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ABSTRACT 

A high pressure, ladio frequency discharge nozzle 

beam source -hss'.'heen developed for the production of very 
18 -1 -1 intense (>_ 10 atoms sr sec ) supersonic beans of 

oxygen atoms. This source is capable of producing seeded 

beams of ground state 0( P,) atoms when dilute oxygen-'' 

argon mixtures are used, with molecular dissociation 

levels exceeding 80°s being realized for operation at 
pressures up to 350 torr. When dilute oxygen-helium 

mixtures are employed both ground state 0( P.) and excited 

state 0( D ?) atoms are present in the terminal beam, with 

molecular dissociation levels typically exceeding 60% 

being achieved for operation at pressures up to 200 torr. 

Atomic oxygen mean translational energies from 0.14 > 0.50 
eV fewfr-b-e^n obtained using the seeded beams technique, 
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w i t h M a c h n u m b e r s as h i j;h as 10 (I-'KIIM Av/v - 201,) b e i n g 

r e a 1 i z e d . 

'I his b e a m s o u r c e has been u s e d to s t u d y a w i d e 

v a r i e t y of e lenient nry c h e m i c a l r e a c t i o n s , u n d e r s i n g l e 

c o l l i s i o n c o n d i t i o n s , in c r o s s e d beam s c a t t e r i n g e x p e r i 

ments-. To date, react ions involving OCT,,) atoms and 

If] , ("]••_!, CS . , C H, , C, P. , and C.li.CIi, have been studied, 

as have been the reactions of 01 I), J atom:- with II,, 0,, 

and G!,. In tnis thesis the M l , CI-.;, (" II, , and (' D, 

reactions are discussed in detail. The I CI and CI-'., I 

studies have enabled us to determine an improved value 

for the bond energv of the 10 radical: li (10) = S'-, a 2 
o 

kcal/moie. The 10 product angular and velocity distri

butions have been used to generate Centcr- of - Mass flux 

contour map:-', which indicate that these two reactions 

proceed via relatively long-lived collision complexes 

whose mean lifetimes are slightly shorter than their 

respective rotational periods. . The experimental product 

translational energy distributions arc compared with 

theoretical predictions based on the statistical RRTCM-AM 

unimolecular d.e compos it ion mode!4 .-- The Of'^P,) + C H, 

and C.D, reactions were studied in order to elucidate 

the reaction mechanism, and, in particular, to identify 

the primary reaction products produced in these reactions. 
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After the initial electrophilie attack on the aromatic 

ring, the reaction was shown to proceed via either 

hydrogen (deuterium) elimination or nonradiative dei. iv 

of the initially"farmed triplet biradical to the S mani

fold of phenol. The branching ratio between these two 

reaction channels was found to be both isotope and energy 

dependent, with the addition channel being favored with 

respect to elimination for increasing collision energy 

and deuterium substitution. CO elimination was shown 

to be a relatively minor reaction channel, if it was 

oecurring at all. 

j' Finally, a series of beam-surface scattering experi

ments are described which examined the internal and 

translational energy dependence of molecular condensation 

probabilities for collisions involving cither C O . or SF 

and their respective condensed phases A It-Wtieen con

clusively d^TnoTrstrated that excitation of a polyatomic 

molecule's rotational and vibrational degrees of freedom 

can inhibit its probability of sticking upon impact with 

a cryogenically cooled surface. Scattered particle angular 

and velocity distributions have been obtained for CC1,, 

SI',, and Kr which have also permitted a detailed analysis 

of energy and momentum exchange to be carried out for 
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Molecular beam sea t t e r i n;1, experiments are unique in 

their ability to provide extremely detailed information 

on the dynamics and energetics of molecular interactions 

and elementary chemical react ions. I'y ob sc rv i n g 1 he 

asymptotic final state of scattered particles information 

can be obtained, in a very direct manner, on the potential 

energy surfaces which govern these interactions. In t lie 

gas phase, crossed beam experiments are very rapidly 

approaching the level of sophistication indicat ive of 

actual "state- to-state" chemistry, in which the colliding 

beams can he well defined with respect to their velocity, 

angular divergence, internal quantum state (using, laser 

pumping;, and even, for certain favorable cases, spatial 

orientation. The angular distribution, final velocity 

distributions, polarization, and internal quantum state of 

the scattered products can presently be accessed in these 

experiments by a variety of highly specialized technitjues. 

Beam experiments arc therefore capable of providing a 

clear mtc.to.4cop.ee description of kinetic processes at the 

molecular level, in contrast to more traditional "bulb" 

studies which inherently deal with ensemble averages of 

microscopic kinetic phenomena. furthermore, crossed beam 

studies are extremely useful for unravelling complicated 

kinetic mechanisms since these experiments can unambiguously 

http://mtc.to.4cop.ee


i dent if/ tin- primary inok'i'ul.'ii' reaction product', fior. 

i .') 1 a t <-d idinuii'i ul;ir r c n I ivc c o l l i s i o n . . i h i is o I 

<• pi-i i;i] i mpo r t ail' i- in tu 1 yins relatively "fa-.*" reac 

lion. v. h i c!i involve I tans i en t a t om i c and radical s pi c i e •: 

a . 1 lie ana I y •• i • of more t i ad i t i ona I bulk 1 i ne 1 i c •-. t ml i e , 

ian be ,i ti'ii'lv hindered by multiple c o l l i s i o n 1 , which 

in many instances obscure the primary palhway of these 

i <se t ion.. 

lie t e royoneous interactions and react ions can also 

be • t ud i ed in great detail with modern gas surface 

scattering t e c h n i q u e s . Here again, as in the gas p h a s e , 

scattering experiments are unique in that the gas surface 

interact ion potent ial can be probed in a very direct way. 

Several molecular beam laboratories around the world are 

currently i nves t i gat i ng e l a s t i c , inelastic, and reactive 

gas surface scattering e v e n t s , with very well characterised 

surfaces and incident b e a m s , in order to formulate a 

microscopic description of he t e roi'.onrous interactions on 

the molecular level. Valuable information on jas-surface 

interaction p o t e n t i a l s , and the bourn' levels these walls 

s u p p o r t , can be obtained from difTractive scattering 

e x p e r i m e n t s in which selective adsorption effects arc 

observed. Structural information about single crystal 

s u r f a c e s , and surfaces containing adsorbed l a y e r s , can 



also tie obtained due to 1 he trul\ "surface sensitive" 

nature of gas-surface scattering expe r i men t s . Inelastic 

scattering studies can he used to probe a hide variety of 

heterogeneous energy exchange processes. Ihere tire even 

indication.- that the phonon dispersion relations of clean 

surfaces nay be obtained from inelast it scattering studies 

employing high Mach nunih'T beams of either helium or atomic 

hydrogen. Perhaps ino>t i mpo rt an 1 1 v , the dynamics and 

encigel i c -'• of heterogeneous react ions can lie studied in a 

very controlled manner, enabling researchers to understand 

the factors which dominate heterogeneous reaction kinetics. 

Man>' major technological innovations have occurred 

in the past fifteen years which have enabled both crossed 

beam and gas surface scattering experiments to be success

fully carried out. In addition to the general improvement 

of ultra-higi vacuum fllllVJ technology, the foremost 

innovations have been the development bv Lee et al. of 

extremely sensitive "universal", differentially pumped, 

electron bombardment ionizer/quadrupole mass spectrometer 

detectors, and the development of a diverse assortment of 

high intensity beam sources. Of particular importance in 

this regard was the development of supersonic nozzle beam 
2 3 

technology," and the subsequent use of "seeded" beams in 
scattering experiments. This allowed intense beams of 
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relatively narrow velocity dispersion to be routinely 

generated over a wide energy range , alleviating the 

need to use relatively IOK intensity, velocity selected 

e I" fus i vc beam sou rces . 

In (diapter II of this thesis the design, construction, 

and operation of a novel supersonic atomic oxygen nozzle 

beam source is described in detail. This source has 

successfully generated atomic oxygen intensities in excess 
18 - 1 - 1 

of 10 atoms sr sec , with mean trans1 atIona1 energies 

spanning the range from (1.14 - ().!">!) cV being achieved with 

the seeded lie am technique. In addition to producing 

O f I' ) atoms, tli is source is capable of generating beams 

of 0( l)y) atoms wdien dilute oxygen - bcl i inn mixtures are 

discharged at high pressures. This capability is at the 

present time unique, and has allowed crossed beam reactions 

involving, excited state Of D 9 ) atoms to be carried out. 

To date, the following crossed beam experiments have been 

conducted in our group at Berkeley: 
0 ( P j ) + 1C1 

C l ' , 1 
.5 

() 6 

C , D , 6 6 

C , H , C H , 6 5 5 

3 

_I0 + CI 

]_0 + C F , 

SO + CS 

C , H c 0 H , C , H r O + II 6 5 ' 6 5 

-— C ,D , -0D, C , D c 0 + D 6 5 ' 6 5 

— (under current investigation) 



0fxl)9) + H 2 • OH + II 

n 2 • oi) + n 

CH 4 CI1.0 + H 

The three 0( i)-,) reactions listed above were the first 

singlet oxygen atom reactions ever studied in crossed 

beam scattering experiments. 

Chapter H I describes the OcV.) + ICl and Cl-'̂ I 

experiments, which were the initial systems studied with 

the high pressure plasma beam source. These experiments 

allowed us to determine an improved value for the 10 

radical's bond energy: 0 (10) = 5 5 4 2 kcal/mole. The 
o J 

10 product translational energy distribution for the CF_I 

reaction agrees quite well with RRKM-AM predictions when 

the above 10 bond energy is used in the statistical cal

culation. Also, the two reactions proceed via collision 

complexes whose mean lifetimes are slightly shorter than 

their respective rotational periods. The absence of CIO 

product in the ICl experiment also seems to indicate that 

the reaction proceeds adiabatically on a triplet potential 

surface, and that the least electronegative atom does rest 

in the central position of the triatomic reaction complex, 

in agreement with Walsh's electronegativity ordering rule. 

The 0( P,) + benzene reaction, discussed in Chapter IV, 

was chosen for inclusion in this thesis as it clearly 
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demonstrates the utility of the crossed beams method for 

unambiguously identifying the reaction products of 

•" elementary reactions. The reaction was shown to proceed 

by the initial formation of a triplet hi radical adduct , 

which subsequently decays via either hydrogen elimination 

or nonradiative transition to the S manifold of phenol. 
o ' 

The branching ratio between these two reaction channels 

was found to lie both isotope and energy dependent, with 

the addition channel being favored with respect to elimina

tion for increasing collision energy and deuterium sub

stitution. These experiments also indicated that CO 

elimination, if occurring at all, is a relatively minor 

reacti on channe1. 

finally, Chapter V describes a series of gas-surface 

scattering experiments which were conducted in order to 

stud>', on the microscopic level, the process of gaseous 

condensation. In particular, the trans1 ationa1 and 

'i internal energy dependence of molecular sticking prob

abilities were examined, along with the energy and momentum 

transfer characteristics of collisions involving CC1., 

Sl;,- and Kr and their respective condensed phases. These 

studies conclusively demonstrate that excitation of a 

polyatomic molecule's rotational and vibrational degrees 

of freedom leads to an increase in its reflection 



probability [decrease in sticking probability) upon 

collision with a cryogenically cooled surface, and that 

these internal energy effects become increasingly more 

impcrtant in the limit of low incident trans1 ational 

energy. 
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[I. DEVELOPMENT OF A SUPERSONIC 0( 3Pj), 0('D ?1 
ATOMIC OXYGEN NOZZLE BEAM SOURCE 

INTRODUCTION 

The interactions and reactions of oxygen atoms are of 

considerable interest and importance due to the fundamental 

role they play in combustion processes and atmospheric 

chemistry. The reactions of ground state 0('P,) atoms are 

of particular interest to researchers studying high tem

perature combustion processes, laser systems based on 

the react ionsofoxygen atoms which lead to products having 
2 

vibrationally inverted population distributions, and sur
face chemistry. A thorough understanding of ground state 
oxygen atom chemistry is also of immediate practical 
importance since the space shuttle will orbit the earth 
at altitudes where the major constituent of the atmosphere 
is O('Pj) atomic oxygen. The reactions of excited state 
Of D-) atoms are of primary importance due to their major 
role in the chemistry of the stratosphere. The ability 
of singlet oxygen atoms to insert in a variety of chemical 
bonds also makes their chemistry a fascinating subject 

5-to explore. 

In our laboratory a high pressure, supersonic, radio 

frequency discharge nozile beam source has been developed 

in order to determine the products, energetics, and reaction 
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dynamics of atomic oxygen reactions in crossed molec^lai 

beam scattering experiments. The motivation for con

structing this nozzle beam source, rather than relying 

on much more simple effusive sources, is that supersonic 

nozzle sources characteristically produce beams of far 

greater intensity and smaller transiationa 1 velocity 

dispersion than effusive sources. The translational 

energy of nozzle beams can also be varied over a very 

wide range, from hypothermal to hypcrthcrmal, by using 

the seeded beam technique. In this technique the peak 

velocity of the "seed" gas velocity distribution can 

ideally approach that of the pure "carrier" gas for very 

dilute gas mixtures. This is accomplished by accelerating 

or decelerating the seed gas during hydrodynamic expansion 

through the nozzle by diluting it in either a lighter or 

heavier carrier gas. Supersonic beams therefore offer 

several clear advantages over simple effusive sources for 

conducting dynamical studies in molecular beam experiments. 

The successful operation of a discharge beam source 

depends strongly on the characteristics of its plasma. In 

particular, the production of a stable and efficiently 

coupled higli pressure discharge for the generation of 

atomic species is much more difficult than the production 

of a low pressure (~1 torr) discharge. Impedance matching 
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of the plasma to the radio frequency power source as a 

function of gas pressure, temperature, and composition is 

required. Plasma localization directly behind the orifice 

must also be achieved in order to limit atomic recombina

tion before the expansion. Sufficient cooling of the 

nozzle in order to prevent melting of its orifice, and 

to limit atomic recombination at the nozzle walls (while 

not interfering with power coupling to the plasma) is 

mandatory. Finally, the high pressure plasma must operate 

in a stable, reproducible, and uniform discharge mode 

(no beads or streamers) whose temperature is sufficiently 

high to generate atomic species, but not high enough to 

melt the orifice of the nozzle. The beam source described 

in this paper meets all of the above criteria. A ' oron 

nitride skimmer is used and is found to be completely 

stable with respect to the seeded atomic oxygen beam. 

Other high pressure atomic oxygen beam sources have 

been previously reported in the literature. Miller and 
c 

Patch have described in detail a radio frequency dis
charge beam source which produces -35° dissociation at 

9 60 torr for a S% oxygen-helium mixture. Jorry e_t al. * 
have reported a microwave discharge source with dissocia

tion characteristics similar to those of Miller and Patch. 

The impedance matching scheme, nozzle construction and, 
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ii. particular, plasma localization techniques described 

in this paper permit a higher degree of molecular dissocia

tion t .. In' achieved .it significantly higher operating 

pressures than the sources mentioned above. The current 

limitation on the atomic oxygen beam intensity produced 

by our- source is not atomic recombination at high pressures 

but rather the speed of the diffusion pump which backs the 

source region. In some cases the characteristics (for 

example, gas temperature) of the high pressure plasmas 

we have generated to date also become a concern when 

pressures exceeding 400 torr are used. The source has 

been operated at pressures exceeding 200 torr for oxygen 

helium mixtures with greater than 50?. molecular dissocia-
1 8 tion, producing atomic oxygen intensities of ^ 5 x 10 atoms 

sr sec . Oxygen-argon mixtures have been discharged at 

pressures exceeding 300 torr with greater than 80" dissocia

tion, and with measured atomic oxygen intensities of ca. 

b x 10 at oms s r sec 

The beam source described in this paper was originally 

designed in order to produce intense supersonic beams of 

ground state 0('P. I atoms. However, we find that when 

dilute oxygen-helium mixtures are discharged the beam is 

composed of a mixture of atomic quantum states including 

excited state 0( D^J atoms. The concentration of Of. D 7 ) 

atoms in this beam has proven to be of sufficient magnitude 
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to permit the study of 0( D ?] reactions in crossed 

molecular beam experiments. This exciting development 

will eliminate the need to use poiverful and expensive 

UV pulsed lasers for the photodissociative production of 

Of D 9) atomic beams when the presence of other chemical 

species in the beam, such as 0('P ) and 0 ?( A J , will 

not seriously complicate the chemistry under study. 

•SOURCi: IIHSKIN AND CONSTRUCTION 

A cross-sectional view of the source mounted in the 
differential pumping region of our universal scattering 
machine is shown in Fig. 1, with an enlarged view of the 
internal source components and nozzle tip appearing in 
Fig. 2. The important design and construction consider
ations which led to this final form of our plasma beam 
source will now be discussed. 

A. Nozzle Construction 

The first question to be dealt with was that of nozzle 

material. Quartz and alumina were the two materials con

sidered based upon their relatively high melting points. 

Initially 99.81 purity alumina tubes with laser drilled 

holes were tested. They were unsatisfactory for two reasons. 
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'I hey 1 ended to crack when •-. uli j ec t ed to large thernal 

;-, rad i en 1 -, , and a re i ng oi'i u r i ed between the outer surface 

of the alumina tubes and l he radio frequency coupling 

coil whenever the outer diameter of the 1ub(.- care into 

phy.-. ical conta't with the coil. After t h i :• brief test 

period it i-. a. decided that quart;1, no::zles would have to 

lie fabricated. 'I he final shape of these no:-..-. 1 es cat: be 

seen in big. lie) and Hi;. 2 i c ) . A water cooling, jacket 

was i nco rpo i a t ed in out I i na 1 nor. r. le design to prevent 

the quart r. orifice from melt ing and enlarging, during 

the expansion of the extremely hot gas mixture. The 

no:::; I c 1 ip geometry shown in big. 2(1.) was ultimately 

found to be stable with respect to orifice enlargement. 

Here the water coolant flows directly over the junction 

between the inner, plasma containing tube (f> mm 0.1). 

comncrieal grade fused quart?., 1 mm wall thickness, as 

bubble free as possible} and the quartz water jacket 

(12 mm 0.1). , 1 mm thick). The short tip on the front 

of the inner tube is approximately 1 mm long and allows 

the coolant to flow as close as possible to the orifice. 

This is important due to the poor thermal conductivity 

of quart:. In acklition to preventing melting of the nozzle, 

water cooling is also desirable since the efficiency of 
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quai'tz to promote atoihi^ oxygen recombination decreases 

with lov.cr sui'Tace t empe ra t u re ̂  . 

Low electrical conductivity water of 5 ..mho/cm con

ductivity is u>ed as the nozzle coolant and is flowed 

throti, h the concentric water jacket at a ra'e of 10 cm" /sec. 

U>c of regular conductivity water as the coolant is pre

cluded due to excessive radio frequent v |iniu'r loss to the 

water. As an added benefit, the cool ins; jacket completely 

eliminated the arcinc problem mentioned above. This arcing 

was found to occur for both alumina and quartz plasma 

containing tubes which were not physically separated from 

the coil by another insulating layer. 

The nozzle fabrication procedure is quite reproducible 

and is briefly outlined here. The graded seal water inlet 

and outlet arms along with their solid quartz support rod 

(Fig. 2, F., C'i,]|, 11 arc initially assembled and put aside for 

later use. Next, the inner tube is prepared. This pre

paration consists of three operations: Flaring one end just 

to clear the I.II. of the outer tube, creating the import

ant tip on its front end (Fig. 2, L ) , and fusing three 

small quartz physical support standoffs to the inner tube. 

These three small "droplets" of quartz should be placed at 

120° with respect to each other and positioned from 6-7.5 

cm from the tip. They should be sized just to clear the 
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I.I), of the outer tube and will he used to hold the inner 

tube concentric with the water jacket. 'I he inner tube 

assembly is then slid inside of the outer tube with the 

outer tube ex t end i 115; past the inner front Tin by about 

:'i en. At this t inie the three inner tube support standoffs 

are fused to the 1.1). of the outer tube ami should be 

adjusted unt il the two tubes are concentric. A ring seal 

is then made between the flared rear end of the inner tube 

and the outer tube. Quartz tubulations are then blown 

onto the outer tube which will ultimate!}' be attached to 

the water coolant arms. Next, the 5 cm outer tube exten

sion i.̂  pared off with a torch and a carbon tool . The 

objective of this is to create a 1 mm thick quart: face 

which seals off the front of the outer tube without touch-

in 1;, the tip of the inner tube. This front surface should 

be as perpendicular as possible to the concentric tube 

axis and should be just shy of touching the inner tip. 

The assembly is completed by joininp the inner tip and the 

newly created quartz nozzle face with a ring seal. 

At this point the most critical stage of the nozzle 

fabrication procedure is carried out. The nozzle assembly, 

with the water arms still detached, is mounted in a glass-

blower's lathe. The orifice is now blown on a spinning 

lathe in an operation requiring two people. Using a 
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hyd rof.cn- oxygen flame the front face of the nn::lc is 

heated at a wide angle until tlie quart; is ready to he 

blown. The flame is then quickly removed and a h o u is 

blown in the tube. This bole should be ^lightly larger 

than the desired diameter of flic no:;le orifice. One 

person now locally beats the tip of the quart; nor. r. le 

while the other sinultancous1y views the hole diametcr 

with a t)(iX power measuring microscope. 'I he hole is allowed 

to shrink slowly until the desired diameter is reached. 

Hole sire readjustment can be carried out with this pro

cedure until the orifice is within 0.005 mm of the desired 

d i amete r. 

When an orifice of the desired sire is obtained its 

straightness is always checked by placing a small nositive 

pressure of oxygen behind the nozzle. This produces a 

small oxygen jet at the orifice. The shape profile of this 

jet is then made visible by aiming a small fas torch at the 

jet while the entire nozzle is rotated in the lathe. If 

any wobble or precession of the flame jet i :• detected 

the orifice is reblown. We consistently find that the 

straightest orifices are produced by shrinking a larger 

diameter hole down to the proper size rather than by 

enlarging a hole which is too small. Nozzle diameters 

are typically 0.076 mm for ogyxen-argon discharges and 

http://rof.cn-
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O.l'.U mm when oxygen -hcl i um mixtures arc used. The reasons 

for using two differently sized nozzles will be covered in 

the next section of this paper. Nozzle assembly is then 

completed by attaching the coolant inlet and outlet arms 

to the water jacket and by briefly etching the inner quartz 

tube with a dilute solution of hydrofluoric acid. This 

acid rinse is believed to inhibit atomic recombination on 
1 7 

the walls of the tube. 

P.. hi ec t r ica 1 Dos i gn 
Two distinct radio frequency circuit arrangements can 

be used for generating elcctrodeless discharges in gases. ' 
One arrangement involves the use of a self-excited power 
oscillator. In this configuration the tube containing 
the gas to be discharged is placed through the tank coil 
of a free running power oscillator. barge amounts of radio 
frequency power can be coupled to a discharge in this manner, 
hut it is inherently inefficient and can pull out of 
oscillation as the circuit loading changes. Loading varia
tions can occur when the pressure of the discharge is 
varied over several hundred torr. Its most serious draw
back is that impedance matching between the plasma and the 
oscillator's circuitry, while the oscillator is in opera
tion, is very difficult to achieve. The other circuit 
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option, and the one which we have adopted, uses a driven 

oscillator-amplifier arrangement in which a variable fre

quency oscillator is separated from the load by one or 

more stages of amplification. In this manner the oscillator 

is very well isolated from load variations induced by 

changing plasma characteristics. More importantly, this 

arrangement allows the impedance of the gaseous discharge 

to be carefully matched to that of the radio frequency 

electronics. This ensures efficient use of the available 

radio frequency power. It also offers the desirable option 

of separating the electronics from the plasma coupling LC 

t ank c i rcui t. 

The radio frequency fhercafter, RF) power for our 

beam source is supplied by a Viking Valiant radio trans

mitter which can deliver a maximum output of 140 watts 

over a continuously variable frequency range several hun

dred kilohertz wi dc , centered at 14 MHz. (Tt is difficult 

to obtain wide fequency tunability in the coupling tank 

circuit of this beam source at frequencies significantly 

higher than 25 MHz due to the stray capacitance associated 

with its physical layout.) When higher power levels are 

required a linear amplifier capable of providing RF output 

levels of up to ca. 750 watts is used. However, RF levels 

exceeding 200 wafts are rarely needed due to the highly 
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efficient impedance matching schene which is employed, 

'ihe plasma coupling tank coil and capacitor' can he seen 

in fig. '• ''1C variahle air capacitor M'.ud :! 1 (>1 5 , 0-75 

pf, 0.7(>2 cm uirgap) is mounted outside of the vacuum to 

facilitate the initial frequency matching of the coupling 

tank circuit to the electronics. A g r i d din meter is 

used for this preliminary tuning of the beam source. 

A novel impedance matching scheme is used which 

enables the- source to operate routinely at a standing 

wave ratio (Si.'K) of less than 1.05:1. Impedance matching 

is necessary since the effective plasma impedance which 

varies as a fund ion of plasma condition, is much larger 

than the 50 ohm output impedance of the electronics, 

figure 5 shows a schematic outline of the impedance 

matching circuitry which can best he understood when 

viewed in two stages, first , a variable group tap on 

the tank coil ( l: i g. 2,A| is used to produce a large 

stepdown of the plasma impedance, as seen by the Rl7 

electronics, ideally to 50 ohms. This lnrpc stepdown 

of the plasma impedance is accomplished with the coupling 

co i 1 - j, round tap arrangement acting as an Rl' autot rans former . 

