for such a process at ~1840A, The data seem to indicate quite
definitely that this {is not occurring with a significant probability.
The process analagous to (8b) would be expected to peak at ~1680A,
and a contribution from it is not ruled out entirely, although comparison
to the lower peaks in the Nal 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 at the temperature used in collecting
the fluorescence data, there might well have been some relative changes
in ﬁhe uv intensity arognd the lower wavelength limit (cf. Chapter II,
Section A-2). All these considerations render the interpretation

of the NaBr fluorescehCe below, say, 1850A, somewhat problematical.
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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 608 (FWHM). The

'solid curve is the fit calculated from the potential curves

of Fig. II1I-6.
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It was decided, primarily on the basis of the zero value at 17004, to
try to fit all the data to process (10), without stresstifnig exact
coincidence below 1850A,

The potential curves used to calculate the solid curve of Fig. III-5
are shown in Fig.vIII—6. The parameters of the ground state curve are
given in Table I. Ten vibrational levels of the ground state were
used in tﬁe calculation, The-upper curve for NaBr ié somewhat steeper
and covers a somewhat greater energy range than those for Nal and KI.
There have apparently been no previous calculations of an NaBr repulsive
potential curVe, though Ref. 3 presenté results of such calculations
for é few alkali halides.

3. Potassium lodide

As in the case of NaBr, fluorescence from the first resonance
state of the metal atom has been observed in photodissociation experiments,
but not studied as a function of wavelength,28 although quenching

experiments were carried out at three wavelengths using atomic resonance

lamps (Hg at 25372 and Cd at 2288A) and an H, 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

~2150-2750A

KI — K (>

2
B172,372) + 1CPRy))) an

In this case, there is apparently no expefimental data on the fluorescence
lifetime of the K*(ész) atom from this process.

A rise in the fluorescence efficiency below ~2200A was observed,
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but no attempt was madé to characterize it. For purposes of analysis,
it was assuméd to be due tova process analagous to Eq. (8a) for Nai.
For KI, the energy difference between the two procésses26 corresponding
to Eq. (8) would be ~500 cm-l, so any possible distinction between the
two would be less clear than in the case of Nal.

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*(&pZP) lines
lie at 7665A (4p2P3/2) and 7699A (4p2P1/2), 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. III-7,
along with the calculated fits, as discussed a bit later. For the
purposes of comparing thé two fluorescence efficiency curves, both were

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

curvevby about 15A to 1oﬁger wavelengths along the right side of the
spéctra. In order to indicate this more clearly,fthebfit to the 76994
data is shown as a dashed iiﬁe'on the 7665A panel. This displacement,
thoﬁgh small compared to tﬁe bandpass of the monochromator (FWHM = 604),
is much larger thanvany differenée to be expected solely on the basis
of the doublet splitting, as 60 cm“1 corresponds in this region to

~3A . The fluorescence efficiency cﬁrﬁes come together at ~2300A, and

coincide to within experimental error at lower wavelengths.
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Fig. III-7. Fluorescence efficiency curves for K*(4p2P1/2 3/2) from B
KI. The data points were taken at 600°C;'winaow 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. III-8. The dashed curves in the
region of the relative minima represent the calculated con-
tributions of the two distinct fluorescence processes in
the region where they overlap. 'In the lower panel, the v
dashed curve above 23007 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. III-7. This potential would be
adequate for the purpose mentioned, as the asymptotic energy difference26b
of 58 cm_1 is much smaller than any regoil 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 éomponents, as
discussed in Chapter IV, it was necéssary to estébliéh the relative
intensities of the two independent of apparatus parameters. This was
accomplished by finding the true ratio of the intensities at one
wavelength, 2400A. The relative detection efficieﬁcy for the two
components was established by measuring their intensities with
600 Torr argon in the cell, under which conditidn the true ratio of

the J = 3/2 to J = 1/2 intensities should be just 2 exp(-58 cm‘l/kT).
Then, with no argon present, combination of the relative detection
efficiency with the experimental intensity ratio yielded a value.for 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 didvcause

some excitation transfer between the 8oublet levels, the apparenf totalv

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 prooerly weigh the contributions, the total intensity was
found to be independent of the argon, within experimental uncertainty.
This is not at allbunexpected, as the some result wasvooserved in the
cases of Na*(3p2P) and K*(ssz).‘ v |

The potential curves for KI, used to obtain.the fito shown in
Fig. I1II-7, are given in Fig. I1I-8. The parametors for the ground
state curve are in Table I. It was necessary to use a dissociation
energy foriKI 100 cm_l 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_vibrétional levels of the
lower state were used for the calculationms.

Aé in the Nal case, contribution of the lower wavelength process
was included in the calculated fluorescence curves, based on the same
assumptions as in that case.. This contribution was calculated for the
7665A componént and was just shifted by the appropfiate amount for the
]699A,component, as the long wavelength tail indicated that the two 8hould
be related to eaco otﬁer by such a shift, according to the assumptions
employed. The potential curves for the lower Qavelength process would
‘be obtained by displacing the upper curves in Fig. III-8 to highgr |
energies by 7600 cm_l.

The fluorescence efficiency of KI to give K*(5p2P) was investigated
briefly and the results are shown in the upper panel of Fig. ITI-9. The
4d and 6s levels of potassium lie only 2690 cm-l and 2740 cm—l,

respectively, above the 5p 1evel,26b and since both may decay to the 5p
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level, the data may be regarded as aﬁbiguous below ~1925A, At any
rate, it was not possible to investigate thig fluorescence to its lower
wavelength limit with the available uv. Even if the uv had extended

to sufficiently low wavélengths, 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 wére thermalized,\where possible, for quenching

experiments, so that their exact character was known.

4. Lithium Iodide

As indicated earlier, fragmentary results were obtained on the
fluorescence of Li*(2p2P)vproduced 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 Lil
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 ﬁanel of Fig. III;9. As these data were taken in air,

the lower wavelength limit was 1900A,
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5. Theoretical'Intensity Distributions
The calculated fits to the experimental data shown in Figs. III—2,
III-5 and III-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 fout expetimgntal fits are shown again in Fig. III—lO,iaccompanied
in each case by the theoretical intensity distribution. The former are
shown as solid lines andvthellatter 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 distribﬁtions at the
marginal wavelengths. The'relatively small effect in the Nal 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
Chapterg IV and V, it ié necessary to know the experimental distributions
in speeds of the excited M* atoms. Although, as discqssed in Chapter I,
photodissociation quenching studies have been going on for about 40
years, there has been no previous attempt to properly accpunt for these
distributions in discussing the energy dependence of the quenching
cross sections. The full experimental distribution involves the
monochromator béndwidth, the uv intensity distribution, and the
transition probability distributions for each vibrational level
of the molecule, aside from purely kinematic factors. In thé latter
category, one must consider the thermal distributions in molecular

translational, vibrational, and rotational energy as well as the
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The theoretical distributions are
calculated for infinitessimal uv bandwidth, and are shown
as dashed curves where they are distinguishable from the
solid curves, calculated for the experimental bandwidths,
and reproduced from Figs. III-2, III-5, and ITI-7.
bandwidths (FWHM) were: for Nal, 24 A, and for everything
else, 60 A,
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distribution in the orientafiop 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 éroblem

of a single dissociating frequency and a collection of molecules in

single vibrétional lével, the remainder of the averaging could be done
within reasohable'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
attachment in a high recoil energy approximation,29 and for the kinetic
energy distributions of fragment ions in a mass spectro_meter.30 These
results, however, neglected the effect of the rotational energy of the
ﬁolecule which, it turns out, is quite significant in these photodissociation
experiments. A result equivaleﬁt to that of Ref. 30 was obtained inde-
pendently before it was rgalized that molecular rotation should, in

fact, be igcluded 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'thenvbriefly 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 s related to the excess energy of

dissociation €, through conservation of energy and linear momentum, by

2 .
myy, /2 =E = (mx/mMX) e, _ . (12)
€ having been defined in Eq. (2). The quantities.mM, m, and My are
just the masses of the respective partiéles, and Ev then represents that
portion of the excess energy which goes into kinetic energy of the

metal atom.

; : -> > -+ >
The laboratory (lab) velocity of M*, V, is just V.= u + ax? where

Z is the CM recoil velocity of M* and 3&X is the 1lab vélocity of the MX
molecule, The distribution in v can be expressed formally in terms of

the distributions in 3 and ; , as

MX
= > -+ -> > - :
PV’VO’T(V)‘—.ti Pv,Vo(u) PT(VMX)ISVMX/BV‘du (13)
u .

where the subscripts index the variables on which the various dis-
tribuﬁions depend. Since the Jacobian factor for the two Cartesian
coordinate systems 1s'unity, the solﬁtion for PV,VO,T<;) can be obtained
by putting in the expressions for the other two distributions, sub-
stituting for V.. in terms of u and V, and carrying out the integration.

MX
Using the result of Eq. (12)

LY (@ du = (4ﬂ)—1 S(u - uv) sin6dB8d¢du (14)
>0
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since the distribufion in values of the vector K is‘just:thé.distributionv
in values éf th;‘ééalar u divided by 4ﬂu2. Thié eduation indicates an
isotropic distribution:iin recoil velocities with.reppect té some coordinate
system, but, as will be discussed'shbrtly,jthe‘final speed digtfibution
is independent of initiai assumptions concerhingﬁthé spatial charactér
of the z‘distfibutioﬁ.

The distfibutiqn in MX velocities 1is just the Boltzmann distribution

_ (w3/2—3' -1

~> S 2 -2 ->
PT(VMX) vy Vi) exp(—vMX/vMX) dvyy (15)

where ;MX,= (ZkT/mMX)l/2 is the most probable molecular speéd, 80

Eq. (13) becomes

) > -1 ,.3/2-3 (-1
Pev 2@ = @7 ™

(13a)

| 2,-2 2.2 . >3
J; exP_("V /VMX) ??(P("U /VMX) exp(ZV u/VMX) s#p@udeud¢udu

u

- S o .
where ax has been substituted for in terms of ¥ and u. "Invoking the

delta fuhction'and integrating over u vields

P @ = mL (Tr3/2;1;3{x

-1
v’yo’T ‘

exp (V2 /5 exp (-ulfvig) X

M ' :
' f f exp(ziz’-ﬁv/\'ré() sind d d¢

' 0 0 / :
-
The trick now is teo let V, which is a constant vector in the integrationm,

©(16)

' ‘ > >
define the polar axis. Then Gu = Q,¢u =0, V*uv becomes Vuvcose, and the
integration over angles can be done easily31 to give

: > 3/2- -1 2,-2 _2,=2
Pv’vo’T(V)-(ZVuvﬂ YVMX) exp (-V /VMX) exp ( uv/va) x

17

. »
sinh(ZVuv/vMX)
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f‘ To gét fhe distribu;ion in M*>speeds, is it only necessary to

" integrate P(g) d? over angles, which yields a result.which is conveniently
é§préésed in terms of the reduced variables A,V = uv/;MX (the reduced

c.m. recoil speed), and A = V/\_rMX (the réduced M* lab speed):

—172 |

P (A) =71

2 2 )
v’\)o’T (A/Av){eXP[—(A - Av) ] - exp[-(A + Av) 1} (18)

As mentioned,rthis problem has beeh solved préviously. Chantry and
Schulzgglhavé given the high fecoil energy limit, which discards the second
equnehtial if Av 5 3. Stan;on and Monahan30 have derived an expression
exactly equivalent to Eq. (18) in terms of the kinetic energy of ions in
mass spectrometer studies. Furthermore, Ref. 31 derives the same expression
for the distribution in felative 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 distributiﬁn in beam velocities is vector délta function;

i.e., if the bgam direction defines the polar axis, and vy is the beam

speed
P(v) dv = S(v,) 6v) 8tv, = v ) av . (19)

This is just the opposite extreme from the isotropic expressibn of

Eq. (14), yet the final distribution in terms of speeds is identical.

To understand thié, consider riding on: one of the particles in the
monoenergetic beaﬁ. The distribution in velocities which you see clearly
depends on the orientation of the ﬁarticle's velocity relative to the

chosen coordinate axes. However, the distribution in speeds of the
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thermally distributed particles which you éee, will be independent of -
the di:ectioﬁ in which you are traveling, as long as the distribution

of thg thermal particles is completely isotropic. So; sincé a mono-

, energetic particle sees the same distribution invspegds of other
particles relative tofifselfvregérdless of its direction, any assumption
about the directional character of the monoenergétic distributioﬁ will
not affect the final.relatiye speed distribution.

The seme idea applies to the dissociation problem. Ome can
formulate this problem by letting u, define the polar axis,6 in which
case P(:) d; is analagous to Eq. (19). The distribution in lab speeds
derived will then apply to any direction of u, as long as the parent
molecule speed distribution 1s fully isotropic. This approach shoﬁs
the interesting result that the distribution in lab velocities of M*
is just the thermal distribution in molecular velocities with its
origin qentered about u_ .

2. Distribution Including the Effects of Molecular Rotation

If the MX molecule which is dissociated has rotational energy,
Er’ this energy must appear af "lafge" M-X separations as translational
energy, so E? will suﬁplement €, and the c.m. recoil.speed for this case,
U, will be related to the recoil speed for the no-rotation case, by

u? = u2 + 2Er/x ' (20)

. with K‘=mNmMX/mX, so

,V,Vd,T

P ) = va,Vo(") PT(Er)IBEr/QUI du (21)

with the Jacobian IBEr/BUI = KU. For these alkali halides at
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temperatures around 900°K, ﬁhe 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

' _y "E/kT
PT_(Er) = (kT) e . (22)
and -
Pv,v ,T(U) = (KU/kT)‘UI- 6(u - uv) exp[-K(UZ - u2)/2kT] du
o - 23
PVQVO,T(U) = (KU/KT) exp(Kui/ZkT) exp(—KUz/ZkT); U >»uv

Note that U must be greater than u,» as the contribution of the

<>
rotational energy will always be to increase U. As before Pv v T(U)
- . s V0>

can be obtained from Eq. (22) by dividing by 4ﬁU2, and P_ T(ﬁ) v

can then be inserted into Eq. (13) in place of Pv’v (:) d:,_with
integration to be performed over ﬁ. (Although different symbols
ﬁéve beenvused to denote the c.m. recoil velocities in the two cases
és it was necessary to express a functiongl relation between them, V
will be uséd for the M* velécity in both cases.)

The working expression for the distribution in M#* velocities

is now

P W) = /amery (13353 )71

2, _v2,=2
v,V T VX exp(Kuv/ZkT) exp (-V /VMX) x

(24)
- 2,~2 =2 '
exp (-U /VMX) exp(ZU'V/vMX) U sineudeud¢udu

->

)
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The same technique as before 1s used to allow integration over the
angles to give the following expression for the intégral of Eq. (23).
5. 2y [ expl-(a. + K) V2/2KT] [exp (2VU/S2.) - exp(-2VU/52.)] dU

Uy
The evaluation of this integral was accomplished "with a little help

31 by changing variables to x = U - uv,.so the limits

from my friends,"
went from zero to infinity, converting to scalar V and,integréting‘over
angles, then bfeaking the integrand apart doing all the integrals
separately, and reassembling the results into an expression which
falls into two parts, depending on the relative magnitudes of V and

u . Using the mass ratio 7= mM/mx,'the reduced M* lab speed, B, and

the reduced CM recoil speed, Bv’ are defined as

B= (1 +n) /2 /)
(25)
- y1/2 =
Bv = (1+n) (uv/nyz
which allows expression of the final distribution in reduced M¥* 1ab
speeds as
' ‘ 1/2 2,,. 2
P (B) =n(1 +n)"" B exp[nB /(1 + n)] exp(-nB”) G(B,B_)
v,vo,T v : v
where
erf(B+ B ) + érf{B - B ), B> B
G(B,B) = v v v (26)

erf(B + Bv) - erf(B_v ~ B), B < Bv

) 1
and erf(x) is just the error function?
Figure III-11 shows probability curves calculated from Eqs. (18)
and (26) for various values of EO = mMug/Z, the c.m. recoil energy of

M*. Values. of Ed betwean ~kT/2 and ~10 kT were actually used in the
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Fig. III-11.

Na* Speed (km/sec)

XBL714-6700

Normalized probability density distributions for the lab
speed of an atom ejected from a diatomic molecule with c.m.
recoil energy E., corresponding to E_ of Eq. (12). The solid
curves, calculaged 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
translational and rotational energies of the parent molecule.
The ordinate scale for the lab speed, V, is not given.

The relationship between this speed and the reduced speeds

is appropriate to Nal at 1000°K.
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exbériments, Tﬁe particulaf rélationship between the two reduced
speed axes in the Figure III-11 isvvalid for a valuérof n.appropriate 
to the case of Nal., The other axis is just the Na* lab speed produced
by photodissociation of Nal at 1000°K. The curves are normalized to unit
area, as were all probabilitj distributions for speeds in this work,
thus the difference in ordinate scales (the ordinafé scale for the M* ‘
speed 1s not shown) .

As:would be expeéted the rotational confributibn broadens the
distfibutiops and shifts.them to higher -speeds. At high recoil energies,
however, the effect of the rdtational contribution becomes very small

in both respects. To understand this, consider Eq. (23) for Pv 0).

s UO,T(

This function is zer§ for U <« u s then rises abfuptly to a Qalue
proportional to u, at U = us then falls off exponent#ally as
exp[-(U2'~ 63)]. Two bhings are noteworthy about this behavior. The
peak height, which occurs at U = uv, increases for greater uv, and
the fall-off is steeper for gréater u,. That is, as the CM recoil
energy increases, this distribution becomes higher and narrowef,
tending to concentrate the probability at U, which makes it similar
in effect to the delta function distribution of the no-rotation case,
so,at:high recoil energies the M* lab speed distributions become
siﬁilar 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 moleculeé is‘not very
different over the ranée of EO values displayed in Fig. III-11, 9?“‘
be understood by examining Eq. (18). E#cept for very small values of

EO’ the second exponential will be negligible. For example, if



-83-
EO = 2kT, then for the mass values of NaIl, A.v = 3.6, which is well
above the "high energy limit" of Chantry and Schulz, In this case,
the maximum value of the second exponential, which occurs at A = O,

1s 2.3%10°0

. For E0 = kT/2, Av = 1.8, which gives a maximum for this
term of 0.04. Clearly, for small enough EO’ the éecond exponential
would come into play, and would broaden the distribution. However,
for all the solid curves of Fig, IIIfll, the first exponential dominates,
glving a fall-off from the peak as exp[-(Av—A)z]; which is indepéendent
of the value of Av, being the square of thé difference. In the case
of the rotational contribution discussed in fhe previous paragraph, the
exponent which controlled the fall-off was a difference of squares,
hence gave steeper fall-off for largef u, -

The physical interfrétation of this difference seems to be that
the change produced in u, by a given increment °f.éBEE§Z,(Er) will
decrease wifh increasing u» whereas the change produced in u by a given

increment of velocity (vMX) will be independent of the value of u .

3. Full Experimental M* Speed Distributions

The M* speed distribution including all vibrational levels at a
given frequency, vo, and a given temperature, T, is obtained by
sumning the weighted contributions over levels:

?vo,T(V) = [Z Ly (Vg V) Pv,Vo,T(V)]/Fo

o v=0 .

