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ABSTRACT
A high pressure, 1adio frequency discharge noz:zle
beam source»haéféeeﬁ developed for the production of very

intense (> 1018 atoms srl Sec-l)

supersonic beams of
oxygen atoms. This source is capable of producing seeded
heams of ground state O(SPJ) atoms when dilute oxygen—ﬁ'
argon mixtures are used, with molecular dissociation
levels exceeding 80% being realized for operation at
pressures up to 350 torr. When dilute oxvgen-helium
mixtures are employed both ground state O(SPJ) and excited
state O(lDz) 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 WTO.SO

AN

eV hﬂ@@igé?p'obtained using the seeded beams technique,

N



with Mach numbers as high as 10 (FWHM Av/v = 20%) being
realized.

This beam source has been used to study a wide
variety of clementary chemical rcactions, under single
collision conditiens, In crossed heam scattering expefi-

N - - N
ments.  To date, reactions imvolving Of P]) atoms and

o B N - CHOCH [ . i
¢, (}3,, CSJ, LUHO, Co”h’ and Lb“SLLS have been studied,

. L. 1 .
as have been the reactions of 0t°D,) atom: with H,, DO,,
and s sis the It L, € ; T
and LHJ. In tnls thesis the 01, LJS s th, ind (hnh
reactions are liscnssced in detail. The 1C1 and CF,1

3
studies have enabled us to determine an improved value
for the bond energy of the 10 radical: UO(IO) = 535 & 2
kcal/mole. The 10 product angular and velovity distri-
butions have been used to generate Center-of-Mass {lux
contour maps, which indicate that these two reactions
proceced v{a relatively long-lived collision complexes
whose mean lifetimes are slightly shorter than their
respectlive rotational periods;,.The'exporimenta] product
translational cnergy distributions are compared with |
theoretical predictions hased on the statistical RRKM-AM
unimolecular decomposition moded.- The O(SPJ) + Cth
and CbDb recactions were studied in order to clucidate

the reaction mechanism, and, in particular, to identifyv

the primary reaction products produced in these reactions.



After the initial electrophilic attack on the aromatic
ring, the reaction was shown to proceed via either
hydrogen (deutgrium) elimination or nonradiative de. ay

of the initiall;\fgfmed triplet biradical to the S_ mani-
fold of phenol. Théxbranching 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

tc be a relatively minor reaction channel, if 1t was
oefurring at all.

‘Vl Finali;; a series of heam-surface scattering experi-
ments are describhed which examined the internal and
translational energy dependence of molecular condensation
probabilities for collisio@i ipyglying %ithfr CCl4 or SFb
and their respective condeﬁ;edigﬁé;g;£K;Il—%aﬁ“bé€n‘COﬁl
clusively demonstrated that excitatioﬁfof a polvatomic—
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 CC14,

SF@’ and Kr which have also permitted a detailed analysis

of energy and momentum exchange to be carried out for
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collisions involving these species and their own condensed

phases.
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I, INTRODUCTTON

Molecular beam scattering experiments are unique in
theirv ability to provide extremely detailed information
on the dynamics and cenergetics of molecular interactions
and clementary chemical reactions, By obscerving the
asymptotic final state of scattered particles information
can be obtained, in a very Jdirect manncer, on the potential
cnergy surfaces which povern these interactions. In the
gas phase, cressced beam experiments arce very rapidly
approaching the level of sophistication indicative of
actual "state-to-state” chemistry, in which the colliding
heams can be well-defined with respect to their velocity,
angular divergence, internal quantum state (using laser
pumping:, and even, for certain favorable casces, spatial
orientation. The angular distribution, final velocity
distributions, polarization, and intcernal quantum state of
the scattered products can prescently he accessed in these
cexperiments by a varicty of highly specialized techniques.
Beam cxperiments arc thercefore capable of providing a
clear michoscopic description of kinetic processes at the
moleccular level, in contrast to more traditional "bulb”
studies which inherently deal with censcemble averages of
microscopic kinetic phenomena. TFurthermore, crossed beam
studies are extremely useful for unravelling complicated

kinetic mechanisms since these experiments can unambiguously
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denta s the primary molecular reactyon prodact o fror

Pooolated himojecular reactave collision .. ih 1= ol

ve PR

copec il dmportance ino talvine relatively fas reac
tiron . which dnvolve transient atomic and radical cpocies
a the apaly-i o more traditiona! bhulk Fincetic wtudie,
can he coovercly hindered by multiple colli-ionc, which
i omany instances obscure the primary patheay of these
redte tions,

Heteropeneous interactions and reactions can also
be ~tudied in preat detarl with modern vas surface
scattering techniques.  Here apain, as i the sas phase,
wwattering experiments are unigue in that the gas surface
interaction potential can bhe probed in a very direct way.
Sceveral molecular beam laboratorices around the world are
currently investigating elastic, inclastic, and reactive
gas surface scattering events, with very well characterized
surtaces and incident beams, in order to lormulate a
microscoptic description of heterogencous interactions on
the molecular level. Valuable information on pas-surflace
interaction potentials, and the bound levels these walls
support, can be obtained from diffractive scattering
experiments in which selective adsorption effccts are

observed. Structural information about single crystal

surfaces, and surfaces containing adsorhed layers, can



also he obtained due to the truly "surface sensitive!
nature ot pas-surface scattering experiments, Inclastic
scattering studies can he used to probe o wide varicety of
hetoerogeneous enerpy exchange process<es, Jhere are even
indications that the phonon dispersion relations of clean
surfaces may be obtained from inclastic scattering studices
cmplovineg high Mach numbor heams of cither helium or atomic
hvdrogen.  Perhaps mos~t importantly, the Jdvnamics and
encersetics of heterogencouns reactions can be studied in a
very o controlled manner, enabling rescarchers to understand
the factors which dominate heterogencous reaction kinetics.

Many major technological innovations have occurred
in the past fiftcen vears which have enabled both c¢rossed
heam and pgas-surface scattering cxperiments to be success-
fully carriced out., In addition to the gencral improvement
of ultra-high vacuum (UHV) technology, the foremost
innovations have been the development bv Lee et a].l of
extremely sensitive "universal', differentially pumped,
clectron hombardment 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 cxperiments. This allowed intense heams of



relatively narrow velocity dispersion to be routinely
generated over a wide cnergy range, alleviating the
need to use relatively low intensity, velocity scelected
el lfusive heam sources.

In Chapter 11 of this thesis the desion, construction,
and operation of a novel supersonic atomic oxygen nozzle
beam source 1s described in detail.  This source has
successfully generated atomic oxygen intensitices in excess
of 1018 atoms sr-l soc_], with mean translational cnergics
spanning the range from 0.14 - 0.50 ¢V being achicved with
the sceded beam technique.  In addition to producing
O(HPJJ atoms, this source is capable of generating beams
ofl O(IHZ) atoms when dilute oxygen-helium mixtures are
discharged at high pressures.  This capability is at the
present time unique, and has allowed crossed heam reactions
involving excited state O(lﬂz) atoms to be carried out.

To date, the following crosscd beam experiments have heen

conducted in our group at Berkeley:

0(°P,) + IC1 —— 10 + C1

J) 10
Chyl ——= 10 + Cl,
s, ——= 50+ CS
Colly  ——= CgHgOH, Cylig0 + il
CeDg  —= C4DOD, DO + D

C HECH —= (under current investigation)



'
(53}

o',y + 1, == OH +
D ———~ 0Oh + D
CH4 — EPSO + H

The thrvo()(H>2)rcactions listed above were the first
singlet oxvgen atom reactions ever studicd in crossed
heam scattering experinents.

Chapter II1 describes the O(SPJ) + 1C1 and CFBI
experiments, which were the initial systems studied with
the high pressure plasma beam source. These experiments
allowed us to determine an improved valuce for the 10
radical's bond cnerpy: DO(IO) = 55 + 2 kcal/mole. The
10 product translational encrgy distribution for the CFSI
recaction agrecs quite well with RRKM-AM predictions when
the above T0 bond encrgy 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 CI10
product in the ICl experiment also seems to indicate that
the reaction proceeds adiabatically on a triplet potential
surface, and that the least clectronegative atom does rest
in the central position of the triatomic reaction complex,
in agreement with Walsh's electronegativity ordering rule.

The O(SPJ) + benzene reaction, discussed in Chapter IV,

was chosen for inclusion in this thesis as it clearly



B

v

demonstrates the utility of the crossed beams method for
unambiguously identifying the rcaction products of
¢lementary reactions.  The recaction was shown to proceed
by the initial formation of a triplet biradical adduct,
which subscquently decays vda cither hydrogen climination
or nonradiative transition to the So manifold of phenol.
The branching ratio between these two reaction channels
was found to be bhoth isotope and cnergy dependent, with
the addition channel being favored with respect to climina-
tion for increasing collision encrgy and deuterium sub-
stitution. These experiments also indicated that CO
climination, if occurring at all, is a relatively minor
reaction channel.

Finally, Chapter V describes a serices of gas-surflace
scattering cxperiments which were conducted in order to
study, on the microscopic level, the process of gascous
condensatioa. In particular, the translational and
internal encrgy dependence of molccular sticking prob-
abilitics were cxamined, along with the energy and momentum
transfer characteristics of collisions involving CC14,
Sk and Kr and their respective condensed phases, These
studlies conclusively demonstrate that excitation of a
polyatomic molecule's rotational and vibrational decgrees

of freedom leads to an increase in its reflection



1

probability Edecrease in sticking probahility) upon
collision with a cryogenically cocoled surface, and that
these internal energy effects become increasingly more
impcrtant in. the limit of low incident translational

energy.
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[T. DEVELOPMENT OF A SUPERSONIC O(*P;), 0('D;)
ATOMIC OXYGEN NOZZLE BEAM SOURCE

INTRODUCTION

The interactions and reactions of oxyvgen atoms are of
considerable interest and importancc due to the fundamental
role they play in combustion processes and atmospheric
chemistry. The reactions of ground state O(EPJ) atoms are
of particular interest to rescarchers studying high tem-
perature combustion processes,1 laser svstems bhased on
the reactions of oxygen atoms which lcad to products having
vibrationally inverted population distrihutions,2 and sur-
face chomistry.3 A thorough understanding of ground state
oxygen atom chemistry is also of immediate practical
importance since the space shuttle will orhit the earth
at altitudes where the major constituent of the atmosphere
is O(EPJ) atomic oxygen. The reactions of excited state
O(lDZ) atoms are of primary importance due to their major
role in the chemistry of the stratosphere.4 The ability
of singlet oxygen atoms to insert in a variety of chemical
bonds also makes their chemistry a fascinating subject
to explorc.s