Since this is an Rf circuit, the impedance transformation 
1 4 (for a uniformly wound coil) goes only approximately as 

the square of the turns ratio, (N/n) , where \' is the total 
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number of coil turns and n is the numbers of turns from 

the rear of the coil to the ground tap. This impedance 

transformation creates a large voltage stepup at the 

front of the coil (nearest the nozzle tip) and necessi

tates the use of a high voltage ceramic feedthrough for 

the Rl: return, as is shown in Fig. l,.l. This large, 

but approximate impedance transformation allows the RF 

power to be delivered to the beam source from a remote 

location by RG-215/1! coaxial cable. In a procedure which 

must be carried out only once when the source is first 

constructed, the source must be repeatedly tested witli 

the position of the ground tap varied in order to deter

mine optimum placement of the ground tap. This placement 

is found by noting the tap location which minimizes the 

standing wave ratio between the final RF amplification 

stage and the tank circuit. For the source geometry shown 

in Fig. 1 the optimum tap locations are 2-1/4 turns from 

the rear end of the coil for discharging oxygen-helium 

mixtures at 200 torr, and 2-1/2 turns from the rear end 

for oxygen-argon discharges operated at up to 350 torr 

total pressure. Standing wave ratios are always less than 

3:1 with these tap locations and are frequently much 

lower. 
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Ne.xt, a Pl-nctwork, series capacitor arrangement is 

used to critcially fine tune the impedance match until 

standing wave ratios of ].1:1 or less are achieved. This 

circuit arrangement represents a quite diverse ii..pcdance 

matching scheme in that the l'[-nctwork can he used to 

match purely resistive load mismatches while the series 

capacitor can he used for tuning out any reactive impedance 

components presented to the Kb electronics l.y the plasma 

coupling tank circuit. IVc find that the circuit impedance 

changes when the plasma is first started, varies rapidly 

as the nozzle pressure is raised from 1 to about 50 torr, 

and then varies more slowly as the pressure is further 

raised to several hundred torr. It is also found to vary 

with Rl; power level and gas composition. These impedance 

variations arise from the changing reactance of the coupl

ing coil, which can be attributed to the changing perme

ability of the region inside the tank coil. In the 

original design and testing of this circuit a highly vari

able P I - network, scries capacitor arrangement was con

structed having an intended circuit 0 of 10. The equations 

used for the design of the PI-network ' were (for R. > 

R 2 ) : 

CI (1) 
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r~ v R

2 

y Q2+i - ( V R 2 ; 
X C 2 = R2I- ± — * (2) 

QR1 + (R R,/X r,) 
X = — I T-±-±-±- (3) 

L l Q" + 1 

where Xp., X r 7 , and X., represent the reactances of the com

ponents shown in Fig. 3, R-, and R 7 represent the impedances 

of the tank circuit and RF electronics, respectively, and 

Q is the quality factor of the matching network. Particular 

attention should be focused on R, in the above equations, 

noting that it is related to the stepped-dovm resistive 

impedance of the gaseous discharge. The series capacitor, 

C3 in Fig. 3, completes the impedance matching circuitry 

and is varied during the SWR minimization procedure in 

order to eliminate any reactive components of the tank 

circuit impedance. In the initial design of this circuit 

both CI and C2 were variable up to 750 pf and were com

prised of several high voltage ceramic and air variable 

capacitors which were connected in parallel. Also in the 

initial design, capacitor C3 was variable up to 250 pf 

while the inductor, Ll, had a maximum calculated inductance 

of 6.9 uH. It consisted of a 7.6 cm diameter by 15.2 cm 

long, 15 turn tapped coil which was constructed out of 0.64 

cm diameter copper tuV.ng. The tap could be attached to 
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thc coil in 30 positions distributed evenly along the 

length of the coil, making 1.1 values well below 1 ull 

possible. This circuit worked very well but was eventually 

replaced (for ease of operation) by a slightly modified, 

commerica11y available network. ' In this commcrical unit 

CI and ('.?> are 20-24 5 pf air variable capacitors, C.2 is 

variable in discrete jumps up to 2160 pf, and 1.1 consists 

of a 5.1 cm diameter by 0.1 cm long, 9 turn coil which 

is tapped on its fifth turn for 14 MHz operation. The 

tuning of these impedance matching circuits is greatly 

facilitated by the continuous use of in-line RI: watt

meters and a standing wave ratio bridge. Power coupling 

to the plasma is found to be extremely efficient (_> 99?,) 

and power levels must be carefully limited in order to 

avoid melting the orifice of the quartz nozzle. Stray 

RF fields radiating from the source have been minimized by 

completely enclosing the top of the beam source with 

electrically grounded copper mesh. 

Figure 4 shows a block diagram of the RF circuitry. 

Note that the beam source is always operated in a doubly 

interlocked condition. Nozzle meltdown protection is 
18 provided by a paddlewheel flow switch which can quickly 

turn off the RF power should the nozzle coolant flow rate 

drop below a predetermined level. Similarly, the RF 
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electronics are protected by a fast electronic mctci relay 

which has been incorporated into an S1VR bridge circuit. 

This relay can rapidly turn off the RP power when the SH'R 

rises above some preset value, which is usually chosen 

as an SWR of 2.5:1. 

finally, we have been successful in localizing the 

plasma directly behind the orifice of the nozzle. This 

spatial localization of the plasma is of critical importance 

if an atomic beam of high molecular dissociation i.-? to be 

produced from a high pressure discharge. Without this 

plasma localization at the nozzle tip extensive atomic 

recombination would occur. The localization has been 

achieved by placing around the nozzle tip (outside of the 

water jacket and not along the front face of the nozzle") 

a ca/cfully shaped, electrically ground.ed block of aluminum 

(fig. 2,J). The discharge appears to change ,'radually 

from an inductively coupled plasma at low pressures to a 

capacitively coupled discharge at high pressures. This 

coupling at high pressures occurs beween the front, small 

diameter tank coil turns, and the grounded aluminum block. 

As this coupling hecomes stronger the plasma localizes 

towards the front of the discharge tube. Photographic 

studies have shown that the discharge region protrudes 

past the front plane of the grounding block and actually 
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0x1 ends up to the nozzle tip, cnsurinj 1 a high dej'.ree of 

molecular dissociation directly behind the nozzle at high 

pres snres . 

'I lie tank coil ( 1- i g. 2,1)) has been differentially 

wound in order' 1o further localize the plasma and to 

increase its energy density at high pressures. The first 

0--1/2 coil turns nearest to the nozzle lip are 1.37 cm 

I.D. by •(>.(] cm Ion;; while the f> 1 a rye turns are J. n S cm 

I.|). by (i. f> cm I on jv The larger turns decouple from the 

plasma as 1 be pressure is raised, and therefore the energy 

density of 1 he localized plasma is considerably increased. 

The coil is constructed of 0.32 cm 0.1!. copper tubing and 

was wound around correctly sized metal tubes on a low-

speed lathe. The small diameter coil windings should he 

uniformly spaced and carefully shaped in order to avoid 

any i nhomogene i t i es in the Rl: field. These i nhonogenc i t i es , 

if p r e s e n t , can cause the uniform plasma to collapse into 

streamers at high pressures. The coil, is water cooled 

with low electrical conductivity water at a flow rate of 

4 cm /sec in order to improve the long term m e c h a n i c a l , 

and hence e l e c t r i c a l , stability of the tank circuit. Also 

note that the entire tank c i r c u i t , as seen in Fig. 1, is 

floated with respect to electrical ground. That is re

quired if the RF coupling and localization s c h e m e s , as 

described here, are to be effectively used. 
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The pumping requirements for this beam source vary 

greatly depending upon the gas mixture which is to be used. 

It was originally pumped by a 4200 1/sec diffusion pump 

which was separated from the source by a sliding gate 

valve. This pumping arrangement was recently replaced 

by an 8000 1/sec pump which was directly joined to the 

source. This large pumping speed is desirable while 

running high pressure oxygen-argon mixtures, forwhich the 

pressure must be kept below 7 x 1 0 torr. Tor higher 

background pressures the RF power decouples from the 

nozzle and a glow discharge of the entire source region 

occurs. This glow discharge is a problem which currently 

constrains the nozzle orifice diameter to 0.075 mm for 

gas mixtures containing argon. Nozzle pressures exceed

ing 350 torr have been successfully run with argon as 

the carrier gas. Helium seeded beams do not have this 

operational constraint. This allows much larger orifices 

to be used for helium seeded beams operating at high nozzle 

stagnation pressures, provided that sufficient pumping 

speed is available for backing the foreline of the diffusion 

pump. 

Significant effort ivas also devoted to fabricating a 

skimmer which would not degrade when exposed to the atomic 

oxygen beam. Skimmers made of electrically conducting 
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materials, including stainless steel, were not stable over 

Ion;', time periods due to sputtering hy high energy ions. 

Apparently, ions emanating from the nozzle were being 

accelerated towards the ground potential of these metallic 

skinners. Boron nitride " skimir-ers with n.81 mm openings 

were found to he completely stable with respect to the 

oxygen beam. 'I he electrical insulating properties, 

inachinabi1 ity , and density of boron nitride actually make 

it an ideal skimmer material for use with this beam source. 

I!. Source Ope ra t i on 

The tuning and operat ing of the beam source is quite 

straightforward. The plasma coupling tank circuit should 

first be tuned to the desired resonant frequency by adjust

ing the tank circuit's variable air capacitor, which is 

mounted on top of the beam source. The resonant frequency 

of this circuit can be easily monitored by placing the 

probe of a grid dip meter adjacent to the tank circuit 

capacitor, which is conveniently located outside of the 

vacuum. During thi - tune-up procedure the coaxial cable 

which brings the RI; power to the source should be dis

connected from the source to ensure correct tuning of the 

circuit. Next, the RP power should be turned on (-100 

watts) with the impedance matching network and high 

power amplifier temporarily bypassed, and with the 
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nozzle evacuated to < 1 torr. The variable frequency 

oscillator is then varied until the SH'R between the beam 

source and the electronics is minimized. If the discharge 

is not ignited when the SWR minimum is reached the RI; 

power should be quickly switched off and then on again. 

Invariably the discharge will be ignited by this procedure. 

Gas should now be flowed into the nozzle while simultane

ously retiming the oscillator's frequency to maintain the 

SWR at a minimum. When pressures on the order of KM) torr 

are readied, theRF power level may be safely increased to 

sustain the discharge at higher pressures. The pressure 

may then he further increased, again with the simultaneous 

retuning of the RF electronics, until the final operating 

pressure is reached. lVe consistently find that the 

resonant frequency of the plasma coupling circuit increases 

slowly with increasing gas pressure. As an example of 

this, a 51 0?-}]c, 130 watt discharge is found to require a 

0.006 MHz frequency increase when its pressure is raised 

from 120 to 220 torr. At this point the plasma should be 

switched off, the gas mixture in the beam source evacuated, 

and then the impedance matching circuitry along with any 

high power amplifiers inserted in-line. The source can 

now be reignited and tuned for optimum performance 

at high R1-" power levels. After a few minutes of 

operation at the final power and pressure settings the 
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electronics should again be slightly retuncd to correct 

for any drift during this initial stabilization period. 

It should be clearly stated here that the minimum SU'R 

which can be achieved be.jjoie the matching network is 

connected is completely dependent on the placement of 

the coupling coil's ground tap ( 1; i g. 2,A). As was dis

cussed earlier, the correct location for this tap must be 

found in a trial and error process which need be done only 

once when the source is initially constructed. 

After the overall tuning procedure has been com

pleted the source can be operated without further major 

retuning for a period lasting several weeks. Typically 

the source is turned on by evacuating the nozzle to about 

1 torr, switching on the Rl: power, and rapidly increasing 

the pressure to the desired operating level. Within a few 

minutes of reigniting the discharge the operating 

characteristics always return to their steady state value. 

Most importantly, the beam characteristics are extremely 

reproducible for day to day operation of the source, 

allowing experimcntal scattering data to be taken over a 

period several weeks long if necessary, without concern 

for fluctuating beam characteristics. The quartz orifice 

does not enlarge at all when the source is operated at 

the power levels discussed in the next section of this 
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paper. However, sputtering of the f: .uit surface of the 

quart" nozzle docs place a lnit on the lifetime of any 

j.; i veil nozzle. This sputtering results when ions which 

leave the nozzle arc accelerated back towards its front 

surface by the large RI: fields present in that region. 

Periodic visual inspections of the nozzle tip are carried 

out to monitor the nozzle degradation. The nozzles are 

replaced when the sputtering crrosion becomes severe. 

They can be recycled by rebuilding, the nozzle face and 

reblowing the orifice. Some of the ions which emanate 

from the nozzle actually pass through the skimmer. These 

are deflected out of the beam by a 5000 V/cn deflecting 

field which is placed before the collision region of 

our apparatus (Fig. 1,N). The beam characteristics for 

different nozzles operated under the same conditions 

have been found to be fairly rcpr dueiblc, with slight 

differences in Mach number and peak velocity being noted. 

These differences can be attributed to the slight coil 

shape and positioning changes which invariably occur 

during each reassembly of the beam source. 
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IH:AM CIIARACTF.RIZATION 

A. Confirmation of Atomic Oxygen Production 

'I lie atomic oxygen beams produced by this beam source 

have: been thoroughly characterized in order to improve 

our understanding of the source's operation and to 

optimize its performance. A wide variety of diagnostic 

techniques Imvc been used for this analysis. Chronologic

ally, our first goal was to experimentally verify the 

presence of oxygen atoms in the terminal beam. This was 

unambiguously demonstrated by measuring the differential 

elastic scattering cross section for O-lfe and 0 -, -1 le in our 
2 0 universal crossed molecular beam apparatus. In these 

measurements the elastically scattered mass 16 and mass 32 

number densities were recorded, with the discharge on, when 

the oxygen beam was crossed at 90° with a supersonic beam 

of pure helium. for this preliminary experiment a S« 

0-,-Ar mixture was discharged in the source at 95 torr total 

pressure by 95 watts of RF power. The Newton velocity 
? i diagrams'" for these two collision systems are shown in 

Fig. Sa, and clearly reveal how the presence of atomic 

oxygen in the terminal beam can be confirmed by these 

experiments. They show that the heavier molecular oxygen 

is kinematically constrained to scatter within a LAB angle 
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of approximately 24° while the lighter atomic oxygen, if 

present in the beam, could he scattered to 44° in the 

LAB reference frame. These differential cross sections 

would also be expected to have a rather broad peak in 

the vicinity of these cutoff angles due to the nature of 

the transformation Jacobian which relates the LAB and 

Center-of- Mass reference frames. figure 5b shows the 

experimentally measured differential clastic cross sections 

for these two systems. The mass 16 (O-llc") scan can be seen 

in this figure to have a qualitatively different shape from 

the mass 32 (0,-IIc) scan. This difference indicates that 

the mass 16 signal docs not exclusively come from the 

dissociative ionization of clastically scattered molecular 

oxygen in the ionizer of our quadruped e mass spectrometer. 

More importantly, the mass 16 scan does in fact peak and 

begin to fall off around 40° while for the mass 32 scan 

this occurs at 20°, in excellent agreement with the shapes 

predicted from the most probable Newton diagrams shown in 

Fig. 5a. The experimental curves actually extend past the 

predicted cutoff angles due to the finite spread of 

velocities in the two beams. The O-He experimental curve 

shown in Fig. 5b has been corrected for the dissociative 

ionization of elastically scattered molecular oxygen. We 
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conclude from the- ahove data thai oxygen at oris arc 

dc f i i! i t e 1 >• present and, in fact, they are more abundant 

than oxygen molecule-; in the terminal bear produced by 

[.mi' high pressure, HI- discharge beam .-.ouice. 

I;. Mo 1 ec ill at- Hi s soc i a t ion 

i he extent of ().; dissociation in the tcraimil beam 

has been careful ly measured for several oxygen rare gas 

mixtures as a function of gas pressure and HI- power. 

These measurements were made in our crossid bean apparatus 

with the trip!}- differentially pumped mass spectrometer 

lookiny directly alonj.' t IK beam axis. 'I he relative C 

and O , numbei- densities w-i'e actually measured by inter 

g r'\ t i ng the t i me - o f- f 1 i gh 1 spectra of masses lb and 52. 

IV e have opted to intej'.rate these t ime -of- f1 ight spectra 

rather than use our usual particle counting electronics 

in order to eliminate any possible contributions from 

VUV photons and high energy ions in the detected signals. 

This separation of the true signal from VUV photon and 

high energy ion contributions can easily be made in the 

time regime with our timc-of-f1ight (hcraftcr, TOP) 

instrumentation since the interferring factors always 

have much shorter flight times that the true signal. The 

ion deflecting field mentioned earlier was held at a field 

strength of 5000 V/cm during these measurements and was 



found to deflect virtually all of the ions emanating from 

the beam source. Only during very high power operation 

of the he am source did a few high cnerty ions apparently 

reach the detector. 

The TO!' apparatus used in these studies consisted 

of a 17."8 cm diameter aluminum disk having four equally 

spaced n.5 nin or 1.0 mm slots around its circumference. 

'I he disk was rotated at either 3(H) or .35(1 II:: during data 

acquisition. The detector aperature was narrowed to 

(i. 123 mm diameter, and the distance between the TOT disk 

and the electron bombardment ionizer was 18.4 cm. The 

ionizer and quadrupole mass spectrometer have been prc-
20 viously described in detail, and the ionizer's emission 

current was set sufficiently low to eliminate any space 

charge perturbations of the detected signal intensities 

and velocity distributions. A 256-channel scaler inter

faced to an on-line NOVA minicomputer was used to record 

signal intensity as a function of flight time. The 

scaler was usually set at 2 us dwell time for the helium 

mixtures and 4 ;is Tor the argon mixtures. 

The extent of molecular dissociation in the terminal 

beam was calculated with the following two equations: 
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IV i c c n t I) i s s o c i a t on f5; 

where I and [ a r e t h e ex pc r i nienl ;i 1 1 v o b s e r v e d mass 16 o o 7 

and 32 number d e n s i t i e s , • i s t h e e x p e r i m e n t a l l y o b s e r v e d 

I / I count r a t io w i t h t h e d i s c h a r g e o f f , and t h e c r o s s 
o o., 

s e c t i o n s r e p r e s e n t t lie f o l l o w i n g p r o c e s s e s : 

n , + c (!,, + 1Q 

0 + e 0 + 2 c 

0 , + e (1 + 0 + 2e 

for ionization K i t h 1 .'ill e\' electrons: • = 1.52 A", c, 
o 9 o 

1.1S A 2 , and a n = 0.88 X 2.~' L' 2 ; >
 i n , j l c j r p ; , p c r Miller and 

8 I'atch have used an equivalent expression for R, and have 
discussed the approximations and assumptions leading to 
the use of equations M ) and f3J. The (n /o )/n term 
corrects for any differential detection of masses 16 and 
32 by our detector. This difference in detection pro
bability, if present at all, is partially due to the 
differential transmission of m/c = 16 and 32 through the 
quadrupole mass filter of our detector. 

Figure 6 shows the pressure dependence of 0 ? dissoci
ation for four oxygen-rare gas mixtures under a variety of 
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Rl' power settings. These curves reveal the unique operating 

characteristics of this beam source. The molecular dissoci-

tion is seen to depend only weakly on the no::, lc statznation 

pressure, varying only a few percent over a several liundred 

torr pressure range. The actual extent of molecular 

dissociation in the beam is also found to be quite high 

over this large pressure range. Argon seeded mixtures 

regularly achieve moelcular dissociation levels of 80-90?: 

while helium seeded rpixturcs operate with 50-65°; dissoci

ation. The weak pressure dependence and high dissociation 

levels described here can undoubtedly be attributed to 

the spatial localization of the plasma at the tip of the 

quartz nozzle. The dissociation percentages shown in 

lig. d have been found to be reproducible to within about 

5" for data taken over a several month time period with many 

different nozzles. Further examination of the curves shown 

in !•' i g. 6 indicates that the dissociation versus pressure 

curves for identical gas mixtures discharged by different 

Rf power levels have similar slopes, with the higher power 

curves shifted to slightly greater dissociation. The 10% 

oxygen mixtures also appear to exhibit slightly lower 

dissociation values than their more dilute counterparts. 

Figure 7 shows even more clearly the effect of RF 

power and 0 ? concentration on molecular dissociation. 
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I ;u: re as i Jig the HI-' power from 1/id to l'J.S watts is seen to raise 

the dissociation level by a t most 10"., for three different 

gas mixtures. Die two upper curves of this figure also 

show that the extent of molecular dissociation is only 

wildly influenced by raising, 1 he 0-, concentration from 

f>'.'. to 10';, when argon is used as 1 he carrier gas. The 10" 

0, Ar mixture is seen from fig,. 7 to exhibit the same HY-

power dependence as the '>". 0-,-Ar mixture, with its dissoci

ation prccentage lower by about 10". 

'I ho information related in figs. (> and 7 has been very 

useful for optimizing the performance of our oxygen atom 

beam source. The very weak pressure dependences shown in 

fig. (i indicate that the nozzle stagnation pressure should 

be held as high as possible, subject to the limitations of 

plasma stability and pumping speed availability, without 

worry of severe recombination. These figures also tell us 

that 10", 0., rare gas mixtures should be used rather than 

more dilute mixtures in order to increase the flux of 

oxygen atoms leaving the nozzle. finally, I'ig. 7 informs 

us that power levels appioaching 200 watts should he quite 

adequate for dissociating molecular oxygen in seeded argon 

and helium gas mixtures. This is fortunate since power 

levels exceeding luu watts lead to oiifice enlargement 

when argon is used as the carrier gas. Power levels 
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exceeding 2(1(1 watts also appear to accelerate tin- quart: 

sputtering rate at the nozzle face for all gas mixtures 

test e d. 

('. Ve 1 oc i t y Ana 1 ys i s 

The true, undistorted atopic oxygen velocity distri

butions produced by our bear11 source have been recovered 

from the convoluted experimental TOT distributions by 

correcting the observed spectra for instrumental broaden

ing effects (shutter fuivtion and finite ionizer length) 

and ion flight time offset. The peak velocity and Mach 

number of these distributions have been found to vary with 

both nozzle stagnation pressure and I'f power level, 

figure 8 indicates the dependence of peak velocity on nozzle 

pressure for seven different gas mixture - RF power com

binations. The effect of seeding is immediately apparent 

here, with the oxygen seeded in helium beams having much 

higher velocities than the oxygen seeded in argon gas 

mixtures. The mean energy of the atomic oxygen beams 

generated in our laboratory span the range from 0.1 - 0.5 

cV, with the highest energies being obtained for 5°i 0?-lle 

;.,'. A ', ill e.i discharged with 200 watts. llie shape of the curves 

shown in fig. 8 indicates that velocity "slippage" occurs 

between the oxygen and carrier gases during the hydro-

dynamic nozzle expansion. Velocity slippage occurs when 
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the collision frequency is too low during the nozzle expan

sion to effect complete momentum and energy equilibrium 

between the seed and carrier species. Slippage is 

especially typical of low pressure, high temperature expan

sions clue to the relatively low number density these 

systems have in the vicinity of the nozzle orifice. When 

slippage occurs it can usually be minimized by increasing 

the pre sure behind the nozzle, which increases the number 

of coll sions which occur durine the expansion. This 

behavior is clearly seen in I'i g. 8. The mixtures having 

helium ; - the carrier gas have their atomic oxygen peak 

velocities steadily inCiQa-bing with increasing pressure 

until their terminal velocities are reached at pressures 

jpproac'- i ig ISO- 200 torr. The mixtures bavin." argon as 

the carrier nas behave opposite]/ from th is , with their 
ncak oxygon velocities deoicuing with increasing pressure 
until thei-- terminal velocities are reached between 250 
and 300 torr. The above behavior is expected since helium 
setMe?. to ;i'ce\cvatc atoink oxygen \)V\\c arj.ovi itcelcxates 
atomic oxygen during coexpansion from the nozzle. 

The influence of RF power on beam velocity has also 
been studied and is shown in Fig. 9 for four gas mixtures. 
In all cases the atomic oxygen velocity is found to increase 
monotonically with increasing RF power. This in turn 
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indicates that the effective plasma temperature does in 

fact rise with increasing RF power. The translational 

energy of the beam can therefore be tuned over a narrow 

energy range about 0.1 cV wide by simply varying the RF 

power used to run the discharge. This tunability may apply-

to an even broader energy range when power levels exceeding 

200 watts arc used for running oxygen-heliun mixtures. 

In these experiments the raw TO]-' data is always 

recorded as number density versus flight time. However, 

TOF spectra are more readily intcrpretable when displayed 

as flux versus velocity spectra. A typical TOF spectra 

is shown in Fig. 10 which represents the velocity distri

bution of a fast atomic oxygen beam. The correct .Tacobian 
2 transformation, 1/v , was used for converting this and 

other spectra from time space to velocity space, while the 

resulting distributions were then multiplied by v to effect 

the conversion from number density to flux. The oxygen 
seeded in helium distribution shown in Fig. 10 has a F1VHM 

of 19°6 with a Mach number of 9.2 as calculated by a para-
24 ° S metric fit to the deconvoluted distribution. '"' This 

should be compared to the width of an effusive beam whose 

velocity distribution is Maxwellian. Numerical solution 

of the transcendental equation which defines the two half 
2 2 intensity velocities of the distribution I fv) <* v"oxp(-v /a ) 
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shows that the I-'WIIM of a Maxwell ian flux distribution is 

'.IS';,. The relatively narrow velocity distributions pro

duced by this beam source arc one of its most important 

characteristics, and are in feneral indicative of beams 

produced from supersonic nozzle expansions. The slower 

oxygen seeded in argon beams have typically 40" J-'lVl!M 

distributions with Mach numbers ranging from 3 to 4. In 

the future the use of neon rather than argon as the beam 

carrier gas may enable narrower moderate energy beams to 

be produced due to the smaller mass mismatch which exists 

between neon and atomic oxygen relative to that of argon. 