(27)
F =/ on’T(V)v av

0
Where the transition probability factor is defined in Eq. (4). This

sumnmation was actually carried out over 10 levels for Nal and NaBr

and over 15 levels for KI.
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In practice, because of the logist1CS.of'the'calculations; Eq. (27)
was not employed directly. Instead, the probability factors for each
vibrational level, N, and fv(Vo) = vol(EIV)lz were normalized at each

wavelength such that

| E Nva(Ao) =1 ' 7 (28)
Then the speed distribution, indexed now by wavelength, Pv A T(V), was
’ o,

combined with Eq. (28) to give

PA sT(V) = z:vPv,}\.,T(v)vafv(Ao) N » v 1 (29)
6 v °

Equation'(29) givesvthe speed distribution at a given wavelength, without
consideration fér the factors which weight various wavelengths. In

the experimental distfibutions, these factors are three: The monochromator
bandpasg,M(A,Ao),the relative uv inteﬁsity,Iuv(lo), and the relative total
fluerescence_intensity,I(XO), which is related to I(Vd) of Eq. (4a) by
I(Ao) dlo = I(Vo) av_. The full experimental speed distributions are

given by

Py,r M = [f PAO’T(V) ML) T Q) IG) dko:,/F
Ag . ,

© | ~(30)

0 :
Figure II1I-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 Nal. The effect of different temperatures
and bandwidths is also indicated for each wavelength. Comparison of -

the curves in Fig. III-12 with each other and with the curves. of
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XBL 714-6673A

Full experimental speed distributions calculated for Na*(SpZP) from
Nal for the indicated temperatures, monochromator settings, and
bandwidths (FWHM). The thermal distribution at 906°K is also given.
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Fig. III-11, indicates that the three wéighting3func£ions‘ﬁavé relatively
1itﬁ1e effect on the disfributions. ’Ip particuiar,.the experimental :

ﬁonochromator banwidth, which controls the contributions of fhé gwov 
iﬁténéity distribﬁtiqns; infrodﬁced vefy 1ittle additional'broadéning

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
method has been historically by the Stern-Vollmer tlethod,1 according
té 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 speciest The derivation of this
simple relationship assumes a single excited state, which is not the
case for the 2P states of alkali metals. Thus, interpretation of alkali
quenching data by this relationship provides an "average' or "overall"
rate constant for the quencﬁing of the excited state. McGillis and
Krause2 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 géneral
situation in flame experiments in ﬁhich both doublet components are
measured together. This séction presents the full analysis of the
experimental situation encountered in photodissociation, where an
arbitrary mixture of the two components is initially ekcited, in terms
of the steady state approximation. Subsequently, various special caseé

and approximations are discussed.
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1. General Formulationjfbr Excited Doﬁblets

-Thevprocesses‘oééﬁrring in the fluorescence>cell, during phdto~b
dissociation of MX molecules, including deactivation by foreign gas
molecules, A',)‘ but ignori_ng effects_ such as clollisvions with the celi wall,

can be represented by

s . :
-—l—’ . :
MX = M)+ X : | (1)

S2
TIl .
M, —=—eM + bV, o @
1'2'1 .
M,—=—=M; + hv, _ : (4)
, 212 :
Ml + A———>M2 + A (5)
2y '
M + A—S—eM <+ A . . . (6)
2 . 1
220 . .
M, + A —=—=M_ +A . D)
1 0
Zyo o
M2 + A-—-——-bMo + A - (8)
In these equations, M, = M(zs) M, = M*(ZP ). M = M*(zp ), s
>0 S 1/27° 72 3/2°’ "a

represents the rate of creation of Ma’ Ta is the natural radiative
lifetime of the Ma population, hva represents the fluorescence of

Ma’ and Za represents the rate of collisions of Ma with A which

b
produce Mb. In terms of the quenching rate constants, kl0 and k20’

and the mixing rate constants, k12 and k21, zab = kabNA where NA is |

the number density of A. Thus, Egs. (1) and (2) represent photodissociation

to the excited states, Eqs. (3) and (4) represent fluorescence, Egs. (5)

ar
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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 cqllisions
of M1 or M2 with these sﬁecies and absorption of.fluorescence by M, 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 techﬁique of analyzing such a system of equations
in order to discern the dependence of measurable quantities om 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 Na represents the number density of
Ma’

| dNa/dt =0, a=1,2 . B ._ : 9)

This leads to the following two equations

|
o

-1
S+ ZyN, = N (2,42, +T.7) =
(10)

- -1,
S, + 2N, - N2(212+220+12 ) =0

The solutions for N, and N2, whose relative magnitudes under different

1

conditions can be measured by monitoring'the fluorescence, is a reasonably

unpleasant algebraic exercise, yielding, for Nl’

N1 = [8111(1 + rzzzo + 12221) + 322211112]/Dv

(11)

R R L T A e P I L T S L S P LS|
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‘and the expression for N2 is clearly obtainable by pefﬁﬁtation.of the
subscripts 1 and 2, which, incidentally, affects only the numerator.

The rate of fluorescence of Ma is simply Na/Ta, so if I

represents
a0 P

the fluorescence intensity from M with no A present, and I the
fluorescence intensity with A present, the follow1ng expression

obtains for I /I as a function of NA

I,,/1 ) (12)

10 =D/(L+ 1.2, +T.2.. +f

1 Toa0 ¥ Toa1 * £520 T,

where f2 = 120/110 =

agaln obtained by interchanging 1 and 2. This gives two equations

sz/s1 The analagous expression for IZO/IZ is

involving experimentally measurable quanticies on the one hand, and
the Za-b (or kab) on the other. A third independent equation is obtained

for f

{

1’ the ratio Il/I2

£, =[:sz21 , 8 (1 + 1,2 Wisz, T, + 8,(1 + 1,2,)] (13)

2 20 1271 1710

where. § = sy + s, is the total excitation rate. Thus, the steady-

state analysis yields three equations for the four unknowns, kab'

10° 120, Il and IZ’

one of the relations among them is just the initially excited ratio,

(0f course, four quantities are measured, 1 but

which is of no use in elucidating the rate constants.) The problem,

if one wishes to extract information about all the k 6 's,is to find

ab

an additional constraint, either experimental or theoretical.




W

.préSSures:will yield a value fot.k21, since N
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/

2. Speciél C;ses, Approximations, and Data Analysis

Krause2 and his céﬂwéﬁkers, doing atomic vapor experiments, are
able to achieve an expe;imental constraint by créasing a situation
containing more information initially. Némely, oniy one of the two.
cbmponengs is excited, by resonance radiatiohllllf, fo; ihstanée,‘M

2
is produced'initially, then extrapolation of a ﬁlot of f1 to very low

1

In practice, experiments were done with each

is negligible in
comparison to NZ'

component initially excitéd, and the tate constants werevfound by

fitting the four plots (of IlO/Il’ 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.
In photodissociation experiments, one cannot obtain two independent

measurements for £ 'and'fz, as the initial ratio is experimentglly

1

constant at a given uv wéveleng;h. The prinéiple of detailed balancing4

provides, in theory, the additional constraint which is required. This -

principle states that cross sections for collisional transitions between

1

- two states of a system, x and y, which have equal total energy, must

be related in a partidular'way}

2

2

prxy | pryx ‘

- (14)
2 _ . 2,

.Ex(ipt) + px/Z}lx Ey(int) +’py/2uy

where P, represents the relative linear momentum of coliision of the
system with internal energy Ea(int) and ua is thg reduced mass of the

collision partners. In a case where px = uy'Eq. (14) can‘be’exﬁressed .
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in terms of collision energy Ea' Rearranging and making the energy

dependence of the cross sections explicit:
E)=qQ (E)E/JE T (Lsa)
Q. (E) =Q (E)EJE | - (s

Since Eq. (l4a) relates cross sections at different energies, it is not

exactly élear how one would'apply it to data analysis in a general

‘

' case. Presumably, measurements at several energies would allow

extracticn of the desired information from Eq. (14a) along with

Eqs. (12) and (13), but the process would probably be compliecated

In the one experimental case in which this arose here, however,
I * . .
arsimplifying approiimation can be made. For K (4p Pl/2,3/2)’ thel
doublet splitting is 58'cm'-l (the collision energies actually differ,

on the average, by ~45 cm—l, due to the mass factor MI/MKI which appears

s

- 1in the photodissodiation energy partitioning).’ These energies are small
enough, compared to collision enérgies in the experiments, ~500-~5000 cm-l,
that oneimight simpiy,peglect the_energf differencé‘betweeﬁ tge stateﬁ._
Then,'siﬁce for a giQen gnergy distribution, ka£ is difectl& proportional
té Qab’ Eq;.(l4a)rcan'be.wiitten approiimately as

Ky = ko | - o oam
This result woula apply, in this experimental case, to transfgr between.v
each pair 6f m, levels. To illustrate the problem of using it, it is
instruétive to consider a simplified model system consisting of an
upper level, u, with two-éublevels denoted by l.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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o _,o0
kay = ki3
O o1 s
32 = ko3

Now, the total transfer rate from u to £ and vice versa can be written,

with the concentration of the foreilgn gas implicit, as

o o
Ryg = Byky3 ¥ mpkog
e a6
Rpy = mylkyy + ky))
where the na are the number densities in each sublevel. Since the
overall rate constant is just the oﬁerall rate divided by the total
population, kul and klu can be written, using Eq. (15), as
o ) )
kul = (n1k13 + n2k23)/(nl + n2)
o o 17)
kpu = (k3 + Ka3)

Now, kul and kku correspond to experimentally observable quantities.

The difficulﬁy in obtaining a usable relation betweeﬁ 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 assumption to make is that they have
statistical values within each J levei; This requires, that, if
photodiséociation does hot produce a statistical distribution of sublevel,
i.e., m, populations, these populations relax much faéter than the J

J

populations. This means that the depolarization cross sections, for m,
transitions within one J state, should be much bigger than the inelastic
cross sections, for transitions from one J state to the other.

Theoreticai and experimental results5 for collisions with noble gases‘
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indicate that thié reduirement is not ét all satisfied in the case
 of Na*(3p22), where the doublet splitting_is only 17 cﬁ_l. However ,
separate detection of the two components is very difficult in this
case anyway,vas.discussed in Chapter II. Thefe is evidenée-in the
case of H;(SézP), with a doublet splitting of 238 cm—l, that the
depolarization cross sections are about two orders of magnitude larger
thén fﬁe inelastic cross sections.6 Presumably, the case of K*(ész),
with a doublet splitting of 58 cm_l, would be reasonably good for tﬁe
assumption in .question. | |

If one then takes n, =n in Eq. (17), one can obtain a ratio of

1 2

mixing rate constants

kul/kkﬁ = 1/2 , (18)

Beturning to the experimental case of J = 3/2, 1/2, four and two
sublevels, reépectively, one would obtain precisely the same equation.
That'is,'in.terms of the previous subscripts, u goes to 2, £ goesvto 1, ..
and

k12 f 2k21 » (18a)
which 1svjus: what one would expect statisfically, gince the energy

difference was négledted. Hence, Eq. (13) for the ratio of the two

components becomes

£, = [SZ21T2

+ 81 (1 + T2, W/[252, T, + 5,(1 + T,2,0]  (19)
_it might be noted.that this development does not apply when gas pressures
become high, as the M* gpeed distribution wili be relaxed, so the energy

relationship on which the detailed balancing'argumenf rests will not
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be satisfied. At high enough gas pressures, in fact, the ratio f1

will simply be the Boltzmann factor weighted by the degeneracy
£, (thernal) = (1/2) exp[-(hV, ~ hv,)/KkT] (20)

This condition, in combination wiéh Eq; (13), says that at high
pressures, i.e., thermal conditions, tf quenching is negligible, the-
meésured ratio of the mixing rate constants, k12/k21’ must go to the
statistical valpe, since Tl 15 very nearly equal to TZ; ‘This is what
must obtain as it is the‘consequence.of detailed balancing under
equilibrium‘conditions, whether quenching is occurring or not. 1In this
regard, it was noted that the ratios of cross sections repor ted

12" 721

half again as large as the statistical value. Eowever, more recent

in Ref.‘2, which correspond to k,,/k,. for Cs*(6p2P), are approximately.

"results by the same workers give ratios which agree, within experimental
error;'with that prescribed by detailed balancing.2b

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
NA’ should allow extraction of the constants, although the‘process
might be somewhat complicated. In practice, it would have been very
nice 1if mixing effects had appeared at pressures low enough that
quenching could have been neglected, in which case Eqs. (18) and (19)
would have allowed calcqlation bf k12 and k21. Atteﬁpts_were made to
observe such effects with K*(ﬁsz), but no changes in the intensities
of the compenents were observable at very low éressures. still, it
would have been possible to get information aBouﬁ mixing if the Ib/I

vs pressurebplots for the‘two components had had significantly different
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slopes, corresponding to f1 cﬁaﬁginé with prgséure. Even'this was not7'
obsérved with_the gaées studied as quenchers, so the»aftempt‘to extract
quantitative information cbncerning the mixing rate_éonsfants was abandoned.
As has been indicated, some doublet mixing effects were observed
with argon, and the same is true of CH4 and_CFA, two gases which quench
K*(4p2P) very weakly, if at all. No.attempt was made to extract
quantitative,information about these processes, as fhey were not
regarded'aé highly interesting per se, and also because doublet mixing
large enough to allow extraction of such information could oﬁly be
observed very near threshhold, as reference to the fluorescence efficiancy
curves will show, since the doublet ratio did not vary greatly.from the
stétistical value elsewhere.
Returning~to the quenching da;a,.it was decidgd to fit the:IO/I
plots for the individual.components to the simple Stern-Vollmer
equatioﬁ. As has been indicated, this equation is ébtained by stéadj—
staté analys?s of a system involving only.a single excited state. One.
A caée in ﬁhich it falls out of the more cOmpliéafed”development is if there

is no doublet mixing. Then Eq. (12) becomes, for each component

I =1+ T ’ :
Iao/ a ZaO a _ o (21)

In the case of doublet ﬁixing which is strong cdmpared to quenching"
one would observe, on combination of both components, the same pressure

dependence, but the overall quenching rate constant, kq, would be an

"average" of the quenching rate constants for the individual components:

k= (B, Ny + kyoN,)/ (N) + N,) | - (22)
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This equation does not provide a direct basis for data analysis in general,
as the observed attenuations of the individual componenté correspond not

to klO and kZO’

and'N1 and N2 are themselves functions of pressure.’

but to complicated combinations of all four of the kab's;

~ The Stern-Vollmer equation expressed in terms of kq’ is given, on

converting from number density of A to pressure in Torr, by
J

' 18
= X :
IO/I 1+ qu(9.65 107/ PA (21a)

where T is the experimental temperature in degrees Kelvin. 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 iﬂ unquenched intensities. That is, Eq.»(ZIa) was used with
I,=1 and I = I, + I,. This gives a rate constant for the

0 01 02 1 2

overall quenching of the excited state, which is just what was obtained

+ I

directly in the cases of Na*(3p2P) and K*(SpZP) by simultaneous
measurement of the two compoments.

In the latter cases, the raw quenching data was fit to Eq. (2la)
by the least squares method, the slope then being equal to 9.65X1018qu/T.
In the case of K*(tsz), linear leést-squares fits were done for each
_componept, and the dafa'were then combined to yield ;he ovgrall result.
Since

1/1, = I];/IO + 1,/ o - (23) 

combination must proceed by inverting the Sterﬁ-Vollmgrvplots, at least

formally. In the general case, it would be hecessary to coﬁstruct

the overall IO/I vs P curye by using_thg ratio f;. Since_I10 + 19 = IOI
o _ : .0 ) O o
and fl —.110/120, I0 can be expressed as IlO(fl f l/fl) or 120(1 + fl).

Then Eq. {22) becomes
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= ( y O/ . ' , o, .
1/1.0 (Il/Ilo) 51/(1 + £+ _(12/120) /@1 + £) (23a).
which gives the prescription for nonstructing the ovérall plot.
However, under certainvconditions, it 1s possible to obtain an expression

for the slope, m, fof'the overall plot, which ié all that is needed, in

terms of the slopes, m, and m,, of the plots for the individual
, . ‘
components. Given

I4n/I, = 1 + m P . ‘

10 , ,
1 ! | | (24)

IZO/I2 =1 + m2P : -

then, usiﬁg Eq. (23a)
/Iy = [(L+mP) £] + 1+ mP/[L+mP)(L+mpP)(L+ £])] (25)
Hence,

I /1 =  1+ f‘;)_tl + (@ +m) P+m

0 P]/[1+f +(mf +m1) P] (26)

12

Cleatly, if m, = m, = m, this reduces to the simple Stern—Vollmer plot

1 2
- of slope m.  However, even if m, ¥ m,, thebright.side of this expression.
can be divided out to yiéld : : ' .

I /1 =1+P @ £ + m) /(L + £) + pzf‘l’(niz - ml)zl(l + f‘;)2 +...@n

"The coefficient of the linear P term is just the appropriately weighted

average of m, and m,, and if m, - my << ml,-this coefficient can simply

1
be used as the desired slope of the overall plot. 1In all the measurements
on K*(4p2P), my and m, agreed within experimental error, so this method 

 was used to find m. It should be noted that this i& purely an algebraic
artifice, devoid of physic;1 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 conveft 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

AN
; -

. 1. Initial Analysis: '"Energy Independent'
Cross Séctions

"The raté constants afe, of course, a perfectly\gd&d expression'of
tﬁe primary results 1if the condifions under ﬁhich‘they are dbtainedt
(e.g., fthermal, 900°K"vor "photodissociation, 2300&") are given.
Traditionally, howeve;, data in this field have been‘coﬁverted to -
cross sections or, in some cases, squares of collision”diameters,'vs
relative collision speeds (or éﬁergiesj. The justification for this,
beyénd the facts that it provideé a convenient pictorial representation.
and that crOSS‘sections seem perhaﬁs more "physical" than rate. constants,
lies in the fact that this form of the information is more directly
reléted to the parameters of the long-range attractive forceé'béfween
the excited atom and the quenching gas molecule. |

The usual anal_ysis,?’8 which is followed here as an initial step,

iand which does not account for the dispributions in collision energies; ’
extracts a value of.a "phenoﬁenological cross section,” (Qq), which is
aésumed-to be indeﬁendént of ;elative collision speéd over the ;
available range, at a ﬁcharacteristic 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 vibrétipnal state,

EV=O as defined in Eq. (12) of Chapter III. Let up denote” this ’

"thermal average" c.m. recoil speed. Then
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The most probable lab speed of the excited atom is obtained, according
to this,analysis, by assligning to MX its most probable speed and averaging

over orientations of u,, with respect to ;MX’ to give

T
V. = u, + ;2 /3u u > v A f
T T MX T’ T MX
- 2 - ) _ (29)
= <
VT Vix + uT/3v s Up < Ve
From kinetic theory comes the relation, for the frequency of collisions
of an M* atom with A molecules under these conditions, which yields the

o 7
phenomenological cposs section:

kq f ﬁ?l/z (Qq) ;AW(X)/X

V@) = x exp(-xD) +@x> + 1) (2/2) erf(x) (30)
‘ - - 1/2
where x ==VT/YA, \\ being the most probable thermal speed of A, (ZkT/mA) .

and k 1is the rate constant from Eq. (2la). The characteristic relative

collision speed is given by

-2 -
(g) = >
() = Uy * v 3V, s V2 vy .
- 2 - - ' (31)
= -+ <
g = vy ¥ Vp/3vy » Yy <,
In the case of thermal measurement, the approximation corresponding
to EQs. {30) and (31) is embodied in the simple expression
kq(thermal) = (g)(Qq) (32)

where (g ) = (8kT/“N)1/2

,» 18 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 sections increase with
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decreasing collision energy. This indicates the'desirability of..’
investigating the energy dependence of the cross sections more
accuratelyf' 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 section, Qq’ and relative speed, g, is simple in appearance:

- .
k = gP d | 33
N SNCERCR (33)
0 .
where PT A(g) is the experimental distribution in relative speeds at
9 . .

temperature T and monochromator setting A. The difficulty with evaluating
the integral is that it requires knowledge of the dependence of den g

and of the probability‘distribution of the relativé speed. It is this
latter requirement which has, in the'past, provided the big obstacle to
evaiuating Eq._(33) for non~thermal conﬂitions. However, the construction
of the distribution in M* speeds, V, in Chapter III, permits the
evaluation of PT,A(g) by numéfical convolution of Pi’A(V) with the

thermal distribution in v the speed of the A molecules. This was

Al
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-1, for Na* from Nal with

two gases which represent extremes in mass amohgithose for which energy

" dependence of quenching was studied. The corresponding distributions
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Fig. Iv-1.