In our laboratory a high pressure, supersonic, radio
frequency discharge nozzle beam source has been developed

in order to determine the products, encrgetics, and reaction
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dynamics of atomic oxygen rcactions in crossed molecular
beam scattering experiments. The motivation for con-
structing this nozzlc beam source, rather than relying
on much morc simple cffusive sources, is that supersonic
nozzle sources characteristically produce beams of far
greater Intensity and smaller transiational velocity
dispersion than effusive SOUTCCS.6 The translational
cncrgy of nozzle beams can also be varied over a very
wide range, from hypothermal to hyperthermal, by using
the seeded beam tcchniquc.7 In this technique the peak
velocity of the "sced" gas velocity distvributioa can
ideally approach that of the pure "carricer" gas for very
dilute gas mixtures. This is accomplished by accelerating
or dececlerating the seed gas during hydrodynamic expansion
through the nozzle by diluting it in either a lighter or
heavier carriler gas. Supecrsonic beams therefore offcur
scveral clecar 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. 1In
particular, the production of a stable and efficiently
coupled high 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 (white
not interfering with power coupling to the piasma) is
mandatory. Finally, the high pressure plasma must operate
in a stable, reproducible, and uniform discharge mode
{(no becads 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 he completely
stable with respect to the seeded atomic oxvgen beam.
Other high pressure atomic oxygen bear sources have
been previously reported in the literature. Miller and
Patch8 have described in detail a radio [rcouency dis-

charge beam source which produces ~35% dissociation at
9

60 torr for a 5% oxygen-helium mixture. Jorry et 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,



tre particular, plasma locatization techniques described

in this paper permit a higher degree of molecular dissocia-
tion to be achicved ot significantly higher operating
pressures than the sources mentioned above.  The current
limitation on the atomic oxygen heam intensity produced

by our source is not atomic rccombination at high nressures
but rather the speed of the diffusion pump which backs the
source region. In some¢ casces the characteristics (for

sas temperature) of the high pressure plasmas

example, 2
we have pencerated to date also become a concern when
pressures exceceding 400 torr are used.  The source has

heen operated at pressures exceeding 200 torr for oxygen

helium mixtures with greater than 50% molecular dissocia-

. . . . S 18
tion, producing atomic oxygen intensitics of - 5 x 10 atoms
R 1 . . o .
S sce . Oxygen-argon mixturces have been discharged at

pressurces exceeding 300 torr with greater than 80% dissocia-
tion, and with measurcd atomic oxygen intensities of ca.
5 x 1017 atoms sr-l scc—l.

The beam source described in this paper was originally
designed in order to produce intense supersonic beams of
ground statc O(SPJ) atoms. [lowever, we find that when
dilute oxygen-helium mixtures are discharged the becam is
composed of a mixturc of atomic quantum states including

excited state O(le) atoms. The concentration of O(1D7)

“atoms in this beam has proven to be of sufficient magnitude
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to permit the study of O[lﬂzj reactions in crossced
molecular becam experiments. This exciting deveclopment
will eliminate the need to usc powerful and cxpensive

UV pulsed lascrs for the photodissociative production of
O(IDZ) atomic beams when the presence of other chemical

species in the beam, such as o(’p]) and 07(1Aq), will

not scriously complicate the chemistry under study.

SOURCE DESIGN AND CONSTRUCTI10ON

A cross-secctional view of the source mounted in the
differential pumping region of our universal scattering
machinc is shown in Fig. 1, with an enlargced view of the
internal sourcc 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 99.8% purity alumina tubes'? with laser drilled

holes were tested. They were unsatisfactory for two reasons.



Thes tended to crack when <ubjected to Jarpe thermal
sradient~, and arcing ocouryed between the outer surface
of the aluminng tubes and the radio frequency coupling
coll whencever the oater diameter of the tube care into
physical contart with the coil.  After this brief test
prriod it owa. decided that quarts: noszles would have to
e fabricoated,  The Tinal shape ol these nonztes can be
seen tnoFies ooy amd Frpl 2100, A water cooling jacket
wits incorporated in oour fainal nozznle desipn to prevent
the quarts orifice from melting and enlarging during
the expansion of the extremely hot gas mixture.  The
notzle tip geometry shown in Fig. 2001} was ultimatcely
found to be stable with respect to orifice enlargement.
flere the water coolant flows dircctly over the junction
hetween the inner, plasma containing tube (6 pm O.D.
commerical prade fused quartz, 1T mm wall thickness, as
hubble free as possible) and the quartz water jacket

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

of the inner tubce is approximately 1 mm long and allows
the coolant to flow as close as possible to the orifice.
This is important duc to the poor thermal conductivity
of quartz. In addition to preventing melting of the nozzle,

water cooling is also desirable since the cfficicency of



quarts to promote gtomic oaveen recorbination decreases
with tower sarface tcmpcruturr\.]l

Low clectrical conductivity water of 5 wmho/cm con-
ductivity is used as the nozzle coolant and is [Towed
throu, i the concentric water jachet at o ra*e of 10 cms/soc.
lJse of repular conductivity water as the coolant is pre-
cluded due to excessive radio freonency power loss to the
water, As an added benefit, the cooling jacket completely
¢liminated the arcing problem mentioned above.  This arcing
was found to occur for both alumina and gquartz plasma
containing tubes which were not physically separated from
the coil by another insulating layer.

The nozzle fabhrication procedurce is quite reproducible
and is briefly outlined here. The graded scal water inlet
and outlet arms along with their solidqguartz support rod
(Fig., 2, E,G,HI,1) arc initially assembled and put aside for
later usc. Next, the inner tube is prepared. This pre-
paration consists of threce onerations: Flaring one end just
to clecar the 1.0, of the outer tube, crecating 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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.. of the outer tube and will be used to hold the inner
tube concentric with the water jacket.  The inner tube
assemhtiv s then slid inside of the onter tube with the
onter tube cextending past the inner front tin hy ahout
Soeme At this time the three inner tube support standoffs
arc fused to the b, of the outer tuhe and should be
adjusted until the two tubes are concentric. A ring scal
is then made between the flared rear end of the inner tube
and the outer tube.  Quartz tubulations arce then blown
onto the outer tube which will ultimately be attached to
the water coolant arms.  Next, the 5 ¢m outer tube exten-
sion i~ parcd of{ with a torch and a carhon tool. The
objective of this is to create a | mm thick quartz face
which scals off the front of the outer tube without touch-
ing the tip of the inner tube. This front surface should
he as perpendicular as possible to the concentric tube
axis and should be just shy of touching the inner tip.

The assembly is completed by joining 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 hlown on a spinning

lathe in an operation requiring two people. Using a



hyvdrogen-oxveen flame the front face of the nozzle is
heated at a wide angle until the quartz is ready to bhe
blown. The flame is then quickly removed and a hole is
blown in the tube. This hole should be <lightly larger
than the desired diameter of the nozzle orifice. One
person now locally heats the tip of the quartz noz:zle
while the other simultancously views the hole diameter
with a 00X power measuring microscope. The hole is allowed
to shrink slowly until the desired diameter is reached.
flole size readjustment can be carried ont with this pro-
cedure until the orifice is within 0.005 mm of the desired
diameter.

When an orifice of the desired size is obtained its
straightness is always checked by placing a small nositive
pressure of oxvgen 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 gas torch at the
jet while the entire nozzle is rotated in the lathe. If
any wobble or preccssion of the flame jet i: detected
the orifice i1s reblown. We consistently find that the
straightest orifices are produced by shrinking a larger
diameter holc down to the proper size rather than by
enlarging a hole which is too small. Nozzle diametcrs

are typically 0.076 mm for ogyxen-argon discharges and
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0.191 mm when oxygen-helium mixtures arc usced. The rcasons
for using two differently sized nozzles will be covered in
the next section of this paper. Nozzle assembly is then
completced by attaching the coolant inlet and outlet arms

to the water jacket and by bricfly ctching the inner quart:
tube with a dilute solution of hydrofluoric acid. This
acid rinse is helicved to inhibit atomic rccomhination on

4

the walls of the tube.

B. Llectrical Design

Two distinct radio (requency circuit arrangements can
be used for pencrating clectrodeless discharges in gases.
One arrvangement involves the use ol a sell-excited power
oscillator. In this configuration the tubce containing
the pas to he discharged 1s placed through the tank coil
ol a frce running power oscillator. lLarge amounts of radio
frequency power can he coupled to a discharge in this manner,
but it is inherently ine(ficicnt and can pull out of
oscillation as the circuit loading changes. lLoading varia-
tions can occur when the pressure of the discharge is
varicd over scveral hundred torr. T1ts most serious draw-
back is that impedance matching between the nlasma 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 osciltlator is separated from the load by onec or

more stages of amplification. In this manner the oscillator
is very well isolated from load variations induccd by
changing plasma characteristics. More importantly, this
arrangement allows the impedance of the pascous discharge
to be carcfully matched to that of the radio frequency
clectronics. This cnsures efficient use of the available
radio frequency power. It also offers the desirable option
of separating thec electronics from the plasma coupling LC
tank circuit.

The radio frequency (hercafter, 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 scveral hun-
dred kilohertzwide, centered at 14 MHz. (7t is difficult
to obtain wide fequency tunability in the coupling tank
circuit of this beam source at frequencics significantly
higher than 25 MHz due to the stray canacitance associated
with its physical layout.) When higher power levels are
required a lincar amplifier capable of providing RF output
levels of up to ca. 750 watts is uscd. HFowever, RF lcvels

cxceeding 200 watts are rarely needed due to the highly
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c¢ificient impedance matching scheme which is employed.
The plasma coupling tank coll and capacitor can be scen
in big. 1. The variable air capacitor (hud #1015, 0-75
pf, 0.762 cw aitrgap) is mounted ontside of the vacuum to
facilitate the initial (rcegquency matching of the coupling
tank circuit to the clectronics. A prid dio meter is
uscd for this nreliminary tuning of the beam source.