The terminal Mach number of a beam is a parameter 

which is frequently used for characterizing the width of 

its velocity distribution. It is defined as the ratio 

of the mass flow speed to the local speed of sound in the 

bear, v/c, where c = (̂ k'l./m) , y is the usual ratio of 

specific heats at constant pressure to constant volume, 

and T, is the temperature of the beam in the reference 

franc moving with the bulk velocity, v. For seeded gas 

mixtures which are expanded in the hydrodynamic regime 

(Knudsen number < 1) collisions with the carrier gas initially 

accelerate or decelerate the seed gas depending on whether 

the carrier gas is lighter or heavier than the seed gas, 

respectively. Subsequent collisions during the expansion 
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then serve to "cool" the seed pas and to narrow the width 
26 of its velocity distribution. The total number of 

binary collisions which occur during the expansion is 

proportional to n D, the product of the particle number 

density at the orifice with the orifice diameter. Figures 

11 and 12 show how the atomic oxygen Mach number varies 

respectively with nozzle stagnation pressure and RF power 

for several operating conditions of the beam source. The 

nearly linear Mach number versus pressure curves shown in 

Fig. 11 indicate that the cooling process does vary as 

described above, and is not complete. It is clear from 

the slope of the curves shown in Fig. 11 that further 

velocity distribution narrowing should be possible for 

operation at still higher stagnation pressures. This 

statement particularly applies tu helium containing mixtures, 

where the addition of a Roots blower to our pumping system 

will enable the source to operate with higher nozzle pres

sures (or with a larger nozzle orifice, which would also 

increase the terminal Mach number of the beam!. Figure 12 

shows that the beam Mach number decreases as a function of 

RF power level. This is not surprising since the number 

density at the orifice decreases as 1/T, where T is the 

effective plasma temperature at the orifice. It :.s never

theless important to understand the actual extent of Mach 
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number degradation with increasing RF power since future 

operation of the beam source at higher stagnation pres

sures may require the use of higher power levels. 

1). Plasma Temperature 

The temperature of the gas at the nozzle orifice has 
been determined for a variety of source operating con
ditions with two different techniques. The first of these 
techniques depends on the flux change which occurs when 
the gas temperature at the orifice is varied. The flux 
emanating from the orifice at constant stagnation pressure 
depends on the gas temperature in the following way: 

I (T) <* nCn-v(T) a 1//T~ (6) 

where the particle number density, n(T), varies as 1/T 

and the velocity of the particles emanating from the nozzle, 
v('n> g o c s as /T -. An approximate determination of the 

plasma temperatare can therefore be made by measuring the 

pressure in the source with the discharge turned on and 

off: 

pi '5i Ph~ 
P 2 * 2 \ T x

 [ 7 ) 
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A Bayard-Alpert ionization gauge was used for making these 

pressure measurements, and the gas temperature with the 

discharge off was assumed to be 300K. Using equation (7) 

the plasma temperature for high pressure oxygen-helium 

mixtures is repeatedly found to range from 800-900K for 

130 watt discharges, 850-110OK for 165 watts, and from 

1150-1300K for 195 watts. Only a slight pressure dependence 

is observed, with the temperature tending to decrease 

slowly with increasing pressure. Oxygen-argon mixtures 

are found to be considerably hotter: 1300-1500K for 130 

watts, 1600-1750K for 165 watts, and 1750-2050K for 195 

watt discharges at high pressures. The oxygen-argon dis

charges also have much stronger pressure dependence^ than 

the oxygen-helium discharges, with their temperatures 

rising significantly as the stagnation pressure is lowered. 

As a specific example of this a 5% 0,-Ar, 130 watt discharge 

was found to increase in temperature from 1400K to 1750K 

as the pressure was lowered from 250 torr to 100 torr. For 

this reason extreme caution should be taken when igniting 

(at low pressures) high power argon discharges. Immediately 

after igniting high pow-er argon discharges the pressure 

should be quickly raised to at least 100 torr in order to 

avoid melting of the quartz orifice. The above temperature 

measurements are of course only approximate, but are very 

useful for day to day plasma characterization. Also note 
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that the electron temperatures in the plasma are much hotter 
than the above trans 1 ationa1 temperatures, with electron 
temperatures on the order of 10,00()K or higher being achieved 
in t he d i schargc. 

More accurate plasma temperature determinations can 
be made by monitoring the mole fractions and velocity 
distributions of the three species (0, 0 - . and either 
helium or argon) which arc present in the beam. These 
temperature determinations nay be carried out by assuming 
the overall energy balance."''" 

(>:xLcp IT = >:xif: T b i • i n . y , 2
 f 8 ) 

where X. is the mole fraction, C n. the heat capacity, v. 
I Pi ' ' ' l 

the terminal velocity, m. the mass, and T, . the terminal 
' l hi 

temperature of each component of the beam, and T is the 
i i ' 0 

temperature of the gas at the orifice. The assumptions 
which must he made in order to calculate T from equation 

o n 

(8) have been thoroughly reviewed in Reference 8. The 
mole fractions of each component have been calculated 
using the molecular dissociation data which was discussed 
earlier, taken in conjunction ivith the knoivn composition 
of the gas mixture under investigation. Figure 13 shows 
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thc RF power dependence of gas temperature, at constant 

pressure, for three different pas mixtures. Once again 

we see that the argon containing mixtures generate signifi

cantly hotter plasmas and exhibit stronger power dependences 

than the helium containing ones. The data used in con

structing these curves were intentionally taken at relatively 

high operating pressures in order to ensure the validity 

of equation (8"). The pressure dependence of gas temperature, 

at constant RF power, has also been studied for several gas 

mixtures under a wide variety of operating conditions. 

These studies again indicate that the gas temperature 

decreases with increasing pressure. For example, helium 

containing gas mixtures typically decreased 200 degrees, 

from about 1000K to 800K, for a pressure change from 100 to 

200 torr. Argon containing mixtures also exhibit this 

temperature decrease with increasing gas pressure. V-'e also 

find that the assumptions which enable equation (fi) to be 

used for calculating gas temperature appear to break down 

at low pressures for argon containing mixtures due to the 

poor quality of these expansions. This statement especially 

applies to high power, low pressure discharges which contain 

argon. 
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I n a final attempt to gauge the true pas temperature 

at the orifice wc have also measured the velocity distri

bution of a pure helium beam which was produced from a 200 

torr, 175 watt discharge. Its peak velocity was found to 

be 2.S3 x 1(1' cm/sec. for an ideal nozzle expansion of a 

rare iwis, where v = /Sk'f J"m , this velocity corresponds to • o ' ' 

a gas temperature of 770K. This temperature can be con

sidered to be in fairly good agreement with the temperatures 

determined above when wc take into consideration the 

difference in gas composition which exists between this 

discharge and those previously discussed. 

In concluding, this section on plasma temperature 

characterization it should be mentioned that wc have 

encountered some plasmas which were not suitable for 

generating atomic species. In particular, wc have been 

unable to generate "hot" discharges for gas mixtures pre

dominantly composed of helium when small nozzle orifices 

of •'•_ 0.127 mm diameter were tested. These "cool" dis

charges would typically "have temperatures on tiie order 

of only 400k" for power levels up to 200 watts. These 

"cool 1" discharges are fortunately of little practical 

concern since orifices of _> 0.180 mm diameter arc always 

used for running helium containing mixtures. The rate 

of gas flow out of the orifice is therefore seen to 
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influence the mode stability of discharges containing 

helium, with faster flow rates stabilizing the hotter 

mode f'inoOK) relative to the cooler mode (-400K). Argon 

containing plasmas also have various discharge m o d e s , with 

the two most important nodes being the desired "hot mo d e " 

(-1750KJ and the destructive "streamer" or "pencil" mode 

which can occur for operation at pressures in excess of 

400-500 torr at high power levels. This latter mode is 

extremely hot and can cause rapid enlargement of the 

orifice. The inner diameter of the plasma containing 

quartz tube can influence the probability of this "hot 

mode" to "streamer mode" transition. The inner tube 

dimensions given earlier in this paper were chosen as 

a compromise between maximizing power coupling to the 

discharge and minimizing the probability of streamer 

formation at high pressures. 

I;. Beam Intensity 

Absolute beam flux measurements have been carried out 

in a differentially pumped beam source test facility in 

which a Bayard-Alpert gauge having a 52 mm sidearm extension 

was used as the particle detector. For these measurements 

the long sidearm of the detector gauge was pointed directly 

into the beam and was terminated with a small 1.58 mm 

conical aperature. The pressure rise, AP, which is registered 
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by the raii!;c when the beam is turned on can be used for 
calculating the absolute intensity of the beam when the 
distance between the source ski nine *• and the detector 
entrance aperature, d, is accurately known. This inten
sity determination is possible since the pressure rise, 
AP, reflects the new rate equilibrium which is established 
between molecules entering the detector and those effusing 
from it. The rate at which molecules enter the detector 
an therefore be found by calculating the rate at which 

molecules effuse out of the detector. This effusion rate 
can he expressed as: <!' = ~ n v A, where n = AP/PT, \ 4 o o o 

/sk'l'V 
v = I- 1, A is the area of the detector entrance uperature, 
o y - m J ' ' 

and T is assumed to be 300K. The long sidearm extension 
was added to the ionization gauge to ensure the validity of 
this last assumption. The absolute intensity vf the beam 
in terms of solid angle units can be obtained by dividing 
'1' by ATJ, the solid angle subtended by the detector aperature, 
where AS2 = A/d". Examination of the above relationships 
reveals that the actual area of the detector apcrature docs 
not influence the outcome of the beam intensity determina
tion as it cancels out in the final step of the calculation. 
The detector-skimmer distance, d, was fixed at 86.54 mm for 
these studies. Pure argon discharges which were operated 
at power levels between 165 and 195 watts at stagnation 
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pressures up to 350 torr were found to have beam fluxes 

of 3.6 x 10 atoms sr sec . The atomic oxygen mole 

fraction present in the terminal bc.un of 10'.'. 0,-Ar 

discharges, run under the same power and pressure 

settings as above, is known to be 0.15 from molecular 

dissociation experiments. By combining the above data 

the absolute oxygen atom flux produced by discharging 

oxygen - argon mixtures is found to nc ca. 3 .x 10 

atoms sr sec . Pure helium discharges which were 

run at 200 :orr with power levels again between 165 
1') and 195 watts produced beam (luxes ol 5.5 y 10 " atoms 

sr sec . Combining this figure with the measured 

atomic oxygen mole fraction for 10?, 0-,-Ile discharges, 

X = 0.10, leads to an absolute atomic oxygen flux of ca. 
18 - 1 - 1 

5 \ 10 atoms sr sec for oxygen-helium discharges. 
The pure rare gas beam intensities produced by this source, 
as described above, are comparable in magnitude to the 
intensities which have been reported in the literature 

? o 3 0 for other nozzle beam sources.""" '" The ionization gaug 
readings which were used for these and subsequent beam 
intensity calculations were corrected for the different' s 
in gauge sensitivity which exist for the various gases 
under study. The gauge readings were actually divided 
by 1.19, 0.15, and 0.85 in order to find the true pre sure 
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changcs due to Ar, lie, and 0,, respectively.' These 

represent the correct gauge sensitivity conversion factors 

as the detector gauge was calibrated for N ?. 

Tli e pressure rises due to oxygen-rare gas beams were 
also measured in order to perform an approximate check 
on the atomic oxygen flux estimates described above. Pre
dictions for the seeded bean pressure rises were based on 
the pure rare gas data, and were calculated in the follow
ing way: AP . (predicted) = fX..„ + X n (̂ li>'))AP where 

mix Ku u -j o KU 

X,.,. and X„ represent the rare gas and oxygen concentrations 

of the gas nuxturc, AP,,,, is the pressure rise registered 

by the gauge for a pure rare gas beam run under the same 
stagnation pressure and RF power settings, AP . is the fr i i b ' mix 

predicted gauge pressure rise due to the seeded beam, and 
S is the gauge sensitivity conversion factor for either 
helium or argon. The measured gauge pressure increases 
for oxygen-argon discharges agreed well with the nredicted 
gauge deflections, falling consistently within 101 of 
AP . .. However, the measured pressure rises for oxygen-
helium beams were usually 201 higher than the predicted 
gauge deflection. This discrepancy can be explained if 
the mole fraction of oxygen (0 and 0?) along the beam 
axis is larger in the terminal bean than in the initial 
gas mixture. This explanation is supported by the fact 
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that the heavier particles of a seeded gas mixture are 

preferentially focused on the beam centcrline during 

hydrodynamic nozzle expansion,' and are attenuated less 

than lighter particles in the region between the nozzle 

orifice and the skimmer. In summary, we therefoie find 

the atomic oxygen flux to be about h x 10 ' atoms sr 
-1 18 

sec for oxygen seeded in argon beairs and > 5 x 10 

atoms sr sec for oxygen seeded in helium beans. For 

these determinations a 40° inncr-dO° outer cone angle, 

0.82 mm diameter boron nitride skinner was fixed at a 

nozzle-skimmer distance of 5.08 mm, a second collimating 

skimmer of 1.04 mm diameter was placed SI.78 mm from the 

orifice, and a flat slot of variable dimensions was placed 

52.76 mm from the orifice in the wall which separated the 

differential and detector sections of the apparatus. The 

total gas flow emanating from the nozzle is typically (1.75 

torr-1/sec for 200 torr, 165-195 watt oxygen-helium dis

charges (0.191 mm diameter orifice] and 0,25 torr-1/sec 

for 350 torr, 165-195 watt oxygen-argon discharges (0.076 

mm diameter orifice). 

The ability of this beam source to produce intense 

atomic oxygen beams at high pressures, without suffering 

significant intensity loss due to atomic recombination, 

is one of its most novel and important operating 
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characteristics. This behavior is clearly demonstrated 

in Pip. 14 where the atomic oxygen number density, as 

measured with a quadrupole mass spectrometer, is plotted 

as a function of increasing stagnation pressure for four 

gas injxture-RF power level combinations. In Fig. 14a 

the relative n/c = 16 number density is seen to rise 

linearly with increasing stagnation pressure over the 

entire pressure regimes which were explored for two argon 

containing gas mixtures: up to 300 torr for a 5?. 0 ?-Ar, 

165 watt discharge and 350 torr for a 10% CU-Ar, 195 watt 

discharge. The 105 07-I!e, 165 watt number density curve 

shown in Fig. 14b behaves in a similar manner, up to a 

maximum pressure of 200 torr, as those described above. 

However, the 5°- 0-,-IIe, 130 watt curve shown in this figure 

turns over at pressures higher than 200 torr. This indi

cates that power levels >_ 165 watts should always he used 

for running oxygen-helium discharges above 200 torr total 

pressure. The m/e = 16 curves shown in Fig. 14 have all 

been corrected for the slight contributions arising from 

dissociative ionization of the molecular oxygen ivhich is 

present in the beam. The high pressure segments of these 

curves arc also representative of the relative atomic 

oxygen &luxe.6 produced by this source, as a function of 

increasing pressure, due to the weak dependence beam velocity 

has on gas pressure at high stagnation pressure. 
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F. 0( D,) Production 

When dilute oxygen-helium gas mixtures are discharged 

in this beam source a mixture of atomic oxygen quantum 

states including ground state Of"P j] and excited state 

Of D 7) atoms is present in the terminal beam. When helium 

is used as the carrier gas the Of D-1 flux lias in fact 

proven to be of sufficient magnitude to permit differential 

reactive scattering experiments to be carried out. This 

represents a very significant development in the realm of 

molecular beam technology as prior to this no other Of F>7) 

beam source has been reported in the literature. 

Of D ?) production was experimentally confirmed in our 

universal crossed molecular beam apparatus by observing the 

production of Oil from the reaction 

Of1]).,) + II2 —>• 01! + I! All = -43.5 kcal/mole (9) 

For this study a supersonic hydrogen beam (peak velocity = 

2.66 x 10 cm/sec, Mach number = 21) was collided at 90° 

with an oxygen seeded in helium beam (peak atomic oxygen 

velocity = 2.38 x 10 cm/sec, Mach number = 9) at a relative 

collision energy of 2. 7 kcal/mc1 . The oxygen beam was 

produced by discharging a 200 torr, 5% 0,- Fie gas mixture 
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with 200 watts of RI; power. Under these experimental 

conditions the 01! could not have been produced by the 

"round state reaction 

0 f 3 P T) + II, Oil + II All = 1.9 kcal/mole (10) 

33 due to the large H.'J kcal/mole activation energy ' which 

is associated with this process. Further support of the 

Reaction (9) process cones from the angular and velocity 

distributions of the OH reaction product. The Oil LAB angular 

d i s t r i but i on shown in big. 15 extends as far as the 01! f v=0 ) 

Center-of-Mass velocity circle permits based upon a reaction 

exocrgicity of 43.5 kcal/mole, while the Oil velocity distri

butions obtained with cross correlation time-of-f1ight 
3 4 3 5 techniques' ''" fall off with velocities indicative of 

this exocrgicity. These experimental distributions also 

indicate that the concentration of 0( S ) atoms in the 

terminal beam must be extremely low as no Oil product was 

observed at the high energies characteristic of the process 

o r 1 s 0 ) + H. OH AM -94.7 kcal/mole (11) 

When 10 % 0_, - lie gas mixtures were discharged rather than 
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5! 09-!le mixtures a 30°o decrease in OH signal was observed 

relative to the 3000 counts/sec counting rate of the more 

dilute mixture. This indicates that the number of collisions 

occurring between 0( D 9) atoms and other oxygen species 

should be minimized during the expansion if extensive 

quenching of the Of ])?) is to be avoided. V'lien dilute 

oxygen - argon gas mixtures wove tested no OH product was 

detected, indicating that, within the accuracy of the 

determination, oxygen seeded in argon beams contain no 

Of D ? ) . This is fortunate as it enables 0( P.) reactions 

to be studied in an environment free of Of T)7) contamina

tion when argon is used as the beam carrier gas. 

The presence of Of D 7) in beams having helium as the 

carrier gas can be attributed to the extremely small 

quenching rate constant of the process 

Of ]D 2) + lie C 1S 0) —*.0f 3P J) + H e f ^ ) 

AH • 4 5 . 4 k c a l / m o l e (12) 

which has been experimentally found to be: k^ .. < 10 ' ' O-He 
cm" molecule sec ." This value can be compared to the 

"gas kinetic" rate constant in order to crudely estimate 

the number of collisions needed for quenching to occur: 



I'his gas kinetic k ^ K , , • S x I f f H l cm'1 m o l e c u l e " 1 s e c " 1 

0 -11 e 
• • . „ , , , CK , 2. , 8 k T . 1 / 2 r a t e c o n s t a n t was a p p r o x i m a t e d bv k = (i\ r )( 1 , 

1 1 • 11 T i l l 

uln-rc r i s t h e e x p e r i men t a 11 v d e t e r m i n e d henna ril - .Jones 
m ' 

(12,(>) parameter for Of'!') -lie collisions,'' T is the 

plasma t empe ra t u r e , taken as 1000K, and \: is the reduced 

mass of the collision partners. The above indicates that, 

on the average, about Id 0 1 !)_,)-l!e collisions must occur 
? be I ore quenching takes place. Since only about 10" 

collisions occur during the expansion' it is not sur

prising that some 0( l>7) atoms are present in the terminal 

beam. In fact, most Of I)-,) quenching probably occurs 

during col 1 isions between Of 1)9 and other oxygen species 

which are present in the beam. In contrast to this, the 

experimentally determined rate constant for Of 1)?) quenching, 
i , i ( 1 i ,i" 1 3 3 i i-l - 1 3 6 . . , bv Ar, k " , = ,i x 10 cm molecule sec , is onlv about 0 Ar 
three orders of magnitude smaller than the O-Ar "gas 

kinetic" rate constant, k'_ . :: b x 10 cm' molecule 

sec , which was calculated assuming a nlasma temperature 

of 15 0 0 K and using the r value for 0('"P7)-Ar uiven by 
in J ' ' 

Reference 37. The Of l)-,)-Ar collisions therefore deactivate 

a significant fraction of the 0( H-,) atoms during expansion, 

with the remaining Of D-, ) atoms being deactivated by 

collision with the other atomic and molecular oxygen species 
which are present in the beam (k.i_n 

7 - i n " 1 1 3 3 . / x 10 cm 

molecule sec ) . An analysis of the collision dynamics 
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for Reaction (9) is currently being prepared for publication, 

and will be presented elsewhere in the literature. 

The pressure and power dependence of Of J),} production 

has been examined for a 5° 0.,-He gas mixture in our crossed 

beam apparatus. This was accomplished by monitoring, at 

the peak of the broad product angular distribution, the OH 

signal intensity coming from React inn f01 as a function of 

beam source pressure and RI-' power level. Since the oxygen 

and hydrogen beam velocities arc nearly equal the OH count 

rate is indicative of the Of D ?) particle flux. (Whereas 

if the hydrogen beam were much faster than the oxygen beam 

the OH count rate would be indicative of the Of I')?) number 

density at the collision center.) The curved shape of the 

intensity versus pressure data shown in Tig. 16a indicates 

that some 0( 11,) quenching docs occur at higher pressures, 

but not to the extent which would require operating the 

sources at pressures below 250 torr. The intensity versus 

RF power curves shown in fig. 16h clearly indicate that 

higher source powers fand hence plasma temperatures) 

significantly increase the flux of Of D-,) emanating from 

the nozzle. In the near future gas mixtures composed of 

less than 5 percent oxygen will he characterized in order 

to determine the optimum oxygen-helium mixture for 

maximizing Of D ?) production. 
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DISCUSS J f)\ 

The high p r e s s u r e , s u p e r s o n i c , radio frequency dis

charge beam source which has been described in the pro

ceeding sect ions of this paper offers several improvements 

in the important, ope rat ing cha rac t '• r i st ics of bean trans-

lational e n e r gy, beam intensity, velocity distribution 

width, and beam composition when compared to either thermal 

or low pressure discharge effusive sources. lor e x a m p l e , 

the atomic oxygen t ransI at iona1 energies which have been 

accessed in our laboratory span the range from 0 . I - 0. S cV, 

with future extension of this range up to 0.7 eV being 

possible for operation with dilute oxygen - he 1 iurn m i x t u r e s . 

These energies are considerably higher than those accessible 

with effusive sources constructed from either thoria (ThO-j.)' 
•I I) or iridium. Also, the atomic oxygen intensity produced 

by an effusive thermal oven, operating with Knudsen number = 

1 , would be ca. 4 x 10 atoms sr sec . This intensity 

was calculated using an 0 9 pressure of 1 torr, a calculated 

equilibrium constant of K = 1.2 x 10 ~~ torr for the process 
P ' 

0-, i = 20 at 2500K, and assuming that the source orifice 

was 2 mm high. The fluxes available from low pressure dis

charge sources are comparable to this, with atomic oxygen 

flu.xes of ca. 3 x 10 atoms sr sec being realized for 

operation under effusive flow conditions (with 10% molecular 
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4 ~> dissociation, a temperature oi 350K, " Knudsen number = 1, 

and a slit height of 1 mm). The above atonic oxygen 

intensities are much lower than the measured intensities 
produced by our seeded nozzle source: ca. S x 10 atoms 

-1 - 1 . 18 
si' sec for oxygen-argon mixtures and "• S x ID atoms 

sr sec for oxygen-helium mixtures. Also note that 

the Maxv.ellian velocity distributions typical of effusive 

sources arc quite often too broad for carrying out well 

defined collision experiments, necessitating the use of 

mechanical velocity selectors which further reduce t lie i r 

intensity by at least an order of magnitude. It is there

fore evident that the nozzle source described here is 

capable of producing atomic oxygen fluxes which are at 

least 1-3 orders of magnitude higher than those possible 

with conventional effusive sources, with the actual inten

sity gain depending upon the peak velocity and velocity 

widths which are used for this comparison. The high 

atomic oxygen fluxes produced by this source should permit 

extremely well defined collision experiments to be carried 

out in which the supersonic beam source would be coupled 

with either a high resolution mechanical velocity selector 

or with a magnetic sublevel quantum state selector in 

order to further define the atomic beam. 
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' 1 lie ahil i ty o I this source to generate seeded beams 

bavin;1 hi.i'h molecular dissociation at pressures up to 

several hundred torr total pressure is undoubtedly due 

to plasma local ir.at ion at the no?.:'. le t ip and to the 

h i gh 1 y efficient power coup I i ng which has boon achieved 

between the Kb tank circuit and the plasma. 'I he use of 

radio frequency rather than microwave power simplified the 

above as radio frequency generated plasmas can be easily 

drawn out of the repion enclosed by the coupling coil, 

while microwave 1 rone rat ed plasmas tend to strongly localize 

in the region surrounded by the coup] ing cavity. The 

facile frequency variability and impedance matching of the 

Kl' circuitry described earlier also simplifies operation 

at li i gh pressures. The1 water cooled no::rIe, which ensures 

extremely stable and reproducible day to day operation of 

the source, would have to be replaced with a more cumber

some ant! less efficient oil-cooled design if microwave 

radiation were used. The ability of this source to generate 

terminal beams containing Of l)?) atoms >., at this time 

unique, and would not have been possible if ' ie discharge 

were removed from the region immediately behind the orifice. 

The atomic oxygen is probably generated in the dis-
4 3 charge by a variety of kinetic processes. Thompson " has 

shown, for low pressure discharges, that dissociation can 
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be directly induced by clectron-CU collisions via the 

Schumann -Runge continuum 0-,{'':'.t) - | 0 , (' 1! l| - 0("P.) + 

0( 1),) for collision energies • n . 1 e\'. Metastable argon 

collisions could also lend to dissociation via this pro

cess, "etastablc helium atoms, due to their high 

energies, have the ability to Penning ionize molecular 

oxygen. Ionization in this manner, followed by dissocia

tive recombination between 0-, and an electron has been 

proposed as the primary source of atomic oxygen in 
Q 

oxygen - he 1 iurn Rf discharges. 

The generation of other atomic and electronically 

excited species should also be possible with this source. 