The lower panel shows calculated speed distributions for
Na*(3p“P) from NaI for various combinations of temperature,
monochromator setting, and bandwidth (FWHM). Also shown

- is the thermal distribution at 906°K. - The upper two panels
show the corresponding distributions in relative speeds

calculated fqr Na*(3p<P) with IZ and C2H4f
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in'Na* speeds,vand a thermal distribution for each case, afe also,
shown for comparison.

Once P ) has been calculated, various forms of Qq(g) can be_n

T,A(g
inserted into Eq. (31) to try to obtain the best fit to the experinental_
kqfs. In the cases where several quenching experiments were done with
a single gas at different energies, this should provide a reasonably

good test of the dependence of Qq on g, as the various P ) curves

. T, (8
wil} sample different portions of the/Qq(g)-curve, although, as Fig. IV—}
indicates, the energy resolution is not especially‘gdod, particularly
‘_for the liéhter geseé. This would prevent obéervatien of any "fine
structure" in the Qq(g) curve. However, the;energy resolution which

~ 1s attained is sufficient-to allow diseernment of smooth variation of

Qq with g, which is what one is inclined to expect. 1In cases where \
only a thermal rate constant was neasured, it was not possible to:
detefmine anything ebont the dependence of Qq on'g.

The dependence of a cross section for sone inelestic'(ofvreactive)
process on collision energy is,‘in general, detefnined.byvthe potennial
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;‘ o‘ne would have to consider the perturbations on these
potential curves due to.intenections_with each other or wdth‘some dther
curve which provides coupling between them, as well as the fact that
the probanilities of making transitions between curves are thenselves,
in generai, dependent on energy. |

~ In the case in which the coupling between the initial and final

states is strong, hpwever, it might be'exnected that the predominant

influence on the energy dependence would be the long-range forces, i.e.,
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the unperturbed potential curve, in the incomiﬁg channel, as.the‘st;ong
coupling would bfovide a high probability of exitiﬂg in the inelastic
(of reactive)'channél once some critical region of interaction, as yet
undefined, is reached. | |
There are reasons to believe that this strong coupling Qituation'
applies at least to the more efficient quenchers‘stu41ed'pere; In\the
first place, the.very facfithat the cross sections are large indicates
strong coupling of the excited and quenched Statés. Secondly,
Jmolecular beam secattering data9 on gfound statevalkéli meéals indicates
éuch‘§troﬂg codpling iﬁ some~réactive,prqcé$ses. Namely; the absence
of Qide-angle elastic scatfering indicates that close approach.leads
tovreaétion with a high probability. Since the reactive processes
involved are gene¥ally pictured in terms of ;he same electroﬁ transfer
ﬁodél which is cgnsidered to apply télquenching of the excited stateé,
(seevséction C of this éhgééé;;m;;éwfémiéa'EO“éxpect~simiiar strong
coupling, éarticularly in view of the m;éh lower ionization‘potentials
of the excited atoms. Finally, calculationsvwhich willlbé discussed
ih?some detail iﬁ Section C legd support to the notion of strong
’coupliﬁg. Furthermore, these sa@e caléuiatiéﬁs,‘neglectingflong—range
attraétiﬁe forces, yielded no significaﬁt energy deﬁendence for the .

~——

calculéted‘cross sections, contrary to-experimental,observations.
| For thesé-reasons, the energy dependence qf the éross‘sectioné_}n
‘this study will be'cqnsidefed in terms of the long-range attractive
- forces bétween'ﬂ* and A. One useful way to inQestigate this relationshiﬁ '

is through the classical orbiting model,lo which has been applied quite

extengively in the study of ion-molecule reactions.ll In this model,
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the effective potential, U, is obtained by adding the éngular energy

" of the célliding pair, LZIZUr2

,Vto'the true potentiél energy, which-is:
assumed to be dominated by a single term qf fhe form V(r) = —CS/rS, s > 2. e
The'angdlar momentum of the colliding pair, L; is given by Hgb, where
g is the "asymptotic" relative speed, that is the relative speed at
, disﬁances large énough that V(f) is n;t éppreciab;e, and b is the
impéct.paraméter for the éoilision, wﬁich is,the distanc; of closest
approach in the_absence pé any interactionﬁ
The angular energy provides a 'centrifugal barrier" in U, and
conservation of energy provides a path to célculatingfwhich ineoming
trajegtoriés get inside this barrier. The situation is depicted in
Fig. Iv-2, Qhere U is shown for a given value of cblLision energy
E f'ﬂg2/2,’and three different impact parameters. The turning poinﬁg
of the corresponding three trajectoriés are in&ica;ed by the arrdh
heads. FWhag happens is that at a given energy, since the angular éﬁergg
term grows as Pz, an impact_paramefer-is re;chéd beyond which tﬁe
centri?ugalﬂbarrier preventé clbse approach. - The critical orbiting»
trajectory for a givén energy;_défiqéd-by E‘and b;(E);is the one which
"orbits",'i.e;, has its turning point precisely at the top of the

barrier in the effective potential (point B in Fig. IV-2). The orbiting

distanée, ré(E) is given by
r (B) = [(s - 2) ¢ /25)"/S - (34)
and the height of the barrier, U[ro(E)], by

o= @22 D qsc )2 D qyz - 1) (35)
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Fig. IV-2. The effect of the "centrifugal barrier" for collision energy
E = ug®/2" and various impact parameters, b. The orbiting
impact parameter; bo,'corresponds to the turning point at B.
Smaller impact parameters allow close approach (A), and
larger impact parameters give turning points outside the
position of the relative maximum in the effective potential
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Equating collision energy to the height of the barrier, provides an
expression for b » the maximum impact parameter which will allow close
approach at a given energy. This:expression is given on Fig. V-2,
From it‘can he calculated directly the close"approach cross section, QC’
in terms of g and the potential powervlaw constant, Cs'
\'Qc(g) = Ks(theorj/g4/s | ﬂ | , ‘ o | -
K_(theor) = rls/(s - 2] 5728 (5 /u)?’S c2/egh’s  (36)
In—applying this model to the investigation of the quenching cross
sections, the implicit assumption is that ' 'closevapproach" i.e.,
penetration to the repulsive wall of the potential or into some kind
of trajectory sink, is necessary/foria quenching‘collision to occur.
It is further assumed that a constant fraction, w, of trajectories which .
achieve close approach lead to ouenching, thus Qq should depend on g
in the same'vay as does Qc, The orbiting model provides a very convenient
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 kq values were measured at several different.
energies, the form of Qq(g) was investigated by letting s =4, 5 or
6, and finding the value of the coefficient Ks(exp), which gave the

4/s

best fit to the experimental data when Ks(exp)/g was put into

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; Ks(theor). In particular,
KS(eXp)/Ks(theqr) = w, and this ratio can be considered as a possible
measure of quenching efficiency, as it gives the fraction of close
collisions.which lead to quenching.

For cases in which a rate constant was measured at only one
energy, less 1nfofmation.about Qq vs g could be determined. One could
only assume a value of s, and then find the_value‘of Ks(exp) which
corresponded to the experimental rate constant. Mostly, these were
thermal cases, for which the integral in Eq. (33). can be evaluated
analytically to give

-1 )(4—3)/23

k,(thernal) = 27 '2 u/2ir (s-2/2) T(s=2/2) K_(exp)  (37)

where F(x) is the gammé funct:ion.l'2 As before, the ratio
Ks(exp)/KS(theor) = W provides,'within this ﬁodel,'a measure of the
quenching efficiency.

0f course, the orbiting model is not the only approach to analyzing
the enefgy dependence of cross sections. As already indicated, the
' »close_approach cross sectiqn, Qc’ includes all trajectories which get
past the_centrifugal barrier and penetrate to the inner repulsive
wall of the effective potential. Expecially for high values of
collision energy, correspondiné to small orbiting distances, from
Eq. (84), this reéuirement may be too strict. In particular, one ﬁight
wish to épecify some minimum distance. of ciosest approach, r s which
~1is 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

a function of energy in this case,
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L2 ~ - |
Q = r.(1-V()/E) o (38)

References 13 and 14 have, in facp used this idea in interpreting the
energy»&ependence of the quenching of Na*(3p2P) by NZ. In pérticular,
~they have attempted to introduce energy dependence into some theoretical
calcuiations on this system, which Qill be discussed in the Quenching
fheory section of this chapter.

Referring again to Fig. IV-2, it can bévseen ihat if r >‘ro
for a given E,'thé value of the impaét parameter, bm, which gives‘a
turning ﬁoint at s and which corresponds tb the critical trajectory
in this case, will be greater than bo: bm > bo’ therefore Qm > Qc'
wagver, for a given E,.if rm'< L there is.no turning point short
of the répulsive wall, so here orbiting must apply. Iq fact, the
expressién for the turning point yields complex values in this regionm,
so Eq. (38) is strictly invalid.. Thus, if one wishes to specify r
as a basis for analyzingvenergy dépendence, one should use Eq. (38)
for energies such that ro(E) <r., and Eq. (36) for energies such
that ro(E) >r . The energy, Ec; at which the orbiting and minimum

distance models must coincide is clearly that for which TS oo and

this gives, from Eq. (34)
Ev = (g - 2)C /2r2 L -‘ (39)
c 8 Tm : .
and the value of the cross section at‘this energy is
Q(E) = Q (E) = mils/(s - D] (40)
The primary difficulty with the minimum distance model is the

necessity of specifying L As quenching of excited alkali atoms is

generally considered to proceed via the transfer 6f.the M* electron
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tovthe quenching méleéule, one choice would bg éhe distance at yhich
the excited covalent potential curve (for M* +'A5 crosseé the ionic
potential curve (for»M+.+ A—).. The'use>of this curve-crossing distancg ,
for the value of r; would theg yield a theoretica} expreésion for_the
cross section as a functioﬁ of eﬁergy which would have to be mated to
the cloge.approach cross sectién of thévorbiting‘ﬁqdel at Ec, from Eq. (39)
to get the o&erall theoretical dependence of‘the'cfoss_section on energy.
If one then wished to fit experimental results to this combined'model,

one would Pe requiréd in general to specify two parameters, rather than
the éingle Ks(exp) of the orbiting model; Refereing fo Eq. (38) for
Qﬁ,moﬁé'caﬁusee~that_therqwé ngé@gters would be a value for tﬁe energy

indepeﬁdent term, thch migﬁt be obtaiﬁééhffdmihigh'énérgyﬁextrapoléti&n
of the data, and a value for the coefficient ;f Fhe eﬁgrgy\term, which
would, in geﬁeral{ be independent of the first parameter for the
experimental cross sectlons. Any interpretation in terms of Quenching
efficiency woqlq become. rather cloﬁdy. Moreover, analysié.in terms of
the orbiting model provides some ihsight into quenéhing 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 potenti31 

. terms cross, which is wﬁere electron transfer should be most likely,

is well outside the range of orbiting distances which occur in these
. .

experiments (*3.5—5'3 for the for the -first resonance states). This
| .

is true for SO 1, and Bré; and the result is that, in terms of the

22 72
orbiting model, these gases are "super-efficient" Quenchers, i.e.,

w >1. However, even here, the energy dependence of the cross sections

J
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is such that £he orbiﬁing model prbvides a very'convegient méthod.of
decoﬁvoluting.fhe éxpérimental data. |
p ‘With K*(szP),(for which moét measufemehts weré déne under tﬁerﬁal
conditions,vthé orbiting distance at the energy corresponding to,the. \
most probaﬁlg thermal speed in a colliéion with é typical gas
(po%arizability'“SAs) is ~6.5 A, and the crossing\digtances for gases
with small positive or negative electron affinities are ~10A', Furthermore,
‘ if ;ﬁé pola;iéability of 1100A3 (Ref.’iS) is regarded, roughly, as
representing the effecfive volume occupied by the excited elecfron,
then the corresponding radius is ;7A, and it ﬁight be expected that if
the collision penetrates to this distance; ;ﬁe intéraction would be
alte;ed:greaﬁly aﬁd the orbiting~model might lose its significance.
. Even here, hoWéQer, quenching éfficiencies w111 be‘discusséd in terms
of the'drbiting model, for the reasons indicafed above, as well as fpr
the fact that it provides, a posteriori, éuite intereéting and seemihgly v
reasonaﬁle cbmpariséns,to quenchiﬁg efficiencies for the firét |
reasonancé states. |
'In.Chapter V, then, the orbiting model will be qsed to fit the
‘energy dependence of the experimental_resul;s anq to invéstigate
efficiencies fbr all quenchers studied. For the three superefficient o
quenchers; rough estimafés in terms of a mimimum distance model will
also be made; This is done with the awareness of the'limitationg |

of models, particularly of the orbiting model in';he case of K*(szP).

-
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3. Decay of the Speed Distributions

The PI,A(g) digtributions 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-stéte speed distributions
for the excited atoms will vary at least‘slightly from them, due to
perturbations deriving f;om interaction with othér species present in
the fluoréscence cell.. The problem of just how PT,A(V) relaxes 1is a
complicated one, and here it will suffice to indicate approximately to
what exten& one mightvexpect this distribution to be perturbed under
a given set of.experimental conditions.8c

‘The time interval of concern is simply the lifetime of the excited
populati§n, so it is instructive to consider whac values of impact
parameters, br’ for elastic collisions will lead to a rate for such
coilisions 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 i§

approximately given by the natural radiative lifetime, so the rate

of decay for K*(4p2P) or Na*(3p2P) will be approximately 5><107 sec—l.
If the elastic collision rate, krNA = gﬂszA, is to equal this at a

pressure of A of, say, 1 Torr, br=§ 10 -14A. ‘At such large impact
parameters, collisions will be quite soft, and the small ahgle formula

for the classical angle of deflection, X, can be used.

X zlswc()/_&.lgzb6 o (41)
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C6bis just_the pdtential power law constant for the dispersion attraction,

which will be disCusséd 1nbthé next section. .Taking, for the.present,

a vélue of 10'5? efg—cm6, a tyﬁical value for K*(4p2f)'or Na*(3p2f)

ﬁith one of the quenching gases,étudied heré, X is fhund_to be <0.5°
for ﬁhesevcollisioné. In ordér'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

probahle thermal speed. Then, for small deflection angles, the fractionél
perturbation in V ean be expressed apﬁroximately’aé.
|av/v]| = xlm,/ @, + m) 1@, /V) o w
and this relationvgives perturbations of less than 0.5% for the soft
colliéions under consideration.
At higher quenching gas pressures;!huger perturbations will be
expected. Considering the lifetime‘of thé excited,population.here to
be dominated By the‘quenchiné term, quA,'the requifément ﬁhat'the ratgv
of elaStiéAgollisioﬁs be equal to this can be expressed as Q = Qq’
where Qr is an elastic cross section;r Iaking the maximum'quénching
impact parameter,b(f f-as'Qq = Fbi, and reserving impact'parameters smaller
than this for inelastic collisions, it isvfound.tﬁat br = /ibq'will
jsatisfy Qr’= Qq. iaking a Valqe of Qq =75 Az as exeﬁplary, the '
approximate formulas of Eqs. (41) and (42)vsuggest X ~ 3° and IAV/VI 1 2%.
- Of coursé, in eithef the high or low pressure regime, M* atoms
will suffe; elastic coilisions at impact parametefs both larger and
smaller than thoée discussed here. The pfqbability ofvsuffering a
colligion at an impaét parameter br varies as bi. Thas, the(smaller '

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 give a good idea of the extent to which V will

be perturbed. However, even 1if 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
arguménts do indicate that for gases such as CHBOH, with quenching

cross sections SZOAZ, very considerable relaxation of the speed dis-
tributions will probably occur at gas pressures high enough to produce
significant quenching.

4. Long-Range Forces

‘As mentioned above, values of the potential power law exponent
s, of 4, 5 and 6 were considered. These values corfespond to'various
interactiohs 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 coordinate system,
namely symmetrid top molecules with rotation about the symmetry axis
excited. The only polar symmetric top molecules studied were
CF_Cl1 and CHVCN. Of these two species, only CH3CN showed

3 3

quenching behavior which might suggest the importance of the r

interaction. From Eq. (33), it is seen that if Q = g—l, corresponding
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to s =.4,.kq will be independent of energy, and:this séemed to be the .

3

decrease with increasing collision energy becomes more pronounced,

‘case for. CH,CN. As s goes to larger yalues, the téndency of kq to

and CFBCI, like.most of Fhe quenchers, showed.aidgc?ease of kq?with
incréasing'collision energy.' This is somewhat sUrﬁ;ising,_as CHBCN{
théugh it.dbeé posséss thevlargest diﬁole moment foany QUgncher studied,
v_is s0 prolaté that_ext:emeiy high totational energies would.Be-reqﬁired
to maintain a space;fiXed dipolé momént. o |
A valué of s = 5 corfesponds_to ;hé duadfupblé-quadrupole.
interagtion; and mosf of the quenching gases studied here have quadrupole
moments, 56 this term would be expeéted'to‘contriﬁﬁée to the potential
energy. | | |
A vaiue.of s =6 cortésponds to the claésiéai dipo1e-induced dipole

interacﬁioﬁ, and-tovtﬁe non-classical dispefsion intéractioﬁ. For all
quenchersuconsidered here, the second of these two interactions is
fconsidérablyilarger than the first, so the r—6.intér;étion'be§Ween
Vtﬁe excited atoms and quenching gas molecuies will.be.discﬁssed in

terms of dispersion forces. The notable caSes iﬁiﬁhicﬁ the iﬁduétive
interac;ions.are gréater than the dispersion interéétiohs are the |
M*—MX péifé; The inductive term goes as the sduare:of the dipole

moment , ahd the very large dipole moments.of thevélkali halides make

this term dominant, with the result thatvthevérbicing'modél.éuggests.
that the cross section for MX quenching M*>is géhérélly'somewhat

greater than quenching cross sections for'othér moiecules. Thus it is
necessary to maintain low alkali halide vapor préééurés if such "self-

quenching' is to be avoided,
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In order to obtain a comparison between Ks(éxp) and Ks(theor) for
a given case, it is necessary to calculate Ks(theor), via Cs’ the
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
of the value of <r2). "Such information is not readily available,
although, as indicated below, 1t might be susceptible to fairly
accurate calculation. If it were obtained, however, it would still be
a non-trivial problem to evaluate the interactioﬁ 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‘C6 in terms of the polarizabilities of
the interacting speciés, pérhaps the most successful of‘which is that

16,17

due to Slater and Kirkwood, which is used throughout this study.