A novel inpedance matching scheme s usced which
cnables the source to operate routinely at o standing
witve ratio (SWRy of less than 1.05:1.  Iepcedance matching
15 necessary since the effective plasma impedance which
varies as oa function of plasma condition, is much larger
than the 50 ohm output impedance of the clectronics.
Figure 3 shows a schenatic outline of the impedance
matching civenitry which can best be understood when
viewed in two stages.  First, a variable group tap on
the tank coil (Fig. 2,A) 1s usced to produce a large
stepdown of the plasma impedance, as scen by the RF
clectronics, tdeally to 50 ohms. This large stepdown
of the plasma impedance is accomplished with the coupling
coil-ground tap arrangement acting as an RF autotransformer.
Since this is an RF circuit, the impedance transformation
(for 2 uniformly wound coil) goes only approximat01y14 as

the square of the turns ratio, (N/n)z, where N is the total



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 (ncarest the nozzle tip) and necessi-
tates the use of a high voltage ceramic feedthrough for
the RF return, as is shown in Fig. 1,4. This large,

but approximate impedance transformation allows the RF
power to be delivered to the beam source from a remote
location hy RG-213/0 coaxial cable. In a procedure which
must be carried out only once when the source is first
constructed, the source must be repeatedly tested with
the position of the ground tap vuried 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 betwcen the final RF amplification
stage and the tank circuit. Tor the source geometry shown
in Fig. 1 thec optimum tap locations are 2-1/4 turns {rom
the rear cond of the coil for discharging oxvgen-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 arc always less than
3:1 with these tap locations and are frequently much

lower.



Next, a Pl-nctwork, serics capacitor arrangement 1is
usced to critcially {ince tunc the impedance match until
standing wave ratios of 1.1:1 or less arce achiceved., This
circuit arrangement represents a quite diverse iwpedance
matching scheme in that the Pl-network can he uscd to
match purciy resistive load mismatches while the series
capacitor can be usced for tuning out any rcactive impedance
components preasented to the RE clectronics v the plasma
coupling tank circuit. We find that the circuit impedance
changes when the plasma is [(irst started, varies rapidly
as the nozzle pressure is raised {rom 1 to about 50 torr,
and then varices more slowly as the pressure is further
raisced to scveral hundred torr. 1Tt is also found to vary
with RIF power level and gas composition. These impedance
variations arisc from the changing rcactance 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 hightly vari-

able Pl-nctwork, scries capacitor arrangement was con-

structed having an intended circuit Q of 10. The equations
used f{or the design of the PI—nctworle’16 were (for R1 >
Rz):
R
X = _1 (1)

c1 Q



-23-~

R 7R
X2 = Ry = - (2)
Q%41 - (R)/Ry)

¢ QR (RyR, /X)) 3
1 - 7
Q" + 1

where XCl’ XCZ’ and XLl

ponents shown in Fig. 3, Rl and Rz represent the impedances

represent the recactances of the com-

of the tank circuit and RF elcctronics, respectively, and
Q is the quality factor of the matching nctwork. Particular
attention should be focused on Rl in the above equations,
noting that it is related to the stepped-down 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 proccdure in
order to ecliminate any reactive components of the tank
circuit impedance. 1In the initial design of this circuit
both Cl1 and CZ were variablc 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, L1, had a maximum calculated inductance
of 6.9 pH. It consisted of a 7.6 cm diametcer by 15.2 cm
long, 15 turn tapped coil which was constructed out of 0.64

cr diameter copper tuv'.ing. The tap could be attached to
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the coil in 30 positions distributed evenly along the
length of the coil, making 1.1 valucs well below 1 pH
possible. This circuit worked very well but was cventually
replaced {for case of operation) by a sltightly modified,
commerically available nctwork.l7 In this commerical unit
C1 and €3 are 20-245 pf air variable capacitors, C2 is
variable in discrete jumps up to 2160 pf{, and L1 consists
of a 5.1 c¢m diamcter by 9.1 ¢m long, 9 turn coil which
is tapped on its fifth turn for 14 MHz opcration. The
tuning of these impedance matching circuits is preatly
facilitated by the continuous use of In-linc RF watt-
meters and a standing wave ratio bridge. Tower coupling
to the plasma 1s found to be extremely cfficient (> 99%)
and power levels must be carefully limited in order to
avoid melting the orifice of the quartz nozzle. Stray
RF ficlds radiating from the sourcc have been minimized by
complctely enclosing the top of the bheam source w}th |
clectrically grounded copper mesh.

Figure 4 shows a block diagram of the RF circuitry.
Note that the beam sourcec is always operated in a doubly
interlocked condition. Nozzlc meltdown protection is
provided by a paddlewheel flow switch18 which can quickly
turn off the RF power should the nozzle coolant flow rate

drop below a predetermined level. Similarly, the RF



clectronics are protected by a fast electronic meter relay
which has been incorporated into an SWR bridge circuit.
This relay can rapidly turn off the RF power when the SWR
riscs above some prescet  value, which is usually chosen

as an SWR of 2.5:1.

Finally, we have bcen successful in localizing the
plasma directly hechind the orifice of the nozzlco. This
spatial localization of the plasma is of critical importance
if an atomic beam of high melecular dissociation i~ to he
produced f{rom a high pressurc discharge. Without this
plasma localization at the nozzle tip cxtensive atomic
recombination would occur. The localization has been
achicved by placing around the nozzle tip (outside of the
water jacket and not along the front face of the noz:zle)

a ca,cfully shaped, clectrically grounded block of aluminum
(Fig. 2,J). The discharge appecars tc change sradually

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 groundced aluminum block.
As this coupling heccomes stronger the plasma localizes
towards the front of the discharge tube. TPhotographic
studies have shown that the discharge recgion protrudes

past the front plane of the grounding block and actually



extends up to the nozzle tip, censuring a high degree of
molecutar dissociation directly behind the nozzle at high
pressures,

The tank coit (Fig. 2,Db) Las been differentially
cound in order to further localize the plasma and to
increase its cnerey density at high pressures.  The first
6-1/2 coil turns necarest to the nozzle tip arce .37 ¢m
LB by 0.0 ¢m long while the 5 laree turns are 5.08 ¢m
[.Do by 0.5 ¢m tong. The larger turns decouple from the
plasma as the pressurce is raiscd, and thercefore the cencerpy
density of the Jocalized plasma is considerably increasced.
The coil is cvonstructed of 0.32 ¢m O.I'. coepper tubing and
was wound around correcctly sized metal tubes on a low-
speed Jathe.  The small diameter coil windings should be
uniformly spaced and carefully shaped in order to avoid
any inhomogencities in the RIF field. These inhomogeneities,
if present, can causce the uniform plasma to collapse into
streamcers at high pressures. The coil is water cooled
with low clectrical conductivity water at a f{low ratec of
4 cms/scc in order to improve the long term mechanical,
and hence electrical, stability of the tank circuit. Also
note that the cntirc tank circuit, as scen in Fig. 1, is
floated with respect to electrical ground. That is re-
quired if the RF coupling and localization schemes, as

described here, are to be effectively used.



The pumping reauirements for this beam source vary
greatly depending upon the pas mixturc which is to he used.
It was originally pumped by a 4200 1/sec diffusion pump
which was separated from the source by a sliding pate
valve. This pumping arrangement was rccently replacced
by an 8000 1/sec pump which was directly joined to the
source. This large pumping speed i1s desirable while
running high pressure oxygen-argon mixturcs, for which the
pressurce must be kept below 7 x ]D_S torr. For higher
background pressures the RF power decouples [rom the
nozzle and a glow discharge of the entire sourcce 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 cxceed-
ing 350 torr have been successfully run with argon as
the carrier gas. llelium secded beams do not have this
operational constraint. This allows much larger orifices
to be used for helium secded beams operating at high nozzle
stagnation pressures, provided that sufficient pumping
speed is available for ba-king the foreline of the diffusion
pump.

Significant effort was 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
lone time periods duce to sputtering by high cnergy ions.
Apparently, dons cmanating from the nozzle were heing
accelerated towards the ground potential of these metallic
skirmers.  Boron nitridclw skimmers with 0,81 mm openings
were found to be completely stable with respect to the
oxyveen beam.  The clectrical insulating propertics,
machinability, and density of boron nitride actually make

it an idecal skimmer material for usc with this beam source.

(.. Source Operation

The tuning uand operating of the beam source is quite
straightforvard.  The plasma coupling tank circuit should
first be tuncd to the desired resonant frequency hy adjust-
ing the tank circuit's variable air capacitor, which is
mountcd on top of the beam source. The resonant frequency
of this circuit can be casily monitored by placing the
probe of a grid dip meter adjacent to the tank circuit
capacitor, which is convenicently located outside of the
vacuum. During thi: tunc-up procedurc the coaxial cable
which brings the RF power to the source should be dis-
connected from the source to ensurc correct tuning of the
circuit. Next, the RF power should be turned on (~100
watts) with the impedancc matching network and high

power amplifier temporarily bypassed, and with the



nozzle cvacuated to < 1 torr. The variable frequency
oscillator is then varied until the SWR between the beam
source and the clectronics is minimized. 1 the discharge
is not ignited when the SWR minimum is recached the RF
power should be quickly switched off and then on again.
Invariably the discharge will he ignited by this procedure.
Gas should now bhe flowed into the nozzle while simultane-
ously retuning the oscillator's frequency to maintain the
SWR at a minimum. When pressurcs on the order of 100 torr
arc rcached, the RF power level may he safely increased to
sustain the discharge at higher pressures. The pressure
may then he further increased, again with the simultaneous
retuning of the RF clectronics, until the final operating
pressurce is rcached. We consistently find that the
resonant frequency of the plasma coupling circuilt increases
slowly with increasing gas pressure. As an example of
this, a 5% 0,-He, 130 watt discharge is found to require a
0.006 MHz frecquency increase when its pressure is raised
from 120 to 220 torr. At this point the plasma should be
switched off, the gas mixturc in the bcam source evacuated,
and then the impedunce matching circuitry along with any
high power amplifiers inserted in-line. The source can

now be reignited and tuncd for optimum performance

at high RF power levels. After a few minutes of

operation at the final power and pressure settings the
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elcectronics should again be slightly retuned to correct
for any drift during this initial stabilization period.

It should be clearly stated here that the minimun SWR
which can be achieved befonre the matching network is
connected 1s completely dependent on the placement of

the coupling coil's ground tap (Fig. 2,A). As was dis-
cusscd carlicr, the correct location for this tap must be
found in a triual and crror process which need be done only
once when the source is initially constructed.

After the overall tuning procedure has been com-
plceted the source can be operated without further muajor
retuning  for a period lasting scveral weeks. Typically
the source is turned on by cevacuating the nozzle to about
1 torr, switching on the RF power, and rapidly increasing
the pressure to the desired operating level. Within a few
minutes ol reigniting the discharge the operating
characteristics always return to their stcaav statce value.
Most importantly, the heam characteristics arc cxtremcly
reproducible for day to day operation of the source,
allowing experimental scattering data to be taken over a
period scveral 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



paper. lHowever, sputtering of the f:.nt surface of the
quartz nozzle does place a Imit on the lifetime of any
given nozzle. This sputtering results when ions which
leave the nozzle arc accelerated back towards its {ront
surface hy the large RIF [ields present in that region.
Periodic visual inspections of the noz:zle tip are carried
out to monitor the no:zzle degradation. The nozzles are
replaced when the sputtering crrosion hecomes severce.,
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/em deflecting
ficld which is placed before the vollision region of

our apparatus (Fig. 1,X). The beam characteristics for
different nozzles operated under the same conditions

hiave been found to be fairly repr duciblce, with slight
differences in Mach number and peak velocity heing noted.
These differences can he attributed to the slight coil
shape and positioning changes which invariably occur

during cach reassembly of the beam source.