In our laboratory we have briefly tested dilute hydrogen-

helium mixtures (12S torr total pressure, 145 watts I 

and have observed atomic hydrogen production. The genera

tion of a supersonic molecular beam containing 0 ?( A ) 

without the simultaneous presence of atomic oxygen in the 

terminal beam should be possible. This could be accomplished 

by pulling the discharge back, away from the nozzle tip, and 

by introducing a small amount of mercury into the gas 

mixture. The resulting mercuric oxide coating located 

after the discharge zone would effectively remove the 
44 atomic species present in the gas. The feasibility of 

generating atomic nitrogen beams with a high temperature 
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version of this source is currently being explored in our 
laboratory. 
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FICURF CAPTIONS 

Fig. 1. Sectioned view oi the plasma beam source mounted 

in a differentially pumped chamber. A-l.ucite 

insulating flange. B-.\ozzle coolant return. 

C-Quartz nozzle gas inlet. !>-Cajon nit r;i-torr 

fittings. F-N'ozzlc coolant inlet. F-RF power 

input from RCi-217>/!l coaxial cable. C-Variable 

air capacitor. 11 - Coup 1 ing coil coolant outlet. 

I -Coup 1 i ng coil coolant inlet. .J-Ceramic feed-

through for Rl: return and coil coolant. K-Ceramic 

fecdth rough for RP input and coil coolant. 

I,-Poly-Flo tubing sections. M-Sta in 1 ess steel 

source chamber. X-Plates for 5000 Y/cni ion 

deflecting field. 0-1200 1/sec diffusion pump, 

differential region. P-4200 or 8000 1/scc 

diffusion pump, source region. O-Fpoxy resin 

mechanical support. R-Flectrical ground wire. 

Not shown: IVire mesh RI: shielding which covers 

the air capac itor/RF fcedthrough assemhly. 

Fig. 2. Sectioned view of the internal source components. 

A-Variable ground tap. B-Swagelock reducer. 

C-Water-cooled quartz nozzle. D-Coupling coil. 

F-Quartz support rod for water inlet/outlet 

assembly. F-Swagelock union joining copper and 
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1 i PI i na t y t l i n e up o f t h e s o u r c e . 

a l . ' , 'ewton d i ay, r a r i , f o r 0 Pe a n d 0 , He e l a s t i c 

s e a t t e r i i n 1 . . h i 1' i f I" e r c n t i a 1 e l a s t i c s c a t t e r i n c 

c r o s s s e c t i o n s f o r 0 Pe a n d 0 , - l l e . 'I l ie w i d e 

a n r l e f a l l o f f o f t h e P Me c u r v e c o n e 1 u s i v e I y 

d e m o n s t r a t e s a t o m i c o w ^ c r i p r o d u c t i o n . 

P r e s s u r e d e p e m l e n c e o f (1., d i s s o c i a t i o n : 

O ."-.". 0 , A r , Id.") w a t t s ; • 5? 0 - , - A r , M O w a t t s ; 

A l h 1 : , 0 , - . \ r , l '. lf i w a t t s ; D I D " 0 , - A r , 141) w a t t s ; 

• 5',', 0-,-llc, 1 30 watts; AH'", 0.,-lle, 130 watts; 

Q 10" 0-, -lie, 105 watts; - - - performance data 

for the source described in Reference 8. 



- " 1 • 

M . !• . power dependence o( 0 , dissociation. 

O 5" 0,-Ar, 250 tnrr; • in" o,-Ar, 250 torr. 

D in';. d,-He, 1~5 torr. 

Pressure dependence of atonic bean velocity. 

O 5" 0.,-lle. 130 watts; • 1 f t>,-llo, 1 (> S watts, 

A ID" 0,-llc, 130 watt-; D In'' 0, Ar, 1 ".' 5 watts; 

• 5", (1,-Ar, H O watts; A 5 0,-Ar, 130 watts; 

0 I"\ 0, - Ar , 1 4n wat t s . 

k.l . power dependence of atonic 'can velocity. 

• ."." (\dk', 200 torr; O Id'.' o,-!le, IT' torr; 

• 5': 0,-Ar, 250 torr; • 10'.. 0,-Ar, 250 torr. 

Atomic oxygen velocity distribution for a seeded 

bean having a I-'KIIM of 1 o " . 'Die solid line is 

the deeonvolutod best fit to the experimental 

data which yields a beam Mach number of 0.2. 

Pressure dependence of atomic beam Mach number. 

• 5". ("I,-lie, 130 watts; O 10" 0,-lle, 130 watts; 

0 10", 0,-Ar, 195 watts; A 5" 0,-Ar, 130 watts; 

D 51 0 7-Ar, 165 watts; • 10° 0,-lle, 165 watts. 

R.F. pow-er dependence of atomic beam Mach number. 

O 101 02-Ilc, 175 torr; A 10° 0,-Ar, 250 torr; 

• 51 0 2-Ar, 250 torr. 
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III. A CROSSED MOLECULAR BEAMS INVESTIGATION 
OF THE REACTIONS 0( 3P) + IC1, CF 3I 

INTRODUCTION 
The reactions of ground state 0("1') oxygen atoms with 

halogen (X 7), interhalogcn (XY) , and halogen containing 
compounds (RX) have recently come under investigation in 
several molecular beam laboratories. These reactions are 
of current interest for several reasons. They are known 
to proceed v-ca relatively long-lived collision complexes 
whose decomposition dynamics and energetics can be experi
mentally monitored in crossed beam scattering experiments. 
This is accomplished by observing both the angular and 
velocity distributions of the reaction products. These 
results yield a Center-of-Mass energy distribution which 
can then be directly compared with the energy distribution 
predictions of the statistical RRKM-AM unimolecular 
decomposition model proposed by llerschbach and his 
coworkers. These reactions are also of interest as the 
ground state reactants approach on a triplet potential 
energy surface which correlates in many cases to an excited 
state of the triatomic reaction intermediate. The 
possibility therefore arises that reaction might proceed 
by a triplet •* singlet surface crossing. 
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3 2 3 4 Crossed beam studies of the reaction 0( P) + CI,, ' ' 
Br ?, '" and l ? '* have been reported in the literature. 
These investigations were carried out in part to probe the 
nature of the reaction mechanism, and in doing this, to 
infer something about the structure of the reaction inter
mediate for each system. Tlie results from these studies 
are consistent with the reactions proceeding by a collision 
complex mechanism, with only the 0C1., collision complexes 
formed in the high collision energy studies of the 0 + Cl ? 

2 3 reaction ' having lifetimes shorter than one rotational 
period of the complex. The long-lived nature of the 
collision complexes formed in the low energy studies suggests 
that the complex for each reaction rests in a relatively 
deep potential energy well. For example, this well is 
believed to be on the order of 20 kcal/mole for the OBr, 

4 complex. This initially suggests that the 0 + X 7 reactions 
proceed via a surface crossing to the lowest (most stable) 
singlet potential energy surface which corresponds to the 
bent, symmetric XOX structure. The CI O-Cl and Br-O-Br 
species are in fact known to be chemically stable. 1'' These 
are 20 electron systems having bent structures which Walsh's 

o 

molecular orbital correlation diagrams predict to be 
singlet species having the following MO configuration: 

XOX(singlet, bent) (la) 2 (2o) 2 (ITT) 4 (2TT) 4 (3TT*) 4 (1) 
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However, the "electronegativity ordering rule" derived 
from IValsh's orbital correlation scheme predicts that the 
least electronegative atom should occupy the central 
position of a given triatomic molecule, consistent with an 
OXX geometry for all halogens except 01'-,. Walsh's orbital 
ordering scheme suggests that OXX triplet species should 
have bent configurations with the following MO configuration: 

OXXftriplet, bent) (1 o ) 2 ( 2o) 2 ( 1 v. ) 4 ( I T ) 4 C3T:* ) 3 (5a* ) (2) 

Hxpcrimcntal confirmation of a stable 0-C1-C1 entity has 
0 been found in cryogenic matrix isolation experiments.' It 

has been suggested by llcrschbach and his coworkers, as well 
o 

as by IValsh in his original paper, that a different MO 
configuration might better describe near linear OXX compounds 
in which the 3n* orbital actually lies lower in energy than 
the 3,'T* orbital, resulting in an alternative triplet MO 
configuration: 

OXXftriplet, linear and possibly bent) 

(la) 2(2a) 2(l7T) 4(2T0 4(3o*) 2(37T*) 2 (3) 

In this case a triplet ground state rather than a singlet 
ground state is predicted for near linear OXX triatomics. 
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4 This may persist for bent geometries as well. This then 

allows for the presence of a relatively deep well in the 

triplet OXX surface which can explain the long-lived nature 

of the collision complexes without requiring a triplet •+ 

singlet surface crossing. In support of this argument is 

the behavior of the 0( P) + V7 system, which, in spite of 

its large e x o e r g i c i t y , is found to have a very low reaction 

probability in flow tube experiments. This implies the 

presence of a large activation energy for this process. 

Since 0 atoms are Jess electronegative than !•' atoms, Iv'alsh's 

rules would predict an F-O-F geometry to be a more stable 

reaction intermediate for this reaction. The low reaction 

probability for the 0("P) + F 9 reaction supports the con

tention that 0 + X 7 reactions proceed on triplet potential 

energy surfaces via end-on attack of the oxygen atom, with 

the singlet surface remaining inaccessible to the initially 

formed triplet complex. In cases where an attractive well 

exists in the triplet surface (0 + CI.,, Br-,, I T ) a long-

lived complex will be formed ultimately leading to reaction. 

In cases where a barrier exists in place of an attractive 

well in the triplet surface, i.e., 0 + !•'-,, reaction will not 

occur easily at thermal energies. (Note that insertion of 
3 0( P) into the F-F diatomic is highly unfavorable process 

requiring a large activation energy.) Finally, it is pre

sumed that the OXX triplet surface must cross the XOX singlet 
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[ " a c t i o n s a r c ;' • i'i' r u e d b y 1 h e •.• c o n e ' r i a a ] i n i a l M i n t ^ 

i m p o s e d b y l \ a l c h ' s e 1 e c t rone:>a 1 i y i 1 ;.• o r d e r i n y r u l e , a n d 

h e n c e , d c >'ct p r o , e c d v i a a t r i p l e t • s i n y ! c t s u r f a c e 

c r o s s in;.',. S p e c i f i c a l l y , fin 1 lie 0 ' if I, l!'r s y s t e m s t h e 

i o d i n e a t o m is t h e l e a s t e I e c 1 ronci'.a 1 ' v e a t o m p r e s e n t , 

r e l i s h ' s r u l e p r e d i c t s t h a t t h e t r i p l e t c o m p l e x e s s h o u l d 

t h e i c f o r e b e O - l ('I a n d 0 - I - K r . 'Iliese r e a c t i o n s a r e f o u n d 

t o y i e l d e « ' I u s i v e I ;.' 10 r e a c t i o n p r o d u c t , w h i c h is n e a r l y 

thermoneut ra1 for each reaction. CIO and BrO are not 

observed in these studies even thouph they art- far irorc 

exoergic than the 10 channel. from this, one can only con

clude that the loni;- lived complex remains on the triplet 

surface. if a crossing did occur, resulting in an XOY 

statistical .omplcx, dissociation would be expected to 

proceed nearly exclusively by the more cxoergic CIO and 

RrO channels. 



i :: this paper results a re presente! |\-r the reactions 
1 1 ' !' . * I ('! , CI - i eh t a i ned with eu r s lire i son i c a t oni i c 

.-i 

".<.;.' ,'e!: I't'.'iin snii i"t-e. 'I i.e ill react ion was chosen as the 

1 i is i reaction to hi -Undue with this hear: source since 

.-e::ie information w,'s pi-cvio.is i v available about its reac

tion crchati i s/::, an.l ^iiicc t tie nan'ouci icloi'i l '.' d i s t r i 

hut iori it our source w o u M hopeful 1 v add fresh insight 

into the mi i no I ecu I a r decornpus i t i on of the 0- I-CI complex. 

in a previous study (irice and his coworkers applied a 

long i i veil collision complex node I 1e dediue a bond energv 

lor tlu- ]0 radical.'' " 'I lie app I i oil) i I i t y of using a long-

live-.! complex model here '.: not very convincing. i-'urther-

more, the wide velocity spread of his effusive oxygen atom 

heam makes quantitative assessment of the reaction energetics 

difficult. (Irice and his coworkers have also studied the 

iodine abstraction reaction 0 + ("l:_l, ' using an oxygen 

seeded in helium or neon microwave discharge beam source. 

'Ihe 10 product from this reaction at Lwo collision energies 

shows no evidence of the strong peaking on the realtive 

velocity vector which is expected from the domination of 

orbital angular momentum in a reaction with a relatively 

large cross section and expected to proceed by a long-lived 

collision complex. At both collision energies some proiuct 
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'I In- l i f e t i m e o 1' i l i e e omn 1 c x a p p e a r s t o In- s h o r t e r - ( i n d i c a t e d 

by t h e l a c k o f f o r w a r d b a c k w a r d syinsiic t r y o f t h e P r o d u c t 10 

f l u x i n t h e f e n t e r - o f M a s s r e f e r e n c e f r a m e ] a n d a s l i g h t l y 

h i g h e r f o n d c i u ' i ' i p ' i s f o u n d f o r t h e 1(1 r a d i c a l . I n c o n -

t r a s l t o l i t i s , o u r r e s u l t s f o r t h e 0 + f b - I r e a c t i o n a r e 

n o t i n a g r e e m e n t w i t h P r i c e ' s s t u d y . He h a v e b e e n a b l e 

t o f i t o u r d a t a w i t h s t a t i s t i c a l t h e o r y u s i n g o n l y t h e 

e n e r g y w h i c h i s a c t u a l l y i v a i l a b l e f o r p r o d u c t t r a n s l a t i o n 

a n d h a v e n o t made a n y a s s u m p t i o n s a b o u t an ' ' e f f e c t i v e " 

n u m b e r o f a c t i v e o s c i l l a t o r s . T h e 10 b o n d e n e r g y d e t e r 

m i n e d i n t h e 0 + I C l e x p e r i m e n t a g r e e s w e l l w i t h t h a t 

n e e d e d t o f i t t h e 0 + C1-'_I r e s u l t s . T h i s r e a c t i o n i s f o u n d 
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'Ihc iTos -I'd ''i.'ii': a'lpa i a 1 us nsni in llicsi' studies was 

s i r; i ! a i in design t <> one which .has 'icon D I T V imish' des-

i M ! i'-l in detail. Ihc seeded, supersonic atomic oxygen 

bean source used in these studies was vcrv similar to the 

source descrih('<] in Chapter II of this thesis. It was 

actually a preliminary version of the current source, 

operating with signi ficant )y lower pumping speed fusing a 

Varian I IS - 10 diffusion pump rather than a Varian VIIS-400, 

or having approximately Kilf the pumping speed of the 

current systcnij ami having a larger nozzle orifice, ca. 

n.iuj mm in diameter, than that currently employed. The 

atomic beam was produced by discharging a 5?. 0 ? in a"gon 

mixture at 10(1 torr total pressure by 100 watts of 14,2 

megahertz radio frequency power. The resulting atomic 

oxygen velocity distribution had a peak velocity of 1.05 x 

10' cm/sec and a 1-lvHM velocity spread of 40%. This was 

determined with conventional "single-shot" time-of-f1ight 

velocity analysis with a dwell time per channel of 4 usee. 

Molecular dissociation was found to be about 801 under the 



above o |n- ra t i ng 'Olid i 1 i on s . 'I he atur-i<' oxygen v i m ' i 1 y 

d i •- t )• i 1.111 i on is v. i I • • r than t ho '.'• 1 y p i i a 1 I >' ' ound in h ; u 

1 cBiiic ra t u re , high ;J r''-s •-• u ]•'• : .upe r : MII i <• !'.'';iar.\ ions, hut i :-, 

:, i ,MI i ! i a II t I v 11,'innii'T than T i •«- Ma .•".-. e I I i a n d i s t r i b u t i o n s 

p i -iid in 'd I m in r| I I I M W <: i •-,< ha rye . ou i i c '. . 'I he r e l a t i v e l y 

I a lie- w idth (if 1 he atop i c oxygon v e l o c i t y d i •-, t r i bu t i on 

can he a t t r i b u t e d In the low n u m b e r d e n s i t y at the o r i f i c e 

of the nn.'.:'Ie, which is, a direct eon seq uen c e o! both the 

high e f f e c t i v e p l a s m a t e m p e r a t u r e in the no:'.;'le, and the 

low stagnat ion p r e s s u r e at which lie no:::", le w a s o p e r a t e d . 

In this e a r l i e r version of the so u i a e relatively' low 

s t a g n a t i o n p r e s s u r e s were required to ensure p l a s m a 

s t a b i l i t y . In con t ra s t to t h i s , the cu r ren t ve rs i on of 

the o x y g e n seeded in a rgon plasma beam s o u r c e can be 

o p e r a t e d at p r e s s u r e s a p p r o a c h i n g 4(111 torr with 10','. 0-, 

in argon gas t'li.xtures, r e s u l t i n g in n a r r o w e r velocit\' 

d i s t j ; but i o n s ami much h i g h e r a t o p i c o x y g o n fluxes fban 

those o b t a i n a b l e w i t h the source used in tile 0 + ICl, 

Ci- - I expo r i men t s . 

The IC1 used in these e x p e r i m e n t s w a s p r a c t i c a l 

g r a d e o b t a i n e d from M a t h c s o n , C o l e m a n and B e l l . It was 

held in a gl a s s r e s e r v o i r w h i c h was heated to 310K by a 

t e m p e r a t u r e regulated oiL b a t h . At this t e m p e r a t u r e the 

ICl vapor pressure was observed to he 70 torr with a 



:;;iratron pressure gauye. The actual seeded IC1 beam was 

produced by flowing argon through the lf.'l reservoir to 

bring the total operating pressure t o 2M] torr. This was 

dune to increase t lie stability ol the l('l hear: intensity 

and to improve the 'u-am's iipcrat in;; characteristics. This 

mixture, approximately .SO'1. K M , was expanded through a 

'i.l rin quart; nonr.le which was held at 7<Z9 K to prevent 

condensation of I CI in the no:.-, le. . n fact, the entire 

class i;as line was always heated to at least 1 0K above 

the reservoir temperature to prevent IC1 condensation. 

The seeded IC1 beam produced in the above manner was 

characterized with single-shot time-of-f11ght techniques, 

and was found to have a peak velocity of 5.(12 x 10 cm/sec 

and a FWIIM velocity spread of 29". Liquid nitrogen 

cooled forclinc traps were always placed between the 

diffusion pump and its mechanical backing pump to prevent 

IC1 from fouling the mechanical pump's oil. 

The supersonic CF,1 beam was run neat at 250 torr 

total pressure through the same source used "• n the IC1 

experiment. The CF,I was obtained from PCR Research 

Chemicals Inc., and xvas used without further purification. 

The CI-',I beam produced in this manner had a peak velocity 

of 2.66 x 10 cm/sec and a FWHM velocity spread of 30%. 

The above terminal velocity of the CF.,1 beam implies that 
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t h e , u j i i - i M i i i i e c . q i a i i . i ' H i •• I I ' f i . t i v 1 v i o n v e r t e d t h e t r a n s -

l a t i o n a l , r o t a t i o n a l , a n d a p p t o.i i M:I t c I y t w o l ow f r o q i i c n c y 

v i h i a t i o n a l d e c r e e s o l i'r<-'-<Ion i o boa- : I- i n c t i c e n e r g y . 

I T i r ! > - r t !. i- ' ' o n d i I i on t h e r c a U i h : ; i I .. I iao i ee u 1 e •• a r e 

1 i • I t ;•. i t h a n n v e i a g e i n t e r n a l ' ' I I I M 1 ; - ' o l a b o u t 1 k c a l / n o l o . 

l l i e iin a n c o l l i s i o n e n e r g y i o i t i e - |( 1 r e a i ' t i o n was 2 . S'i 

k c a 1 / i n o l •• v . i l l i a IdVliM o I' o . H \ c a 1 / c i o 1 • • , w h i l e T h . i t f o r 

t h e CI- . , j r e a c t i o n was 2 . 1 S l e a l / n o l e a i s a i n w i t h a I1VI1M 

c i i i ' r •• •>• --.p r e a d o I" 0 . H l e a l / n o 1 e . 

L a b o r a t o r y a n g u l a r d i -1 r i h u t i o m . o f p r o d u c t n u n h e r 

d e n s i t y w e r e t a k e n b y r e p e a t e d ' , c a n s u I' | d u s e c o n d l o u n t s 

a t e a c h a n g l e . T i m e no raaa I i r a t i on o l t h e r e c o r d e d s i g n a l 

w a s c a r r i e d o u t w h e n r e q u i r e d . 'I he o x y g e n b e a m w a -

i n o i l u l a t e d a t ISO I I : : w i t h a K u l o v a t u n i n g L o c k c h o p p e r . 

T h e a c t u a l s i g n a l a t e a c h l a b o r a t o r y a n g l e was o b t a i n e d 

by s u b t r a c t i n g t h e c h o p p e r c l o s e d c o u n t f r o i a t h e c h o p p e r 

o p e n c o u n t . The- I!) p r o d u c t s i g n a l a t t h e p e a k o f i t s 

a n g u l a r d i s t r i b u t i o n f o r e a c h s y s t e m was c a . IS c o u n t s / s e c 

w i t h a b a c k g r o u n d o f 50 c o u n t s / s e c . P r o d u c t v e l o c i t y 

d i s t r i b u t i o n s a t e a c h a n g l e w e r e o b t a i n e d w i t h c r o s s -

c o r r e l a t i o n t ime - o f - I"] i g h t t e c h n i q u e s ' ' w i t h a d w e l l 

t i m e p e r c h a n n e l o f 12 i i s e c . L o r t h e s e e x p e r i m e n t s a 

p s e u d o r a n d o m s e q u e n c e h a v i n g 5 0 ° d u t y c y c l e w a s e m p l o y e d 

w h i c h h a d a 2 5 5 - b i t p a t t e r n . R e p r e s e n t a t i v e c o u n t i n g t i m e s 

http://Th.it
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for oroduct velocity a n a l v s i ^ varied between one and three 

liou rs per ami 1 c . 

l-'I.SIil.'lS 

'I he on I >' product detected in the 0 ( ' P ! + J (" 1 reaction 

was the 10 radical, indica1 i m; that the geometric con

straints imposed on the 01' I') + lt'1 collision complex by 

Walsh's e 1 cctronegat ivity ordering rule an- op e r a t i v e , 

this also indicates that the reaction does not primarily 

proceed by a triplet • singlet surface crossing. H o w e v e r , 

the increased background at m/e = fi 1 , the ("10 m a s s , and 

uncertainties about the relative detection efficiency of 

CIO with respect to 10, only permits us to estimate at 

this time that less than 10',' of the reaction goes by the 

more exocrgic reaction channel which yields I and C10 as 

pr o d u c t s . S i m i l a r l y , the only reaction product detected 

in the Of' I1 J + CI' I reaction was again the 10 radical. 

The laboratory angular distributions of 10 product 

from these reactions arc shown in Fig. 1. The error bars 

in this figure represent one standard deviation from the 

mean of 10 independent measurements. The product for both 

reactions is found to peak near the center-of-mass angle 

for each system with slight bimodality being apparent in 
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the distribution from the Of'l'j + IC1 reaction. This 

1) i inoda 1 i t y inplies that a large fraction of the initial 

orbital angular momentum of the roactants appears as 

orbital angular momentum o I" product in the decomposition 

dynamics of the 0-|-(.'l collision complex. The product 

flux distributions for these reactions are shown in 

figs. 2 and 7> as a function of laboratory velocity. The 

contour plots of fenter-of- Mass If) product flux, obtained 

from laboratory angular and velocity distributions with 
1 8 Si ska's iterative deconvo1ution technique, are shown in 

figs. 4 .and 3 for the [(!] ami !!l,l reactions, respectively. 

These contours are the deconvo1uted fentcr-of-Mass flux 

distributions, which, when averaged over the reactant beam 

velocities, produce the best- fit solid lines shown in 

figs. 1, 2, and 3. 

The laboratory number density angular distributions 

for these reactions appear to peak near the respective 

center-of-mass angles. This can be attributed to the 

relatively high detection probability for low energy 

reaction products which fall near the center-of-mass , 

since the transformation Jacobian which relates Center-

of-Mass flux, I (0,u), to Laboratory number density, 
~> 1') ' 0 Nf0,v), is v/u". "'" In reality, the 10 product flux 

peaks strongly on the relative velocity vector for each 

system, well removed from the center-of-mass of each 
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system. This can be 'learly seen in Figs. 4 and 5. Pro

duct t ime-of-f 1 iglit dat=>. could only be taken within ca. 25 

degrees of the velocity vector of the center-of-mass due 

to the rapid fall-off of product number density in the 

Laboratory reference frame, as discussed above. At angles 

further removed than this counting times became prohibi

tively long for obtaining acceptable signa1 -to-nosie 

levels. 

lixami nat ion of the product 10 flux distributions 

in the ("enter-of-Mass reference frame reveals that 

symmetry does not exist about 90° for either reaction 

system. The 0-1-CI and CF,I-0 collision complexes 

therefore have lifetimes, which, on the average, are 

slightly less than their respective rotational periods, 

fitting of the angular and velocity data with Center-of-

Mass energy and angular distributions, P (V.' ) and T(0), 

which were assumed to be uncoupled, indicates that the 

ratio of flux at 0° to that at 180° is ca. 2,0 for the 

1C1 reaction and ca. 2.2 for the CF,I reaction. The 

Center-of-Mass velocity and angular distributions 

actually appear to be coupled for both reactions. 

Figures 4 and 5 show that th° most probable flux 

velocity actually decreases smoothly as the Center-of-

Mass angle increases from 0° to 90°. 
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Thc experimental I'M'-') distributions shown in 

I• i 14s. (> and 7 are the average energy distributions between 

0° and '.ill0. The theoretical curves shown in these figures 

were obtained by calculating I'll.') with the RRKM-AM 

model ' " for five discrete collision energies spanning; 

the experimental range, and these 1' (Y.' I were then summed 

over th'' distribution of collision energies in the experi

ment, 'ilie parameters used in the calculations are shown 

in Tables I and II. The theoretical curves in Figs, n 

and ? were calculated for three values of the 1(1 bond 

energy: SS.O, 57..0, and S7.ll kcal/mole. All of the 

vibrational modes in each collision complex, O-I-Cl and 

("l-'-l -0, were assumed to part icipate in energy sharing. 