According to this approximation

ce = Geh/m ) aja /1o N+ @,mpt?) 43)

where al and a2 are the polarizabilities, Nl and N2 are the numbers

of electrons in the outermost shells, and e, h, and m  are the obvious
-phyéical constants. Furthermore, an excellent compilation of the
polarizabilities of alkali metal atoms in their 2P.states has been
provided by Schmieder, et al.15 They used the method developed by
Bates and Damgaard18 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 fofm;
This potential is put into the Shroedinger equatioﬁ;-and the asymﬁtbtic
solutions fér,the radial wavefunctioﬁs are used to evaluate the
1ntegrals. Bates and Damgaard applied this method tp the calculation
of transifioh probabilities, obtaining quite good agreement with
experimental,valueé for alkali metals. Likewise, the results of Ref. 15
for polarizabilities genérally‘agree very well with the experimental |
valqes, where the latter are available. The polarizability is expreéée&_

as a sum of scalar and tensor components

amy) = o + u2[3m§ - JW + 1)]/32T + 1) (44)

and a table of values of the ao!s and al

is approximately 10 times greater than the latter for a.given case,

's is given. As the former -

the tensor component and the resulting slight anisotropies in the
total polarizabilities have been neglected here, aﬁd the values of ao
have beeﬁ used as the polarizabilities of the excited atoms.

One very interesting fact arises from these resulﬁs..'In’examining
thé table ip Ref. 15.of contributions to the polarizability (r-integrals
"~ divided by energy separations), it is apparent that the value of the |
polarizability in é given case is‘usually dominated by a single
contribution corresponding to a transition to the closest-lying D
state. in the case of Na*(4p2P), the 3d state 1ies }ust below the 4p,
so the pdlafizability takes on a large negative value. This should
lead to a repulsive dispersion interactidn, 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—mentionedvproblem of uv intensity at low wavelengths once again
came to the fore.>

Given the values for the polarizabilities of the excited atoms, it
ié straightforward to calculate C6’ and hence K6(theor). It would be
nice to be able to at 1east'get an idea of the magnitude of the
magnitude of CS’ so that the two contributions to the pbtentialkenergy
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
good for calculating <322 - rz), the quadrupole moment of the atom.
However, as there are no expérimental 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-
plicated problem. Knipp,20 for example, has treated the éase of
two atoms. The interaction vanishes in zero order, i.e., the trace
_of thevihteraction matrix is zero,.cdrresponding to a egero orientation
average. However, consideration of the off-diagonal elements via
first—order perturbation theory leads to expreséions for fﬁe interaction
energy which differ according to the magnitudes of the 1-s coupling in
- the two atoms, and which involve three_"parts;" two atomic coefficients,
‘the root of a secular determinant, and Qalues of <r2> for the two atoms.
His results are tabulated for severai cases and are also found in
Hirschfelder, Curtis and Bird.19 He finds interaction energies‘for.

ground state atoms of ~0.1-0.6 eV at separations equal to twice the
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éum oflthe.atomic.radii., Use of'thé éﬁdﬁic polarizabili;iés froﬁ'Ref. 21
and the Slater-Kirkwood appfoximatibn'giveé values of the dispersion )
energy a bit larger than those of the quadrupole interaction calcqlated
by knipp at the same distances. For example, knipp's valués for 0-0 at
1.8, FfF at 1.54A, and O-F at 1.678 are: -0.34 eV, ;0.4 eV and

-0.55 eV, respectively, while the COrrésponding dispersion energies

aré approximétely -0.4 eV, -0.7 eV andl-0.6veV." Admittedly the
dispersionvinteracﬁion falls off more rapidly for lafger distances

than does the quadrupole~guadrupole interaction. It might be noted

that the‘weakest point of Knipp's results are the values of'(r2>,

and these values are just what one might belable'to obtain quite
.accurately for exéited alkalis.

Margenauzz_has indicated that for excited atoms or molecules the

dispersion ehergy is considerably greater than the quédrupole.energy.
For the experimental cases here, an attempt was made Fo egtimate some
quadrupole interactions by using M*.quadrupole moments calculated from
the hydrogen atom formula using an effective'nuciear charge derived from
Slater's rules. The‘fesult indicated a vélue for the quadrupole moment

of Na*(3p2P) of ~20%10 28

esu-cmz. .This, combingd with a typical
molecular value of ‘*’3"10'_26 esu—cmz; allowed a Qery réugh estimate of
the magnitude of the quadrupole-~quadrupole interaction as simply the
ﬁroduct of these values divided.by the fifth power of the separation.
The values thus obtained were coﬁpared to dispersion energies for
Na*(3p2P) ﬁith a gas of poiarizability SAB. The result was that the

two energies were approximately equal at a separation of ~20A, so the

dispersion interaction was greater inside this distance.

t
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The same process for K*(4p2P) yielded a quadrupole moment of

.~ 50"10—26 esu—cmz. As the polarizability incregsed 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 disuxﬁms greater than
~10.A. ‘It should be mentioned that the relationship of values_for‘the
quadrupole énergy indicated here to the true interaction energy is
not really clear. The relative magnitudes for Na*(3p2P) and K*(Asz)
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 qnenching of
Na*(3p2P), 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 cautiouely,
however, as the s = 5 fits were usually adequate, though not quite
as good.

Summarizing the considerations of long-range forces in this study:
The r'_4 contribution might arise in a few cases, and'may have experimental
support in one case. Values of K4(exp) will be found for all energy-
dependent measurements, however. The r_5 contribution is likely
comparable to or émaller than the dispersion contribution, but the
only consideration given it will be tq find vélug#‘of Ksﬁexp) for the
energy-dependent results,as its accurate treatment is felt to be beyond
the scope of this work. The r"6 disperéion interaction will be assumed
to dominate the scene, and cqmparisons will be madevbetween K6(expf
and K6(theo;) tq investigate quenching efficiency in terms of the

orbiting model.
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' C. Theory of Quenching

If,long—range.forces'afe considered in this study‘és dominating
the eﬁergy dependence of crbsé sgctions, Whiéh‘is relatively easily
measured, the "efficiéncy" of quenching by a given épecies, which is
harder to get a handle on'experimentally; is determined by what occurs
after the axcited atom and quenching molecule reach "close approach."
.That is, there must e#ist'a'mechanism for dissipating the excitafion
energy iquuenching is to occur. This mechanism,rin the case of
alkali atoms, haé‘generally been considered to involve an ionic intei-.
mediate which couples the initial and final covaient statés of the
atom-molecule system, providing a path by which the system goes from
the excited to the ground (quenched) state. Among the fifst to
recognize the importance of this mechanism waS'Laidler,23 who.applied

the idea to quenching of Na*(3p2P) by H, and halogens. The schematic

2
potential curves of Fig. IV-3 illustrate the piocéss. (Such curves:
are, in féct; appropriate to atom-atom encounters.) ﬂ* and A approéch
aléng the upper covalent curvg, and at fhe outer crossing ﬁoint,Ré,
.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 R Here another transition may occur or not,

1"
and in either case the pair méy 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,‘ahd

collisions of sufficient énergy, separation into ions would also have

to be considered, but will not be discussed further 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.ferms is negleeted. 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 eonsiderable, and, indeed, may even be greater
than the problems involved in doing the experiments. The épproach
which has been taken in recent yéaré inh attempts to generate quantitatively
acceptable results 1s to calculate classical'trajectories along the
diabatic electronic terms, while using the Landau-Zener formula or
some more sophisticated relativezé.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 siﬁple,vbdt are not very
interesting because of the essentially negative nature of the results.
| Calculations onlduenching by molecules are necessarily more complicated
than curves such as those of Fig. IV-3 can indicate. In the most
realistic case, one must consider three-dimensional potential surfaces.
Nikitin and Bjerre25 have done calculations on quenching of Na*(3p2P)

by N usging three such surfaces, two covalent and one ionic, and estimating

2
the transition matrix elements from experimental data on resonance
scattering of slow electrons from Nz. Thezse-matrix elements were

plugged into the Landau-Zener formula to calculate crossing probabilities.
As the outér 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 populétions in v = 2 and v = 3, which
is significént,‘if corréct, as it would indicate that electronic-
vibrational resonance is not important in the quenching process,
 the excitation energy of Na*(3p2P) béiﬁg sufficient to éxcite v = 8.
A series of calculations which seem more satisfying in that the
adjustability of the Quenching cross-sections is somewhat restricted
have been done in recent years by Fisher'and Bauer and their cq—worker326

" on quenching of several excited alkalis by N, and of Na*(3p2P) by CO

2

and 02 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 accqunt for vibrational excitation of the diatomic, the ionic and

lower covalent curves were each replaced by a family of curves geﬁerated
by displacements of the v = 0 curves by amounts equal to vibratidnél
quanta of the diatomic. This introduced a complex series bf'érossings,
and at each point the adiabatic transition probability was calculated

by inserting into the Landau-Zener formula a transition matrix element
which was a product of an electronié term‘and a vibeational term (Franck-
Cendon factor). The electronic terms were taken’from‘a correlation,

due to Haéted and Chong,27 between the Value of the transition matrix
element and’the distance of crossing, andvthe Franck—-Condon factors were
derived from spectroscopic data. Using theée transition probabiiities,
summation over all possible paths along the network of curves was done

in order.to generate partial cross sections fbr each Qibrational 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 polarizabilify term, -eza/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 rénge it did ﬁot make
a drastic difference in the results. In the Na*(3p2P) - N2 case, for
example, & = 1043 gave Qq = 26A2,26a_and o = 4043 gave Qq = 4082 26P
.Experiméntal feéults generally fall in the range bracketed by these
two values, although favoring the smaller side.

The.calculationé of partial créss sections indicated, as did those
of Nikitiﬁ, a lack of importance of electronic-vibrational resonance,

For instance, in the Na*(3p2P) - N casevthe'greatest vibrational

2
populations in the outgoing channel were in v = 3, 4, 5 and 6. However,
the vibraticnal excitation is considered és being produced solely.by
the electronic-vibrational cbupling introduced by the inclusion of the
Franck—éondon factors in the transition matrix elements, and possible
effects'§f translational-vibrational energy.transfet are neglected.
For a system which comes together bn a very steep ionic curve and
slams into the repulsivé wall with relative translational.energy up
to ~2 eV, translational-vibrational energy transfer might well be
significant. In fact, the calculétions 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 electronic-

.vibrational coupling in the Na*(3p2P) - N, system has been demonstrated,

2

however, for the "inverse" process of excitation of sodium atoms

2.28 ‘The values of total quenching cross

sections are predominantly a function of the 6uter crossing distances,

by vibrationally hot N

as the prébabili;y that a trajectory which reaches the outer crossing dis-
tance on the incoming éath 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 dépends primarily on the
“choice for £he electron affinity of the diatomic, and secondarily on |

the fitting'barameter,.a. Given a value for the électronraffinity of
N2 of -1.89 eV, which is what was déed; the outef cfossing distance

fdr o = 10A2, is at about 3.3A, and this aloné would indicate a cross
section for reaching this distance in the absence of any attra;tive

forces of 35A2, which would lead to the expectation of Qq being

perhaps 20—25A2, not at‘all in bad agreement hith experimental results.

If attragtive forces were introducéd, larger Qé values would be ealculated.

The neglecf of attractive forces leads to one‘result which is in

contrast to experimental evidence on.most systems..'This is that the
calculafed cross sections are essentially independent of initial
_collision energy. This lack is juét what Refs. 13 and 14 have attempted
to remedy, as mentioned earlier, by introducing an attractive potential

in a minimum distance model. Reference 14, using r, = ~3.5A, and
extrapolating the Fiséhef-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‘bé emphasized that néither Reference 13bor 14 gmployéd tﬁe
attréctive’forces directly in doihg t;ajectéry célculétions, but merely-
tried to correct the Fischér—Bauer resulfs by aséuming'iﬁat they wefe
essentially'correct for high energies and using the a;tractive forces
after the fact to achieve agreement for lowe; energies. What one wouid
like to see is a full trajectory calculation with the attractive forces
introduced in the construction of the initiél.potential curves orv
-surfaces.‘Sincé these calculations were not really for extremely high
collision energies (values between. 0.1l and 0.2 eV were used), one.

would expect that this would lead to cohsiderébly 1af§er calculated cross
sections,

This hopefully describésABriefly the present state of calculations
on quenching of alkali atoms. There are many effects which might be
regarded'as influencing quenching efficiency for whith calculations
have not been done and, indeed, may not be currently feasible. This
model of the quenching process, however, providés a gpod basis for
discussing some of these effects, and indeed, the calculations described -
point the way'in a cauple of instances.
| One thing which might enhance the quenching effiéiencyvof a given
.molecule.is the availability of more than'dne channel cofresponding
to quenching. The calculations on Na*(3p2P) —.02 indicate this rather-
strongly. O has three electronic states which are emergetically |

2

accessible in the quenching process, and which can be reached via two

2

there would appearvon a simplified potential curve diagraﬁ such as

intermediate Na+0 states, all six paths being spin-allowed. Thus

Fig. IV-3 two ionic curves and three outgoing covalent curves. These
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excited electronic states of the quenching molecule ﬁot>0nly provide
a very com¥enient means of dissipating the excitation energy but also
| provide additional paths to quenching , so they should provide both
energetic and statistical enhancement of the quenching efficiency.
Preliminary calculatiqns which accounted for only one quenching path
yielded a value fqr the quenching cross sections ~4 times smalier
than the experimeﬁtal value 2%

. A similar situation which would provide an additiomnal 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 aﬁ extremely
efficient mechanism for dissipation of the excitation energy, and
would presumably become more probable as the asymptotic enefgy separation
between the M* + AB éurve 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

efficiency, has been advanced previously,sc’29

and will be ¢onsidered
for several of the quenéhing processes to be discussed in Chapter V.
The effect of Franck-Condon factors on quenching efficiency will
also Be considered in interpreting the results presented in Chapter V,
namely cross sections for quenching by hydfogen and hydrides vs
deuterium and deuteri&es. In particular, the larger vibrational
amplitudes cof tﬁe 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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‘vThere are various féétdrsrwhich'might be regatded_as playing a
role in quenching efficienéy via their effect on thé electron'affinity
of the molecule, thch plays a cfucial part in getting the colliding
pair into an ionic intermediate. A classic example is the contrast,
discoﬁered'very early in Na*(3p2P) quenching studiés; between the
quenching behavior of saturated and unsaturated organicvmolecules.
The former are very inefficient in quenching this species, and for
thaf 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 gccept an electron. On
the other hand, the unsaturated molecules, possessing relatively low
lying unfilled molecular orbitals, as is the case for ethylene apd
benzene, to name but two examples, should accept an electfon quite

easily, thus making the ionic imtermediate readily accessible.
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V. QUENCHING OF EXCITED ALKALI METALS

A. Introduction

As indicétéd 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 alkéli atom is exposed to a given

quenching gas. Initially, this involved studies on.Na*(3p2P) from NaI.
This excited state has.beeh the principle subject of quenching studies
among thé aikaliAmetals over the.years. Still, most of these studies
conceﬁtrated op small molecules (e.g.,sz, first row diatomics and
noble gases). Notable ekceptions were the atomic vapor studies of
Norrish and Smith,l who, in 1940, investigated an impfessive variety
of organic molecules, and the photodissociation studies of Dowling, et al.2
~Aside from these, there have been ﬁhotodissociation studies on quenching
by I, and Brl.

2 2 ,
- Still, it was felt that the picture could be clarified by investigation

"chemical" interest. In this spirit, species

of a few more molecules of
which quenched only slightly were not investigated at length, as cross
sections of the order of lAZ were not‘régarded aé interesting, except as
a basisvfor comparison to larger values. Combinationléf the results on
Na*(3p2P) from Nal led to a tentative separation of prospective quenchers
into four c,lasses.4 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 at very high energies. Examples would be

0, all very inefficient

saturated hydrocarbons,'CFA, and possibly H,
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queﬁchers of Na*(3p2P). For this class, w, the ratio Ké(exp)/K6(theor),
would be in the range 0-~0.05. Class B included molecules which

could not react with Na*(3p2P), but which did possess relatively léw-
lying unfilled molecular orbitals, placing their electron affinitieg

in a range which made electron transfer more favorable than with class

A molecules. Molecules in this c}ass, examples of which would be

C02, CZH4 and C6H6, were characterized as having quenching efficiencies,
W, in‘the range ~0.2-1.0. Since no exoergic reaction channel was awvailable,
‘the excitation energy 1in a qﬁenching collision would have to be dissipated
as internal excitation of the molecule or as translational energy of
separation. In class C were includéd ﬁolecules which, though not

highly electronegative, afforded a very exoergic reaction channel. The
two examples studied, CF3CI and CHBCN, 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 SO, and 12’ which might be denoted as super-efficient,

2

since w values larger than one indicated that the orbiting-dispersion
forces model failed to account for their quenching ability.
Following the Nal studies, it was desired to extend measurements.

to other alkali metals, and K*(4p2P) from KI proved accessible. ' Previous

v

studies had provided extensive data on quenching of this atomic state

5-9

by H, and D 7 but very little on larger moleCules.10 ngnching

2 2?
by three gases which had been used in the Nal 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

similar to that toward Na*(3p2P).
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The next experimental sﬁep was to gé to more highly excited atomie
states, on which onl§ one previous study is knoﬁn, ﬁhat by the flame
teehnique;? Results on quenching by molecules of cl#sses B aﬁd;C
indicated only the expected increases in quenching cross sections.-
However, the only super—effiéient'quenéher studied with this state
and most of the inefficieﬁt quenchers provided interesting and sometimes
ﬁdite unexpected contrasts to what had been observed with the first
resonance states. '12 became an only moderately efficiently quencher,
and promotion of very inefficientbquenchers to apparently quite
efficient status led to considerable investigation of various effects
ih the quenching of K*(SpZP).

The results of these studies are presented here, along with
discussion on various factogs which ﬁight'influence quenching efficiehcy

and comparisons to other work on quenching of atomic fluorescence.

B. Experiments and Results

1. Qgenchigg;of First Resonance States

Thg.general experimental conditions and procedures have been set
forth in Chapter II. Discussiop of these matters in this chapter will
be confined to specific problems relating to pa;ticular 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 follbwing the results.