_32_

BEAM CHARACTERTZATTION

A. Confirmation of Atomic Oxygen Production

The atomic oxygen bcams produced by this heam 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 have been used for this analysis. Chronologic-
ally, our first goal was to cxperimentally verify the
presence of axygen atoms in the terminal beam. This was
unambiguously demonstrated by measuring the differential
elastic scattering cross scction for O-lle and OZ—HC in our
universal crossed molccular hecam upparatus.20 In these
measurerents the clastically 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 heam
of pure helium. For this preliminary cxperiment a 5%
OZ—Ar mixturc was discharged in the source at 95 torr total
pressurc by 95 watts of RF power. The Newton velocity
diagrams21 for these two collision systems are shown in
Fig. 5a, 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



of approximately 24° while the lighter atomic oxvgen, if
present in the beam, could he scattered to 44° in the

LAB refercence frame. These differcential cross sections
would also he cxpected to have a rather broad peak in

the vicinity of thesc cutoffl anples duc to the naturc of
the transformation Jacobian which relates the LABR and
(Center-of-Mass reference frames. TPigurce 5b shows the
experimentally measured differential clastic cross sections
for these two systems. The mass 16 (0-lle) scan can he seen
in this figurc to have a qualitatively Jdifferent shape from
the mass 32 (OZ—HC) scan. This difference indicates that
the mass 16 signal does not exclusively come from the
dissociative ionization of eclastically scattered molecular
oxygen in the ionizer of our quadrupole mass spectrometer.
More importantly, the mass 10 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 0-He experimental curve
shown in Fig. 5b has been corrected for the dissociative

ionization of elastically scattered molecular oxygen. We



conclude fron the above data that oxvpen atons arc
definitely present and, in fact, they are nore abundant
than osyven molecules in the terminal bhear prodaced by

our hish pressare, RE discharee beam source,

o Motecular Dissociation

Phe extent of 0, dissociation in the terminal hean

has been carefubly measurced for several oxyveen rarce pas
mixtures as a function of eas pressure and RE power

These measurenents were made in onr crossod hear apparatus
with the triply differentially pumped rmass spectrometer
fooking dircctly along the beam axis.  The relative O

and O, number densitics were actually measurced by inter

erating the time-of-flight spectra of masses 16 and
We have opted to integrate thesce time-of-flight spectra
rather than use our usual particle counting clectronics

in order to climinate any possible contributions (rom

VIV photons and high encrgy jons in the detected signals.
This secparation of the truc signal from VUV photon and
high cnergy ion contributions can casily he made in the
time regime with our time-of-flight (herafter, TOT)
instrumentation since the interferring factors always

have much shorter flight times that the true signal. The
ion deflecting field mentioned earlicr was held at a field

strength of 5000 V/cm during these measurements and was



found to deflect virtually all of the ions cmanating from
the bheam source.  Only during very high power operation
of the beam source did a few high encrey ilons apparently
rcach the detector.

The TOI apparatus used in these studies consisted
of a 17.78 ¢m diameter aluminum disk having four equally
spaced 0.5 mm oor 1.0 mm slots around its circumference.
The disk was rotated at cither 300 or 350 Hz during data
acquisition.  The detector aperature was narrowed to
0.125 mm diameter, and the distance between the TOF disk
and the clectron hombardment ionizer was 18.4 c¢m. The
ionizer and quadrupole mass spectrometer have been pre-
viously described in dotail,Z” and the ionizer's ecmission
current was set sufficiently low to climinate any space
charge perturbations of the detected signal intensitics
and velocity distributions. A 256-channecl scaler inter-
faced to an on-line NOVA minicomputer was uscd to record
signal intensity as a function of {light time. The
scaler was usually set at 2 us dwell time for the helium
mixtures and 4 ;s for the argon mixturces.

The extent of molecular dissociation in the terminal

beam was calculated with the following two cquations:
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2

I4
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corrects for any differential detection of masses 16 and
32 by our detcctor. This difference in detection pro-
bability, if present at all, is partially due to the
differential transmission of m/e = 10 and 32 through the
quadrupole mass filter of our detector.

Figurc 6 shows the pressure dependence of O2 dissoci-

ation for four oxygen-rare gas mixtures under a variety of



RE power scttings. These curves reveal the unique operating
characteristics of this beam source. The nolecular dissoci-
tion is scen to depend only weakly on the nozzle stagnation
pressure, varyving only a few percent over a scveral hundred
torr pressure range.  The actual extent of molecular
Jissociation in the beam i1s also found to be guite high
over this large pressure range. Argon sceded mixtures
regularly achieve moelcular dissoctation levels of 80-90%
while helium seeded mixtures operate with 50-65¢% dissoci-
ation. The weak pressare dependence and high dissociation
lTevels describhed here can undoubtedly bhe attributed to
the spatial localization of the plasma at the tip of the
quartz nozzle. The dissociation percentages shown in
Fig. 6 have been found to be reproducible to within about
5% for data taken over a several month time period with many
different nozzles. Further c.amination of the curves shown
in Fig. 6 indicates that the dissociation versus pressure
curves for identical cas mixtures discharged by different
RFF power levels have similar slopes, with the higher power
curves shifted to slightly grcater dissociation. The 10%
oxygen mixtures also appear to exhibit sliphtly lower
dissociation values than thcir more dilute counterparts.
Figure 7 shows even more clcarly the effect of RF

power and O2 concentration on molecular dissociation.



Increasing the RE power from 130 to 195 watts is scen toraise
the dissociation level by at most 10% for three different
pas mixtures. The two upper curves of this {ipure also
show that the extent of molecular dissociation is only

wmildly influcnced by raising the 0, concentration {rom

a

S to 0% when argon is used as the carricer gas.  The 1070
O, Ar mixture is scen from Fip. 7 to exhibit the same RF
power dependence as the 5% 0, -Ar mixture, with its dissoci-
ation precentage lower by about 10%.

The information related in Figs. 0 and 7 has been very
uscfnl for optimizing the performance of our oxygen atom
beam source.  The very weak pressure dependences shown in
Fig. 0 indicate that the nozzle stagnation pressure should
be held as high as possible, subject to the limitations of
plasma stahility and pumping specd availability, without
worrv of scvere recombination., These f{igures also tell us
that 107 Ozrruro gas mixtures should be used rather than
more dilute mixtures in order to increasce the flux of
oxygen atoms leaving the nozzle. Finally, Fig. 7 informs
us that power levels appiroaching 200 watts should he quite
adecquatce for dissociating molecular oxygen in sceded argon
and helium gas mixtures. This is fortunate since power
levels exceeding 20U watts lead to orifice enlargement

when argon is used as the carrier gas. Power levels



exceeding 200 watts also appear to accelerate the quart:
sputtering rate at the nozzle face for all gasx mixtures

tested.

. VNelocity Analvsis

The truce, undistorted atomic oxveen velocity distri-
hutions produced by our beam source have been recovered
from the convoluted cxperimental TOF Jdis.ributions by
correcting the observed spectra for instrumental broaden-
ing offects (shutter fun~tion and {inite ionizer length)
and ion flight time offsct.  Tho peak velocity and Moch
numbher of these distributions have been found to vary with
both nozzle stagnation pressurce and RF power level.
Figure 8 indicates the dependence of peak velocity on nozzle
pressure for seven different gas mixture - RF power comnm-
hinations. The ecffect of sceding is immediately apparcnt
here, with the oxvgen sceded in helium beams having much
higher velocities than the oxygen sceded in argon gas
mixturcs. The mecan cnergy of the atomic oxygen beams
generated in our laboratory span the range from 0.1 - 0.5
cV, with the highest cnergics being obtained for 5% Oz—He
pooaldres discharged with 200 watts.  (ne shape of the curves
shown in TFig. 8 indicates that velocity "slippagc' occurs
betwecen the oxygen and carricr gases during the hydro-

dynamic nozzle expansion. Vclocity slippage occurs when
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the collision frequency is too low during the nozzle expan-
sion to cffect complete momentum and cnerpy equilibrium
between the sced and carrier species.  Slippage is
cspecially typical of low pressure, high temperature cxpan-
siony duc to the relatively low number density these
systems have in the vicinity of the nozzle orifice. When
slippagc cccurs it can usually he minimized hy increasing
the pre sure hehind the nozzle, which increcases the number
of coll =sions which occur durine the expansion. This
hchavior is cicarly scen in Fig. 8. The mixtures having
helium ¢ <= the carrier gas have their atomic oxvpen peak
velocities steadily {nchreas{ng with increcasing pressure
until their terminal velocities are rcached at pressures
approac!-itg 150-200 torr. The mixtures having argon as
the carricr pas hchave oppositely from this, with their
peak oxveen velocities decheasing with increasing pressure
until thei~ terminal velocitices ave veached between 250
and 300 torr. The abhove hchavior is expected since helium
serves 1o ascelerate atomic oxygen while arpon decelcyates
atomic oxyg:n during coecxpansion from the noz:zle.

The influence of RF power on heam velocity has also
been studied and is shown in Fig. 9 for four gas mixtures.
In all cases the atomic oxygen veclocity 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
cnergy of the beam can therefore be tuned over a narrow
encrgy range about 0.1 cV wide by simply varying the RF
power used to run the discharge. This tunability may apply
to an cven broader energy range when power levels cxceeding
200 watts arc used for running oxvgen-helium mixturcs.