Tin' 0 - I - ('1 complex was assumed to be bent at an alible of 

117)" with the least electronegative atom, iodine, in the 

central position. This bent geometry for the triplet 

O-I-f.l complex seems feasible when the earlier MO arguments 

are taken into consideration. The bond lengths and 

stretching frequencies were estimated from experimental 

bond lengths and vibrations of the diatomics 1C1 and 10 

using a simple bond energy bond order treatment.'"' The 

0-1-CI bending frequency was assumed to be similar to 

the he ml for C 1 0 7 and Cl-,0 for lack of more similar mole

cules. Similarly, the vibrational frequencies and geo-

http://S7.ll
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2 ̂  metries for CF, and CF,I ' were used to derive estimates 

of the CF,I-0 complex and its critical configuration. 

Note however that the choice of frequencies and the 

effect of geometry on the calculated I'(K') is minisculc 

even though these factors do influence the decomposition 

rate of the complex. The stability of the complexes in 

both reactions was assumed to V s Id kcal/molc. Again, 

these well depths have little effect on the product 

trans1 ationa1 energy distribution, but do significantly 

influence the lifetime of the complex. Initially, cal

culation of the maximum exit-channel centrifugal barrier, 

B', followed the prescription of Safron et al. In this 

formulation B' for a "loose" collision complex is given m ' 
by the following expression: 

B' = (i-) 3 / : 

m ii c C V / : 
(4 ; 

where u and u ' arc the reduced masses of the reactants 

and products, C, and C,' arc the respective long-range ' ' 6 b 
attraction force constants, and 1. is the collision energy. 
The L'j. constants were estimated using the Slater - Ki rkwood 
method and the polarizabi1 ities which were available 
for some of the species. The other polarizabi1ities were 

2 5 estimated by the additive method. An improved fit to 
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the JC'.l data was obtained bv increasing B' to 0.454 1: , 
m c 

approximately double the value calculated with the C. 
constants, 0.2b H . This increase of B' moved the cal-c m 
culated peak of 1Mb') from 0.9 to 1.5 kcal/mole, and 

slightly increased the hiph kn-^rgy tail of the energy 

distribution. 

DISCUSSION 

In a crossed beam experiment the high energy fa 11-
off of the product P(h') distribution can be used to set 
a rigorous lower bound on the exoergicity of the process 
under investigation. The accuracy of this determination 
depends significantly on good specification of the 
relative collision energy. V, , as this reduces unccrtain-

ties resulting from any energy dependence in the reactive 
5 5 12 

cross section. In their 0('P) + 1C1 study ' Grice and 
his coworkers employed an effusive microwave discharge 
source for generating atomic oxygen. The 95% FWHM velocity 
spread of this Maxwellian oxygen beam leads to a large 
uncertainty in their collision energy. This can be seen 
by examining the expression ivhich gives the relative 
collision energy, E , for a crossed beam experiment in 
which the beams intersect at 90°: 
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m 2 R l + m l E 2 
m, + m ? 

(5) 

For a reaction in which a large mass mismatch exists 

between the reactants, as in the 0 + 1C] reaction, 

Equation (5) reveals that I: and its uncertainty will 

strongly depend on the velocity distribution of the 

lighter reactant. Moreover, the wide velocity spread 

of (irice's effusive oxygen beam and the concomitant 

uncertainty it produces in I; further complicates inter

pretation of this particular experiment since, in the 

almost thermoneutral O('P) + I CI reaction, 1- accounts 

for a large fraction of the total energy available for 

translation. In our experiment the use of two inter

secting supersonic beams has allowed this reaction to be 

studied with a relatively well-defined collision energy, 

allowing an accurate minimum reaction exoergicity to be 

ass:<;ned. We find this lower bound on the O('P) + IC1 

exoergicity to be ca. 3.5 kcal/molc under conditions where 

E_ was 2.36 t 0.8 kcal/mole. 

Due to the small number of internal degrees of freedom 

in the 0-I-C1 triatomic complex the high energy fall-off 

of P(E') is more sensitive to the total energy available 

in the complex than to the dynamics of its decomposition. 
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T h i s iias al l o w e d u s ! o p r e d i c t t h e r e a c t i o n u x o r rj^ i c i t y , 

w i t h o u t a d e t a i l e d k n o w 1 cd;.e o f t h e II; i n t e r n a l e n e r g y 

<1 i s t i' i h u t i o n , h y e x a m i n i in] t h e !iii;h e n e r g y f a l l o f f o f t h e 

e x p e r i m e n t a l I1 ( \'.' J d i s t r i b u t i o n . T h i s p r o c e d u r e l e a d s t o 

an exoenuc i ty ,M I = f>. T. ' 2.1) kcal/mol' for the Of'l'] + 

IC • 10 + ('I reaction. This value, when combined with 
2f> the known heats ol formation for 0, IC], and CI, allows 

us to deduce a new value for the 10 bond cneruv: I) (10) = 
o 

:>S.(i - 2.0 kcil/mole. The I'll.') calculations based upon 

the RRKM-AM unimo 1 ecu 1 ar decomposition model shown in 

I'i K • *' «'i»ree with this 10 bond energy when the maximum 

cent r i fui'.'! 1 barrier, l'»' , is taken as an adjustable nara-

meter in the calculations. 

lor collisions in which the lont;-ran»e dispersion 

force between the reactants determines the maximum impact 

parameter for capture, B' depends simply on the ratio of 

the entrance to exit channel C, constants, as shown in 
(i Lunation (4). The C, constant for 0 + IC1 is estimated 1 () 

to be 1020 kcai /1(l mole" 1 or about half the C' value for 
b 

CI + 10, 3780 kcal. A ( l mole . In order to fit the experi

mental results we have had to increase the C./Cl ratio 
(1 0 

used in liquation (4) by a factor of four over that cal

culated with the Slater-Kirkwood method. This cannot be 

physically realistic in view of the much greater polariz-
o 3 

ability of chlorine, 2.14 A , relative to that of oxygen, 
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o 3 0.77 A . The capture cross section calculated with either 
o ? 

the original C. value, -55 .. , or with the larger one, 

-88 K", is about an order of magnitude larger than that, 

expected for the 0( P) + ICl reaction based upon the known 

rate constants for the 0(""P) + CI.,, Br-,, and Bid reactions. 

This may either indicate that a large steric constraint is 

present in the entrance channel of this reaction which 

substantially reduces the number of reactive collision 

trajectories, or that the long range orbiting assumption 

used in calculating the capture cross section is not valid 

for th Js system. With the above discussion in mind we 

feel that it is not yet clear whether the improved P(E') 
i 

fit with the larcer B value indicates a "non-statistical" 
^ m 

translational energy distribution. 

The exoergicity found in this study for the 0('P) + 

ICl reaction, AH = -5.5 kcal/mole, is higher than that pro

posed by Grice and his coworkers, AH = 3.4 kcal/mole. 

Their value was obtained by fitting the 10 velocity distri

bution at the laboratory center-of-mass angle with a 

theoretical distribution calculated from Herschbach's 

RRKM-AM statistical decomposition model. This manner of 

obtaining the exoergicity is an extremely poor one for this 

system as severe Jacobian enhancement of slowly moving 

reaction products tends to overwhelm the information con

tained in the (more important) high energy tail. It must 
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a 1 -.(< be Mate,] that fir ice1:- reliance on .-, t a t i - t . c a 1 cal-

culat ion:- to dct e r::i i ne the bond eneri'.y of ! fj is somewhat 

questionable for till reaction. I'he kl-!K,I lifetine is 

r;i i i ii 1 a t ( d to he exceedingly s h o r t , ' > |,'.ci , a time 

M'jMine ill which nonstat is. 1 ical effects have Leon ol served 

in scleral other reailions. A l s o , the dcnsiiy of states 

in the complex at the dissociation energy i ••- very low, 

approximately I per cm . finally, uncertainties in the 

treatment of angular momentum may introduce too much 

flexibility to the m o d e l , making it unreliable for thermo

dynamic data d e t e r m i n a t i o n . In spite of the substantial 

difference which exists between the react ion e.\^ M'gicity 

found in this study and (ir ice's value, the derived IO 

bond energies are actually in fair agreement with each 

other: Sf>.() ' 2. I) kcal/mole (this stud}-) and 5 3.(1 < 3.(1 

kcal/mole (Ref. 1 2 ) . 

In support of our ID bond energy, which was obtained 

ivitlicut reliance on statistical m o d e l s , other experimental 

information must be taken into c o n s i d e r a t i o n . The product 

l'(I'j distribution from the ()(']>) + Cf' 1 reaction is shown 

in Fig. 7 to agree well with statistical calculations using 

the 10 bond energy determined above. The high density of 

states for the Cl'-l-O complex at its dissociation energy 
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is a b o u t U>'' p e r c m , l e n d i n g m o r e c red i b i 1 i t y t o t h e u s e 

of s t a t i s t i c a l t r e a t m e n t t h a n in t h e I ('1 r e a c t i o n . O u r 10 

h o n J e n e r g y is a l s o in g o o d a g r e e m e n t uitli that d e t e rm i ne<J 

in a f l a m e p h o t o n c t r y e x p e r i m e n t , " ' a n d f a l l s b e l o w t h e 

r i g o r o u s u p p e r bcurul on 1) ( 1 0 ) , (<2.S k c a l / m o l e , w h i c h w a s 

r e p o r t e d l y d e t e r m i n e d f r o m p r e d i s s o c i a t ion o f t h e u p p e r 
1 .' 1 (! I - •: | state. 

In their study of the 0('P) + (!!•'_ I reaction at two 

higher collision energies ' (Irice and his coworkers 

observed 10 product wilb energies far exceeding the total 

energy available for translation. The conditions of their 

react ants are too well specified to attribute this to 

uncertainty in internal energy. The explanation of this 

serious discrepancy must therefore lie in some systematic 

error. Their reported fen tor-of-Mass angular distribution 

shows no peaking on the relative velocity vector even 

though the kinematics of the reaction virtually requires 

this. In our experiment the product flux peaks on the 

relative velocity vector, as shown in Fig. 5, and the 

product trans1 ational energy distribution does in fact 

fal, within the bounds imposed by energy availability in 

the complex. 
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'I he asymmetry of product -ibout [H)° in the Center-of -

.'•lass reference frame found for hot h reactions is not 

inconsistent with statistical calculations if the inter

mediates in both react ions are assumed to be stable bv 

10 kcal/mole with respect to reaction products. The 

rotational period is estimated to be 0.N - 3.0 psec for 

the Il.'l and 1 5 psec fo»' the (.')•' J reactions, in each case 

comparable to the calculated lifetime. The forward-

backward symmetry found in t her study of 0 *• /CI at a 

collision energy of 0.81 kcal/mole by kadlein et a 1 . -1 is 

not viewed as being in disagreement with our result as 

large uncertainties exist in the rotational period and 

stability of the 0-I CI complex, as well as in their 

col 1i s i on one rgy. 

finally, the Of" 1'J + 1C1 reaction appeal's primarily to 

proceed adiabatically on a triplet potential surface. This 

is supported by the apparent absence of CIO as a primary 

reaction product. As the 1 + CIO decomposition channel 

is roughly 10 kcal/mole more exoergic than the 10 + CI 

channel we infer that the 0-I-C1 collision complex 

remains on the triplet surface, from which the I + C10 

product channel is inaccessible. However, due to the 

higher exoergicity and expected wide spread of CIO in the 

LAB reference frame (due to mass effects) some certainty 



- 1 1 5 -

still exists about the branching ratio of the CIO relative 

to the 10 product channel. Study of this reaction at much 

higher relative collision energies or with internally 

excited ICl might ultimately enable the 0('P) + ICl svstem 

to access the singlet surface, if it is not already doing 

so. 

CONCLUSION' 
Study of the reaction 0('P) + ICl in a crossed beam 

experiment employing a supersonic atomic oxygen beam source 
has led to a new value for the bond energy of the 10 radical, 
II (10) = 55 i 2 kcal/molc. This value was obtained by 
examining the high energy fall-off of the product trans-
lational energy distribution without reliance on any 

statistical decomposition model. The product translational 
3 energy distribution for the 0("P) + CF,I reaction agrees 

quite well with RRKM-AM predictijns xv-hen the above 10 
bond energy is used in the calculation. The two reactions 
appear to proceed via collision complexes whose mean life
times are slightly less than their respective rotational 

3 periods. The 0( P) + ICl reaction has also been shown 
primarily to proceed adiabatically in a triplet potential 
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surface, as indicated I))' the apparent absence of CIO 

lent ion product. Walsh's e ] ec t roncga t i v i t y ordering rule 

is seen to be operative, with the least electronegative 

species resting in the central position of the reaction 

complex. An attract ive well in the triplet surface can 

be inferred from the results of this experiment. 
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I'.ond r 1 ength 
A 

bond Angles 
degrees 

• requeueles 
(Mil ~ 1 

10 

" i c: i 

• oi c 

'io 
101 

0IC1 

or ci* 
2.0 

2.5 

115 

4 86 
27] 

2 50 

OIC1 
1.8-7 

3.5 

115 

68 3 
R.C. 

2 5 

Moments of 
Inert i a 
AMIJ-/V 

17 5.4 

13 2 . 5 

4 3 . 0 

301 . 3 

2 6 2 . 8 

3 8 . 5 

E n e r g e t i c s f kca l mol ) 

All - 5 . 5 

Y . 1 . 0 - 4 . 0 

li* 2 3 . 0 - 2 7 . 0 

1- ° 1 6 . 0 

o 7 

Polarlzabilitics (A') 
CI = 2.18 
0 = 0.802 
IC1 = 7.5 
10 = 6.02 

1981. kcal A 6 m o T 1 

3831. kcal A 6 m o T 1 

= 0.268 E 
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CF.I-O* CF 3I-0 

Bond 0length A 

Angles 
Degrees 

10 
rCI 
rCF 
<CIO 
<ICF 

2.0 
2.54 
1.33 

115 
109 

1.87 
2.82 
1. 33 

115 

Fr cquenc ies 1 -1 10 
VCF 
VCT 
6CF 
'CI 
JCI0 

4 8 6 
1195, 1195, 106; 

202 
730, 529 
132, 132 
200, 200 

150 

68 3 
1223, 1223, 1077 

R.C. 
715, 521 
26, 26 
40, 40 

30 

Moments of 
Inertia 
AMU-A 2 

Energetics (kcal mol ) 
m -2.0 
E 1 . 0 - 4 . 0 c 
E* 20.0 - 24.0 
E* 16.0 

334.8 1091 
333.8 1091 
89.6 99.4 

Polarizabilities (A 0) 
CF 3I 
CF, 
0 
10 

7.33 
3.43 
0.802 
6.02 
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C, = 2440. kcal A 6 mol o 

C' = 7104. kcal K6 mol 
0 

B ' = 0 .10 5 E in c 
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CAPTIONS 
Laboratory angular distributions of 10 product 
number density from the reaction 0 + TCI, CP.I. 
Error bars represent one standard deviation from 
the mean of 10 measurements at each angle. 
Product 10 flux distributions from the reaction 
0 + TCI at eight laboratory angles. Solid lines 
are the best fit from the deconvolution procedure. 
Product 10 flux distributions from the reaction 
0 + CF,I at seven laboratory angles. 
Contour map of Center-of-Mass product 10 flux 
from the reaction 0 + TCI with the most probable 
Newton diagram. 
Contour map of Center-of-Mass product 10 flux 
from the reaction of 0 + CF_I. 
Product translational energy distributions. 
••• experimental, lines are RRKM-AM calculations 
for three values of the 10 bond energy, 
— — - — ¥ . , „ = 5 3 , !:T„ = 55, and 
— — E,,. = 5 7 kcal mol 
Product t anslational energy distributions. 
••• experimental, lines are RRKM-AM calculations 
for three values of the 10 bond energy, 
— — — — ET(-. = 53, E,„ = 55, and 
— — E T„ = 5 7 kcal mol 
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IV. A CROSSED MOLECULAR BEAMS INVESTIGATION 
OF THE REACTIONS 0(3P) + C 6H 6, C 6D 6 

INTRODUCTION 
The reactions of ground state oxygen atoms with both 

aliphatic and aromatic hydrocarbons are of considerable 
interest due to their importance in combustion processes, 
atmospheric chemistry, and photochemical air pollution. 
A relatively large number of kinetic studies have been 
reported for oxygen atom reactions with alkanes and alkenes 
in which reaction rate constants have been deternined. 
Crossed molecular beams experiments employing photoioniza-
tion mass spectrometry have recently been conducted by 
Gutman and his coworkers in order to directly identify 
the elementary reaction products resulting from oxygen 
atom reactions with various alkenes and alkynes. In 
contrast to the above, atomic oxygen reactions with 
aromatic hydrocarbons have not been extensively studied. 

3 The simplest reactions of this class, 0( P) + benzene and 
toluene, are the only atom-aromatic hydrocarbon reactions 
that have been studied by a variety of techniques. 
Relative reaction rates for the 0('P) + benzene reaction 

4 S have been determined using static photolysis techniques. ' 
3 Absolute reaction rate constants for the 0( P) + benzene 

reaction have been determined using pulsed radiolysis, 
7-9 10 11 

discharge flow, modulation-phase shift, ' and flash 
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1 2 photolysis-NO, chemiluminescence techniques. In spite 

of these studies, very little information is available on 

the actual elementary reaction products arising from the 

bimolecular reaction of atomic oxygen with benzene, and, 

as a consequence of this, the reaction mechanism is poorly 

understood. Product identification is severely complicated 

in the above gas phase studies by the presence of viscous, 

non-volatile reaction products which are possibly polymeric 
4 8 in character. ' These non-volatile products indicate that 

some of the initial elementary reaction products are highly 

reactive species which are possibly free radicals. The 

major volatile reaction product which has been consistently 

observed is phenol, which accounts for about 10-15% of the 

oxygen atom consumption in these studies. ' ' Phenol 

has been shown to account for more than 95° of the volatile 

products which result when this reaction is studied at 
P 

atmospheric pressure. Carbon monoxide has also been 

reported as a reaction product whose yield, in pressure 

dependent studies, was found to increase with decreasing 

pressure. This pressure dependent behavior may indicate 

the presence of an energy rich precursor which is collision-

ally quenched at high pressures. However, secondary 

reactions may account for some of the carbon monoxide pro

duction reported in these bulk studies. In a further 
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attempt to identify the elementary reaction products 

Sloane has carried out a simple crossed beam experiment, 

employing effusive beams and a non-rotatable mass spectro

meter, in which phenol production and carbon monoxide 

elimination, yielding possibly 3-pcntene-1-yne, were 

reported as the two open reactive pathways. It is 

apparent from the above discussion that there is still 

considerable uncertainty about the elementary reaction 

products which arise from the electrophj1ic attack of 

oxygen atoms on benzene, which serves as the model system 

for understanding oxygen atom - aromatic ring reactions. 

This paper describes the results from a series of 

well-defined crossed molecular beam experiments which 

have been carried out under single collision conditions 

in our laboratory to elucidate the reaction dynamics and 

energetics of the 0( P) + benzene reaction. The reaction 

has been studied as a function of both collision energy 

and isotopic substitution in order to clarify the factors 

which dominate the reaction dynamics. Differential 

reactive angular distributions accompanied with velocity 

analysis of the reaction products at several laboratory 

angles have contributed to our understanding of the 

elementary reaction pathways which are operative. In 

particular, these studies make use of a novel and important 
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feature which is inherent in crossed beam experiments 

employing rotating mass spectrometer detectors: the 

ability to identify unambiguously the primary polyatomic 

reaction products resulting from bimolecular reactive 

collisions due to the dynamic and energetic constraints 

which are imposed on the reaction products. These experi

ments are especially well suited for studying reactions 

involving polyatomic species since parent-daughter ion 

pairs created in the electron bombardment ionizer of the 

detector must have identical angular and velocity distri

butions, while reaction channels involving different 

dynamics (e.g. substitution versus addition reactions) 

are clearly distinguishable by their angular and velocity 

distributions. In contrast to this, traditional gas phase 

studies which use non-rotatable mass spectrometric particle 

detection for product identification arc frequently 

severely complicated by the fragmentation of parent poly

atomic species in the electron bombardment ionizers of 

these systems. This is particularly a problem when highly 

vibrational1y excited polyatomic species are ionized by 

electron bombardment as the parent ion mass peak may be of 

very low intensity relative to its daughter peaks. For 

example, the observation of m/e = 66, CrH.- , in the 0( P) + 

benzene reaction is not in itself sufficient to differentiate 
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between phenol fragmentation during ionization and actual 

CO elimination. In the study herein described we have 

made extensive use of product angular distributions to 

unravel the primary reaction channels of the 0(~P) + 

benzene reaction. 

EXPERIMENTAL 

The crossed beam apparatus used in these studies was 

similar in design to one which has been previously des

cribed. Briefly, two beams which arc doubly differentially 

pumped arc crossed at 90° in a scattering chamber which has 
. 7 a base pressure of ca. 1 x 10 torr. The main scattering 

chamber is pumped by a 5300 5,/sec diffusion pump and by a 

liquid nitrogen cooled cold shield which is very effective 

in pumping condensable gases. Particles which are scattered 

in the plane defined by the two colliding beams are detected 

by a triply differentially pumped quadrupolc mass spectro

meter which rotates about the intersection point of the 

two beams. The incident neutral particles are ionized in 

the detector by an electron bombardment ionizer which is 

operated with an electron energy of 200 eV. As the pro

bability of ionization is proportional to the residence 

time of a particle in the ionizer these experiments actually 
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measure the scattered particle number density, rather than 

particle flux, as a function cf in-plane laboratory angle. 

The seeded, supersonic atomic oxygen beams used in 

these studies were generated by a high pressure, radio 

frequence discharge beam source which has been described 

in deta elsewhere. ' The high energy atomic oxygen 

beam was generated by discharging a 10% 0 ? in helium gas 

mixture t 110 torr total pressure by 1.30 watts of R.F. 

power. .'he resulting fast atomic oxygen beam had a mea

sured pi k velocity of 1.95 x 10 cm/sec and a Mach number 

of 5.8, .hich corresponds to a FIVHM velocity spread of 

291. Fo these studies the 0? seeded in helium beam was 

run at r lativcly low R.F. power levels and at a relatively 

high molecular oxygen concentration in order to minimize 
1 18 

the exci ed state 0( I)-,) content of the beam. Molecular 

dissociation was about 55°,; under these operating conditions. 

The low Miergy atomic oxygen beam was generated by dis

charging a ]0?o 0 ? in argon gas mixture at 250 torr total 

pressure by 195 watts of R.F. power. The relatively slow 

atomic oxygen beam produced in this manner had a measured 

peak vel: city of 1.13 x 10 cm/sec and a Mach number of 

3.9, whi h corresponds to a FWHM velocity spread of 411. 

Th ~ cV."!::" oxygen w;i- 50° d i . . ui i .. Led C'ler the operating 

conditions described above for the 101 0,-Ar gas mixture, 

and was free of any 0( D-,) content as determined by 
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1S titration with a crossed beam of molecular hydrogen. The 
oxygen-rare gas pressures were controlled by a vacuum regulator 

in these studies to ensure stable beam source operation at 

pressures below one atmosphere. A 5000 V/cm ion deflecting 

field was placed prior to the interaction zone of the 

scattering chamber in order to eliminate any interference 

from ions present in the atomic beam. For both the high 

and low energy experiments the oxygen beam was collimated 

to an angular divergence of 2.2° by two collimating ele

ments placed after the source skimmer. 

The benzene beam was run neat for these experiments 

at its room temperature vapor pressure of about 90 torr. 

The benzene reservoir was immersed in an oil bath in 

order to eliminate any rapid temperature fluctuations 

due to air currents present in the laboratory. The entire 

glass line leading from the benzene reservoir to the beam 

source was heated to at least 10K above the bath temperature 

in order to prevent condensation of benzene in the gas line. 

The nozzle tube and tip were heated to 326K, as determined 

by chromel-alumel thermocouples, again in order to prevent 

condensation from occurring and to eliminate any benzene 

diniers n r hinhe'- p^ly;:,ors from bei'j pre:" en* ii. 'he terminal 

beam. (A pure, slightly heated benzene beam was decided 

upon when preliminary testing of a 300 torr, saturated 
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benzcne-argon beam produced extensive dimer formation. See 
also Ref. 19 for further information about this dimerization 
phenomena.) The benzene beam produced in this manner was 
found to have a peak velocity of 5.18 x 10 cm/sec and a 
Mach number of 5.8, which corresponds to a FWIIM velocity 
spread of 33?». Perdeuterated benzene, C,D,- , obtained from 
Aldrich Chemical Company with 99.5 atom percent deuterium 
contort, was alsc run as described for benzene, and had a 
peak velocity of 5.14 x 10 cm/sec and a Mach number of 
4.9 (36% FWHM). 

Initially th most probable collision energies for 
both the 0 + C,H, and 0 + C,D, systems were 6.5 kcal/mole 
(0? seeded in helium) and 2.5 kcal/mole (CU seeded in argon). 
The angular distributions shown in the next section were 
taken at these energies. In subsequent experiments slightly 
different beam conditions were employed (v = 2.25 x 10 
cm/sec, v,, „ = 5.30 x 10 cm/sec, and v\, r, = 5.25 x 10 

6 o 6 6 
cm/sec) which resulted in somewhat higher mean collision 
energies than those described above: 8.5 kcal/mole for 
0 + C 6H 6 and 8.6 kcal/molc for 0 + C'D,. The time-of-flight 
distributions presented later in this paper were recorded 
for collisions at thes • higher energies. 