Figure V-1 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-gquares fits to the experimental points. Reference
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V-1, Sterh—Vollmgr plots typical of those obtained with Na*(3p2P)
from NaBr (upper left), K*(szP) (upper right) and K*(4p2P) (lower
panels). The bandwidth in each case was 60A (FWHM). With

. K*(szP), the monochromator setting was 1925&; others were as

indicated. The CH, and CD; data were obtained using thermalization
with high pressures of argon. The H20 data were not thermalized.
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V-2. Quenching of Na*(3p2P) from Nal by CpH,. The upper panel
shows the Stern-Vollmer plots, quite typical of those obtained
with this salt-excited atom system. The bandwidth was 48A (FWHM).
The lower panel shows: Quenching data represented by points as
phenomenological cross sectioms, (Q,), at characteristic relative
collision speeds, (g), from the initial data analysis discussed
in Chap. IV; deconvaluted Qq(g) curves which gave the best fits
to the data, upon averaging over the relative speed distributiosms,
if Q }g) was assumed to vary as K5/g4/5 (dash-dot-dash) and
K6/gS 3 (dot-dot-dot); the fits obtained from these Qq(g) curves
from s = 5 (solid curve) and s = 6 (dashed curve).

| ¢
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to the Stern-Vollmer formula, Eq. (Zia) of Chapter IV, indicates that

the plots should have unit intercepts on the ordinaté. There is

generally some deviation from this, and this is one indication of the
uncertainties in a given case. One case in Fig. V-1 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 éonstants were extracted

from the Sfern—Vollmer plots using the following values for excited-

8 8

state lifetimes: > Na*(3pZP), 1.61X10™C; K*(4p2P), 2.70%10™°; K*(5p2P),

1.40x10"7

, all in units of sec-l.

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), ffom the first-order analysis of Chapter IV, Eqs. (30) and (31),
with one modification of the usual first-order procedure: VT’ the
characteris;ic lab speed of the excited atom as calculated from Eq. (29)
of Chapter IV was replaced by the most probabie 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 given case. For instance, absorption of the gv by 802 and C6H6
in the ldwep ranges used with Nal added to the»uncertainty in these cases.
Also, in Fig. V-5, the two highest energy points for quenching of

Na*(3p2P) by Br, are subject to larger uncertainties than the others.

2
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 indieated in
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cross sections of the form Qq(g) = Ks/gl‘/s over the relative speed

distributions:
curve, s = 6,
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Chapter III, aﬁ adjacent process might be expeéted to_péak'at ~l840§,
and a small contribution could not be ruled out.. If thié is occurring
these Na*(3p2P)vatoms would have much lower speeds thaﬁ were used in
analyzing the data taken at the affected wavelengths.

In Fig. IV~6, the points with the largest errér bars for C2H4 and
SO2 were taken under thermal conditionms, using high pressures of argon.
The «) )and (g) then ceme from Eq. (32) of Chapter IV, which applies
in ;hese 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 cweoss sections, the 'true'" cross sections might, under certain
assumptions, be expected to vary as Ks(exp)/g4/s, s = 4,5 or 6.
Employing this idea, the energy dependence of the crbss sections cén
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 déconvolu;ion yiélds Qalues
of Ké(exﬁ) for each atom-gas syétem which provide ;he.best fits to
the experimental rate constants when integréted 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-Z, four Curves-illustrating this
précess are shown. Two are the deconvoluted'Qq(g) curves for s = 5, 6,
and the 6ther two represent the corresponding fits to the data. For
pnrpoées of constructing the latter two curves, the ;ate 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"ZVShOWS that there is a nbticeable, though not great, difference
between a qﬁg) curve and the corresponding «%l)vs (g) curve.

In each of Figs. V-3 throﬁgh V-6, three curves are shown. 1In
Figs. V-3 énd V-4, these curves show the best figs to tﬁe data obtained

4/s functions over. the relative speed

by averaging the Qq(g)7= Ks/g
distribqtions. In Fig. V-5 and Fig. V-6, these curves are the
deconvoluted Qq(g) curves which themselveé gave the best fits to the
data when averaged over the relative speed distributions. Tables 1 and
IT 1list the values of kq, «%) and (g) for each étom—gas system and
Table III lists the values of'Ks(exp) which gave the best fits to

the data. It might be noted that there is, in geﬁeral, a tendency

of kq to decrease with increasing energy, and, in fact, the s = 6 fits
were generally best, in cases in which there seemed to be a real
distinction. The one exception, as previously discussed, was CH3CN R
which seemed to show a predilection for s = 4. Howé&er, 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 resﬁlfs for these cases are
presented in Table IV. The rate constants are given, again with the
tolerances from the least-sduares fi;s,along withVQq> and (g’ values,
as discussed for thermal conditions. For CH3OH Vith'Na*(3p2P), non-
thermal measurements at three wavelengths, 2150, 2300, and 24004,
spanning_the full energy range used in Nal 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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Table I. Energy dependent quenching of Na*(3§2P).

System/Gas Temp.* Monochromator . 109 . (qu) (g)
(°K) Setting (A)** cm3/sec-molec. (Ad) km/sec

NaI+Na*(3p Zp)
CH, 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 0.85:0.02 52 1.57
2350 0.84+0.03 56 1.40
2400 ~ -0.87:0.03 63 1.31
(920) 2175 0.92+0.05 43 2.10
897 2225 - 0.97+0.04 50 1.87
2275 0.89+0.05 52 1.67
2325 0.91£0.03 59 1.46
€, | (897) 2150 0.94:0.03 43 2.18
\860 2200 0.830.04 42 1.78
2250 0.830.05 47 1.72
2300 0.82:0.03 53  1.92
| 2350 0.88%0.04 64 1.33
CHy (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 ©1.32t0.04 73 1.80
2250 1.21%0.05 71 1.69
2275 1.31%0.03 82  1.59
2300 1.26t0.03 85  1.47
2350 1.31*0.03 100 1.29
2400 1.11*0.06 02 1.19
so, ggg) 2125 © 1.95%0.06 83 2.30
2150 1.9610.06 - 89 2.16

2175 1.9740.03 94 2.04
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Table I. Confinued

System/Gas Temp.* Monochromator 109 kq <Qq> (g
(°K) Setting (A)** cm3/sec—molec. (A2) km/sec
50, 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,C1 (920) _ 2150 1.27+0.06 ‘59 2.14
| 895 2200 1.30%0.05 68  1.91
2250 1.050.07 62  1.68
2300  1.1420.04 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 1.06+0.06 89  1.18
CHCN (ggg) 2175 1.17%0.03 56  2.07
2225 1.23%0.05 .66  1.84
2275 1.16£0.02 70 1.63
2325 1.160.04 80  1.42
(861) 2250 1.1840.03 68 1.71
850 2300 1.22+0.04 80  1.50
2350 1.32+0.08 97  1.33
2400 1.21£0.05 92 1.27
I, (%gg) 2150  2.87%0.20 136 2.13
2200 3.25+0.65 199  1.89
2250 2.83%0.90 171 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 -

9

System/Gas Temp.* Monochromator 107k - Q@ (g
(°K) Setting (A)** cm3/sec-molec. (A2)  km/sec
) 2
NaBr-Na* (3p P) _
Br, | (903) 1875 3.40%0,30 140 2.40
890 1925 | 2.91%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 w1ndow
region of the cell, which is involved in the speed distribution.

For all the Nal data listed, the monochromator bandwidth was 48°A
(FWHM). For the NaBr work, it was 60A,
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Table II. Energy dependent quenching of K*(4p2P).+.

9

Gas Temp.* Monochromator 10° Q) (g
(°K) Setting (A)** cm3/sec-molec. A2)  im/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
(Tﬁiigal) : 0.54%0.11 51 1.08
913 2375 0.76+£0.04 53 1.37
SO2 893 2300 1.42+0,12 92 1.52
2375 1.42%20.06 111 1.26
2450 1.374£0.05 130 1.02
2525 1.16+0.13 130 0.85
2450
(Thermal) 1.21+0,22 138 0.88
CF3C1 ’ 893 ‘2300 0.92*0.09 60 1.50
2375 0.93%0.07 - 74 1.24
2450 0.87%0.06 87 0.99
2525 0.80%0.06 95 0.81

For every case, quenching measurements were made on each component

‘separately, and the results combined as described in Chapter IV.
significant difference between the two was observed in any case.

No

*
The temperature listed in the window temperature. The salt temperature

was 20°K lower.

%%
The monochromator bandwidth was 60A (FWHM) in each case.
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Table III. Best-fit values of Ks(éxp)* for
energy-dependent quenching.

Na*(szP)'Quenching K*(Asz) Quenching

9 10 11 9 1010 11
 Gas 109k, 100k, 101l 109k, 1010k, 10M K,
C,H, 0.93 0.82 1.7 . 0.69  0.65 1.3
co, 0.88 = 0.78 1.6
Ceg 1.3 1.2 2.4
CF,C1 1.2 1.1 2.2 0.87  0.86 1.8
CHyCN 1.2 1.1 2.3
S0, 1.8 1.6 3.3 1.3 1.3 2.8
L, 2.9 2.6 6.0
Br, 2.9 2.5 5.0

/s

*
Ks has units of cmz-(cm/sec)4
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Table IV. Quenching of Na*(3p2P) and K*(bsz)
at single energies.

T(°K) 9 B 5 1
Atom/Gas Monochromator 10 kq Qp (g 10 KG

Setting (A)* cm3/sec-molec. (AS)  (km/sec) r.:mz(cm/sec)zl3

Na*§3ﬁ2P2

CH ,OH 873(t) 0.28%0.01 25.1 1.17 0.59
H, 873 0.32%0.01 10.2 3.15 0.48
D, 873 0.19+0.01 8.3 2.32 0.32
%2 873 0.19t0.01 . 8.1 2.32 0.31
(polarized uv) :

H,0 820 £ 0.04£0.01 3.0 1.31 0.08
DO 820 .01 = 4.0 1.25 <0.01
cr, 873 <C.01 <1.0 1.03 <0.01
cH, 873 <0.01 <1.0  1.37 <0.01
c,H, 873 <0.01 <.0 121 <0.01
K* (4p°B)

CH,0H ' 893(t) 0.25%0.2 24.0 1.04 0.55
H, 893 0.0980.009 3.0 3.14 0.15
b, 893 0.073£0.007 3.0 2.28 0.12
H,0 893 0.024%0.008 1.5 1.26 0.05
c, 893 <0.01 <1.0 0.84 <0.01
cm, o se3 <0.01 <1.0 1.29 <0.01
1, 893/2450A%% 2.08t0.21 214.0 0.97 4.6

*The temperature given is that of the window region. The salt temperature was
20°K lower. The monochromator settings were 2250 or 2300A for Na*(3p“P)

from Nal and 2450A for K*(ApZP) from KI. The symbol "(t)" indicates thermali-
zation with argon. As indicated in the text, speed distributions may be assumed
to be thermal in all other cases except for K*(&sz)—Iz.

dek
The morochromator bandwidth for this measurement was 60A (FWHM).
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value obtained at 2150A was only 82 higher. An absence df_variation
of kq withbenergy may in some cases be'iﬁterﬁreted as indicating that
Qﬁg) « 1/g. This, however, assumes that the distributions in collision
energles are significantly different for ;he various measurements of

3

quenchingveross section, that the lack of dependence of kq on nominal

kq. In the case of CH,OH, it seems probable, in view.of the small —

energy 1is due to collisional relaxation of the speed distributions,
which wipes out much of the eﬁefgy selection.

For most thermal measurements listed in Tagle IV, argon at high
pressures was used to thermalize ;he 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 DZ’ whose small masses ensured that the relative_
speed distributions were egsentially thermal,rand the several gases
which exhibited very small 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 net.of great con-
sequence with the very inefficient quenchers;

The one non-thermal case presented in Table IV is for I, quenching

2
K*(4p2P) at 24508, This quenching process, though it is very interesting,
was studied at only one wavelength, because of special difficulties
encountered with this s&stem. )

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 18 probably not too bad an assumption for most of these cases,
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and values of K6(exp) were calculated and are presented in Table IV

along with the other results. With exception of the I, case, for which

2
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. Quenching of K#gﬁszl

The:initial plan of attack with this species was to investigate
its quenching by the Qame gases ﬁhich were investigated with energy
dependence for K*(4p2P), 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 eonsiderable number of
gases were investigated. Results are presented in Table V as kq,%gq),
(g), and Kﬁ(exp).

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 éxperimental
problem, the presence of interfering states could affect the results,
and intefpretation is subject to greater uncertainty, due to less
reliable values fof the atomic transition probabilities.11 Overall, it
is estimated that the uncertainty in the results is probably +207% here,
as compared to *10-20 with Na*(3p2P) from NaBr and K*(4p2P), and +5-10%

for Na*(3p2P) from Nal (except for the case of 12).
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Table V. Quenching of K*(szP).

Gas  T(°K) 10° Qp (g 101l g,
Monochromator cm3/ sec~ (A) (km/sec)  cm? (c.m/sec)zl3
Setting (A)* molec.:
THERMAL
CH, 893 . 0.83:0.10 77 1.08 1.8
CZDZ. 893 _ 0.82%0.11 79 1.04 1.8
CF'3C1 ‘893 1.40£0.25 172 0.82 3.3
. NZ 893 0.65+0.,05 60 1.08 1.4
CH3OH 893 1.16%0.18 112 1.04 2.5
CF4 ‘ 893 0.21%0.04 25 0.84 . 0.49.
HZ 893 0.39+0.03 12 3.15 0.58
D2 893 0.25%0.02 11 2.28 0.41
CHA 893 0.77%0.06 60 1.29 1.6
CD4 . 893 0.48%0.05 40 1.19 i 1.0
C2H6 893 1.0310.05 98 1.05 . 2,2
CZDG 893 0.70%0.07 70 - 1.00 1.5

NON-THERMAL#*#*

H,0 893 1.04£0.10 84 1.24 2.1
D,0 893 1.090.09 91 1.19 2.3
HCl 893/1925 1.12£0.06 102 1.03 2.4
pCl 893/1925 1.13%0.06 103 1.03 2.4
, 893/1925 0.39%0.04 43 0.90 0.87
o, 893/1925 0.44%0.04

cu, 893/1925 0.67%0.08

cH, 893/1950  '0.70#0.09

CH, 893/1975 0.62+0.10

*The temperature given is that of the window region. The salt temper-
ature was 20°K lower. The symbol "(t)" indicates thermalization with
argon, All the thermal measurements for which monochromator settings
are not given were not done at 19258, As discussed in the text, the
Hy0-D,0 cases were assumed to be thermal for purposes of analysis, and
. the HC1, DCl and I were analyzed using speed distributions obtained
for K*(ApZP) from KI at 2475A. The non-thermal measurements on methane
are also discussed in the text:in relation to the problem of possible
interference from K*(6szs) and K*(&dZD).

hk )
The non-thermal measurements were done with monochromator bandwidths

of 6CA (FWHE) .
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0, HC1, DC1l, I, and some

With the exceptions of H 9

9> Dp» Hy0, Dy

special CH4 and CD4 runsg, all the measurements were thermalized,
and except for some of the special CH4 and CD4 runs, all were done at
a monochromator setting of 1925A. The speed distributions in the cases

of H,0, D could not be thermalized, due to experimental

2 2 2

problems. In the cases of HZO and D20, they were assumed to be thermal,

for purposes of analysis, as the masses of these gases are fairly small.

0, HC1, DC1 and I

In the cases of CH4 and CD4’ whose masses are nearly the same as those
of HZO and D20, the results of thermalized and non-thermalized measurements
agreed within experimental uncertainty.

HC1l, DC1 and I, are a bit more problematical, as the assumption of

2
full thermal character in the relative speed distributions would be
quite suspéct, especially in the I2 case. The speed distributions

used to analyze these cases were generated by assuming that one could
obtain the potential curve for the photodissociation of KI to K*(szP)
simply by displacing the curve for the K*(4p2P) process, and that

one could then use the same transition probability factors in generating
the speed distributiomns. 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 to the
conclusion that the speed distribution for K*(szP) at 1925A would be
about the same as for K*(&pZP) at 24758, so the latter was found,
convoluted with the thermal quenching gas distributions, and the results
were applied to find values of Ks(exp). For HCl and DC1, anglysis

assuming thermal distributions was dome for purposes of comparison,

and it was found that the thermal values for K6(exp) were ~57% larger
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than the values obtained using the non—~thermal dist:ibutions. This
would ihdicafe ohly a very small error in the assumption of thermal
distributions for H20 and DZO' |

As with the single-energy-distribution results on the first
resonance states,.it has been assumed here, for purposeé of analysis,
that s-= 6 applies. vIt is p;obablg that ﬁhe quadrupole-quadrupole
interaction energies here are considerablyvenhancéd relative.to the
‘dispersion energlies as compared to first resonance states, and in
addition, there are considerable doubts concerning the applicability
of the orbifing model here, even insofar as it applies to the first
resonance stétes. Why, then, bother with K6(exp); Certain dramatic.
differences in quenching behavior are obvious anyway. The answer lies
in an interest in érying to obtain a better estimate of changes in
quenching efficiency than can be got from simple comparisons of cross
sections.v‘If one wishes to do this in an amount of time small compared
to a graduate career, the orbiting-dispersion forces model or some
equally simple épproach is the sort of tliing one uses. One can partially
dispense with the notion that increasgd quenching abiiity with K*(szP)
is due Simpiy to much larger quadrupéle forces by noting that C,H, doeé
not behave much differently than CH4, but there are obviously many other
matters to be considered as faf as quenching efficiency goes, and some
of these will be taken up at length'in the biscussion. For purposes
of convenience, this.subject will often be considered~iﬁ 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 signifi;ant changes in w are quite probably real,

and need explanation.
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3. Special Experimental Considerations

As has been indicated at several points, there were various problemé
and questicns which had to be dealt with in the course of the experiments,
and theilr consideration can no longer be deferred. First will be con-—
siderations involving particular quenching gases. The reader may refer
to Table III of Chapﬁer II for a capsule view of these. The mass
spectral data referred to along the way will be presented and discussed

in more detail later in this section.

Izl

has a low vapor pressure. Even at elevated room temperature (~90°f)

The main source of the difficulty with this gas is that it

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 NalI, 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 tﬁe results obtained here are due to the fact that
oﬁly small deviations from unity could be induced in thé IO/I ratio

at the low vapor pressures used. However, the general agreement with
the results of Ref. 3 is quite satisfactory.