In these experiments the raw TOF data is always
recorded as number density versus flight time. [lHowever,
TOF spectra arc more readily interpretable when displayed
as flux versus velocity spectra. A tvpical TOF spectra
is shown in Fig. 10 which rcpresents the velocity distri-
bution of a fast atomic oxygen bcam. The correct .Jacobian
transformation, 1/v2, was used for converting this and
other spectra from time space to velocity space, while the
resulting distributions were then multiplicd hy v to effect
the conversion from number density to flux. The oxyvgen
seeded in helium distribution shown in Fig. 10 has a FWHM
of 19% with a Mach number of 9.2 as calculated by a para-
metris fit to the dcconvoluted distrihution.24’25 This
should be compared to the width of an effusive hecam whose
velocity distribution is Maxwellian. XNumerical solution

of the transcendental equation which defines the two half

intensity velocities of the distribution I(v) « vgexp(-vz/uz)
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shows that the FWHM of a Maxwellian flux distribution is
95%. The relatively narrow velocity distributions pro-
ducced by this beam source arc onc of its most important
characteristics, and are in pencral indicative of beams
produced from supersonic nozzle cxpansions. The slower
oxygen sceded in argon beams have typically -40% FWHM
distributiors with Mach numbers ranging from 3 to 4. 1In
the futurc the use of ncon rather than argon as the beam
carriecr gas may cnabhle narrower moderate cnergy beams to
be produced duc to the smaller mass mismatch which exists
between ncon and atomic oxygen relative to that of argon.
The terminal Mach number of a hecam is a parameter
which is frequently uscd for characterizing the width of
its velocity distribution. It is defined as the ratio
of the mass flow spced to the local speed of sound in the
bear, v/c¢, vwhere ¢ = (yka/m‘]/z, v is the usual ratio of
specific heats at constant pressurc to constant volume,
and Ty is the temperaturc of the beam in the reference
frarme moving with the bulk velocity, v. [lor sceded gas
mixtures which are expanded in the hydrodynamic regiwe
(Knudsen number < 1) collisions with the carrier gas initially
accelerate or decelerate the sced 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 gas and to narrow the width
of its velocity distribution.26 The total number of
binary collisions which occur during the expansion 1is
proportional to nOD, the product of the particle number
density at the orifice with the orifice diameter. Figpures
11 and 12 show how the atomic oxygen Mach number varies
respectively with nozzle stagnation pressurc and RF power
for several operating conditions of the heam source. The
nearly linear Mach number versus pressure curves shown in
Fip. 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 he possible for
operation at still higher stagnation pressures. This
statement particularly applies to helium containing mixtures,
where the addition of a Roots blower to our pumping svstem
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 extcunt of Mach
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number degradation with increcasing RF power since future
opcration of the beam source at higher stagnation pres-

sures may require the use of higher power levels.

. Plasma Temperature

The temperaturc of the gas at the nozzle orifice has
been determined for a varicty of source operating con-
ditions with two diffcrent tcchniques. The first of these
techniques depends on the {lux change which occurs when
the gas temperature at the orifice 1s varied. The flux
cmanating from the orifice at constant stagnation pressure

depends on the gas temperature in the following way:

F(TY o« n(TYev(T) < 1/VT (6)

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

and the vclocity of the particles cmanating from the nozzle,
v(T), goes as VT . An approximate determination of the
plasma temperature can therefore be made by mcasuring the
pressurc in the source with the discharge turned on and

off:

2
G
—

o [
!
oo

(7)

—



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 cquation (7)
the plasma temperature for high pressurc oxygen-helium
mixtures is repeatedly found to range from 800-900K for

130 watt discharges, 850-1100K 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 stronecr pressurc dependences than
the oxygen-helium discharges, with their temperatures

rising significantly as the stagnation pressure is lowered.
As a specific example of this a 5% OZ-Ar, 130 watt discharge
was found to increase in temperature from 1400K to 1750K

as the pressure was lowered frcem 250 torr to 100 torr. For
this reason extreme caution should be taken when igniting
(at low pressures) high power argon discharpes. Immediately
after igniting high power 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 clectron temperaturcs in the plasma are much hotter
than the above translational temperaturces, with electron
temperatures on the order of 10,000K or higher being achieved
in the discharge.

Morc accurate plasma temperaturce determinations can
be made by monitoring the mole f{ractions and velocity
distributions of the three specics (0 02; and either
helium or argon) which arc present in the bcam. These

temperature deterwminations may be carried out by assuming

2700
the overall cnergy balance.” -8
vy oy C ey - | [ L2
(Axitpi)lo = AxiLPi‘hi + 5 inmi\i (8)

where Xi s the mole fraction, Cp.1 the heat capacity, vy
the terminal velocity, T the mass, and Tbi the terminal
temperature of cach component of the heam, and TO is the
temperaturc of the gas at the orifice. The assumntions
which must be made in order to calculate To from equation
(8) have been thoroughly rceviewed in Reference 8. The
mole fractions of each component have becen calculated
using the molecular dissociation data which was discussed

carlier, taken in conjunction with the known composition

of the gas mixture under investigation. Figure 13 shows



the RF power dependence of gas temperaturc. at constant
pressure, for three different gas mixtures. Once again
we sce that the argon containing mixtures gencrate signifi-

cantly hotter plasmas and exhibit stronger power dependences

than che helium containing ones. The data usced in con-
structing these curves were intentionally taken at relatively
high operating pressures in order to ensurce the validity

of equation (8). The pressure dependence of gas temnerature,
at constant RF power, has also bcen studicd for several gas
mixtures under a wide varicty of operating conditions.

These studies again indicate that the gas temperaturc
decreases with increcasing pressure. For cxample, helium
containing gas mixtures typically decreascd 200 degrees,
from ahout 1000K to 800K, for a precssure change from 100 to
200 torr. Argon containing mixturcs also exhibit this
temperature decreasc with increasing pas pressure. We also
find that the assumptions which cnablec cquation (8) to he
uscd for calculating gas temperature appear to brecak down

at low pressures for argon containing mixturces due to the
poor quality of thesc cxpansions. This statement espccially
applics to high power, low pressure discharges whichcontain

argon.
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in a final attempt to gauge the true gas temperature
at the orifice we have also mecasured the velocity distri-

bution of a purce helium bheam which was produced from a 200

torr, 175 watt discharpe. [ts pecak velocity was found to
5 .

be 2.83 x 107 cm/scc. For an idecal nozzle cxpansion of a

rare gas, where v = /SkTO7h“, this velocity corresponds to

4 gas temperature of 770K, This temperature can he con-

sidered to be in fairly good agreement with the temperatures
determined above when we take into consideration the
difference in gas composition which exists between this
discharpe and those previously discussced.

[n concluding this scction on plasma temperature
characterization it should be mentionced that we have
cncounterced some plasmas which were not suitable for
generating atomic species.  In particular, we have heen
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 the order
of only 400K for power levels up to 200 watts. These
"cool' discharges arc forturnatcly of little practical
concern since orifices of > 0.180 mm diamecter arc always
used for running helium containing mixtures. The rate

of gas flow out of the orifice is thereforc scen to
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influence the mode stability of discharges containing
helium, with faster flow rates stabilizing the hotter

mode (- 1000K) rclative to the cooler mode (-400K). Argon
containing plasmas also have various discharge modes, with
the two most important modes being the desired "hot mode”
(~1750K) and the destructive "strecamer" 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 causc rapid enlargement of the
orifice. The inner diameter of the plasma contalning
quartz tube can influence the probability of this "hot
mode'" to "strecamer mode' transition. The inner tube
dimensions given carlicr in this paper were choscen as
a compronisc hetween maximizing power coupling to the
discharge and minimizing the probability of strecamer

formation at high pressurcs.

I:. Becam Intensity

Absolute “ocam flux mcasurements have been carried out
in a differontially pumped beam source test facility in
which a Bayard-Alpert gauge having a 52 mm sidcarm extension
was used as the particle detector. For thesc measurements
the long sidearm of the detector gauge was pointed directly
into the beam and was terminated with a small 1.58 mm

conical aperaturec. The pressure rise, AP, which is registered



-50-

by the gauge when the heam is turned on can be used for
calculating the absolutc intensity of the becam when the
distance between the source skimmer and the detcector
entrance aperature, 4, is accuratcely known. This inten-
sity determination is possible since the pressure rise,
AP, reflects the new rate cquilibrium which is established
between molecules entering the detector and thosce cffusing
from it. The rate at which molecules enter the detector
can therefore bhe found hy calculating the rate at which

molccules ceffuse out of the detector. This c¢ffusion rate

can he expressed as: ¢ = = n v A, where n_ = AP/RT,
, 4 0o 0
.- [8KTY - o re oy o
vo T \sq ) A is the area of the detector centrance aperature,
I
and T is assumed to be 300K. The tong sidcarm cxtension

was added to the ionization gauge to cnsure the validity of
this last assumption. The absolute intensity of the beam

in terms of solid angle units can he ohtained hy dividing

4 by Az, the solid angle subtended by the detector aperature,
where AR = A/dz. Examination of the above rclationships
reveals that the actual arca of the detector aperature does
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



pressures up to 350 torr were found to have beam [luxes

of 3.6 x ]018 atoms sr.1 sec—l. The atomic oxvgen mole

fraction present in the terminal bcam of 107 O:—Ar
discharges, run under the samc power and pressure
settings as above, is known to be 0.15 from molccular
dissociation cxperiments. By combining the above data
bsolute oxygen atom {lux produced by divcharging

. . - 17
oxygen-argon mixturcs is found to ne ca. 5 x 10

-1 -1 . : ;
atoms sr sec ., Pure helium discharges which were

run at 200 (orr with power levels apain between 165

- . - 9
and 195 watts produced beam fluxes of 5.5 10] atoms
sr_l soc_]. Combining this tigurc with the mcasured

atomic oxygen mole fraction for 10% O,-lle discharges,

X = 0.10, lcads to an absolute atomic oxygen flux of ca.

18 -1 -1 . .
atoms sr sCC for oxygen-helium discharges.