Laboratory angular distributions were obtained by 
taking several scans of 60 second counts at each angle, with 
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time normalization employed when warranted. The supersonic 

oxygen beam was modulated at 150 Hz with a tuning fork 

chopper and the number density data at each angle was 

obtained by subtracting the chopper-closed count from the 

chopper-open count. Product counting rates at the centcr-

of-mass angle for m/e = 65, the predominant mass peak for 

the C,H, reaction, were typically 300 cts/sec and 80 cts/sec 

for the high and low energy experiments, respectively. The 

m/e = 70 signal for the C, D, reaction was similarly found 

to be 550 cts/sec and 50 cts/sec for the high and low-

energy deuterated experiments. The larger counting rates 

for the high energy experiments are mainly due to the higher 

intensity of the fast oxvgen beam relative to the slow 

oxygen beam. Velocity analysis of the various beams was 

done with conventional "single shot" time-of-f1ight 

techniques. Product time-of -f1ight distributions were 

obtained using cross-correlation time-of-f1ight tech

niques ' with a 255-bit pseudorandom sequence operated 

with i 12 psec dwell time per channel. Counting times 

varied considerably depending upon the laboratory angle 

and product mass under investigation, with accumulation 

times o" 30 minutes being representative. 
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RESULTS 
Two distinct reaction channels were observed in this 

study: 

0 ( 3 p j ^ + C6 H6 C6 H5° + H A H298 = -15-9 kcal/mole (1) 

0( 3P J) + C 6H 6
 C 6 H 5 O H A H298 = ~ 1 0 2 - 4 kcal/mole (2) 

with the first channel corresponding to hydrogen elimina
tion and the other to simple oxygen addition, presumably 
leading ultimately to phenol formation. No direct evidence 
for CO elimination from the collision complex was found: 

0(3Pj) + C 6H 6 ~ C 5 H
6
 + CO AH° 9 8 = -73.8 kcal/mole (3) 

where the reaction exoergicity was calculated assuming, for 
illustrative purposes only, that cyclopentadiene was the 
CpH, fragment. Similarly, no OH product was detected in 
these experiments indicating that the hydrogen abstraction 
channel was closed: 

0(3Pj) + C 6H 6 -—- C 6H 5 + OH AH° 9 g = +8.4 kcal/mole (4) 
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The absence of OH product is not suprising as the mean 
collision energies used were insufficient for endothermic 
abstraction to occur. The atomic oxygen reaction with 
predeuttrated benzene was found to have the same open 
product channels as above, although the branching ratio 
between channels (1) and (2), at a given collision energy, 
differed significantly from the C,H, reaction. 

Figures 1 and 2 show the angular distributions obtained 
for the high collision energy studies of the 0 + C,H,- and 
0 + C,D, reactions. The highly excited primary reaction 
products coming from channels (1) and (2), corresponding to 
hydrogen elimination (mass 93) and formation of a long-lived 
collision adduct (mass 94), fragment in the electron bombard
ment ionizer of our mass spectrometer detector to give 
Cj.Hr (m/e = 65 and Cj-H, (m/e = 66) due to CO elimination 
from the parent species during ionization. These daughter 
fragment ions were the major fragment ions observed for all 
species, and were used for monitoring both the angular and 
velocity distributions of the parent molecules. The daughter 
ions corresponding to CO elimination from C,DrO and C,D,-OH, 
respectively, C.D,. (m/e = 70) and C.-P, (m/e = 72), were 
also the major fragment ions of the perdeuterated benzene 
reaction. The parent ions at masses 94 and 93 for C,H, and 
masses 100 and 98 for C,D, were also directly observed, but 

6 6 

http://Cj.Hr
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were of much lower intensity than their respective daughter 

ions. This can be clearly seen in Table I. The narrow 

angular distributions shown in Figs. 1 and 2 peak around 

their center-of-mass directions. Masses 66 and 72, 

corresponding to the addition channel products, have FWHM 

angular spreads of 14° and 13°. These distributions can 

be virtually reproduced by convoluting the finite velocity 

and angular spreads of the reactant beams with the resolution 

parameters of the detector. This indicates that the addition 

channel angular distributions follow the laboratory centroid 

distributions of the two reactive systems, demonstrating 

that the ions at masses 66 and 72 are predominantly daughter 

ions from the addition products C, 11,0 and C,D rO. The 
1 6 6 6 6 

angular distributions of masses 65 and 70, having FWHM 

angular spreads of 19° and 15°, are both wider than those 

discussed above due to hydrogen or deuterium elimination 

from the collision complex. These differences in angular 

distribution widths between masses 65 and 66, and masses 

70 and 72, rule out the possibility that the fragment 

ions having m/e = 65 and 70 arise entirely from fragmenta

tion of the same parent species as masses 66 and 72. This 

provides definitive proof that at a mean collision energy 

of 6.5 kcal/mole hydrogen elimination constitutes one of 

the two major open channels for the reaction of ground 
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state atomic oxygen with benzene. The narrow spread of 
the mass 65 and 70 angular distributions also precludes 
their formation via elimination of the relatively massive 
CO molecule from the collision complex as conservation 
of linear momentum would result in a much broader distri
bution. In subsequent high energy experiments the mass 
93 and 98 parent ion angular distributions were obtained, 
and were found to be in good agreement with the mass 65 
and 70 distributions. This provides further support for 
the hydrogen elimination channel. 

The product angular distributions of the low energy 
collision experiments are shown in Figs. 3 and 4. These 
distributions, as has already been seen for the high 
energy data, peak along their center-oi-mass directions. 
The mass 65 and 66 curves of Fig. 3 are superimposable 
within the uncertainty of the measurements (the error bars 
in Figs. 1-4 correspond to 951 confidence limits). This 
is very interesting and will be discussed later in this 
section. The low energy mass 70 distribution is qualita
tively similar to the 0 + C,Hfi results. An accurate 
angular scan of mass 72 could not be obtained here due to 
the presence of a slight mass 72 impurity in the secondary 
(perdeuterobenzenc) beam. Elastic scattering of this 
impurity greatly perturbed the wide angle shape of the 
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reactive distribution. This impurity was also present 
during the high energy 0 + C,D, experiments, but was of 
little concern since the high energy mass 72 reactive 
signal was much larger than the elastic signal. The high 
energy mass 72 reactive signal was in fact more than 50 
times larger than the low reactive signal (580 counts/sec 
versus 10 counts/sec) due in part to differences in 
intensity of the oxygen beam. 

Chronologically, it was decided to study the 0 + C,D, 
system only after hydrogen elimination was observed to be 
a major reactive channel in the 0 + C,\L system, as shown 
in Fig. 1. The hope here was that D atom elimination would 
further broaden the elimination channel's angular distri
bution, and thereby accentuate the dynamics of this process 
due to its heavier mass relative to atomic hydrogen. 
However, as seen in Fig. 2, this was not the case. The 
2° FWHM angular width difference between the mass 70 and 72 
distributions was actually less than the 4° difference 
observed for the mass 65 and 66 distributions. This was 
the first indication that the branching ratio between 
channels (1) and (2) was isotope dependent and prompted 
us to examine the relative intensities of the observable 
parent and daughter ion peaks for the 0 + C,H, and C,D,-
systems. 
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In Table I the relative intensities of the detected 
ion masses, accurate to within 101, are presented. These 
values represent the relative signal levels for each system 
taken at their respective center-of-mass angles. It is 
immmediately obvious that the branching ratio between 

channels (1) and (2) is dependent upon both collision 
energy and isotopic substitution. If we assume that 
mass 94 (100) fragments in the electron bombardment 
ionizer to give roughly equal amounts of masses 66 (72) 
and 65 (70) while mass 93 (98) fragments to yield pre
dominantly mass 65 (70), then the results shown in 
Figs. 1, 2, and 3 and Table I form a consistent picture 
of the 0 + C^H, (C,D,) reaction. The above fragmentation 
scheme implies that the observed signal at m/e = 65 (70) 
is a composite of both the addition and elimination 
channels. For reaction conditions which do not strongly 
favor channel (1) (elimination) over channel (2) (addition) 
this in turn implies that the measured daughter ion distri
butions should be quite similar, with the mass 65 (70) 
angular distribution appearing nat>iowc.d due to its contri
bution from mass 94 (100). This explains the unexpected 
narrow width of the mass 70 angular distribution shown in 
Fig. 2 since the high energy 0 + C,D, system does in fact 
have a large relative amount of the addition product (as 
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demonstrated by the large daughter ion intensity at m/e = 

72). From Table I we can conclude that, for a given 

collif.ion energy, there is more of the addition product 

formed in the C,D, reaction relative to the C,H, reaction, o o o o 
and that increasing collision energy tends to favor the 

addition channel over the elimination channel. The assumed 

branching ratio for mass 94 fragmentation in the above 

argument is based on the observed fragmentation pattern 
22 of ground state phenol. The proposed fragmentation of 

mass 93 to yield predominantly m/e - 05 is based on the 

relative improbability of losing a mass 27 particle versus 

a mass 28 particle (CO) during ionization. 

The opposite of the above argument occurs only when 

the elimination channel is ve.iy strongly favored with 

respect to the addition (phenol forming) channel. In this 

case the m/e = 66 (72) daughter peak actually begins to 

reflect the mass 93 (98) distribution due to the small 

but finite fragmentation ratio of m/c = 66 (72) to m/e =. 

65 (70) for the elimination product. (For example, 

examination of the cracking pattern for ground state phenol 
22 indicates that m/c = 67 to m/e = 66 ratio is about 0.075. ) 

Carbon-13 containing fragments also become important in 

the limit of low phenol production. The low energy 
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0 + C,H, data presented in Table I and Fig. 3 is consistent 
with this description. The mass 65 and 66 angular distri
butions at 2.5 kcal/mole collision energy were virtually 
superimposable within the uncertainty of the experiment, 
and the large (>10:1) m/e = 65 to m/e = 66 ratio indicates 
that the primary elementary reaction product was mass 93 
(98). These conclusions, taken with those in the preceeding 
paragraph, indicate that the relative intensities shown 
in Table I do not represent the actual branching ratios 
for this reaction as the daughter ion signals contain con
tributions from fragmentation of both the addition and 
elimination reaction products. 

Understanding the energy dependence of the product 
branching ratio is, at the present time, further compli
cated by the known presence of 0( Ts„) in the high energy 
(helium seeded) oxygen beam. Thus, some product from the 
reaction 0( D_) + C,H, (CD,) may be contributing to the 
high collision energy results. Work is currently in pro
gress in an attempt to gauge the relative contribution 
of this alternative reaction pathway. 

Recently, we have also carried out velocity analysis 
of the major observable ion peaks for high energy 0 + CgH, 
(8.5 kcal/mole) and 0 + C,D6 (8.6 kcal/mole) collisions. 
These results provide what we believe to be compelling 
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evidence for the presence of the hydrogen elimination 
channel and for the low probability of CO elimination at 
relatively high collision energies. Th-jse results support 
our earlier conclusions. Figure 5 presents the cross-
correlation time-of-flight (TOP) data for the 0 + C,Hg 
system taken 1° from its most probable center of mass 
angle. The spectra shown for m/e = 93, 66, and 65 have 
all been corrected for their respective ion flight times. 
Three major conclusions can be inferred from this figure. 
First, note that the mass 93 (parent mass of the elimiantion 
channel) and mass 65 (daughter ion from mass 93) spectra 
agree very closely, especially at higher velocities. These 
two data sets are also wider than the mass 66 spectrum, 
indicating the influence of hydrogen elimination. There
fore, tlie parent-daughter relationship of m/e = 93 and 65 
is clearly established. Next, the peak of the m/e = 66 
distribution peaks at the most probable center-of-mass 
velocity (5.83 x 10 cm/sec) for this collision system, 
confirming the assumption that the m/e = 66 signal is due 
to fragmentation of the mass 94 adduct. Finally, the 
absence of any high velocity peaks in the m/e = 66 and 65 
spectra (with the possible exception of a very minor 
contribution at channel 10) indicates the low probability 
of the CO elimination channel. The Newton diagram dis
played above these spectra helps to clarify this point. 
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The larger velocity circle represents the expected mass 66 
velocity circle assuming that 101 of the available energy 
(collision energy plus exoergicity) from the CO elimina
tion channel goes to product translation. If CO elimina
tion were a significant product channel a peak in the 
m/e = 66 and 65 (m/e = 65 would be expected from fragmenta
tion of nass 66 in the ionizer) TOF spectra would be 
expected around channel 12. No such peak is observed, 
indicating the low probability of the CO elimination 
channel. The smaller circle in this Newton diagram repre
sents the limit of expected mass 93 velocity spread about 
the most probable center-of-mass velocity, assuming 1001 
of the available energy for the hydrogen elimination pro
cess goes to product translation. Good agreement is found 
between the predicted velocity spread and the observed 
width of the TOF spectra. (Of course most of the observed 
broadening is due to the finite velocity width of the two 
reactant beams, with some additional broadening coming 
from recoil of the products having much less than 1001 of 
the available energy going to translation). 

The TOF results for the 0 + C,D, system are shown in 
Fig. 6. At the center-of-mass angle (50°) the m/e = 98, 
72, and 70 distributions are seen to peak near channel 25, 
which corresponds to this system's most probable center-of-

4 mass velocity, ca. 5.7 x 10 cm/sec. As in the 0 + C,H, 
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reaction, the addition channel daughter ion at m/e = 72 is 
narrower than the elimination channel daughter ion at m/e = 
70. The parent mass of the elimination channel was also 
recorded, and is seen to follow the daughter distribution 
within the uncertainty of the measurement. The absence 
of any high energy peaks once again indicates that CO 

elimination is a low probability event. Angle dependent 
data, shown for 0 = 42° and 62° was also taken in order to 
clearly demonstrate the different origins of the m/e = 
72 and 70 signals. At 42° the larger width of the m/e = 
70 spectrum relative to the m/e = ~2 spectrum is obvious, 
with this increased width due to deuterium elimination. 
The overall shift of these two curves to lower velocities 
relative to the 0 = 50° spectra occurs since the distri
bution of LAB centcr-of-mass velocity vectors are not 
orthogonal to the distribution of relative velocity vectors, 
i.e., 90° in the Center-of-Mass reference frame is not 
coaxial with the most probable LAB center-of-mass angle. 
Furthermore, at 42° the apparent shift to higher velocities 
of the m/e = 70 spectra relative to the m/e = 72 spectra 
is due to the LAB to Center-of-Mass transformation. At 
0 = 62° the two curves are again separated in time space, 
with their shifts relative to the 0 = 50° spectra, and with 
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respect to each other, explainable as above. The low 
velocity tail of the m/e = 72 spectrum at this angle can 
be attributed to a contaminant effusing from the 
differential pumping region of the perdeuterobenzene 
beam. 

DISCUSSION 
Unler single collision conditions the 0( P) + benzene 

reactions has been observed to proceed by two distinct 
elementary reaction pathways. These correspond to the 
addition of atomic oxygen to benzene to form a long-lived 
collision adduct, presumably phenol, and to the substitu
tion of atomic oxygen for a hydrogen atom, i.e., hydrogen 
elimination. The branching ratio between these two channels 
has been found to be both isotope and energy dependent, 
with the addition channel being favored with respect to 
elimination for increasing collision energy and deuterium 
substitution. These results represent the first unambiguous 
determination of the elmentary reaction products which are 
formed in this reaction. Our ability to measure both the 
angular and velocity distributions of the parent and 
•1aughter ion species was essential for unraveling the 
complex reaction mechanism of this system. 



-150-

A schematic energy level diagram picturing the 
important reaction pathways is shown in Fig. 7. The zero 
of energy in this figure was taken as the heat of formation 
of the reactants. The ground state of phenol, as well as 
the CO, Oil, and fl atom product channels ^ere all located 
with respect to ground state reactants by their heats of 

23 24 formation. ' A recent value for the heat of formation 
of the phenoxy radical was used in fixing the hydrogen 

25 elimination energy level. The triplet biradical energy 
level of phenol was fixed relative to ground state singlet 
phenol by the experimentally determined singlet -triplet 
transition energy observed by Lewis and Kasha, which is 
in good agreement with the splitting calculated by Dewar 

27 and Trinajstic. The ground vibrational level of triplet 
phenol is stable by ca. 21 kcal/mole with respect to 
reactants. The first excited singlet state of phenol, S, , 
has not been shown in this figure, but is known to fall 
about 105.8 kcal/mole above S„, the ground singlet state 
of phenol. ' " This experimentally determined Ŝ -S., 
splitting is in fair agreement with that calculated by 

27 Dewar and Trinojstic. The two dashed curves represent 
energy barriers of unknown magnitude corresponding to the 
energy needed to access the spin-forbidden triplet-singlet 
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transition, and the barrier to decomposition of singlet 
phenol to form CO and CrH. (which is represented as cyclo-
pentadiene in the figure). The pyrolysis studies of 
Cypres and Bettens indicate that the CO and CrH, do in 

fact correlate with phenol in its singlet ground state. 
The two most probable collision energies at which we have 
studied this reaction are indicated by E, and E~ in Fig. 7. 
Finally, the entrance barrier of the 0( P) + benzene 
reaction has not been drawn explicitly, but is known to 
be present due to the ca. 4 kcal/mole activation energy 

1 2 of this reaction. With this energy level diagram in 
mind our conceptualization of the reaction mechanism is 
now presented. 

The initial 0( P) electrophilic attack on benzene 
probably forms a triplet biradical adduct whose lifetime 
is believed to be < 1 nsec. This highly energetic reaction 
intermediate can then decay by a variety of channels: it 
can chemically decompose back to rcactants, eliminate a 
hydrogen atom, or, via a radiation!ess transition, cross 
into the S„ manifold of phenol. Hydrogen elimination 
from the triplet biradical is viewed as being a more 
favorable decay route than oxygen elimination as it is 
the more exoergic process. The relatively long lifetime 
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associated with radiative T,-SQ phosphorescence precludes 
its consideration here as a relevant decay channel. Opening 
of the aromatic ring is also not believed to be a major 
decay route due to the expected large energy threshold of 
this process. Under the conditions of this experiment 
hydrogen abstraction i <; an endoergic process, and is 
therefore not a thermodynamically allowed process under 
our experimental conditions. 

In this study two main reaction channels were actually 
observed: hydrogen elimination and C,H,0 (presumably 
phenol) formation. Consequently, we view the next step 
of the reaction mechanism as being a competition between 
atomic hydrogen elimination from the triplet adduct, and 
intersystem crossing to internally excited singlet phenol. 
Our calculated statistical lifetime of this excited S^ 
phenol is quite long, always >1 msec, in agreement with 
our observation that some m/e = 94 (100) product from the 
CfiHfi (C,D,) reaction lives long enough to reach our mass 
spectrometer. This observation also reinforces our belief 
that a large energy barrier must exit for the unimolecular 
decomposition of internally excited singlet phenol to form 
CO and CrHj-. This is not unreasonable as breaking of the 
aromatic ring probably requires that the complex pass 
through a highly energetic critical configuration. 
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Examination of the relative product intensities shown 
in Table I indicates that the branching ratio between the 
hydrogen elimination and intersystem crossing channels is 
energy dependent. This is seen by the increase in m/e = 
66 (72) intensity which reflects the presence of the adduct 
product, mass 94 (100), relative to that of m/e = 65 (70) 
which reflects primarily the intensity of the electron 
product, mass 93 (98), as the collision energy is increased 
from 2.5 to 6.5 kcal/mole. This observation suggests 
that the T. - S„ surface crossing probability increases 
with increasing energy in the regime 23.5 to 27.5 kcal/mole 
above the minimum energy configuration of T.. Sloane 
has performed a crude SCF calculation which fixes a T, -
S„ crossing point at ca. 38 kcal/mole above the minimum 
energy configuration of T,. Although this was not a 
"chemical")' accurate" value it bears out the possibility 
of an energy dependent branching ratio. Also, a small 
energy barrier may be present in the T, energy surface 
for the geometrical rearrangement of the initially formed 
trip ct adduct (0 and M bound to the same carbon atom) 
to one in which the H atom is bound to the oxygen atom 
(phenol-like configuration). The Franck-Condon overlap 
integrals for the nonradiativc T, - S() transition are pro
bably larger for the "phenol - like" triplet configuration. 
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The near total absence of phenol product in our low energy 

0 + C,H, experiment (as indicated by the low relative 

intensity of m/e = 66, with some of this due in fact to 
13 

C containing C,H,) may also indicate t^r presence of the 

implied energy threshold needed to access the T-I'SQ surface 

cross ing. 

Also in question is the actual distribution of total 

energies present in the reaction intermediate. Several 

kinetic studies have confirmed the existence of a 4 

kcal/mole Arrhenius activation energy in the reaction of 
3 12 

0( P) with benzene. This implies that a small entrance 

channel barrier is present in the triplet surface. Thus, 

although the most probable collision energies are 2.5 and 

6.5 kcal/mole, the most probable excitations of the triplet 

adduct may be greater than these collision energies indi

cate. This is certainly true for Sloane's crossed 

effusive beam study as his most probable collision energy 

was only 0.61 kcal/mole. Apparently collisions involving 

molecules in the high energy tails of his Maxwellian 

disributions were the ones leading to reaction. 

As mentioned above, the relative intensity data pre

sented in Table I also indicates that the branching ratio 

between hydrogen elimination and intersystem crossing is 

isotope dependent. This is expected as both the rate of 
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hydrogen atom elimination and that of the radiationless 
T-,-Sn transition are isotope dependent. The elimination 

31 channel is sensitive to the "primary isotope effect", 
which implies that the perdeutero complex will decompose 
at a slower rate than the perhydro rate. This is primarily 
due to the higher state density of the deuterated reactant 
and to the higher critical energy of the deuterated 
transition state due to the substantially lower zero-point 
energy of the deuterated reactant relative to the values 
for the hydrogcnated species. The above isotope effect 
implies that, for a given collision energy, the elimina-
tion/intersystem crossing branching ratio should decrease 
upon deuteration if the intersystem crossing rate depends 
weakly on isotopic substitution, as is seen in Table I, 
due to the slower rate of decompositicn of the perdeuterated 
triplet adduct. 

Actually, deuteration should also decrease the rate 
of the spi n-forbidden T.,-S„ nonradiative transition. This 

^ 7 - 7 f\ 

is a consequence of Siebrand's "energy gap law" 
which states that the radiationless transition rate is an 
exponentially decreasing function of the energy gap. 
Deuteration increases the dimensionless energy gap 
AETC//n/(i) where w is the frequency of the accepting mode i o a a 
(CH or CD stretch). The dominant factor in the above is 
the decrease in the Franck-Condon factor which connects 
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the initial (triplet donor) and final (singlet acceptor) 
states. This is due to the strongly decreasing vibra
tional overlap of these states with increasing vibra
tional quantum number of the accepting mode. Hence 
deuteration, which effectively increases the quantum 
number of the accepting mode due to its lower zero point 
energy, clearly decreases the nonradiative transition 
rate. This discussion indicates that the elimination/ 
intersystem crossing branching ratio should increase 
upon deuteration due to the slower nonradiative decay 
rate of the triplet adduct. The experimentally observed 
trend shown in Table I changes in the opposite direction 
from this, possibly indicating that the primary isotope 
effect may be more important in governing the decay 
characteristics of the triplet reaction intermediate. 
However, the possible presence of products due to 0( D-,) 
(which is known to be present in the high energy oxygen 
beam) does not allow quantitative analysis of the branching 
ratio data to be made at this time. Uncertainties about 
the fragmentation patterns of the parent species further 
complicate attempts to quantify the degree to which 
collision energy and isotopic substitution influence the 
product branching ratio. Finally, in the above con
ceptualization of the overall reaction mechanism, opening 



-157-

of the aromatic ring and the possible influence of other 
low lying electronic states (S. and T 2) were neglected 
as the information content of the present data neither 
suggest no warrant their consideration. 

Earlier studies of the 0( P) + benzene reaction had 
reported that CO elimination was an important reaction 

4 15 pathway. ' Our results indicate that CO elimination, 
if it is occurring at all, is a relatively minor product 
channel. The absence of any high energy peaks in the 
product time-of-flight spectra shown in Figs. 5 and 6, 
as discussed in detail in the preceeding section of this 
paper, provides strong support for the relative unimpor
tance of the CO elimination channel for high energy 
(> 6 kcal/mole) collisions. The angular distributions 
shown in Figs. 1 and 2 also support our vie-•••.' as they 
have shown, in a very direct manner, that the m/e = 66 (72) 
signal is overwhelmingly due to fragmentation of highly 
excited mass 94 (100) reaction product in our electron 
bombardment ionizer. However, it should be clearly stated 
that if CO elimination were occurring the resulting 
mass 66 (72) product would be harder to detect in our 
experiment as it would have a much higher velocity, and 
would be spread over a much larger solid angle, than that 
arising from fragmentation of mass 94 (100). Time-of-



-158-

flight analysis of the reaction products coning from 

low energy 0( 3P) + C,H & (C 6D &) collisions must also be 

carried out in order to determine whether CO elimination 

is an open channel under those conditions. As Boocock 

and Cvetanovic's experiment w;:s carried out under "multiple 

collision conditions" secondary reactions involving 0( P) 

atoms and radical products might be the source of their 

observed CO. More importantly, Sloanc " also postulated 

that CO elimination was a primary reaction channel. This 

was based on his observation of a strong m/e = 66 signal 

in his crossed effusive beam experiment, which employed a 

fixed (non-rotatable) electron bombardment ionizor-quad-

rupole mass spectrometer detector. On the basis of the 

appearance potentials observed for Cnil, (minor threshold 

at ca. 9.0 eV and major product threshold at ca. 9.6 eV) 

he proposed that cyclopentadienc was a minor product 

and that 3-pcntene-1-yne was a major product coinciding 

with CO elimination. Our study has unambiguously shown 

that, the strong m/e = 66 peak can predominantly be associated 

with fragmentation of highly excited mass 94 adduct during 

electron bombardment ionization. As the mass 94 adduct 

produced in the 0("P) + benzene reaction lias > 102.4 

kcal/mole of internal excitation relative to ground state 

phenol it is not surprising that the appearance potential 



-159-

for C.H, production is shifted to a lower value than that 
found for internally cool phenol. Although Sloane dis
cussed the above probability he ultimately concluded 
that CO elimination was a major reaction pathway. This 
conclusion is contraindicated by the results of our 
experiment. 