In studying the quenching of K*(Asz) aqd K*(SpZP) by 12, the
signal-to-noise situation demandedbconsiderably higher pressures if
significant results were to be obtained. This was achieved by attaching
a bulb containing I, to the vacuum line near the feed~-through into the

2
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 problém’aé far as condensation

of the I, was concerned. However,_the_feed—through"flange itself had

2
fo be hgated'regulariy with é heat gun. All thié rendered the experiments
somewhatibothersome, ahd the uncertainties»iﬁ the vapor pressure values,
taken from the_water bath temperatures, somewhat larger than usual. The
estimated uﬁcertaintieé in the vapor pressures are <¢1OZ. However,
the validity of the comparison of the results on K§(4p2P) and K*(szP),
which is what Qill be df’greétest interest, is not seriously impaired
by this added uncertainty. |

That the quenching observed was due priﬁarily'not to I but to IZ’
as Brus; has found for the Na*(3p2P) ease, was indicated by plotting |

IO/I vs 'both'PI and PI. The latter plots were diétinctly non-linear,
2

and 1if constrainedvto’linearvfits would have given’Io/I intercepts of"

s‘0._5. The IO/I vs PI plots, on the other hand, were representative
2 o L o
Stern-Vollmer plots with intercepts of ~0.9, so all the observed

quenching was assigned to I In theory, measurements bf,Io/I for

2"

various values of PI + Pi could yield kq values for both species.
2

Howéver,»in these experiments, the uncertainties in fhe data, coupled
with -the probably relatively small quenching cross section3 of I, made
this impossible.

C_H, and SO,. The main problem with these two gases was absorption

6 6 2
of the uv in the range used in the Nal experiments. Both absorbed

only very slightly at 2400A, but became progressively stronger absorbers

as lower wavelengths were reached. In order to correct for this, it



-161-

was necessary to measure the uv tranémitted through the cell and to
egtimate the_fraction of the distance through,the>ce11 traversed by

the uv beam before reaching the zone from which fluorescence was
detected. This latter quantity became somewhat of a parameter in the
analysis, and was finaily estimated to be 0.6 for these experiments,
which were done in the open air days when the geometry of the apparatus
wasvnot as tight as later. The difference between cross'sectiéns found
using a value of 0.6, and those found using a value of 0.5,was, for
both gases, ~10% at the lowest wavelength, ~5% at 22504, in ﬁhe center
of the spectrum, and negligible at 2400A, where there was very little
absorption. The absorptioﬁ of the uv by the quepching gas indicates
the production of electronically excited molecules and the possible

effects of this were checked, in the case of SO,, by measuring quenching

20
of Na*(3p2P) at different uv intensities. These experiments will be
referred to again in connection with the possibility of radiatioﬁ
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 eihibit 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 éne 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‘douid:be assuméa that it
occurréd_mostly iﬁ the.cold:manifold, sbjfhe initial pressure was '
meaéuredvand then the ceil was isola;ed. The constaﬁgybof the fluorescence
signai during a méasﬁremént, and the fact that only a short time (~2 min)
was required to estabiish the value of this signal lent ACCeptability

fo ﬁhis procedure. The mass spectral results indicated good behavior.

Mass specfrél analysis was glso done on_SOz.

CF,Cl. With high pressures (>6 Torr) of this gas in the cell,

3

it was found that thetquenchéd fluorescence signal would begin to drop.

slowly after a minute or two and would continue to do so until the

3
explanation for this is that NaCl or KCl1 is formed by reaction of the

CF_Cl was pumped out. One possible, though not necessarily probable,

excited speciles with the gas and, if the gas is pfgsent at higher
pressures, énough of thé chloride forms to begin to coat the cell
windows slightly. It 1is also possible that a vef& slow reaction
oCcurre& with the kI or NaI, although the'restoration of Io on pgmpingb
outléeems to make ﬁhis unlikely. This gas presented no problem with
K*(SpZP), perhaps'due to much iower excited atom cénéantfations, dr.

perhaps directiy to the lower CF_Cl pressures required to produce

3
quenching (larger cross section plus longer excited state lifetime).
However, it did prevent thermal measurements wiﬁh K*(ﬁPZP), presumably

‘due to excessive signal deterioration in the time period (5-10 min)
required to establish thé fluorescence level after'introduciné the

argon-CF_Cl mixture. The mass spectrum of a 10 Torr sample exposed

3

under experimental quenching conditions showed'negligible changes from

that of an unexposed sample.
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CH3CN. It was considered that significant isomerization of this

compound to CH

3NC might occur at experimental temperatures. However,

estimation of the equilibrium constant for the isomerization from data

in Benson's fine little book 2 gave a value 1.7x1073

, Indicating no
.particular causg'for concern. Mass spectral data were taken on this
gas.

CHjOH. 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.
CF3H. Thié seems to be a very strange species. - With Na*(BpZP)

it enhanced the fluorescence regularly to pressures up to 50 Torr.

With K*(szP), it appeared to be a fairly strong quencher, but with
K*(4p2P), its introduction into the cell at pressures 310 Torr brought
about a translucent coating of the inner surface of the cell, which

2
but which did come out fairly well wifh 507 HF. bThis was the last time

could not be removed with H_O or hot chromic acid cleaning solution,

this gas was looked at.

HZO 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 reser?oir
at a temperature cbrresponding to the desired vapor pressure. Thus.they
could not be studied in argon mixtures. A further problem arose in the
20.' As this involved 1o§ D20
0, albeit at low

study of Quepching of K*(szP) by D

pressuresg in a vacuum system constantly exposed to H2
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pressures, there was sbmeUconcefn as to the composition of.the gas which
was doing the queﬁching.  Investigation by mass ééectrométry'was
complica;e& by the well known tendency of mass spéé?rémeters to give
‘HZO and HDO peaks when fed "ﬁure" Dé

of mass spectrometer operatoré to resist introduction of water in any

0, as wéil aé by the tendency

form into their instruments.

Analysis of some D,0O samples was. finally done by mass spectrometry.

2
As the problem and the nature of the results is a bit more complicated
than with the other ﬁass spectra used, this operafion will be discussed
in some detail, and the.data will not be presented in tabular fofm.

Due to-the scrambling introduéed by the mass spectrometer, some artifice
had to be used to get the desired information. wﬁat was done was to‘
cdmpare phe ratios qf the 20(D20+) and>i7(oﬁ+) peaks.in four separate
samples. These.were (1) a sample of pure D20 pﬁt directly onto the
mass spectrometer vacuum line, degasséd briefly, and fun, (2) a sample

2

but not to conditions of a quenching experiment, (3) a sample of nominal

of nominal D,0 which had been exposed to the experimental vacuum line

D20 which had been used in a quenching experiment, and (4) a sample

consiéting of equal pressures of sample (3) and pure HZO' The 20/17
ratios vepé, respectively, 3.5,2.5,2.5, and 0.5.7 ft can be seen that
a DZO/HZOFpressure ratio in (3) of 3:1.wou1d give such a ratio'iﬁ (4)
of 3:5, which values are consistent wi;h_the intensity ratios of the
mass peaks, indicatingva value of ~25% HZO 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 value for contamination due to the quenching
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experiment or the experimental vacuum system is ~5%. Thus the
analysi# yields the result that the H20 content of (2) or (3) is léss
than ~25%, and probably ~5%. This result, though subject to con-
siderable ungertainty, leads to the conclusion tﬁat the quenching
observed with the nominal "D20" sample was, at least predominantly,
due to DZO'

SF6., This gas exhibited strange behavior in several respects.,

The a;;;;ent quenching cross sections with Na*(3p2P) were in the range
800—1200A2. The pressure and fluorescence intensity fluqtuated 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’ althougﬁ 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 fo reaction
with NaI, liberating significant quantities of 12.

Brz. This gas'exhibited a behavior similar to HZO and D20
as far as pressure instability was concerned. It was felt that it
probably reacted with stopéock grease., It was not convenient to
maintain pressure in equilibrium with a réservoir, as only quite low
pressures were needed, so a proéedure was adopted which involved initially
exposing the entire vacuum manifold and cell to a relatively high pressure
of Br2 for several hours before and during heating to the experimental
temperature. This Br2 was then pumped out, and any pressure
deterioration which occurred when Br2 was admitted to line for
quenching measurements was controlled by admitting additional small

doses as required to maintain the pressure within ~0.05 Torr of the

nominal value. This problem certainly introduced some additional
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uncertainty into the results, and would perhaps héée led to asandbnment
éf a iess interéstiﬁg ﬁhencher. However,'the‘experiments.on NaBr,
including the fluorescence efficieﬁcy'measurement;; wére done with

the main idea of studying quenching by Br2, as it was regarded és

very interesting, so pe;sistence overcamé recaléitrance, and quenching
cross sections were'obt#ined. .Comparison_of these results to direct
lifetime measuremeﬁts by Brus,3 which gave a cross section of ~186A2
at a ndminal speea of 1.4 km/sec, using excitation over ﬁhe entire

range available from an H2 lamﬁ in air, indicates that the results
obtained here are probably fairly reliable. |

HClland DCl. These gases again allsorb on or react with some

component of the vacuum system. Impregmation of the systgm with a_
particular gas was done here as with Br,, but with soméwhat different
results., First of all, thg pressure dropped quite sharply as the

cell was heated up, indicating that probébly the gas was reacting with
thé metal tubing inside the vacuum chamber. Secpndly, better, though
not complete, stébilization of pressures during subéequent measurements
was achieved by this iﬁpregnation, so that experiméﬁts on K*(szP) |
| broceeded fairly easily. However, at the considerably higher pre;sures
needed to dc quenching of K*(4p2P), the pressure instability was a
sufficiently serious problem that experiments were not done.

Mass Spectra. The mass speétral data which have been referred to

in the preceeding'séction are shown in Table VI, with the exception

of the SF_  data, along with similar data on C ' Given in each case

6 26
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
. St
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
Celle
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 1.0 , 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
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  TImpurity
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
f’f_z_
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
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Continued.

Peak Intensities Scaled to 100

Peak Standard* Unexposed Exposed Comment
50,

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,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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Continued.

Peak Intensities Scaled to 100

Peak Standard* Unexposed - Exposed Comment
CF,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 .0 .0 8.0

104 1.0 0.5 0.5

 CH,OH

12 Not 1.0 1.0 c"
- Given

13 o 2.0 2.0 cut
14 " 5.0 5.0 CH2+
15 " 31.0 28.0 CH3+
15.5 " 0.2 0.0 cu3o++
16 " 0.5 3.0 CH30H++(0;+)
17 " 1.0 1.0 on*t

18 " 1.0 2.0 H20+
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

32 172.0 90.0 180.0

33 1.0 2.0 2.0
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Table VI. Continued.

Peak Intensities Scaled to 100 '

Peak Standard* Unexposed = Exposed Comment
Collg
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 A 23

*k _
b indicates interference from a background peak, due

either to mass spectrometer background er air leakage into the

sample.

*
Standard spectra from Ref. 13, except for CF_Cl, from

Ref. 14. . 3
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" 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 sampies provides a check

on possible decomposition. It should be noted thét what would be of

primary éonéernzié'evidenCe of significant changés in composition during.

the typical exposure time iﬁ a quenching experiment (2-10.min).-
Fof;pﬁrposes of comﬁaring intensities to thoge-of peaks in the

standard spectra, these latter were neglected if théir 1ntensitiés

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 tﬁe cases

of CF3C1 and CH3OH, for which the lower mass portions of the standard

spectra wefe not given. This'is apparently not uncommon, and consultation

with an expertls lent assurance that, indeed, peaks in the 12-17 range

were to be expected in the case of CH OH, and that even an 18 peak

3
might be éxpected, from rearrangement. Armed withbthis assurance, the
assignments indicated were made just to be clear that tﬁese peaks were
not due to impurities, at least for the mést part. It is to be noted
that the behavior of the peak at 16 is slightly suspicious. 1In the'CFBCl
case, assignment of the peak at 19 to F+ seems quite obvious.

In the case of C2H6, the locations of the peaks can be compared
- with the'stapdard spectrum, bﬂt intensities cannét be compared, as
the two samples were ruh 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
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comparisons are not necessarily to be expected in mass spectra, and
some fairly sizeable deviations of othef saﬁples from the standards,
especially in the low mass region, are probably not significant.

The results of spectral comparisons are generally quite satisfac;ory.
-A few small "impurity" peaks haﬁe been noted in the reagents. In
addition, noticeable increases in intensities of "impurity' peaks
appeared in the exposed samples of SOZ’ at 18 and 44, of CHBCN, and 16,

17 and 18, and of CH,OH, at 16. The last of these, as has been

3
mentioned, is probably not entirely impurity, but the growth indicates
the addition of some impurity, possibly 0§+. The peak at 18 also
appeared as an impurity in other cases, and may be due to H20,
particularly as it nearly always appeared in combination with a smaller
peak at 17. HZO could have been introduced either from‘atmospheric
leakage or exposure to the experimental vacuum system. :

As the electron-impact ionization cross section for 75V electrons
has been found to vary in an approximately linear fashion with the
polarizability of the species to be»:l.on:Lzed,l.6 and as any imagineable
impurities in the reagents used in these experiments would not be
expected to possess polarizabilities 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 sectidns measured are generally quite large, any
contaminant present in small amounts would have to quench with a
ridiculousiy large cross section in order to affec; 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,spectr# were AIéo.runitd check the'iéotopic‘purity of
unexposed: samples of'CD4; CéD6’ and C2D4’ with'fuily sétisféctory
results. It was assumed that if the hydrogen—containingvcouﬂterparts
behaved themselves in the fluorescence cell, the deuterated speciés
would do 1ikewise;'so no spectra were run on eprsed samplés. Some
mass spectral studies of CHI‘--CD4 mixtureg were dope, but they will

be gone over in the Discussion.

Absorption of uv. In doing quenching experiments on K*(szP),

CF3CI, C2D6’ H20, CH3OH and CZH4 were checked to see if they absorbed

uv at a monochromator setting of 1925A. As expécfed, Only C,H, showed

any absorption, and this was so slight as to be négligible in the

quenching experiments. Comparison of measured spectra17 indicates that
would absorb no more than C_H, around 1925A.

4 274 _
Self-Quenching and Radiation Imprisomment. " The validity of rate

CoD

congtants derived from Stern-Vollmer analysis depends on, among ofher
things, the use of the correct value for the lifetime of the excited
state. Two féctors which might cause this value té vary ffom the
natural radiative lifetime are padiation imprisonment and ''self-
quenching".v The: first of these is generally not regarded as a probleﬁ
in photodissociation experiments, due to the very small concentrations
of ground state atoms produced. An experimental check_was run by’
measuring quenching of Na*(3p2P)‘by SO2 at monochromator bandwidths
corresponding to 1/2 and 1/3 the usual uv intensity. Comﬁarison of
the results of these measurements to the "full-intensity" results
showed no sigﬁificant variation. As radiation imprisonment would

secale 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 exclted population in
the absence of any foreign gas would be shortened, with'the‘result
that the appareht quenching rate constant for foreign gases would bé
fictitiously small.

As was indicated in Chapter IV, the.very large dipole moments of
the alkali,halides,ls’coupled with the very large polarizabilities of the
excited atoms, give rise to a dipole-induced dipole interaction which
varies as r-6, and which is much stronger than thé corresponding
dispersion-interaction. If Cg represents the dispersioﬁ potential
constant, aﬁd Cé the induction poténtial constant, then for

Na*(3p2P)=NaI, C° = 1.8%10% and Cl = 6x10%, and for K*(4p°P)-KI,

6 6

Cg = 2.5x104.and Cé = 1.7X105, all in units of kcal/mole A6. The Cg
values are about the same as these for typical quenching gases, so the
total r.6 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 médel, which varies as Cé/3, one might gxpect cross sections
for the Na*(3p2P)~NaI case to be ~2 times larger than the cross sectioné
for typical efficient qdénchers such as CF3C1, and for K*(4p2P)-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 preSspres of ~100~150 mTo:r; It has_already been stated that MX. -
pressures were usually maintainéd at léss than ~30 mTorr, s0 no significaht
error would be expected from this effect. An experiﬁental chéck
was made in the case of K*(ApZP) by measuring quenching by CZH4 at
630°C (salt femperature) and coﬁparing the result to the measuréﬁents
at 580°C, which comparison can be seen in Fig. V-6 or Table II. The
vapor pressure of KI at 630°C is 66 mTorr, and at 580°C is 16 mTorr.

In the case of K*(szP), the increased polarizability of the
excited atom would lead to an estimate of-a possible SZ‘error at
~40 mTorr KI pressure. Most of the experiments oh this state were
done at vapor pressures around 30 mTorr, so a small uhcertainty might
arise from thisjeffect.

It.shoula be noted that-Brus3'has estimated a maximum cross section
for quenching of Na*(3p2P) by Nal of ~15A2. This estimate was based
on the failure to observe any deviation from the natural lifetime of
the Na*(BpZP) population at Nal temperatures up to 640°C. However,
the value.of the NaI.vapot:pressﬁre which he used'waé ~8 times iargér
than the value derived from the data of Margrave,19 which agrees quite
well with that of Stull.20 Thus there is room'for.é éross section

of ~120&2, 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 D, as a quenching gas. A pile-of-plates polarizer21

2
was constructed using 6 suprasil plates arranged in two piles of three
each and put into a "V" configuration to eliminate displacement of

the uv beam. This polarizer was found to have a polarization of ~60%

.
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at 4860A, according to the usual definition of polarization as the
difference of the intensities of the two perpendicular components
divided by their sum. In accordance with 11ﬁeratqre on gratings,22

it was found that, at 4860A, the polarization of ﬁhe monpchromator
(grating blaged for 19008) was 33% favoring the orientation perpendicular
to the grating rulings. The polarization of the ﬁonoch:omator is
probably somewhat less at lower wavelengths, while that of the pile—of-
plates polarizer should have peaked at 22505, as it was constructed to
do so. However, the construction was not particularly fine. The
results of the quenching measﬁrements on D2 with and without the
polarizer heve been listed in Table III, and thexe is clearly no
significant difference.

Interfering States. Another problem which has been referred to

previously is the possibility of interference from‘the 4d2D and 6825
states of potassium in the K*(szé) experiments. The 4d state would
present the greatest problem in quenching experiments, if it is produced
in significant quantities, as it decays almost exclusively to the 5p
state and as its lifetime is ~2.5 times greater than that ofAthe 5p
state.11 These two factors would presumably lead‘to fictitiously

large quenching fate constants if all the observed quenching were then
analyzed assuming the lifetime of the unquenched excited atom population
‘to be that of K*(szP). It was estimated that perhaps 5% of the
fluorescence observed from K*(szP) with a monochroﬁator setting of
1925A could be ofiginating from production of K*(édzD). Naturally,

the amount.of the latter produced would decrease_at-longer wavelengths,

so experiments were done to compare non-thermal quenching of K*(szP)
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by CH, at 1925, 1950 #nd'1975A; in order to see if a noticeable decrease
in the qugnchihg>rate constanté appeared ét the longer‘wavélengths.
Non-thermalized'éonditions.were employed‘aé bettér.data could be
qolleéte&, énd it was only d§sired to compare thg‘réte'constants. _The_
measurgd‘valﬁeé'havé been listed_in Tabie V,véndrit can be seen that
there is not signifiéént deviation'among them. Thé_comparisoﬂ of the
nén—thermél_fate'cqhsﬁant:atv1925A to the théfmal rate coﬁstant is a
5it‘surprising, as the latter is_~15% larger. This is not thought
to be a real'différence, and is probably reflective of the ovefall
quality of the K*(SpZP) résﬁlts, and barticdlarlysdf the resqits of
thermalized measurements. |

Enhanéement. The observation of an increase in the intensity
of fluorescehce from excited atoms upon exposufe to a foreign gas has
been peeVioﬁsly reported for the fluorescence of_Na*(3p2?) from NaI,
‘ 23
2
from T1I, for which the enhancing agent was NH

for which the enhancing agent was H

3.24‘ In the present
experiments, enhancement of fluorescence of Na*(3p2P) from Nal was

observed with H2, HZO’vDZO and CF3H; Enhéncement was not observed with
any other fluorescence system studied, but this may have.been at leaét
partially due to poorer signél—to—noise, aS'enhancementvié generally
small, 510%.4 Additionally, with Na*(3p2P) from NaBr, the oﬁiy foreign
gas exgmiﬁéd was Br,, which, being a very strong quencher, wouid not be
expected to produce any enhancement.