5 10
The purc rarc pas bhecam intensitics produced by this source,
as described above, are comparable in magnitudce to the
intensities which have heen reported in the literature
20,30 . . .

for other nozzle beam sources. ™' The lonization gaug -
rcadings which were used for these and subscquent beam
intensity calculations were corrected for the differenc s
in gauge scnsitivity which exist for the various gases

under study. The gauge readings werc actually divided

by 1.19, 0.15, and 0.85 in order to find thec true prc sure
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31

changes duc to Ar, lec, and 02, respectively.’ These

represent the correct gauge scensitivity conversion factors
as the detector gauge was calibrated for No-

The pressure rises duc to oxygen-rarc gas bcams were
also measurced in order to perform an approximate check
on the atomic oxygen flux cstimates described above. Pre-
dictions for the sceded beam pressure rises were based on
the pure rare gas data, and were calculated in the follow-

0.85

(predicted) = (X XOZ(_TT—))APRG’ where

“RG

XRC and XO represent the rarc gas and oxygen concentrations
o 2

of thc gas mixture, APRG is the pressure risc registered

Ing way: Apmix

bv the gauge for a pure rare gas becam run under the same
stagnation pressure and RF power settings, Apmix is the
predicted gauge pressurc rise duec to the secded beam, and
S is the gauge sensitivity conversion factor for cither
helium or argon. The mecasured gauge pressure increases
for oxyvgen-argon discharges agreed well with the predicted
gauge deflections, falling consistently within 10% of

AR However, the measured pressure rises for oxygen-

mix’
helium beams were usually 20% higher than the predicted
gauge deflection. This discrepancy can be explained if
the mole fraction of oxygen (0O and OZ) along the beam

axis is larger in the terminal beam 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 heam centerltine during
hydrodynamic nozzle expansion,sz and arc attcnuated lcss
than lighter particles in the region between the nozzle
orifice and the skimmer. In summary, we therefore {ind
the atomic oxygen flux to be about 5 x 1017 atoms sr 1

-1 . . 18
sec for oxygen seeded in argon hears and » 5 x 10

- - 1 . . .
atoms sr 1 sec for oxygen seeded in helium beams. For

° outer cone angle,

thesc determinations a 40° inner-60
0.82 mm diameter boron nitride skimmer was fixed at a
nozzle-skimmer distance of 5.08 mm, a sccond collimating
skimmer of 1.04 mm diameter was placed 31.78 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 detecctor sections of the apparatus. The
total gas flow emanating from the noczzle is typicallv 0.75
torr-1/scc  for 200 torr, 165-195 watt oxygen-helium dis-
charges {0.191 mm diameter orifice) and 0,25 torr-1/scc¢
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 bheams at high pressurcs, 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 Fig. 14 wherc thc atomic oxygen number density, as
measured with a quadrupcle mass spectrometer, is plotted
as a function of increasing stagnation pressure for four
gas mixturc-RF power level combinations. In Fig. l4a

the relative n/e = 16 number density is scen to rise
lincarly 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% Q,-Ar,
165 watt discharge and 350 torr for a 10% 0,-Ar, 195 watt
discharge. The 10% OZ-HC, 165 watt number density curve
shown in Fig. 14bh bechaves in a similar manner, up to a
maximum pressure of 200 torr, as thosc described above.
Howcver, the 5% OZ-”G, 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 oxvgen-helium discharges above 200 torr total
pressure. The m/e = 16 curves shown in Fig. 14 have all
been corrected {or the slight contributions arising from
dissociative ilonization of the molecular oxygen which is
present in the beam. The high pressure segments of these
curves arc also representative of the relative atomic
oxygen ffuxes produced by this source, as a function of
incrcasing pressure, due to the weak dependence beam velocity

has on gas pressure at high stagnation pressure.
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F. O(IDZ) Production

When dilute oxygen-helium gas mixturces are discharged
in this beam source a mixture of atomic oxygen quantum
states including ground state O(3PJ) and excited state
O(lDz) atoms is present in the tcrminal bhcam. When helium

0(1D71 flux has in fact

2

as th

)

is uscd as the carrier

e

proven to be of sufficient magnitude to permit differential
reactive scattering experiments to he carried out. This
reprcsents a very significant development in the realm of
molecular beam technology as prior to this no other O(ID?)
beam sourcc has becn reported in the litcrature.

O(1D7) production was experimentally confirmed in our

universal crossed molecular beam apparatus by observing the

production of Ol from the reactien

o(tp,) + 1, — on o+ Al = -43.5 kcal/mole  (9)

For this study a supersonic hydrogen hecam (peak velocity =
2.66 x 105 cm/sec, Mach number = 21) was collided at 90°
with an oxygen sceded in helium bheam (peak atomic oxygen
velocity = 2.38 x 105 cm/sec, Mach number = 9) at a relative
collision energy of 2.7 kcal/me' . The oxvgen beam was

produced by discharging a 200 torr, 5% O0,-lle gas mixture
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with 200 watts of RF power. Under thesc cxperimental
conditions the OI could not have been produced by the

ground statc reaction

P — O + I AMI = 1.9 kcal/mole (10)

()(31’
duce to the large 8.9 kcal/mole activation cncrgy33 which
is associated with this process. Further support of the
Reaction {Y) process comes from the angular and velocity
distributions of the OI' rcaction product. The OH LAB angular
distribution shown in Fig. 15 cextends as faras the 0l(v=0)
Center-of-Mass velocity circle permits based upon a recaction
cxocergicity ol 43.5 kcal/mole, while the Ot velocity distri-
butions obtained with cross correlation time-of-{light

34535 £a11 off with velocitics indicative of

techniques
this exocrgicity. These experimental distributions also
. . . 1 .
indicate that the concentration of Of SO) atoms in the

terminal beam must be extremely low as no Ol product was

observed at the high encrgies characteristic of the process
0(150) + H, — OH + i AH = -94.7 kcal/mole (11)

When 10% OZ-He gas mixtures were discharged rather than



5% OZ-He mixtures a 30% decreasc in Ol signal was observed
relative to the 3000 counts/scc counting rate of the more
dilute mixture. This indicates that the numher of collisions
occurring between O(lDz) atoms and other oxygen snecies
should be minimized during the exnansion i{ extensive
quenching of the O(lﬂz) is to be avoided. When dilute
oxygen-dargon gas mixtures were tested no OH product was
detected, indicating that, within the accuracy of the
determination, oxveen seeded in argon heams contain no
O(]D?). This is fortunate as it cnables O(KP]) rcactions
to be studied in an environment frece of 0(]D2) contamina-
tion when argon is used as the beam carrier gas.

The presence of O(lﬂz) in beams having helium as the
carrier gas can be attributed to the extremely small

quenching rate constant of the process

0(]D2) v ne(lso) —>0(3ij N He(lso)

Al = -45.4 kcal/mole (12)
. . .0 -16
which has becen experimentally found to be: kO—He < 10
cm3 rnolf:cul(f1 SGC_].SG 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:



k8§Hc c g x 10717 en? motecute ! see™ . this gas kinetic
o 7 e 5
ratc vonstant was approximated by k(k = (nrm)(%h})l/ ,

where ro is the experimentally determined Lennard-Jones

(12,61 paramcter for O(ﬁPJ]>Hc collisions,”’ T is the

plasma temperature, taken as 1000K, and ¢ is the reduced

mass of the collision partners.  The above indicates that,
O .o
on the average, about 10 Ollﬂj)-Hc collisions must occur
. . .. 2
hefore quenching takes place.  Since only about 10

. . . 58 . .
collisions occur during the cxpansion It 1s not sur-

- 1 . .
prising that some 0Of H7) atoms arce present in the terminal

1 .
beum. In fact, most O D,) quenching probahly occurs
during collisions hetween O( D, and other oxygen specics

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

. . 1 .
cxperimentally determined rate constant for 0{°D,) quenching

oA 0 L
by Ar, kU Ap C 00X 10 C

three orders of magnitude smaller than the 0-Ar "pas
(1}\ 0“1“

Kinctic" rate constant, k. ., 0 x 1
0O-Ar

-1 30

3 -1 .
mo molecule scc o, is only about

em” molecule
sccﬁl, which was calculated assuming a nlasma temperature

of 1500K and using the r value for O(SPJ)»Ar given by
Refercnce 37. The O(]DZJ—Ar collisions thecrefore deactivate

. e . 1 . .
a sipnificant fraction of the O('D,) atoms during ecxpansion,

with the remaining O(1D7) atoms being dcactivated hy

collision with the other atomic and molecular oxygen species

which are present in the beam (kg_o = 3.7 x 10-11 cm’
2
1 36 P

molecule sec_]) An analysis of the collision dynamics
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I

for Reaction (9) is currently being prepared {or publication,
and will be presented clsewhere in the literature.

The pressure and power dependence of O(lnz) production
has becen examined for a 5% OZ‘HC gas mixture in our crossed
beam apparatus. This was accomplished by monitoring, at
the peak of the broad product angular distribution, the OH

from Reaction (9) as a function of

signal intensity coming
becam source pressurc and RF power level. Since the oxygen

and hydrogen beam velocities are nearly caual the OH count
rate is indicative of the O(lnj) particle flux. ({Whercas
i{ the hydrogen beam were much faster than the oxvgen beam
the Ol count rate would be indicative of the O(IDZ) numher
density at the collision center.) The curved shape of the
intensity versus pressure data shown in lig. lb6a indicates
that some O(IDZ) quenching doecs occur at higher pressures,
but not to the extent which would requirc operating the
sources at pressures below 250 torr. The intensitv versus
RF power curves shown in Fig. 16h clecarly indicate that
higher sourcc powers (and hence plasma temperatures)
significantly incrcasc the flux of O(lﬂz) emanating from
the nozzle. In the near future gas mixtures composed of
less than 5 percent oxygen will bhe characterized in order
to determine the optimum oxvgen-helium mixture for

maximizing O(IDZ) production.
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DISCUSSTON
The high pressure, supersonic, radio frequency dis-
charge beam source which has heen described in the pre-
ceeding scections of this paper offers scveral improvements
in the important opcerating characteristics of beam trans-
lational cnerpy, beam intensity, velocity distribution
width, and beam composition when comparced to c¢ither thermal
or low pressure discharge offusive sources.  For cexample,
the atowic oxygen translational cnergies which have been
accessced in oour laboratory span the range {rom 0.1-0.5 eV,
with futurce extension of this ranpge up to 0.7 ¢V bheing
possible for operation with dilute oxyvgen-helium mixtures.
These cenergices are considerably higher than those accessible
. - . . . - 39
with cffusive sources constructed from cither thoria (ThO,)
R I i : . .
or Iridium. Also, the atomic oxygen intensity produced
by an cffusive thermal oven, operating with Knudsen number =
16 -1 R T I . .
I, would be ca. 4 x 10 atoms sr Coscc . Ihis intensity
was calculated using an O, pressure of 1 torr, a calculated
« . - -2
equilibrium constant of KP = 1.2 x 10 torr for the process
0, == 20 at 2500K, and assuming that the source orifice
was 2 mm high. The [luxes avaitable from low pressurc dis-
charge sources arc comparable to this, with atomic oxygen