4 The presence of viscous, polymeric reaction products ' 
in gas phase studies suggests the presence of radical 
reaction products. Our observation that the phenoxy 
radical (II atom elimination is a major reaction product, 
especially at low collision energies, supports this con
tention. The results of Mani and Saucr and Bonanno 

0 

et al. strongly suggest that under multiple collision con
ditions the reaction proceeds with a slow (rate determining 
initial attack of 0( P) on benzene, followed by subsequent 
radical-radical reactions which lead ultimately to poly
meric products. The discrepancy between the rate constants 

10 4 
determined by Atkinson and Pitts and Colussi et al. may 
be due to 0( P) consumption in the former study by reaction 
with radicals formed in the initial 0( P) + benzene 
reaction. Spectroscopic examination of the polymeric 
residue using IR absorption and NMR suggests the presence 

o 

of -OH, C-O-C, and -CHO functional groups. Mass spectro-
metric analysis of the polymeric residue yields many mass 

o 
peaks, with m/e = 185 being the highest value observed. 
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We think it is possible that sequential attack of phenoxy 

radicals on benzene, and subsequently on the more reactive 

benzene-phenoxy reaction products, could produce a long-

chain polymer, which, upon ionization, would yield mass 

185 as a peak. This fragment might be an ether-like 

substance: (C H,-- 0- C,H 4 -0) + , m/e = 185. Although this 

is speculation, it seems plausible as either linkages 

have been inferred from IR spectra, phenoxy radicals are 

known to be present from this study, and m/c = 185 was 

observed in the mass spectrum reported by Honanno et al . 

CONCLUSION 

The reaction of 0( P) with benzene has been shown to 

initially proceed by the addition of atomic oxygen to 

benzene, presumably forming a triplet biradical inter

mediate, which subsequently decays via either hydrogen 

elimination or nonrr.diat i vc transition to the S„ manifold 

of phenol. 'Die branching ratio between these two reac

tion channels has been found to be both isotope and 

energy dependent, with the addition channel being favored 

with respect to elimination for increasing collision energy 

and deuterium substitution. Our results unambiguously 

confirm that oxygen addition and hydrogen elimination are 

the major open reaction channels while CO elimination, 

if occurring at all, is a relatively minor reaction 
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pathway. This study illustrates that crossed molecular 
beam experiments employing both product velocity and 
angular distribution analysis using mass spectromctric 
particle detection are extremely well suited for unravel
ing the complex reaction mechanisms of gas phase radical 
reactions. This is due to the dynamic and energetic 
constraints which are imposed on the reactive roducts 
produced in a bimolecular reactive collision. Future 
studies using our supersonic atomic oxygen r am source 
will include reactions with aliphatic, olef nic, and 
other aromatic hydrocarbons in order to ar iv. at a more 
complete understanding of atomic oxygen-h,, drocarbon 
reactions. 
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ative Intensities of the Detected Ion Masses. 

Mass Species 
Collision Energy 

6.5 kcal/mole | 2.5 kcal/mole 

0 + C,H, 
6 6 

94 

93 

66 

65 

C,H rOH 6 i 
C,H cO 6 5 
C 5 H 6 
C 5 H 5 

0.01 

0.0 8 

0.21 

1.00 

< 0.005 

0.01 

0.08 

1.00 

0 + C,D, 6 o 

100 

98 

72 

70 

C 6D 5OD 

C 6 D S ° 
C 5 D 6 
C 5 D 5 

0.04 

0.04 

1.05 

1.00 

< 0.005 

< 0.005 

0.18 

1 .00 
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f.Ai'i I O . V 
Angular distribution, fron the reaction 0! ' [') + 

('.. li, , V. • (>.'.> k c a ] /::io ] e . 'Ihe nriniar.' reaction 
u o c • • 

p i o d i i ' t s f o r m e d \:cv C I L Q a n d f : , ! i . O I ! , w h i r * , 

s u b ' o(| ucii 1 I y f r a g m e n t e d d u r i n ; ; e l e c t r o n h o r b a rd • 

iii'-n t i on i :•. a t i on . 

A n i M i l a r d i s t r i I) u t i on s f r o n t h e r e a c t i o n O f ' P j + 

('. !) , I; •- 6.5 K< a 1 /no 1 e . The primary reaction 

products formed were (' l>-0 and (' H,OI), which 
0 .*) e :i 

sub sequel! t 1 y fragmented duriny idcct rmi bombard -

men t i on i zat i on. 

Anjuilar d i s t r i hut i ons from the reaction O f I') + 
C, II, , \:. - 2. S kcal/mole. 6 () c 
Angular distrihut ion from the reaction Of'P) + 

C, I), • C,.]),0 + i), )•: -- 2.5 kcal/mole. Data (i 6 6 5 ' c 
corresponding to the addition channel could not 

he obtained due to the presence of an m/e = 72 

contaminant in the C,ll, beam. 
6 6 

Product t i me - o f- f ] i ;;ht data foi the high energy 

C, II, reaction. The excellent agreement between 6 6 
the m/e - 93 and m/c = 65 spectra confirms that 

m/e = 6 5 is a daughter ion of the C,HrO reaction 

product. The absence of any fast m/c = 6-6 or 6 5 

signal indicates that CO elimination is a 
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relativelv minor react i (in pathuav. All spectra 

have Leon corrected i'or their respective ion 

flight tine offsets. Newton diag ram key: 

largor circle indicates expected mass M> velocity 

if 10° of the available energy from the CO 

elimination channel j'.oes to product translation; 

smaller ciicle indicates expected mass '.) .1 

velocity if 10(1°, of the available energy from 

the hydrogen atom elimination channel goes to 

product 1rans1 a t i on. 

Product timo-of-fiight data at three laboratory 

angles for the hi ph. encrrv C, I), reaction. The 

low velocity tail of the m/c = 72 spectrum at 

0 = 62° is due to effusion of a contaminant from 

the C. D, differential pumping region. All spectra 

have been corrected for ion flight time offsets. 

Ilncrgy level diagram of the 0( P) + benzene 

reaction. H, and !•' correspond to the two 

collision energies used in this study. 
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V. THE INTERNAL AND TRANSLATIONAL ENERGY 
DEPENDENCE OF MOLECULAR 
CONDENSATION COEFFICIENTS 

INTRODUCTION 
Molecular beam surface scattering experiments are 

ideally suited for studying many aspects of gas-surface 
interactions. Scattered particle angular distributions, 
velocity distributions, and, in principle, internal 
energy distributions can now be obtained from beam-surface 
scattering experiments in which the incident beam (or 
beams for reactive studies) is well defined with respect 
to its velocity, angular divergence, incident angle, and 
possibly internal quantum state. The target surface can 
also be well characterized with its temperature, com
position, and when appropriate, crystallographic plane 
serving as experimentally variable parameters. Perhaps 
most importantly, these experiments can yield valuable 
information on the ln-it-ial interaction between the incident 
particle and the target surface since the actual gas-
surface interaction potential is sampled by "single 
collision" scattering events. Beam-surface scattering 
experiments therefore hold the promise of providing a 
very detailed, microscopic picture of gas-surface kinetics, 
as crossed molecular beam experiments are already providing 
for gas phase studies. 
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In our laboratory surface scattering techniques are 

being used to study the process of gaseous condensation. 

Valuable information on the detailed dynamics and energetics 

of this process can be obtained in molecular beam scattering 

experiments which was previously inaccessible in more con

ventional studies. Tn particular, we have set out to 

understand whether, and to what extent, excitation of a 

polyatomic molecule's internal degrees of freedom (vibration, 

rotation) can influence its sticking, probability upon 

collision with a cold surface. This question is of current 

interest for a variety of reasons. In addition to its 

obvious importance in understanding gas-surface collisional 

energy transfer mechanisms, it is also of fundamental 

significance to future heterogeneous laser isotone separation 

schemes. furthermore, it is also desirable to understand 

how both internal and trans1 ationa1 energy influence stick

ing probabilities as 1 lie resulting physisorbed molecules 

are, in many instances, the precursors to chemically important 

chemisorbed species. In this study molecular beams are 

therefore being used to investigate the micloicoplc 

behavior of physical adsorption and gas-surface energy 

exchange mechanisms, which should enable • to improve our 

understanding of the macAOicop-lc , and pi- ally important, 

process of gaseous condensation. 
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1-4 4-6 

Recently, both theoretical and experimental 

investigations of the internal energy dependence of mole

cular condensation have appeared in the literature. 

Gochelashyi 1 i et al. have suggested that the sticking 

coefficient, c, for polyatomic molecule: should he 
expressed as c = 1 - exp(-K /!• '1 when' !; is the 1 ' c t o t c 
critical adsorption rncrj'.y and I". r<. j resents the total 

enc-rrv of the incident molecule, h,. , - V. * 1: ., + 
' t ot t runs v l b 

Y: ^. from this expression 1 hev infer that the reflection 
rot ' 

probability difference between selectively excited mole

cules and unexcitcd one-- may serve as ? he basis, for 

heterogeneous laser isotope separation. Their model is 

obviously a large oversimplification of the energy transfer 
4 

pathways for this process. liasov et al. have proposed a 
model which suggests that local heating of the phonons in 

the immediate region of an adsorption event (due to 

deposition of !'.4 .1 nav lead to ree vapo ra t i on of the ' tot 
adsorbed <-• n t i t y . Again, this is an highly improbable 

description of the condensation process. Karlov and 

S.. tan'' have proposed that the enhanced reflection pro

bability of excited locales must critically depend on 

the efficiency of V -• T energy exchange during the initial 
3 

collision event. finally Doll has proposed a simple, 

phenomenol ogical model to describe internal energry effects 
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in condensation phenomena which suggests, based upon 

adiabaticity arguments, that rotational and low-frequency 

vibrational excitations will have a significant influence 

on molecular sticking probabilities. All of the above 

descriptions, in spite of their simplified nature, do 

predict that interna] excitation should inhibit conden

sation. Experimentally, much controversy still exists 

over the existence and extent of internal energy effects. 

The Russian bulk kinetic experiments with C 0 ? and CO 
4 excited in electrical discharges and with laser excited 

BC1, suggest that the effects are significant. However, 

the internal energy effect reported in the laser excited 

BC1, experiment has not been observe* in an attempted 

reproduction of that experiment. 

It has also been suggested, for strongly interacting 

chemical systems which have an energy barrier in the exit 

valley of their potential energy surface leading to chemi-

sorption, that excitation of a molecule's vibrational modes 

should promote its probability of dissociatively chemi-

sorbing upon impact with a catalytic surface. Stewart and 
7 Ehrlich have noted in field emission experiments that 

vibrational excitation of CI1. by thermal heating appears 

to promote its dissociative chemisorption on rhodium. 
o 

Yates et al. have shown in thermal desorption studies 
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that laser excitation of the CH. v, and (indirectly) 2v* 
and v. modes does not significantly promote its chemi-

9 sorption on Rh(lll). Recently Ehrlich and his coworkers 
have also shown that excitation of the methane v, mode to 
either its first or second c cited level does not actively 
enhance its probability of di sociative chemisorption on 
evaporated films of rhodium. n another system of chemical 
interest, Gelb and Cardillo, on the basis of their 
classical trajectory calculations, have predicted that the 
probability of !1? dissociation u on collision with Cu(100) 
should increase 40-fold when the ', is placed in its first 
vibrationally excited level. 

In this paper a series of experiments will be des
cribed which have directly confirmed the existence of an 
internal energy dependence of molecular sticking prob
abilities for collisions of rotationally and vibrationally 
excited molecules with a cold surface. This internal 
energy dependence has been explored as a function of 
incident translations] energy for velocity selected, and 
thermally excited molecular beams of C.C1, and SF^ . A pre-
liminary report of the CC1. results has been previously 
reported in the literature. Thermal excitation rather 
than laser (state-selective) excitation was employed in 
these studies as the main interest was to establish the 
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presence, and to gauge the extent, of internal energy effects 

in the process of gaseous condensation. For relatively 

large polyatomic molecules, such as SF,, thermal excitation 

allows us to "excite" virtually all of the incident mole

cules. Resonant IR laser excitation would only 

allow perhaps a few tenths of one percent of the incident 

beam to be excited due to the relatively large partition 

function of these molecules (i.e., low population in any 

particular quantum state). The data presented primarily 

consists of angular distributions, velocity distributions, 

and intensity measurements of reflected molecules as 

functions of incident beam velocity, internal energy, and 

surface temperature. In addition to the internal and 

translational energy dependence of sticking probability, 

results on energy accommodation and non-conservation of 

tangential momentum are also reported for SF. and Kr beams 

scattering from surfaces composed of their respective 

condensed (amorphous) ices. 

EXPERIMENTAL 

Our crossed molecular beams apparatus, which is 

similar in design to one which has been previously des-
12 cribed in detail, was extensively modified for this 



-181-

experiment by replacing one of the beam sources, and its 
differential pumping region, with a cryogenically cooled 
target surface assembly. The initial experiments involv
ing CC1, utilized a liquid nitrogen cooled surface which 
employed gravity fill of the crycge^ to ensure effective 
coolant flow. Surface temperatures as low as ca. 90 K 
could be easily achieved with this experimental arrange
ment. Nichrome wire heaters embedded in the copper sur
face support block permitted operation at temperatures 
above 90 K. In subsequent studies involving SF, and Kr 
the above was replaced by a more sophisticated surface 
assembly which was cooled by a CTI Model-21 closed cycle 
helium refrigerator. Surface temperatures as low as ca, 
10 K could be achieved with this cryostat. Stable operation 
at temperatures above 10 K was achieved with a Lake Shore 
Cryogenics temperature controller. The underlying target 
substrate for both systems was fabricated from polycrys-

talline copper, which was prepared with a chemical polish-
1 3 ing procedure similar to that described by Ahearn et al. 

2-mercaptobenzothiazolc was used as the nitrogen containing 
additive in our polishing procedure. 

The main scattering chamber was pumped by an unbaffled 
5300 1/sec diffusion pump using DC-705 oil, and by a liquid 
nitrogen cooled cold shield which is very effective in pumping 
condensible gases. The base pressure of the scattering 
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chamber was ca. 1 x 10 torr during the course of these 
experiments. The copper "substrate" surface was therefore 
undoubtedly contaminated with many molecular species before 
the onset of beam condensation. However, at the surface 
temperatures used for data collection the sticking prob
ability of the incident beam was always > 991, indicating 
that a relatively "clean" surface, consisting of an amorphous 
ice of the incident beam gas, was always presented to the 
incident molecular beam. Without UHV conditions in our 
main scattering chamber fairly well defined target surfaces 
were therefore generated u-ca constant deposition of a large 
percentage of the incident beam. The scattered particles 
analyzed in these experiments were the ~ll (or less) of the 
incident flux which did not condense upon impact with the 
cryogenic surface. 

Figure ] is an assembly diagram which outlines the 
important experimental components. The effusive, heated, 
and velocity selected beam source constructed for this 
experiment permits independent variation of T R and v R, the 
beam temperature and beam velocity. This in turn permits 
the study of gas-surface collisions involving polyatomic 
molecules having different internal energies (i.e., beam 
temperatures) but the same translational energies (constant 
velocity selector frequency). The heated, effusive source 
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consisted of a 6 mm OD/4 mm ID quartz tube which was 

wrapped with 0.5 mm diameter tantalum wire at a turn 

density of 2.75 - 3.15 turns/cm. The wire heater extended 

from the front tip of the quartz tube to a point ca. 50 cm 

back from the tip in order to ensure vibrational and 

rotational equilibration of the quickly flowing gas to 

the oven temperature. The orifice at the front of the 

tube was a slot measuring 0.75 mm x 2.80 mm. A 13 mm 

OD/11 mm ID quartz tube, which was wrapped with 4 turns 

of 0.0025 cm tantalum foil, was slipped over the inner 

(wire wrapped) tube to act as both a radiation shield to 

protect the rest of the source from excessive heating, 

and to ensure proper heating of the oven by blackbody 

radiation. A chrome]-a]umel thermocouple was attached to 

the inner quartz tube, and one was also embedded between 

the outer quartz tube and the tantalum radiation shield, 

in oi'dcr to monitor oven temperature. The true oven tem

perature was actually obtained by fitting the effusixre 

velocity distributions produced from the source to 

Maxwcllian distributions as a function of oven power. 

Plots of thermocouple voltage versus beam temperature were 

thon constructed for the two oven thermocouples, resulting 

in linear calibration curves. Extreme care was taken to 

ensure that Maxwellian distributions were in fact generated 
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during the above oven calibration tests by running the 
source at very low stagnation pressures. Krypton and 
oxygen were used for these calibration runs. 

The velocity selector was similar to one which has 
14 been previously described. Briefly, it consisted of 

six 0.1 mm thick aluminum disks, with each disk having 
160 slots of 0.081 cm width evenly spaced arounds its cir
cumference. The average radius to the midpoint of the 
slots was 4.50 cm. The selector had approximately a 201 
FJVHM Av/v bandpass function and was found experimentally 
to have a A conversion factor of about 201 cm, where 
(A) x (frequency) = transmitted velocity. The overall 
length of the velocity selector was 2.74 cm. Absolute 
determination of the CC1. and SF, flux distributions 
transmitted by the velocity selector, as a function 
of oven temperature and selector frequency, was always 
carried out with high resolution single-shot time-of-flight 
(TOP) techniques at a dwell time per channel of 4 usee. 
The velocity selector could be operated at frequencies up 

4 to -400 Hz (most probable transmitted velocity ~8 x 10 
cm/sec) and the source oven temperature could easily be 
varied between room temperature and ca. 700 K. These T R 

and v R ranges permit the internal energy (F.) to trans-
lational energy (l"-t) ratio to varied over a wide range 
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for polyatomic molecules. For the CC1. experiment the 

oven temperatures used were 298 K and 560 K, and for 

SF, these temperatures were 300 K and 608 K. The CC1. 

beam was run by immersing the CC1. reservoir in an ice-

water bath, with the resulting vapor passing through a 

series of needle valves before entering the beam source. 

Similarly, after the SF, was passed through a vacuum 

regulator its flow was throttled down by a series of 

needle valves. Beam stability in both experiments was 

found to be excellent after initial oven transients 

lasting ~30 minutes were allowed to pass. The desir

ability of building oven sources having relatively low-

heat capacities, and hence relatively fast stabilization 

rates, cannot be overstated. The beams produced by this 

source were collimated by a series of defining elements 

to a FWIIM angular divergence of ca. 2.2 degrees. 

The first and second generation surface assemblies 

(liquid nitrogen andcryostat cooled, respectively) were 

extensively wrapped with many layers of "super insulation" 

(6 micron thick aluminized mylar) in order to minimize 

heat exchange with the surrounding environment. The sur

face temperature was continuously monitored \v-ith two iron-

constantan thermocouples which were referenced to ice-

water junctions. The vacuum feedthroughs for these 

file:///v-ith
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thermocouples consisted or iron and constantan wires in 
order to avoid generating any stray junction potentials. 
The first generation assembly was designed so that it 
could be rotated out of the beam-line in order to permit 
the detector to look directly into the incident beam. 
This was believed to be necessary in order to reference 
the incident intensity, during the course of an experi
ment, as a function of oven and velocity selector settings. 
However, subsequent measurements of reflected angular and 
velocity distributions revealed that beams scattering from 
room temperature (dirty) copper surfaces always thermally 
accommodated to T , the surface temperature, as manifested 
by their cosine angular distributions. The surface was 
therefore acting as a "beam norma]izer" since all incident 
beams, regardless of their initial velocity distribution, 
scattered wjth the same Maxwellian velocity distribution. 
This permitted us to design a much more precise target 
assembly, which did not have to rotate out of the scattering 
plane, when the closed-cycle refrigerator was added. 
Alignment of the target surface for both setups was done 
by reflection of a HeNc laser. Final machining of the 
second generation target support was done after experimentally 
monitoring the extent of inward deflection of the flange 
holding the target upon evacuation of the scattering chamber, 
and then monitoring the extent of shrinkage of the assembly 
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upon cooldown to ca. 100K. This ensured that the surface 
would fall precisely at the center of rotation of the 
detector. For all of the experiments described in this 
paper the incident beam-surface angle, 9., was fixed at 
50° from the surface normal. 

The particle detector used in these studies consisted 
of a triply-differentially pumped electron bombardment 

1 2 ionizer/quadrupole mass spectrometer. It could rotate 
about the surface allowing angular distributions and 
relative number density measurements to be obtained for 
reflected angles between 30° and 90° with respect to the 
surface normal. Only in-plane scattering events were 
detected, with the plane determined by the surface normal 
and the incident beam. Time-of-flight velocity distributions 
were obtained by placing a chopping disk in front of the 
entrance to the detector. Typical chopper to ionizer dis
tances were ca. 18.2 cm. For low signal experiments con
ducted below the condensation point of the incident beam 
cross-correlation TOP techniques s' 1 KCTC used, employing 
a 255-bit, -50% duty cycle pseudorandom chopping sequence 
operated at 12 pscc/channel dwell time. During the initial 
TOP data acquisition runs, involving molecules scattered 
from cryogenically cooled surfaces, a radiation shield con
structed from thin copper and super insulation was placed 
around the TOP chopping disk. This was done as radiative 
heating of the target surface from the TOP' disk might have been 
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a possible systematic error in our measurements since the 
thermocouples were placed on the back surface of the 
copper substrate. However, TOF measurements made without 
the radiation shield yielded identical results to those 
obtained with the shield in place, allowing us to operate 
without the shield in further experiments. 

Angular distributions were obtained by modulating the 
incident beam with a 150 Hz Bulova tuning fork chopper. 
The actual signal was obtained by subtracting the chopper-
closed count from the chopper-open count. Repeated angular 
scans were taken for all angular distributions in order to 
achieve good signal-to-noise ratios. Typical counting 
times and signal rates will be discussed in the next 
section of this paper. In the CC1. experiment the detected 
ion was actually CC1, while for the SF, experiment it was 
SFr . These daughter ions were of much higher intensity 
than their respective parent ions. 

Finally, this series of condensation experiments was 
performed at > 991 sticking probability so that inelastic 
scattering events could be clearly distinguished from 
adsorption events followed by subsequent particle reevapor-
ation (trapped trajectories). This is accomplished by 
noting that the residence times of adsorbed (trapped) mole
cules are several orders of magnitude larger than the 
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gating period, 6.67 msec, while the interaction times of 
-12 inelastically scattered molecules are typically 10 sec. 

Thus, by gating the counting electronics at ISO Hz, as 

,hown in Fig. 1, the inelastically scattered molecules 

can be distinguished from those hiving very long residence 

times. In fact, in the extreme case of > 99. 9» sticking 

probability, virtually all of the particles detected were 

inelastically scattered as the trapped molecules were 

effectively "frozen out" in the condensate. This is 

highly desirable as the scattering events carrying the 

important dynamical information are the inelastically 

scattered ones. This experiment therefore overcomes one 

of the main experimental difficulties associated with 

studying gas-surface collisions, as was briefly discussed 
17 by Zwanzig in his paper on gas-surface collisional energy 

transfer. 

RESULTS 

Angular distributions have been obtained for CC1, and 

SI-', as a function of incident velocity, internal energy, 

and surface temperature. The scattering behavior for these 

two molecules was found to be quite similar, as demonstrated 

below. All scattered angular distributions that were 
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measured above e;i''h molecule's respective comb-nsa t. i on 

temperature were cosine in shape v; i t h iespect to the sur

face nnjn;il. 'i h J s , by itself, only indicates that the 

copper substrate was microscopically rouj;h and contaminated 

(as it wasj, and that t h r- in< ident beam was po.sibly 

thermally ;K commoda t i rig to T , tlie surface t en.pe r;i t ure . 

The. upper p o n ion of I: i j;. ?. shows one of the first experi

mental angular distributions obtained for CCA. scattering 

from a room temperature (dirlyj copper surface. The small 

deviations from the solid cosine (0J curve can be attributed 

in this case to slight misalignment of the ..urface. Sub

sequent angular d i s t r i tmt ions obtained for CCA., SI- and 

several rare gases could be well fit with the cosine (Oj 

function. In order to resolve the finest ion of possible 

thermal accommodation to T scattered particle T01; diitri-
s 

but ions were recorded for several gases as a funct ion of 

incident trans1 ationa1 energy. The three curves shown in 

Fig. 7., for incident SF, mean velocities of approximately 

2.0 x 10 cm/sec, 3.5 x 10 cm/sec, and 5.0 x 10 cm/sec, 

conclusively demonstrate that thermal accommodation to T 
s 

is in fact essentially complete. The proof for this is 

that the three scattered particle velocity distributions, 

in spite of their different incident distributions, were 

superimposable with each other, and could be fit with a 
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calculated M>0 K Ma.xwellian flux distribution (dashed lines 

in Fig. 2 ) . The deviations at low velocities are an arti

fact of the experimental T0I: measurement, with the low velo

city cut-off due to tin.- finite v. i d t h o I' t he 'I 01- choppe r disk. 

1i)i mcas ure 'lent s for C.'C'l,, SI- , and K r revealed that thermal 
•1 ti 

accommodation to the surface temperature continued with 

decreasing '1. until each molecule's condensation temperature 

was reached. This was very fortunate as it allowed us to 

monitor incident beam flux, as a function of velocity 

selector setting and oven temperature, by simply making 

relative re flee* d number density measurements as a function 

of these- parameters at Tt. ~> T . , the condensation temperature 

for each molecule. (.Since all reflected velocity distribu

tions were identical, the relative number density measurements 

taken with our detector were exactly equivalent to relative 

flux doterminati cis.) This alleviated the need to con

tinually remove tlu. target surface from the beam-line during 

the course of the experiment, as was described in the pro

ceeding section of this paper. 