The one case in which enhancement was very pronounced was with
.CF H; which:prodUCed increases in the fluorescence intensity of up ﬁo

3

30% at 50 Torr, with smaller increases at smaller pressures. In this

and for the fluorescence of T1(7SZS)-
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cése, the effect did seem to deteriorate with time in a given éxpefimental
run. Attempts to inveéfigate this'gas Qith the potassium states met

with a somewhét disastrous end, as pfeviously discussed, but preliminary
results on K*(szP)>indicated that it quenched quité strongly, comparably
to HCl. In the brief exposure of K*(4p2P)‘to CF3H, there were no clear
indications of enhantement, though the behavior of the gas did not

allow for a clear'intefpretation of this fact. Definite, though much
'smaller,enhéncement effects were also observed with H2, H20 andvDZO

with Na*(3p2P). Hanson23 studied the first of’tﬁese cases quite
thoroughly, and no attempt was made to do more tﬁan observe it here.

O seemed to be temperature dependent. At 800°K, salt

2

temperature (820°K, window temperature), nonewms observable, and quenching,

Enhancement by H

albeit slight, was measured at H,O pressures from ~10 to ~20 Torr.

2
At 900°K (920°K), no clear quenching was measurableveven at 20 Torr,
and lower pressures produced varying degrees of énhancement. At

.850°K (870°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 tempewatures, with no clearly discernible quenching
at any.temperatufe. With both these gases, the enhancement seemed
to be somewhat irregular. These results certainly indicate a good
deal of uncertainty concerning the value okaq feported for HZO in
Table IV, which was obtained from the 800°K (820°K).measurements, and
the other numbers derived froﬁ it.

" When enhancement occurs a£ very low pfessures.with a gas whicﬁ

quenches at higher pressures, the effect on the Stern-Vollmer plots

should be to depress the Io/I intercepts, as quenching is occurring
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with respect.to an enhanced IO value, but the smalief.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 fhan unity being much more common than those greater than unity,.
However, in all but possibly three cases; the deviations in the intercepts
were regar@ed as being within the experimental uncertainties. These

three cases were quenching of Na*(3p2P) by CF.Cl, for which intercepts

3

in the range ~0.7 to ~0.8 were found, by CH.CN, for which intercepts of

3

~0.75 to ~0.9 were found, and by CH,OH with no argon present, for which

3
intercepts near 0.8 were found. These results would eeem to indicate
that these three gases would enhance the fluorescence at sufficiently
low pressures. |

Three ﬁossible exélanatiops have epparently been advanced for
ﬁhe kind of enhancements.seen here;zs 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 petential curve. None of these is supported by the failure of
several noﬁ—queﬂching gases, ineluding argon, CH4, C2H6 and'CF4, to
produce enhancement effects with Na*(3p2P). Indeed, in view of the
fact that enhanCement seeme to be dependent on the particular gas, end
perhaps on thevparticular salt, it seems that a better guess concerning
its origin is that it results from a real increasevin the steady—stafe
concentration of alkali-contatning, species presumably due to some
interaction of the vapor and/or solid salt with the foreign gas. This

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,vana of the strong affinity of solid Nai for water, it would
"seem to be féasonable, although it apparently fails to account for
enhancement by HZ'
' Cc. Discuésion

1, Quenching Efficiencies

Values of w for all quenching proéeéses studied in these experiments
and a few estimated from other studies are given iniTable VII. These
provide estimates of the quenching efficiencies in tefms of the
orbiting-dispersion forces model, as discussed iﬁ Cﬁapter IV, as they
give thé ratios of the rate of quenching collisiong to the rate of

close collisions according to. this model. 1In thé'érbiting model,

o1/3 ’
"%
which Gl, the polarizability of the metal atom, is much greater than

, and the Slater-Kirkwood approximation for C6’ in a case in

o,, the polarizability of the quenching gas, says that'K6(theor) should

2
scale as ai/6(a2/u)l/3. The values of w listed obviously indicate
sizeable deviations from this behavior, and these variations in quenching
efficiencies lead to the examination of several fa;tbrs which might be
related to such variations. |
There has been considerable discussion to thié point concerning

. the limitations of this model, and it should be clear that the numbers
“in Table VII must be regarded cautiously in somé cases, especially

those involving K*(szP). Such reservations, however, do not alter

the faét that there are significant effects in quenching efficiencies
which are reflected, éhough perhaps not quantitati&ely, 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 v Na*(3p2P)’ K*(4p2P)' K*(szP)

Gas‘ o

C,H, 0.68 0.56 ' 0.49
C H, 10.83

co, 0.80 ~0. 7H*

' CH,CN 0.96 -

CF,C1 1.0 0.82 1.0
50, 1.5 1.3 |

1, 2.2 1.8 0.22
Br2 2.0

N, ~0. 2Kk~ 2%k 0.48
CH ,OH 0.26 0.24 0.74
CH,  0.68 0.56 0.49
C2D4 0.50
HC1 ~0.8%% 0.80
pct - 0.80
H, 0.18 0.05 0.13
D, 0.1 ©0.05 0.1
cF,  <0.01 <0.01" 0.16
cH, <0.01 . <0.01 0.45
cp, - . <0.01 <0.01 0.30
CH,  <0.01 <0.01 0.58
C,Dg <0.01 <0.01 0.41
H,0 ~0.04 - ~0.03 0.71
DO 0.77

*Values of polarizabilities used in calculating
K¢ (theor) from: for M*, Ref. 15 of Chap. IV;
for CH3CN, Ref. 26; for CF4Cl, Ref. 27; for Iy .
and Brop, Ref. 28; for the rest, Ref. 29,

*Values approximated from results in: for
K*(4p2P)~C0,,N,, Ref. 10; for Na*(3p2P)-Nj,
Ref. 30; for Na*(3p2P)-HC1l, Ref. 23. All other
values from this work.
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in w which are outsgide experimental uncertainties shOuld'reflect
'reasonably well changes in this ratio; and thus nay be 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
'of;w-is, per:se; a Valid representation of the results in a given
case, as it does correspond to a value of kq under'specified conditions.
"The=simple model‘used to obtain,w values mightghe eXpected to
apply-best for moderately:efficient quenching ofbthe_first,resonance
states, as‘the coualent—ionic curyeecrossing distances'are in a
favorable range, and as strong cOupling between thesexcited andi
quenched states'might be expected'to apply, as.discussed.in Chapter 1IV.
As detailed’in the introduction to the'present chapter,aquenching'
experiments on Na*(3p2P) led to tentatiue separation’of quenchers into
fourvclasses‘ The very inefficient quenching of class A molecules,
w<<1, indicated that strong coupling of the excited and quenched states
was notvavailable, ThisvwaS;interpreted predominantly in terms of
_ large negative electron affinities,'with the addedrconsideration that
these molecules proVidedinofhighly exoergic reactionfchannel with the
:excited_atom. vModerately'efficient'quenchess ofrclass B,v;O.Z'(.w.<vlf0,
had morerfavorable electron affinities; as a'consequence of possessing
low*lying,-unfilled molecular orbitals: This_madefan ionic intermediate
:aVailable at*reasonahle 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 »
reaction channel was available here, either, vClass;C molecules, again

moderately efficient quenchers, with w values generally closer 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
responsiblevfor their quite efficient quenching. Class D, w > 1.0,
the "super-efficient" quenchers, included.moleculea of latge electron
affinities, for which curve-crossingvdistancee were well outside the
expected range of orbiting distances |

Examination of w values for quenching of Na*(3p P) illuminates
this breakdown into classes, though distinction between molecules of
classes B anu C is not clear simply iu terms of these.numbers. There
are some species, notably H2 and DZ; and perhaps N2 and CH3OH, which
might be regarded as borderline between classes A and B or C. Subsequent
experiments oanuenching of K*(4p2P) by several gases and of Na*(BpZP)

by Br, have led to no notable departures from the behavior which was

2
expected on the basis of the initial Na*(3p2P) work. There does seem
to be a decrease im w values for quenching of K*(4p2P) as compared to
Na*(3p2P) for those gases studied with energy deuendence, as well

as for I , but in view of the quality of the data on K*(4p P), this.
is not necessarily significant. Furthermore, the apparent change
(class B) or CF

in efficiency in going from C_H Cl (class C) to I

2°4 3

or SO2 (class D), is about the same as in the Na*(3p2P) case. .

2

The really interesting results as far as quenching efficiencies
are‘concetned, are found in exauining the values for quenching of
K*(SpZP). Here the only clear separation into claéses uculd 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, CZH4 and CF3C1, held no promise of things to come, as,
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within experimental uncertainties, their quenching‘efficiencies are
quite comparable to those for these same gases w1th the first resonance-
states.- This is also apparently true for HCl which ‘was studied later.
Thus, on the admittedly limited bases of these three molecules, it appears
that reasonably efficient quenchers of classes B and C exhibit no = |
particularhincrease in quenching efficiency withaK*(Sp P), and show_only
theinominal increases infquenching cross_sections.which mightvbe
veXpected intterms of'increasedhdispersion'forces,:although it isxnot
obvious that such is the true explanation v o |

: Results’on N2, one of the less efficient class B quenchers, indicate
‘an apparentlv significant although not really dramatic, increase in '
quenching:efficiency. There are various factors which might be regarded :
as'Cdntributing.tovthis. One is the probably considerably increased
quadrupole—quadrupole forces with the more highly excited atom, which
are obviously not accounted for by K (theor) Another isvthe
availability of four atomic states to which_quenching.can occur,.
'"particularlylas two . of these_states; and 3d and Ss,}lie:only 3200 and
3700 cm‘l,'respectively, below the sp; and provideiduenched channels
which'require transfervof onlyhrelatively-small\amounts of energy.
xAnother factor to consider is the increased density of nolecular
:vibaational levels atvenergies hear the atomic ehcitation energy.

CH3OH exhibits a larger apparent increase in,quenching efficiency;
but even here, the increase is not dramatic, and;dne might welllexplain
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 results on a whole group of molecules, from:-'
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CF, through HZO and D0 in Table VII, which are definitely in the

4 2
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 CHA and CF4, at.least,cannot be
explained in terms of increasedvquadfupole interaction. In considering
the possible effect of the proximity of the 5s aﬁd 3d levels, it was
thought.;hat.one might see some quenching to these levels by noble
gases, yet argon, at 600 Torr, and xenon, at 200_Torr, failed to
produce measurable attenuation of the K*(szP) fluorescence. Indeed,
these tw§ gases were the only species studied with K*(szP) 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 iﬁternal degrees of
freedom oflﬁhe quenching moiecule, which process preéunably requires
fairly intimate contacf. It is also interesting iﬁ this regard to

3Pl)?l at 4.86 eV, which has the

compare_to the case 6f Hg* (6p
Hg*(6p3P0) metastable state only 0.22 eV (1750 cm-l) below it. It
is well established ;hat in many quenching processeé this close-lying
level does not participate, but rather quenching pfoceeds directly
to the ground state (6515). Amongst the gases whiéh do not quench
4 CZH6 and CF4. Indeed, this

fact contravenes the contention that the quenching efficiencies

Hg*(6p3P1) efficiently at all are CH

observed for these gases with K*(szP) can be explained in terms of
increased density of molecular vibratiomal levels at the higher energies v
corresponding to the atomic excitation, as the excitétion energy of

Hg*(6p3P1) is well above that of K*(5p2P).
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While it would seem reasonable to expect that sbme of the quenching
of K*(szP),in many, 1if nét most, gases would be td one bf the close-
lyihg 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 aecessible, 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
férces,bindicate approximate crossing distances which might be expected
for various values of molecular electron affinities with K*(4p2P) and
: K*(5p2P). A value §f ~2.5 to ~~3.5 eV would tend to explain contrésting
»behaviof 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
for K*(Asz), but woﬁla be favqrably situated for K*(SpZP). Appearance

.potentials in dissociative electron atfachment studies on CH4,32

) 0,32 and CF 33 have yielded values for the electron affinities of

2 4
~~7.5, ¥~5.0 and ~4.7 eV, respectively. However,‘Ciayddn, et al.,34
have suggested that theilowest negaﬁive ion state Qf‘HZO is not seen:
in such experiments because it is bound relative to dissociation 6o

OH and H. .They suggest a value greatei 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 Kt + M~, the numbers in parentheses represent
I.P,-E.A., where I.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
electron aﬁfinity for CH4 has been made by Chrisﬁéphoréu and Stdckdale.35
Thus, it seems quite possible that one very significént new effect

in quencﬁing by former class A molecules 1s the availability of the

ionic intermeaiate 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.incneased 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
efficiencies with first resonance states.z’4 Reference Zb, in fact,
proposes that fairly efficient chemical quenching wi;h low activation
energy is likely for reactions which are more than ~20 kcal/mole
exoergic. Values of the reaction exoergicityg ADo = Do(M—B) + E*(M*) -
DO(A—B), where A-B represents a polyatomic molecule,_ére listed for
some possible reactions of interest here in Table VIII, along with the
corregsponding w values. It can bé seen that there is novparticular
value of Abo which affords efficient quenching in_general. However,
the very large value for the reaction of K*(szP) with CF4, and the
considerable value for the»reaction of this excited atom with Hzo,are
comparable in magnitude to the values for Na*(3p2P) and K*(4p2P) with
CF_Cl, and to the valué for Na*(3p2P) with CH,CN. This indicates that,

3 3
- indeed, the reaction path should be considered a probable one for dissipation

of excitation in quenching of K*(Sﬁ%ﬁ by H20 and CFA,‘and that this
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Reaction exoergicities.*

"Atom Gas Product ADO (kcal/mole) W
‘Na*(3pP) CH3CN NaCN ~46 1.0
CF,C1 NaCl 66 1.0
HC1 NaCl 43 ~0.8

(CH,0H  NaOH 32 0.26

CF,  NaF 36 ~ <0.01

H,0 NaOH 10 ~0.04

cH, _ NaH -6 . <0.01

HZ NaH -8 0.18

K* (4p°P) CF,C1 kel 59 0.82
| CH,OH  KOH 35 0.24

CF, KF 31 ~ <0.01

B0 KOH 6 ~0.03

CH, KH -21 <0.01

5 H, KH -23 ~0.05
K*(5p2P) CF3C1 KC1 93 ' 1.0
HC1 KC1 70 0.8

CH,OH KOH 69 . 0.74

H,0 KOH 40 0.71

CF, KF 65 0.16

cH, KH 13 0445

H, KH 11 0.13

* )
The reaction exoergicity, 4D

= D, (M-B) + E*(M¥) -

Dy (A-B), where A-B is the quenching 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 efficiency 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‘fhis gétting together has,
for excited alkali atoms, géneraliy 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 unclearf For 1instance, CH4 and C2 6°
for which the ADO values are not in sucb a range as to indicate a
strong possibility of reaction, apparently possess quenching efficiencies
in between those df H20 and CF4. Thus, it would seeﬁ that.the primary
recourse iﬁ'interpreting the quenching efficiencies of the former
class A moiécules with K*(SpZP) would probably be the accessibility
of the jionic 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, eﬁpirically, at any
rate, this method of estimating quenéhing efficieﬁcies 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 has ﬁot been mentioned, and here an intriguing effect apﬁears.

Notably, for CH4-CD4 énd for C2H6-C2D63 there is a definite "isotope

| effect", a ratio of ~1.5 for the quenching efficiencies of the hydrides
to those.of :he‘&euterides. There 1s room for such an effect in the

results on quenching Na*(3p2P) by H2 and D2 and péséibly on quenching

of K*(SpZP) by these gases, as well. the that the observation of

this effect for the two hydrocarbon pairs does not necessarily involve
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qompérison of w_valueé;- In these cases, the masseé of the partners

are suffiCiénfly similar thét the measured quenching rate constants or

the deriyea cross sectioné proVidé clear evidence Qf a définite
vdistiﬁction in quenching efficiency, which distinction is then reflected

in the w values. Th'e‘HZ--D2 cgse is someﬁhat trickier. .Oﬁe canhot v .
simply cpmpére heasgred féte Constants, és they correspond to signifiéantly
differen; relative_spged diétfibutions,'and comparison of K6(éxp)'values,
which amounts to compariag cross sectibns for the game value of relative
sbeed, ignores the effect of reduced mass on collision.behavior. Thus, -
it would seem necesséry to compare Qalues 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 possiblé isotope effect in_alkali quenchihg has

not been invéstigated previously, except for the"Hz-D2 case. In the
present work, this effgctIWas observed 1nitially'yitﬁ CH,-CD, , and

was thought to Support'the_notion'bf cheﬁically réaétive quénchihg.v
In faét, experiments were done in which mixtureS'éf these gases were
"-exposed to experimental quénching COnditioné wifh K*(szP) forllong
periods of time, and subsequent méss Spectfal analysis was done to r
see if peaké due to isotope scrémbling could be observed. It turned
out that such peaks were present, but the saﬁé result was found with
cqntrol samplés exposed at ZlOOA and 2450A,lwheré no K#(SpZP) could
be produced, apd, 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

CD, with K*(szP).

4 .

It is now believed that a more plausible explanation for the
isotope effect can be found in the Franck-Condon factors in§olved in
making thé transition from the molecule to the negative molecular ion
when the quenching gas moleculé aécepts the electrdn from the»excited
atom. Since the electron is being put into a strongly aﬁtibonding
orbital, it is to be expected that the bond distances in the ion will
be conéiderably greater than iﬁ the neutral molecule. The larger
vibratiopal émplitudes of the hydrogen-containing specigs, and the
greater non—claésical tunneling pbssibilities, should then make the
transition from the neutral molecule to the ion more favorable for
hyarogen than fér &euterium—containing molecules.