1010

fluxes of ca. 3 x atoms sr-l sec_1 heing realized for

operation under cffusive flow conditions (with 10% molecular
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. C L - acp 42 L
dissociation, a temneraturce of 350K, Knudsen number = 1,
and a slit height of 2 mm). The above atomic oxygen

intensities are much lower than the measured intensities

- 17
produccd by our sccded nozzle source: c¢a. 5 x 10 atoms
-1 -1 ) : . . { .
ST secC for oxygen-argon nixtures and > 5 x 10 atoms
o1 -1 . - . )
ST S Js for oxygen-helium mixtures. Also note that

the Maxwellian velocity distrihutions tyvpical of effusive
sources arce quite often too hroad f{or carrving out well
defined collision experiments, necessitating the use of
mechanical velocity selectors which {urther reduce their
intensity by at lcast an order of magnitude. It is there-
fore cvident that the nozzle source described here is
capablc of producing atomic oxygen {luxes which arce at
least 1-3 orders of magnitude higher than those possible
with conventional cffusive sources, with the actual inten-
si1ty gain depending upon the pecak velocity and velocity
widths which are usced for this comparison. The high
atomic oxygen fluxes produced by this source should permit
cxtremely well defined collision cxperiments 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 selecctor in

order to further define the atomic beam.
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The ability of this source to generate sceded bheams
having high molecular dissociation at pressures up to
several hundred torr total pressure is undoubtedly duce
to plasma localization at the nozzie tip and to the
hivhly officient power coupling which has heen achicved
between the RE tank circuit and the plasma. The use of
radio frequency rather than microwave power =implificd the
above as radio frequency penerated plasias Can b casily
drawn out of the repion enclosced by the coupling coil,
while microwave generated plasmas tend to stronpgly localize
in the region surrounded by the coupling cavity. The
(acile (requency variability and impedance matching of the
RE circuitry described carlier also simplifies operation
at high pressures.  The water cooled nozole, which ensures
extremely stable and reproducible day to dav operation of
the source, would have to be replaced with @ more cumber-
some and less efficient oil-cooled desipgn if microwave
radiation were used. The ability of this source to generate
terminal beams containing 0(1D7) atoms .. at this time
unique, and would not have been pessible if " e discharge
were removed from the region immediately hehind the orifice.

The atomic oxygen is prohably generated in the dis-
charpge by a variety of kinetic processces. Thompsun43 has

shown, for low pressurc discharges, that dissociation can



be dircectly induced hy clectron-0, collisions via the

. R 3. . . N
Schumann-Runge continuum O, ;u) N ””1| 0O II} +
Ulln,} for collision cnergies - 7.1 ¢V, Metastable argon

collisions could also lend to dissociation via this pro-
coss.ll Metastable helium atoms, duce to their high
cnergies, have the abhility to Penning ionize molecular
oxvgen., loniczation in this manncer, followed by dissocia-
tive recombination between O:+ and an clectron has been
proposcd as the primary source of atomic oxyeen in
oxygen-helium RE discharges.

The genceration of other atomic and electronically
excited species should also be possible with this source.
In our laboratory we have bricfly tested dilute hydrogen-
heltium mixtures (125 torr total pressure, 145 watts)
and have observed atomic hydrogen production. The genera-
tion of a supcersonic moleccular beam containing Oz(lﬁu)
wi{thout the simultaneous presence of atomic oxygen in the
terminal hecam should be possible. This could be accomplished
by pulling the discharge back, away from the nozzle tip, and
by introducing a small amount of mcrcury into the gas
mixture. The resulting mercuric oxide coating located
aftcer the discharge zonc would effectively remove the
atomic species present in the gas.44 The feasihility 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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FIGURE CAPTIONS

Fig. 1. Sectioned view of the plasma beam source mounted
in a differentially pumped chamber. A-lucite
insulating flange. B-Noz:zle coolant return.
C-Quartz nozzle gas inlet. D-Cajon ultra-torr
fittings. I@-Nozzle coolant inlet. [F-RF power
input from RG-213/0 coaxial cable. G-Variable
air capacitor. H-Coupling coil coolunt outlet.
I-Coupling coil coolant inlect. .J-Ceramic feed-
through for RF return and coil coolant. K-Ceramic
feedthrough for RE input and coil coolant.
L-Poly-Flo tubing scctions. M-Stainless stecl
sourcce chamber. N-Plates for 5000 V/cm ion
deflecting field. 0-1200 1/scc diffusion punmp,
differential region. P-4200 or 8000 1/scc
diffusion pump, source region. O-Epoxy resin
mechanical support. R-Electrical ground wire.
Not shown: Wire mesh RF shielding which covers
the air capacitor/RF feedthrough assembly.

Fig. 2. Sectioned view of the internal source componcnts.
A-Variable ground tap. B-Swagclock reducer.
C-Water-cooled qguartz nozzle. D-Coupling coil.
IE-Quartz support rod for water inlet/outlet

assembly. F-Swagelock union joining copper and
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dewmonstrates atomic oxveen production,

Fro. 0. Pressare dependence of 0, dissociation:

O 3% 0, Ar, 103 watts; @ 57 O,-Ar, 130 watts;

Aos 0L A, 195 watts; O 10% 0,-Ar, 140 watts;
W 5. 0,-te, 130 watts; A 105 O,-He, 130 watts;
O 0% 0,-le, 1065 watts; - - — performance data

for the source described in Reference §.
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IIT. A CROSSED MOLECULAR BEAMS INVESTIGATION
OF THE REACTIONS O(3P) + IC1, CF,I

INTRODUCTION

The recactions of ground state O(SP) oxypen atoms with
halogen (Xz), interhalogen (XY), and haloygen containing
compounds (RX) have recently come under investigation in
several molecular hcam laboratories. These reactions are
of current interest {or several reasons. They are known
to proceed vdia relatively long-lived collision complexes
whose decomposition dynamics and energetics can be experi-
mentally monitored in crosscd heam scattering experiments.
This is accomplished by obscrving both the angular and
velocity distributions of the reaction products. These
results yield a Center-of-Mass cnergy distribution which
can then be directly compared with the energy distribution
predictions of the statistical RRKM-AM unimolecular
decomposition model proposed by llerschhach and his
coworkers.1 These reactions are also of interest as the
ground state reactants approach on a triplet potential
encrgy 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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. i 3 2,3,4
Crossed beam studies of the reaction O("P) + Clz,

4,5 4,5
2’
These investigations were carried out in part to probe the

have been reported in the literature.

Br and IZ

nature of the reaction mechanism, and in doing this, to
infer something about the structure of the rcaction inter-
mediate for each system. Tine results from these studies

are consistent with the reactions procceding by a collisicn
complex mechanism, with only the OC]Z collision complexes
formed in the high collision energy studies of the 0 + Cl2
reactionz’3 having lifetimes shorter than one rotat19n31
period of the complex. The long-lived nature of the
collision complexes formed in the low energy studics suggests
that the complex for each reaction rests in a relativei}
deep potential energy well. For example, this well is
believed to be on the order of 20 kcal/mole for the OBrz
complex.4 This initially suggests that the O + X, reactions
proceed via a surface crossing to the lowcst (most stable)
singlet potential energy surface which corresponds to the
bent, symmetric XOX structure. The C1 0-Cl and Br-0-Br
species are in fact known to be chemically stable.ﬁ’7 These
are 20 electron systems having bent structurcs which Walsh's
molecular orbital correlation diagrams8 predict to be

singlet species having the following MO configuration:

XOX(singlet, bent) (10)2(20)2(1n)4(2n)4(3n*)4 (1)
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Howecver, the "eclectronegativity ordering rule'" derived
from Walsh's orbital corrclation scheme predicts that the
least clcctroncgative atom should occupy the central
position of a given triatomic molecule, consistent with an
OXX geometry for all halogens excent OF,. Walsh's orbital
ordering scheme suggests that OXX triplet specics should

have bent configurations with the (ollowing MO configuration:
; . ; Y RN SN
OXX(triplet, bent) (1) " (2e) 7 (1m) " (2m) " (3n%) 7 (30%) (2)

Experimental confirmation of a stable 0-C1-Cl entity has
been found iIn c¢ryvogenic matrix isolation oxporimonts.9 It
has becn suggested by Herschbach and his coworkcrs,lo as well
as by walsh in his original papcr,S that a different MO
conliguration might better describe near lincar OXX compounds
in which the 30% orbital actually lics lower in cnergy than

A\

the 3w* orbital, resulting in an altcrnative triplet MO

configuration:

OXX(triplet, linecar and possibly hent)

(10 ’eolaontent e (n0)? (3)

In this case a triplet ground state rather than a singlet

ground state is predicted for near linear OXX triatomics.



This may persist for bent geometries as well.4 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 romplexes without requiring a triplet -
singlet surface crossing. In support of this argument 1is
the behavior of the O[SP) + F, syvstem, which, 1n spite of
its large exoergicity, is found to have a very low reaction
probability in flow tube oxperimonts.11 This implics the
presence of a large activation cnerygy for this process.
Since 0 atoms arc less clectronegative than F atoms, Walsh's
rules would predict an F-0-7 gcometry to be a more stable
reaction intermediate for this reaction. The low reaction
probability for the O(SP) + Fz reaction supports the con-
tention that 0 + X, reactions procced on triplet potential
energy surfaces via end-on attack of the oxvgen 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 + CI1,, Br,, T,) a long-
lived complex will be formed ultimatelv leading to reaction.
In cases where a barrier exists in place of an attractive
well in the triplect surface, i.e., O + FZ’ reaction will not
vccur easily at thermal energics., (Note that insertion of
O(3P) into the F-F diatcmic 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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thermonentral for cach reaction. €10 and BrO arce not
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fnothis paper results are presented for the reactions
R T £ 00 I tlil obtalned with our supersonic atomic
covyen beam sonrce.s The 1O reaction was chosen as the
Pirst reaction to bo stodicd with this bearn ~onrce since
sene o information woes previoasivoavailable about its reac-
tron pechanism, and since the narrower velocity Jdistri-
butien ot oour source would hopetully oD fresh insight
inte the unimolecuiar decomposition of the - 1-0F complex
Inoa previcus study Grice and his coworhers upplicd a
lony Tived collision complex model to deduce a bond energy
for the 10 rndiuul.;’J: The applicabitity of using a long-
lived complex model here 0 not very convincing. [Further-
more, the wide velocity spread of his effusive oxvgen atom
beam makes quantitative assessment of the rcaction energetics
difficult. CGrice and his coworkers have also studied the
iodine abstraction rcuaction O + FFél,IS using an oxygen
sceded in helium or ncon microwave discharge beam source.
The 10 product from this rcaction at iwo collision cnergies
shows no cvidence of the strong pecaking on the realtive
velocity vector which is cxpected from the domination of
orbital angular momentum in a reaction with a relatively