When the surface temperature was dropped below the 

C C 1 4 condensation temperature, T (CCl^) = 142K, to T. = 

117K a very interesting angular distribution was recorded, 

which is shown in the lower portion of lig. 2. This distri

bution appears to be a "hybrid", consisting of some mole

cules which scattered w:ith a cosine (6) dependence, and 
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others which scattered in a specular- 1ike manner. As T = 

117K cnrrc-sponils to a C('l, sticking probability of about 

90% (as determined fron lh'- count in;; rate at the specular 

angle) this view seems, plausible. 'Ihis indicated that 

still lower surface temperatures would be- needed to study 

inelastic scattering events as the large contribution 

from trapped molecules fthose which had been adsorbed, 

thermally accommodated, and subsequently reevaporatcdJ 

still dominated the detected signal. 

The angular distributions taken far below the C'Cl. 

condensation temperature exhibited a marked difference 

in shape from those discussed above. Figure 4 shows the 

angular distributions taken with T. - 90K and '1* (oven 

temperature) - 298K, wdi i 1 e ]•' i g. S shows those obtained 

with T., = 560K, for several different incident velocities. 

:7or CC1., T = 90K corresponds to a sticking, probability 

of > 99.5°, as determined from the counting, rate recorded 

at the specular angle. These distributions have no visible 

remnant of accommodated (cosine) scattering, and appear to 

peak 15° superspccularly from the specular angle of 50°. 

Typical1y, counting rates for the distibutions shown in 

Figs. 4 and 5 were 10 counts/sec, taken with a m/e = 117 

background of 125 counts/sec. The lack of peak scattering 

angle variation found in these figures, as a function of 
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incident velocity, may imply that the C O , molecules experi

ence constant relative momentum loss collisions with the 

surface. Future TOP studies will allow this interesting 

feature of the data to be studied more closely. 
1 8 Jf we assume, as in a hard cube model, t.uit the 

tangential momentum of the CCA. is conserved during the 

collision, then we can arrive at fcn'i'i hound citimalcs of 

the energy accommodation coefficients, a.., from the angular 

distributions shown in Figs. 4 and 5. These estimates can 

be easily calculated by noting the deviation of the angular 

distribution peaks from the specular angle. The energy 

accommodation coefficient is defined as 

F. - ]•: : r (1) 

where F. is the incident beam transl at i onal energy, I- is 

the reflected beam transl at ional energy, and F, is the mean 

tran si ational energy of a molecule at T . Within this '" s 
simple framework ex.. for CCA. is found to be ~0.37 for v- = 

4 A 

2.S x 10 cm/scc and -0.30 for v. = 5.0 x 10 cm/sec. 

These values correspond to a 45% relative momentum loss in 

the mo, entum component perpendicular to the surface, and 

a 01 loss in the momentum component tangential to the sur

face. Again, these a,, values are only crude lower bound 
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estimatcs, as tangential momentum loss almost certainly 

occurs during the scatterinj', of heavy polyatomic molecules. 

The TOF data for SF, presented Inter in this section bears 

out this point. However, the overall skewing of the CC1. 

angular distribution with respect to the specular angle, 

0. = 50°, does indicates that momentum accommodation occurs 

to a greater extent in the direction perpendicular to the 

surface than tangential to it. 

Figure 6 shows the SF, angular- distributions that 
6 

were obtained at T = 5OK for three different incident s 
velocities. Typical counting, rates at v. ~ 3 x 1(1 cm/sec 

were 25 counts/sec, with a m/e = 127 background rate of 

230 count/sec. Signal rates were substantially higher for 

faster incident velocities. This surface temperature 

corresponds to > 99. 5?, sticking probability for SI7.- at 

those velocities. Once again, the angular distributions 

do not vary very strongly with either incident velocity 

or beam temperature. The lack of variation with beam, 

temperature (internal energy) may indicate a weak coupling 

of internal to translational energy. However, due to the 

relatively large mass of SF, only slight angular shifts 

would be expected. 

Using cross-correlation TOF techniques the question 

of SF, energy accommodation was explored in much greater 

detail than during the C O . experiment. The data shown 
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in Fir. 7 represents a scries of SF, reflected velocity 

d i s t r i b u t i o n s , taken at the specular a n g l e , as a function 

of surface temperature. The dashed lines in each section 

of the fit'ure represent the calculated SF, Maxwellian 

flux distributions at each surface temperature. The 

experimental TOF distributions can he fit extremely well 

with the Maxwelliai: distributions for T = 2S0K, 100K, and 
s 

80K indicating t:on] i e f e SF the r i:ia 1 accommodation to 

T . The low velocity d e v i a t i o n s , as discussed e a r l i e r , 

arc an artifact of the mea s u r e m e n t . H o w e v e r , as the sur

face temperature was further lowered from 80K to 70K, 

SOK, and ultimately 20K the experimental velocity distri

butions became fiat,ten than the Maxwellian d i s t r i b u t i o n s . 

This clearly demonstrates that we arc in fact analyzing 

inelastic e v e n t s , rather than trapped and reevaporated 

o n e s , for very low T values. Note also that the onset 

of condesnation for SF r was found to occur at T_ z 79K, 

in good agreement with the data shown in this figure. 

Important information about momentum exchange and 

energy accommodation can be obtained from the TOF distri

butions shown in Fig. 7. Table I summarizes the data 

taken at the specular angle for SF with T = 300K. 
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T a b l e I 

il!i( l-ncrgy Accommoda t i o_n 

T (Kj 

21) 

0 . 8 2 

0 .7 7 

0 . 7 7 

-;: --i-Y... 
r i 

0 . 2'J 

0 . 30 

0 . 2 5 

-X: >/-\:. r 

2 . 2 1 

3 .18 

6 . 7 9 

The energy accommodation coefficients shown in this table 

indicate that an extreme loss of energy is occurring upon 

impact with the surface. Analysis of the final velocity 

components tangent and perpendicular to the surface con

clusively demonstrates that tang e.ntial momentum ii not 

ccnic'ivcd for collisions between SI7, and an amorphous ice 

surface of SI*',. The energy exchange diagram shown in 

fig. 8 clarifies this point. In this figure v , 0 , v-, 

and 0. are all determined experimentally. Therefore, by 

measuring the reflected velocity distribution at a given 

angle an unambiguous analysis of momentum exchange can be 

carried out. The a,, values listed in Table I can onlv be b 
explained by assuming tangential and perpendicular momentum 

loss, as indicated by the solid triangle whose sides are 

v , v and v, in Fig. 8. The apparent weak dependence of a. 
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on T at low surface temperatures (i.e., in the limit of 

preferentially removing all thermally accommodated SF,) 

indicates that impulsive collisions are dominating the 

scattering. 

Similar dc.ta was obtained for Kr scattering from 

krypton ice as a function of T . Th i s is shown in Fig. 9 

and briefly summarized in Table II. 

Table II 

Krypton linergy Accommoda t i on 

s l -* i: r i r s 

40K 0.99 0.14 1.09 

25K 0.77 0.29 3.75 

20K 0.79 0.26 4.11 

Once again the reflected velocity distributions have much 

higher average velocities than thermally accommodated ones 

for surface temperatures lower than the beam condensation 

temperature (T (Kr) < 40K). Analysis of the reflected 

velocity distributions also indicate that tangential 

momentum is not conserved. The slight deviation of the 

40K experimental TOF distribution from the theoretical 
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curve on its high velocity side may be real, and can possibly 

be explained by microscopic reversibility arguments. Very 

briefly, one might expect evaporating particles to be 

slightly deficient in high velocity events since the con

densation probability of fast incident particles is less than 

that for slowly incident ones. 

Finally, and most importantly, we have conducted an 

extensive investigation of how trans 1 ationa1 and internal 

energy influence the sticking probability of CC1. and SF, 

for collisions involving these molecules and their respective 

condensed phases. In Fig. 10 the relative reflection 

probability for CC.l., as a function of incident velocity, 

is shown for two different oven temperatures (internal 

energies), T R = 298K and T R = 560K. These curves were 

generated by measuring the relative amount of flux reflected, 

as a function of velocity selector setting, for T. = 90K. 

More specifically, the experimental data points were 

obtained by normalizing the reflected number density 

detected at a given angle, as a function of oven temperature 

and velocity selector setting, to the incident beam flux 

for the same values of v- and T R. Two clear trends can be 

seen from the data shown here. First, reflection probability 

has a very strong dependence on incident translational 

energy, with the probability of reflection increasing 
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dramatically with increasing incident velocity. Second, 
the relative reflection probability curves for two 
different internal energies differ at low incident 
velocities, and asymptotically merge with each other in 
the limit of high incident velocity. This is the first 
indication that the internal energy (i.e., the energy 
stored in rotation and vibration) of a polyatomic mole
cule can influence its sticking probability, c, where 
RP (reflection probability) = ]-c. 

The above results, obtained as a function of velocity 
selector frequency, needed to be dcconvoluted with res
pect to the bandpass function of the selector since the 
transmitted velocity distributions were fairly wide, 
having a FIVIIM Av/v of about 20°s. This war accomplished 
using an iterative, ratio method dcconvolution procedure. 
Following the basic form of Siska's iterative dcconvolution 
procedure we have: 

fo(v) = h(v) 12) 

f n + l ( v ) = *n(v)[hCv)/g*fn] (3) 

where, in our case, h(v) is the experimental (folded) 
reflection probability for a given velocity selector 
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setting, g(v,v') is the experimentally determined velocity 
selector transmission function, and f n(v) is the n de-
convoluted (unfolded) approximation to h(v). The actual 
convolution integral, g*f, was defined as: 

r v f 
8*f n + 1 = J dVg(v,v')fn CV) 

2 g(v,v')fn(v') 
i = l 

(4) 

where v. and v f arc the initial and final velocities trans
mitted by the selector at a given frequency. The actual 
g(v,v') distributions were obtained with high resolution 
single-shot TOP operating at 4 psec/channel dwell time. 
The convolution integral was calculated with trapezoidal 
rule numerical integration. Hach successive h(v) was 
generated by least squares fitting a fourth-order poly
nomial to f (v), where f (v) = RP (v). After a few 
iterations, typically 5-5 cycles, the deconvolution pro
cedure converged, and was tested by refolding f r . , ( v ) 

' ' ^ n , f .1 n a 1 ̂  •" 

with g (v,v'): 

8*f„,final = f ' dv' S(v,V)f(V) * h(v) (5) 
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For most velocity ranges it was found that the refolded 
distribution, g*f .. ,, virtually reproduced the n,final 
experimental data, indicating a successful deconvolution. 

4 However, for relatively fast velocities (v •> 4.5 x 10 
cm/sec) the deconvolution routine experienced difficulties 
since a very strong function of velocity, RP(v), was being 
folded with a fairly broad bandpass function. The dashed 
lines shown in Fig. 10 represent the results of this RP(v) 
deconvolution for CC1.. 

The internal energy dependence of condensation prob
ability can be expressed in a quantitative manner by 
plotting the ratio of the refleciton probability curves, 
for different oven temperatures, as a function of incident 
velocity. We have explicitly calculated the fie.fildct4.on 

enhancement fiactoi, EF, which is actually the ratio of 
relative reflected fluxes for molecules having the same 
translational velocity, v., and different internal 
energies : 

EF(T 
( F r a c t i o n of f lux r e f l e c t e d ; 1' = 560K) 

9 0 K ' vi^ " ( F r a c t i o n of f ] u x ^ r H T F c T e T T T r " = 2 9 8 K ) ( 6 - ) 

90 90 n v r r 
IncidcntTlux (T B' 560K 
90 90 n v r r 

"Incident flux [T~ ; v-)/ 29 8 K 

http://fie.fildct4.on
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where n and v are the reflected number densities r r 
and velocities at T = 90K for each beam temperature. 

Figure 11 shows the EF values determined for CCA., which 

were obtained from Fig. 10 using equation (6). The 

solid line in Fig. 11 corresponds to the reflection 

enhancement factor that was calculated with the experi

mental RP (v) curves, while the dashed line corresponds 

to the deconvoluted result. The F:F curves shown in 

this figure conclusively demonstrate that internal 

excitation of a molecule's rotational and vibrational 

degrees of freedom leads to an increase in its reflec

tion probability (decrease in sticking probability) in 

the limit of low incident velocity. FF = 4 implies that 

internally excited CCA. molecules with <v-> ~ 2.7 x 10 

cm/sec are four times more likely to scatter from the 

CC1. ice suface than vibrationa11y and rotationally 

"cool" ones. Furthermore, the FF curves shown in this 

figure indicate that in the limit of high incident 

velocities HF goes asymptotically to unity, indicating 

that internal excitation has little influence upon con

densation probability for high energy particles. This 

will be discussed in detail in the next section of this 

paper. Note that the actual v " values which appear 

in equation (6) were not experimentally determined here, 

and that the FF values shown in Fig. 11 were calculated 
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assuming equal reflected velocities for scattered molecules 
which had the same incident velocities but differing internal 
energies. In reality, the scattered molecules which were 
initially internally excited may scatter with slightly larger 
rnflfrtpr! ve1nciti"- T V ~ n r val. :? cf Fig. 1] may there
fore be viewed as lower bound estimates for enhanced scatter
ing due to \nternal excitation. 

Figures 12 and 13 show respectively the reflection prob
ability curves and reflection enhancement factors ior SF, 
with oven temperatures of 300K and 608K, as a function of 
incident velocity. The solid lines once again correspond to 
the experimental distributions while the dashed lines are the 
deconvoluted results. The qualitative shapes of these curves 
are quite similar to those found for CC1., indicating that 
internal excitation can inhibit condensation in the limit of 
low incident trans 1ational energy. The velocity range explored 
in these experiments could not be extended to include velo
cities lower than abo"t 2.5 x 10 cm/sec or higher than 5.5 x 
10 cm/sec due to the extremely low signal level of the 
T R ~ 300K data in these velocity regimes. The RP(v] and I-.F(v) 
curves shown in Figs. 10-13 ar e the maj n_ _r c s u 11 s o f__ this 
series of be am-surfacc scattering experi ,_ii_c_n t s . 

Extreme care was taken to guarantee that these 
reflection probability distributions were not an artifact 

file:///nternal
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n f some systematic experimental error. The rc f J cc t i on 

probability was monitored in a series of tests as a 

function of beam intensity, and wn-- found 1 o linearly 

track the beam intensity. This indicated that impurities 

on the surface (from background gas in the scattering 

chamber) were not significantly affecting the results. 

More importantly, the actual transmitted velocity distri

butions for the hot and room temperature source settings 

were not always superimposable for the same velocity 

selector frequency. This occurred since the bandpass 

function of the selector was folded with the shape of 

the flux distribution effusing from the quartz slot. 

At high velocities the long tail of the high temperature 

flux distributions skewed the transmitted velocity 

distributions to higher velocities. Figures 14 and 15 

show the actual, incident CC1 . and SF, velocity distri-
4 o ' 

butions, as a function of velocity selector frequency, 

for both room temperature and elevated source temperatures. 

These curves were obtained by taking TOF measurements with 

the detector looking directly into the transmitted beam. 

The low frequency distributions for hot and room temperature 

beams virtually superimpose for both CCA. and SF, , while 

at higher frequencies the hot distributions are noticeably 

skewed to higher velocities. The virtual overlap of the 
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low frequency distributions for different source tem

peratures is quite fortunate as the low velocity data 

points in Figs. 10-13 are the most crucial ones fcr 

supporting the presence of internal energy effects. 

Nevertheless, the experimental !•!•' curves shown in 

figs. 11 and 13 have been corrected for these shifts, 

and the successful deconvolution of the data Kith res

pect to the actual incident velocity distributions 

exactly corrected for tiie problem. 

DISCUSSION 

The results shown in the proceeding section clearly 

indicate that the internal energy of a polyatomic mole

cule becomes increasingly more important in determining 

its sticking probability as its trans 1 ational energy is 

decreased. This can be understood in terms of the energy 

loss which must occur in the direction perpendicular to 

the surface for condensation to occur. A simple energy 

level schematic for gas-surface scattering is shown in 

fig. 10. The potential energy well in this figure repre

sents the gas-surface interaction potential, E-, and E_ 

represent low and high cue •*•» • Incident trajectories 

referenced to the dissociation limit of the gas-surface 
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potent i a 1 , and ,'.!., a', drawn, indicate:, the total energy 

lo1.'. which ultimately Mtur:, for the h. 1 rajci lory if it 

become . trapped and :; u'e.oo ucn 1 lv acconnod a 1 ed to T , lor 

low T_. values, hi this '. i ;i.p 1 i f i ed picture of the conden-

sat ion piocess the e/t'-nt of ' n-i t<o.>' ri.i-vyyy ](,:',:> in the 

d i i e(. t i on normal In tie- s u ) I a<. e de 1 •• i n i II'1 ;. v. he t he r a 

pail ii 1'- lircorsc:, 1 rapped, and :,uh :' '-ij :i''ii 1 ]y a ecomnoda t ed to 

'I (. , or whether ii will i ic- I a :-, t i c a 1 1 y scatter from the sur

face. Pur trapping lo o o u r the low and high energy 

t r.'ijri Hn'ii". must In..!- lit l'-;i'.t 1 and I..,, respectively, 

upon initial inpaet with the rcpul: i ve wall of the jsis-

surface interaction potent ial. laiergy loss-is-, less than 

these critical amounts will lead to "direct inelastic" 

sea t t e r i ng events which have a strong memory of tlieir 

initial state. As the trans]at ional energy of an incident 

molecule is increased we therefore see that increasingly 

more energy must he lost in the initial collision for 

condensation to occur. The steadily decreasj ng probability 

that this threshold energy loss will occur for increasing 

incident trans 1 at i ona 1 energy gives rise to the Rl'(v) 

curves shown in bigs. 10 and 12 for CCA . and SI-' . In the 
4 6 

limit of high incident transl ationa1 energy we would there

fore expect that coupling of internal energy (rotation, 

vibration) to trans!at ion upon impact with the repulsive 

wall of the gas-surface potential (i.e., V,R •> T collisional 
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encrgy transfer) would have very little influence on the 

condensation probability for the molecule. Conversely, 

this overview of the condensation process seems to indicate 

thai any collisional V,R • T energy exchange for il'cicdj 

i ru ident molecules would lead to a significant decrease 

in that molecule's sticking probability, as is experi

mentally found, and shown in Figs. 11 and 13. 

Since gaseous condensation is essentially a problem 

of trans1 ationa1 accommodation, it is interesting to 

compare the relative effectiveness of internal and trans -

1 ational energy for inhibiting sticking. Using the vibra

tional quantum partition function for an ideal polvatomic 

molecule, the mean vibrational energy difference between 

CC1 4 at 298K and 560K is found to be c.a. 3.7 kcal/mole, 

while the rotational energy change between these two 

temperatures is well approximated by 3/2 kAT, or ca. 0.8 

kcal/rnole. In going from 2.7 x 10 cm/sec to 5.0 x 10 

cm/sec the CC] . trans lational energy increases from about 

1.3 to 4.5 kcal/mole. Over this velocity range the de-

convoluted i' = 300K, RP(v) curve for CC]. increased 

by a factor of about 15, while the largest EF found was 

only about 4. Therefore trans!ational energy appears 

to be more "efficient" per unit of energy than internal 

energy in inhibiting condensation. This comparison is 
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not total!-,' fail a:, ail of ;!.e i :,!<;•;,a 3 ;..<•,•]••:, i •• i t a i n i y 

do not eo 1 i i '. i 'ilia 1 1 y couple to Irair lation upon impact. 

H o w e v e r , the trend outlined above is prohabl)' r e p r e s e n t a t i v e 

of the behavior exhibited by i''l;it i v l y l;ir,,e pol y a t o m i c 

moleiule,. .'. i I:I i 1 a r i a 1 < ul a t i on', for SI, lead to the 

same qualitative result as above. 'i he increase- in vibra

tional cue rev for Sh in I'tiin;1 f i on 1' • .v'JOK to 008K 
0 . . . . j, 

is found to be about P..7. kc a 1 /mo 1 e , while the gain in 

rotational cneigy i -. n . '.< h c a 1 /mo 1 < • . S i m i l a r l y , its trans-

lational energy i m ii-a'e>, from 1 . ". In 4 .-1 heal/mole upon 
4 i IK reas i ng its mean incident v l n r i t y fiom 2.7 x HI to 

4 "'.(> x ID U ; I / M T . 'Ihe Sl ( | I |; - sUUK, Rl" v ) cuive increased 

by a f.ictur of 10 over this 1 ranslat ional energy r a n g e , 

while hi' for the most fa vor.'ib 1 e case was only about A . 6. 

Final ly, it. must be emphasised that the internal 

energy reflection enhancement factor should probably be 

treated theoretical])' with a d y n a m i c , collisional energy 

transfer description akin to gas phase inelastic scattering 

m o d e l s . Adsoi'p t i on -rcevapo ra t i on m o d e l s , such as those 

proposed by several Russian groups at the hebedev 

Institute, ' are totally inadequate for d e s c r i b i n g the 

results found in this e x p e r i m e n t . 
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c:o.\"ci.usin.\-
Molecular bean surface scattering experiments have 

lieen carried out which have shown that the internal 

energy of a molecule can significantly influence its 

sticking probability upon collision with m amorphous 

ice of it:; own condensed phase. This internal energy 

effect is greatest for molecules having relatively low 

incident t ran •• 1 a t i una 1 energies. For (, 1 and SI' 

the largest reflection enhancement factors found, 

as defined in this paper, were respect ivcly 3.7 and >1 . (> . 

Reflected particle velocity analysis carried out with 

c ros s - cor re-1 a t i on t i me o f - fl i gh t techniques Ivs revealed 

that a very large decree of trans1 ationa1 energy 

accommodation is occurring foi' i ne 1 as t i ca 1 1 y scattered 

Sl;, molecules, with thermal accommodation coefficients, 

u, , as large as 0.77 being achieved. The weak surface 

temperature dependence of u,. found for Kr and SI', in the 

limit of low surface temperature implies that impulsive 

collisions arc dominating the observed scattering events. 

Tangential momentum is not conserved in these collisions, 

finally, these studies were conducted in the limit of 

very high sticking probability (̂  99%) so that the trapped 

(accommodated) molecules would be essentially frozen out 

upon impact with the surface, leaving only the "direct 
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inelastic" scattering events contributing to the detected 

signal. This condition is highly advantageous as the 

directly scattered molecules contain the important 

dynamic and energy exchange information sought after in 

this exper i men t. 
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FIGURE CAPTIONS 

Fig. 1. Assembly diagram of the experimental scattering 

apparatus. In later experiments a closed-cycle 

helium refrigerator replaced the liquid nitrogen 

cooling of the target substrate. 

Fig. 2. Upper section: T = 280K CC1. experimental 

angular distribution. The solid line is a plot 

of the cosine (0) function. Lower section: 

Angular distribution obtained at a sticking 

probability of ca. 90 J. This curve exhibits 

characteristics belonging to both peaked and 

cosine scattering. The arrows indicate the 

specular angle in each of these figures. 

Fig. 3. Reflected velocity distributions for SF, scatter

ing from a room temperature (dirty) surface. 

The dashed lines represent. Maxwell ian flux dis

tributions for 324K. This figure confirms thermal 

accommodation for incident molecules. The three 

velocity selector frequencies correspond to mean 

incident translationa1 velocities of about 2.0 x 

10 4, 3.5 x 10 4, and 5.0 x 10 4 cm/sec. 

Fig. 4. Angular distributions obtained for two trans

national velocities with T R = 29SK. This data 

was taken at a sticking probability of > 99.5°. 



-214-

Fig. 5. Angular distributions for internally excited C C 1 . 

taken at a sticking probability of > 9 9 . 5 % . 

Fig. 6. Angular distributions for tlirce different incident 

SF, velocities with T.. - 300K and 608K. These 

distributions were obtained in the limit of very 

Fig. 7. 

Fig. 8. 

Fi» 

low T , at a sticking probability of > 99.51 

Reflected SF, velocity distributions as a function 6 
of decreasing surface temperature. The dashed 

lines in each section of the figure are the cal

culated Maxwellian flux distributions for each T_ 

value 

- 7 9 K . 

The onset of SI' condensation occurs at 0 

Schematic velocity diagram for gas-surface scatter-
-c ub e ,, .-IT 

ing events. v. represents the tangential velo

city vector within the "hard-cube" approximation. 

Reflected krypton velocity distributions as a 

function of surface temperature, taken at the 

specular angle. The dashed lines in each section 

of the figure are the calculated Maxwellian flux 

distributions for each T value. 
s 

Fig. 10. CC1, reflection probability as a function of incident 

velocity for T = ?f'RK and 560k'. T^o dashed lines 

arc the deconvoluted reflection probability curves 

for which the finite bandpass function of the 

velocity selector has been taken into account. 
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11. Internal energy reflection enhancement factor 

curve for CCl. as a function of incident velocity. 

EF = 4 implies that internally hot (560K) CCl 
4 

molecules have a four times higher prohability 

of being reflected from a cold (90K) surface than 

do room temperature molecules. The dashed line 

is the deconvoluted FF curve for which the finite 

bandpass function of the velocity selector has 

been taken into account. 

12. SF, reflection probability as a function of 

incident velocity for T g = 300K and 608K. The 

dashed lines arc the dcconvolutcd reflection prob

ability curves for which the finite bandpass 

function of the velocity selector has been ta' on 

into account. 

13. Internal energy reflection enhancement factor 
curve for SF,. as a function of incident, velocity. 6 
The dashed line is the deconvoluted FF curve for 

which the finite bandpass function of the velocity 

selector has been taken into account. The dotted 

line is an extrapolation of the dcconvolutcd EF 

curve to v. = 5.5 x 10 cm/sec. 

14. Experimentally determined CC1 : incident flux 

distributions, as a function of velocity selector 

frequency, for T R = 29SK and 5(>0K. 
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Fig. IS. Experimentally determined SF, incident flux distri

butions, as a function of velocity selector fre

quency, for T B = 300K and 608K. 

Fig. 16. Schematic energy diagram of a gas-surface inter

action potcnti al. 
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