No sooner is this hypothesis adopted, however, than it leads

to apparent difficulty in the cases of HC1-DCl and H20—D20. Why is
no isotope effect observed in these cases. (Indeed, this was one
reason that a special effort was made to get maSS‘sﬁectrometric analysis

of a nominal D_O sample, despite the difficulties involved.) In seeking

2
an explanation in the HC1-DCl case, one is led to consider the large

w values. HCl is apparently quite efficient already in quenéhing

first resonance states, and increased exoergicity for the formation

of KCl with K*(szP) might lead one to expect that this molecule

would be 5 "saturated" quencher. That is, without fefefence to any
model or any particular attractive potential, it could well be that
HC1 quenches K*(SpZP) on essentially evefy close encounter. As the
thermodynamics would be essentially identical for the DCl case, no

particular difference in quenching behavior would. be expected.
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Such/an;grgument might apply in.fhe‘case df,HZO—DZO as well, as
the ADo,values for possible reaction with K*(szP) aeg quité large, and
the w values.ate comparable to those of HCl-and DC1l. (The fact that
the w value for D20 ié slightly larger than that‘fbp.ﬂzo is-not
rggarded as significant.) 1Im thisICOnnection, it was thought that an
isotope effect with the HZO_DZO pair might be observable in the
quenching of Na#(3p2P), as the quenching efficiencies would be very
small, and good signal-to-noise was ayailable. As it turned out,
howevef, no quenching at all could be measured with D20, 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. 1In this regard, it is intéresting to note that
a clear "{sotope effect" has been obserired31 in the quenching of

Hg*(6p3P1) by HZO and DZO’ and by NH, and ND,; for all these gases,

3 3}

the queﬂching-cross sections are in 0.5—5Az range;' Curiously, H2

2

state,31 but do show one in quenching the Hg*(6p3Po) metastable state.39

and D, apparently show no isotope effect in quenching this mercury

The absence of an isotope gffect in the CZH;{%gk situation seeméd

: pﬁzzling at first. Here, however, it was realiied that the T* molecular
orbital which would be expectéd to accept the donated electroﬁ 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.

(2N
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Super—efficient Quenchers. Besides the promotion of several class A

‘ quenchers to efficient status on going to K*(szP), the one formerly

supef-eﬂjﬁﬂnt quencher studied with this state, Iz,'suffered‘a severe
demotion in quenching efficiency. As has been mentioned,the analysis
of the K*(szP) - 12 data involved the use of a speed distribution
derived for K*(4p2P) at 24754, 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

1 /3

uncertainty, one obtains a value for 10l K6 of 0.98 cmz—(cm/sec)2
and for w of 0.25. These values are larger by only 15Z than those
quoted in Tables V and VII, so the coanclusion that 12 has become an
only moderately efficient quencher is not affected by the uncertainty
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*(szP) + 12 curve lies above the K+ + I; curve at all
separations. This situation is illustrated in Fig. V-8 for the case
of Na + 12, which is exactly analagous. Thus, thgre is no crossing
of the excited wovalent 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 I; 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 1.5 eV of vibrational

excitation in the molecule, and the Franck-Condon factors involved in

possible transitions at these érossiﬁgs ﬁould probably be éxpected to
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Fig. V-8, Potentjial curves for the Na-I systenm, illustrating that the

Na* (4p P)+I curve, which lies above the curve shown for
Na*(&s S)+I2, would not cross the Na++12 curve. The same
situation occurs for K*(Sp I)v-l-I , @as discussed in the text.
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to be quité,small. Alfernatively, one might imagine quenching here
as proceeding via curve crossing involving an electronically excited
state of I;’, 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 thevrapidly oscillatihg
nature of the continuum ion-state wavefunctions.AO

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-—
crossingvdistahces, Ro’ calculated approximately from the atomic

ionization potentials and the molecular electron affinities are given

in Table IX for the cases studied. For SO the crossing distances are

2°
not too great, and one might expect a fairly large quenching "efficiency"
measured against a cross section of NRi. This provides a very rough
estimate of the quenching efficiency in terms of a.minimum distance
model, with Ro as the mini@um distance. If one éompares the "average'
cross sections for the cases studied to the appfopriate values of

ﬂRi, one obtains the estimates of quenching efficiencies given in Table
IX. Obviopsly, for the cases listed, larger R0 values result in less
efficient quenching, in this picture. The small efficiencies for large
Ro's are gene;ally considered to be due to the difficulty of transferring
the electron over such large distances. The extent to which this
brealtlown of the Born-Oppenheimer principle occurs in a given case might
be estimated, at least very roughly, from tﬁe "efficiencies" given in
Table IX. The brealidown would not seem to be véry serious for the

crossing distances involved in the SO2 cases, but is clearly quite

serious for the 12 and Br2 cases.
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Table IX. Rough minimum distance efficiencies.

, “Ro "Average" (Q ) "Efficiency"
System* A) (A2) q ((Qq>/“Rg)
Na* (3p°P)-S50, 7.50 120 ~0.55
K*(4p’R)-s0, | 9 110 ~0.45
Na*(3p°P)-Br, | 32 180 ~0.05
Na*(3p2P)—12 36 180 ~0.05
K*(4p2P)—12 120 200 ~0.005

*Electron affinities: for SOy, from Ref. 41, ~1.1 eV;
for I, and Bry, Ref. 42 reviews recent measurements
which seem to converge on ~2.5 eV for Br, and ~2.6 eV
for I2.
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Berry, et al.,43 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
translationai energy dependence of the cross sections for reéction of
ground-sﬁate alkalis with halogen moleéulesvby calculating the
covalent-ionic transition probability as a fBunction of the local
radial velocity at Ro. His calculations did not extend to the large
Ro values encoﬁntered with excited atom-halogen systems, but extrapolation
of his-reéuits indicates qualitative agreement with the magnitudes and
velocity dependences of the quenching cross sections reported here.

 One might expect, in quenching by I, and Brz, that the initial

2

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
vibratidnal overlap for the 12 -+ I; transition would probaﬁly be
realized for ~0.5-0.7 eV vibrational excitation of I;, which would
place the crossing distance at ~12-18A for the céses involved here.
Inside this "optimum Franék—Condon distance', the curve crossing picture
migﬁt bé regarded as a trade~off between the Born-Oppenheimer principle
and the Franck-Condon principle. That is, at émaller separations,

the &ibrational overiap 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 Ro values, and that the measured



(Qq) vs { g) values lie essentailly on the same curve. The I, quenching
K*(4p2P) cross section is a bit belbw*this_curve; but perhaps not
significantly so, comsidering the quality of the data.

2. Comparison to Other Alkali Quenching Work

There has been relatively little study of QQenching of excitedv
alkalis by the sorts of molecules which were the primary concern ofvv
this study, with the exception of 12 and Br2 quenching Na*(3p2P).
Comparison to the direct lifetime measurement results of Brus3 on these
two quehchers has already been made. The I2 cdmparison is shown in
Fig..V—4. Brus's value of ~180A2 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

quenching of Na*(3p2P) by N,, which are not‘reférred to elsewhere, gave

2
;éte constants which agreed within 15% with the recent results of/
Weston and Barker, which were also obtained by direét lifetime measurement.
‘One of the first quenchers studied here was 002 with Na*(3p2P), and the
results were compared to those of Hanson23 as an in;tialicheck 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 inheréntly 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

s
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Table X. Comparison to thermal studies.

Atom-Gas Method  Ref. T g 1011 K, (exp) 1011(K6(éxp)
(°K) (A%) This Work
Na*(3p2P)-Hz Vapor 1% 400 23 . 0.85
‘ Vapor  45(L)%* . 400 16 0.60
Vapor  46(R) © ~600 12 0.50 0.48
Flame 47 1600 9 0.53
Flame 8 1900 8 0.51
Na*f3p2P)-D2 Vapor 45(%) 400 10 0.30 0.32
: Vapor  46(%) ~600 10 0.34
Na*(3p’P)-CO,  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
Na*(3p2P)-C6H6 Vapor 1% 400 230 4.1 2.1
Vapor 46 ~600 95 2.0
x*(apzp)-az Vapor S 350 5 0.17 0.1%
' Vapor 6 400 N5 0.18
Vapor 5(2) 400 9 0.33
Flame 7 1600 3.1 0.19
Flame 8 1900 3.4 0.21
K*(4p2P)—D2 Vapor 6 400  ~1.5 0.05 0.12
Vapor 8 400 10 0.24
Vapor 9 350 3.5 0.10
R*(5p°P)-H,  Flame 8 1900 60 3.8 0.58
K*(szP)-HZO Flaze 8 2100 10 0.33 2.1
K*(5p7P)-N, Flame 8 1900 48 1.5 1.4

r : - . _
Ag discussed in the text, results of Ref. 1 are probably affected by
radiation imprisonment,

ok ,

(2) 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 secftions and temperatures in each case, where they are cOmpafed :
"to the K6(exp) values derived from the experimehtalvfesutts of this
study. The overall agreement between this work and the thgfmal stﬁdies,
as well as among all the studies, is quite_good.' There are, however,

a few'points which require discuSsion.

The values from Norrish and Smith1 are about a faétor of two
higher than those of any other studies with which they can be coﬁpared.
Reference 1 was pefhaps the firét atomic vapor study to get quenching
cross séctions anywhére close to values obtained in later studies. Two

48,49 obtained astronomically high values for quenching

early studies
cross sectioms for Nz'(190 and 90A2) and H2 (54A2) with Na*(3p2P),
presumably because they operated at excessively high temperatures,
~500°K. These studies are'subjectrto 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 inefficieﬁt (saturated) quenchers.
It 1s also interesting in reading their paper to note that, as of
1940, the importance of electron transfer in alkali éuenching had
apparently not been recognized.

With respect to the problem of temperature, o?, more directly,
vapor pressure, in atomic vapor studies, it should be noted that tHe
value of ~600°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,

R



e 2

-203-

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 studies which used steady-state measurements.

The latter include all except Refs. 5, 45 and 46.

The results displayed in Table X for wquenching of K*(4p2P) by D2

seem to be in a rather sad state of disorder. The results on this
process and on K*(4p2P) - H2

and his co-workers. The values from Ref. 6 were obtained by measurements

from Refs. 5 and 6 were produced by Krause

on separated doublet lines by a steady state technique, while those
from Réf. 5 are the results of lifetime measurements on both components
together. Results of other workers generally support the former

measurement for H but for D,, the results of Refs. 5 and 6 represent

2? 2

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 N, agrees well. The

2

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

results indicates, however, that the value for N, should be unequivocal,

2

“as it depends only on knowing how much N2 is introduced into the flame.

The values for H,O and H,, however, depend on calculation of equilibrium

2 2’

concentrations following combustion of H, and 0 Noting that the sum

2 2°

of the Hz.ahd H20 cross sections 1s 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. Combarison with Other Syétems

Other "Electron-Transfer' Systems. In considering the covalent-

ionic cﬁfve—croséing picture of alkali queﬁching, it'is instructive
to examine other processes which are also generally thought of in terms
of this picture.‘ Perhaps the prototypicél electron~transfer process is
the reaction of a ground state alkali atémlwith a molecule of a large |
electron affinity, such as 12. Processes of this sbrt have been
referred to in Chapter IV in connection with the notion of strong
coupling between the initial and final (in this case, reécted) states.
Davidoﬁits and his co—workersso’have recentl? measured what should

be quite_:eliable cross sections for reactions of the alkali metals
with 12. They produce ground-state alkali atoms, by photodissociation
| of the glkaii iodide, in the presence of IZ’ monitor the alkali
concentration by measuring the absorption of resonaﬁce radiation
through the reaction cell, and extract reaction cross sections from
the decay rate of the alkali pépﬁlation.

" Using a similar technique, they have also measured cross sections51
‘) atoms by I, and for reaction

3/2 2
As the ionization potential of Tl is

for quenching of metastable-Tl*(szP
of ground sgate Tl atoms with Iz.
only 6.106 eV, it is often thowght of as "alkali-like", and these processes
are also considered as proceeding via electron—transfer; The experimental
results in Refg. 50 and 51 have been compared to cross sections

' célculéted from a modified orbiting theory due to Anderson,52 which
approximately takes into account the interaction befween the ionic

and covalent electronic terms in the potential curve for the approach

of the reactants. Computer solutiom is required to obtain a value for
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the calculated cross-section. Good agreement was obtained between these 
calculated cross sections and the experimentaliresﬁlts. Gislason53 has
recently calculated reaction cross sections for these systems using the
multiple curﬁe—crossing method described in Chapter IV (Ref. 26 of

Chapter IV) in connection with the Na*(3p2P) - N, quenching calculations.

2
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
Table XI, along with/the cross section obtained by Brus3 for quenching
of Tl*(7szs) by 12. In addition, cross sections for quenching of
Na*(3p2P) and K*(4p2P) by 12, extrapolated from the results.of thié
work to the conditions of the measurements on the corresponding ground
state alkéli reactions, are given for comparison. Likewise, these
quenching cross sections are extrapolated to the ﬁqninal speed of

. 2 .
Brus' T1*(7s”S) - I, measurement for comparison to that cross section.

2
Taking ratios of measured cross sections from Ref. 50 to values

of ﬂRi, one obtaine 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 1arger.values

indicating less serious breakdown. For the reaction of Tl witﬁ 12,

ﬂRi ~ 55, and for quenching of metastable T1, WRi

~ 100, both values
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 Ro values are considerably smaller than in the
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Table XI. Comparison to other "electron-transfer" systems.
Process ~R Measured : Conditions Ref.
Ay Q) »
(&%)
Na+I,>NaI+I 6 97 860°K . 50
. : : Thermal :
Na*(3p2P)+IZ+ 36 300 860°K o This*
- o Thermal Work
Na+12,vNaI+I .
KHT KT+ 8 127 860°K - 50
Thermal
K* (4p°P)+I_> 120 260 860°K This*
2 Thermal Work
K+I,, KI+I
Rb+I,>RbI+I 9 167 860°K | 50
2 - . _
Thermal
Cs+1,+CsI+I 11 195 860°K . 50
2 .
Thermal
TL(6p%P, . )+1.> 4.5 105 600°K sl
1/2 2 ‘ - Thermal
TRI+I ‘ :
Tz*(epzp +I~> 6 159 860°K ’ 51
2 :3/2 2 Thermal
TR (6p P1/2)+I2
TR*(7828)+1,> 65 - 480 g = 0.35 kn/sec 3
any of several :
combinations
Na*(3p2P)+12+ 36 560 g = 0.35 km/sec This*
Na+I,, Nal+I Work
K*(z.pzp)+12+ 120 430 - g = 0.35 km/sec  This*
K+, KI+I Work

*
These values were extrapolated from the results of this work to

the given cond

itions.

o

LD
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alkali cases, and little or no breakdown of the Bofn-Oppenheimer
primciple might be expected. |

| Referring to the quenching of Tl*(7szs), it is seen that, first,
Ro ié extremely large, and, second, the cross sections fo: quenching

of this state and of K*(4p2P) and Na*(3p2P) by I, are nearly equal at

2
the same relative speed. The cross section for quenching of Na*(3p2P)

by Br. would be essentially equal to these, as well, since it appears

2

to be néarly identical to the Na*(3p2P) - I, quenching cross section.

2
In all these cases, the Born-Oppenheimer.breakdown‘at Ro is quite
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 cufve corresponding to a vibrationally
excited halogen molecule negative ion.

The main feature of these electron—transfer.systems, particularly
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 égreement-between the experimental
cross sections and those calculated from the modified orbiting theory
indicates this, as the theory rests on thé 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;SO, 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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'guenehing;pf Excited Mercury. Quenching of-mercury Hg*(6p3P1)
has’been,etudied‘perhaps more than that of-any other excifed atem.' The
properties and behavior of this species provide intereéting comparisons
vto the excited alkalis. Several references have already<been made to.
quenching of this state, and it will be discussed'a bit more here,

‘based on data from several sources collected in Calvert and Pitts.31

Perhaps the most significant confrast in the properties of I_-Ig*(6p3

as cnmpared“to the excited alkali metals, is that ite excitatiqn energy
of 4.86 eV;ie suffi¢ient to break maﬁy chemical bonds. Thie has fhe ‘
conseqﬁence that photosensitized reactioﬁs play very important rolee
in quenching this state. In fact, the analysis of tﬁe products of
such reactions is a considerable field in the study 6f Hg*(6p3P1).

Another differenee in the mercury case, at ieéSt from'first resonance
states of aikalis, is the presence of the close-lying 6p3P0 state, only

0.22 eV below the 3P state. intereétingly enough, however, quenching

1

to this metastable 3P state 1s not regarded as important in most

0

cases, including quenching by hydrocarbons.: Nz'is one well-established

exception, but its quenching cross section is only’~0;2A2.
The importance of reactive quenching of Hg*(6p3P1) is illustrated

by the fact that H, and D, both quench with cross sections of gas-

2 2
kinetic magnitude; ~9A2 and ~12A2, respectively,vViavphotosensitized
‘decomposition of the molecule; whereas N2,vwhichlcanﬂot_be decdmpose&
by 4;86 eV, does not quench hearly so strongly.

Extensive studies-ha&e been made of quenchiné ef Hg*(6p3P1) by

saturated and unsaturated hydrocarbons. At first glance, these results

might seem comparable to those for first resonance states of alkalis,

P)

‘&

u,
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as small safurated hydrocarbons have very small croés sections, and
unsaturated hydrocarbons display cross sections of ~25—~50A2. However,
larger satﬁrated molecules are generally quite stfong quenchers of
Hg*(6p3Pl), with cross sections comparabie to those for tﬁe unsaturated
molecules.t N-heptane and n-hexane for example, poséess quenching |
cross sections of “QOAZ and “BOAZ, respectively. Norrish and Smith,l

studying quenching of Na*(3p2P), found no significant increase in

quenching ability of saturated hydrocarbons as melecular size and

complexity increased. The overall process by which saturated molecules

quench Hg*(6p3Pl) is generally recognized to involve decomposition of
the molecule, and fhe increased reactivity of certain molecular sub—
groups is regarded as responsible for the quenching ability of the
large molécules. 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 stafes, énd probably not very likely even for second
resonance states.

In quenching of Hg*(6p3P1) by unsaturated hydfoéarbons, the
situation is considerably differeht, 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, mucﬁ as with excited alkalis, but in the.mercufy case, the

quenching proceeds again via decomposition of the quenching molecule.
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Another important difference in the properties of Hg%(ﬂpBPl) is
that itg iénization poténiial is 5.5 eV, greafer even than those of
ground‘state alkalis. This has the consequence that an ionic
_interﬁediéteAcoupling the initial and final states would become
energétiéaliy avallable only at'very small separations with most gases. §
This may explain why the largest cross'sections observed for quenching
of'Hg*(6p3Pl).are only of gas kinetic magnitude, while much larger
cross sections for quenching éf excited alkalis are commonplace.

D. Conclusion |

On the basis of the quenching meésurements reported here, combined
with other data, it is felt that a reasonably good guéss could be made
as to the quenching ability of a good many molecules with alkali
atom resonance stateé. With first resonance states, the molecular
parameters thch seem to be impoftant, at least empirically, are the
electron affinity and the presence or absence of_a highly exoergic
reaction path. Résults on K*(szP) indicate that e;erything except
noble gases is a moderately efficient quencher, and this would probably
extend to most otﬁer second resonance statés, 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

o

Na*(4p2P), "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 difficul;ies‘with uv intensity,
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it seems that the photodissociation method is not the best for studying
these more highly excited states. Probably, one should go to atomic
wapors, and possibly utilize a laser as the excitatiOn.sourée. This
would also pefmit excitation of extremely highly excited states,

" with the possibility of 1ooking for ionizing collisions.

Another, probably more complicated, experiment; which would be
good to :see is the measurement of tﬁe vibrational energy distribution
in N2 or CO following quenching, as éompariSon ta caiculaﬁidns could
be made. There was 1ndicétion that.such work was in progress a few

years ago,54 but if quantitatiVe results have been obtained, they have

escaped notice here. , ‘
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