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

collision complex. At both collision energies some proiuct
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Phe rescalt o fron oy dnvetivat ton of the oo T

reaction cing a4 onpersonic oxyveen atopr hear oare in tairly

vood apreement with the re-abts of Grice and hir- coworkers,
The Tirietime of the complex appears to he shorter findicated
by the Tack of forwvard backward svmpetry of the nprodact 10
Flux in the Center-of Mass reference frame) snd a slightly
hiecher bond encergy is found for the 10 radical.  In con-
trast to this, onr results for the 0+ ﬁlil reaction are

not in agreement with Grice's studyv.  we have been able

to it our data with statistical theory using ounly *the
energy which is actually available for product translation
and have not made any assumptions about an "eoff{ective”
number of active oscillators.  The 10 hond enerpy deter-

mined in the O + ICl experiment agrees well with that

needed to fit the O + CFSI results. This rcaction is found



te b aamidar te o the bos CHOE reaction which has heen pre-

vieas by ostadied dn o detal ]

SPERIMENTAL

The crossed Beam anparatus used in these studies was
siprlar oin desiva te one wivich has heen previonsIy des-

. . . P .
crited in odetai !, Che sceded, sunersonic atomic oxvpen
boan scurce usced in these stidics was very similar to the
source described in Chapter 11 of this thesis, Tt was
actually u preliminary version of the current source,

grificantly lower pumping speed (using a

operating with si
Varian HS-10 diffusion pump rather than a Varian VHS-400,
or having approximately »ul{ the pumping speed of the
current svstem) and having a larger nozzle orifice, ca.
0,102 mm in diamcter, than that currently cemploved. The
atomic beam was produced by discharging a 5% O2 in argon
mixturce at 100 torr total pressurce by 100 watts of 14,2
megahertz radio f{requency power. The resulting atomic
oxvgen velocity distribution had a pecak veloc.ty of 1.05 x
105 cm/sec and 2 FWHM velocity spread of 40%. This was
determined with conventional "single-shot" time-of-flight
.velocity analysis with a dwell time per channel of 4 usec.

Molecular dissociation was found to bc about 80% under the



O
1A

above operating conditions.  The atoric gxveen velooity
dictyribution is owider than thooo tvpically found in low
temperature, high pres-ure cupersonic crpansions, hut g
Sieniticantly narrower than the Maswoellian distributions
vroduced drom o ef tusive cischaree omrces s The relatively
Farpe width of the atoric oxveen velocity distribution
can be attributed to the Jow mumber density at the orifice
of the noszle, which 0 a direct conscequence of hoth the
high ¢ffective plasma temperature in the nosrle, and the
tow stapnation pressure at which the nosole was operated.
In this carlier verston of the source relatively low
stavnation pressures were required to cnsure plasma
stability.  In contrast to this, the cnrrent version of
the oxveen sceded in argon plasma beam source can be
operated at pressures approaching 100 torr with 10% 0,
Inoargon gas mixtures, resulting in narrower velocity
distributions and mouch higher atomic oxyvueen fluxes than
those obtainable with the source used in the O + 101,
CFSI cxperiments,

The 1C1T used in these experiments was practical
grade obtained from Matheson, Coleman and Bell. [t was
held in a glass rescervoir which was beoted to 310K by a
temperature regutated oil bath. At this temperature the

IC1l vapor pressure was obscrved to be 70 torr with a
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Laratron pressurce gauve,  The actual sceded 101 heam was
’produﬁcd by flowing argon throuph the 111 reservoir to
bring the total operating pressure to 230 torr.  This was
done to increaze the stability of the 1CD heam inteasity
and to improve the heam's operating characteristics.  This
mixture, approximatcely 300 1CH, was expanded through a

0.1 mm oquartz nozzle which was held at 329 K to prevent
condensation of 1C1 in the nozzle. .n fact, the entire
glass gas lTine was alwavs heated to at least 10K above

the rescervoir temperature to prevent [CH condensation.

The seeded TCI beam produced in the above manner was
characterized with single-shot time-of -f1light techniques,
and was found to have a peak velocity of 5.02 x 104 cm/sec
and a FWHM velocity spread of 29%. Liquid nitrogen

cooled foreline traps were always placed hetween the
diffusion pump and its mechanical backing pump to prevent
ICT from fouling the mechanical pump's oil.

The supcersonic CF31 beam was run ncat at 250 torr
total pressurce through the same source used in the IC1
cxperiment. The CFSI was obtained from PCR Research
Chemicals Inc., and was used without further purification.
The CF;I beam produced in this manner had a peak velocity
of 2.66 x 104 cm/sec and a FWHM velocity spread of 30%.

The above terminal velocity of the CFSI beam implies that



o

the supersonic cipansion offectyvels vonvertod the trans:
lational, rotational, and appros<inatel s two low frequency
vibrational depgrees of frecedon to bean Pinetic eneroy,
Mder the o condition the react e "][ motecules are
Peft wath an averare internal onperes ot aboat ) kcal/mole.

)

The mean collision encrpy for the 101 yeaction was 205360

heal/umole with a FWHM of o088 boeal/mole, whilte that for

the Chui reaction was 2008 beal/mole apain with a TWHM
.

cnerey spread of 008 beal/mole.

Laboratory anpufbar Jdictreibetions of nroduct number
density were taken by revcated scans of 10 second counts
at caclh angle.  Time normalbization of the recorded sipnal
was carrvicd out when reaquirved. The oxvegen beam wias
modulated at 150 Hoowith o Balova tuning fork chonper.
The actunal sitpgpal at cach laboratory angle was obtained
by subtracting the chopper closced count from the chopper
open count.  The 10 product signal at the peak of its
angular distribation for cach svstem was ca. 15 counts/scec
with o background of 30 counts/scc.  Product velocity
distributions at cach angle were obtained with cross-
corrclation time-of-{light tochniqucs]h’l with a dwell
time per channel of 12 psec. For these experiments a
pscudorandom scquence having 50% duty cycle was emploved

which had a 255-bit pattern. Representative counting times
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for mroduct velocity analvsis varted between one and three

honrs per angloe.

FLSHLTS
The only product detected in the 0P+ 101 reaction

was the 10O radical, indicating that the peometric con-

straints imposed on the 013P) + 10D collision complex by
Walsh's clectronegativity orderving rule are operative,
This also indicates that the reaction does not primarily
proceed by a triplet -« singlet surface crossing.  lHowever,
the increased background at m/c = 51, the C1O mass, and
uncertaintics ahout the relative detection efficiency of
C10 with respect to [Q, only permits us to estimate at
this time that less than 105 of the recaction goes by the
more exoergic reaction channel which vields I and C10 as
products. Similarly, the only rcaction nroduct detected
in the O(SP) + CFBI reaction was again the [0 radical.

The laboratory anpular distributions of I0 product
from these rcactions arc shown in Fig. 1. The error bars
in this figure represent one standard deviation from the
mcan of 10 independent mecasurements. 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 O(BP) + [Cl reaction. This
bimodality implics that a large fraction of the initial
orbitul angular momentum of the reactants appears as
orbiital angular momentwum of product in the decomposition
dyvnamics of the O-71-C1 collision complex.  The product
flux distributions for these reactions are shown in

Fipgs. 2 and 3 as a function of laboratory velocity. The
contour plots of Center-of-Mass 10 product flux, obtainced
from laboratory angular and velocity distributions with
Siska's iterative deconvolution tcchni(;uc,lH arc shown in
Figs. 4 and 5 for the 1CI and CFSI reactions, respectively.
These contours arce the deconvoluted Center-of-Mass flux
distributions, which, when averaged over the reactant beam
velocities, produce the best-1it solid lines shown in
Figs. 1, 2, and 3.

The lTaboratory number density angular distributions
for these reactions appear to peak ncar the respective
center-of-mass angles.  This can be attributed to the
relatively high detection probability for low encrgy
recaction products which fall ncar the center-of-mass,
since the transformation Jacobian which relates Center-
of -Mass flux, Icm(o,u), to Lahoratory number density,

. 2 19,2
N(O,v), is v/u .1 » 20

In rcality, the IQ 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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svstem. This can be ¢learly scen in Figs. 4 and 5. Pro-
duct time-of-flight data could only bhe 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 refcrence frame, as discussed above. At angles
further removed than this counting times hecame prohibi-
tively long for obtaining acceptable signal-to-nosie
lTevels.

Examination of the product 10 (lux distributions
in the Center-of-Mass reference frame reveals that
symmetry does not cxist abcut 90° for cither reaction
system. The 0-1-C1 and CFSI—O 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 cnergy and angular distributions, P(E') 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
ICl rcaction and ca. 2.2 for the CFSI reaction. The
Center-of-Mass velocity and angular distributions
actually appear to be coupled for both reactions.
Figures 4 and 5 show that ti.» most probable flux
velocity actually decreases smoothly as the Center-of-

Mass angle increases from 0° to 90°.
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The experimental P{L') distributions shown in
Figs. 6 and 7 arce the average cenergyv distributions between
0% and 9n°,  The theorcetical curves shown in these figures
were obtained by calculating P(L') with the RRKM-AM
modc]l’:1 for five discrete collistion encrgies spanning
the experimental range, and these P(E') were then summed
over the distribution of collision cncrgios in the cxperi-
ment.  The paramcters uscd in the calculations are shown
in Tables I and 1. The theoretical carves in Figs. 6
and 7 were calculated for three values of the 10 bond
encergy: 53.0, 55,0, and 57.0 kcal/mole. AL of the
vibrational modes in cach collision comnplex, O-1-C1 and
CFBI»O, were assumed to participate in energy sharing.
The O-1-C1 complex was assumed to be bent at an angle of
115 with the lecast clectroncgative atom, iodine, in the
central position.  This bent geometry lfor the triplet
O-T-0C1 complex scems feasible when the carlier MO arguments
arc taken into consideration. The bond lengths and
streteching frequencies were estimated {rom experimental

bond leneths and vibrations of the diatomics 1C1 and 10

2

29
using a simple bond encrgy hond order treatment.” The

I

0-1-G1 bending [requency was assumed to he similar to
the bend for €10, and C1,0 for lack of morec similar mole-

cules. Similarly, the vibrational frequencies and geco-
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metries for CFS and CFSI23 were uscd to derive estimates
of the CFSI-O complex and its critical configuration.
Note however that the choice of frequencices and the
effect of geometry on the calculated P(LE') is miniscule
cven though these factors do influence the decomposition
ratc of the complex. The stability of the complexes in
hoth rcactions was assumed to e 16 kcal/mole. Again,
these well depths have little effect on the product
translational cnergy 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.1 In this
formulation H& for a '"loosc" collision complex is given

hy the following cxpression:

]
&

’
. u 372 0 1/2
Bro= () (c7) I , (4)

where ¢ and p' are the reduced masses of the reactants

and products, Cb and Cé arc the respective long-range
attraction force constants, and EC is the collision cnergy.
The CG constants were estimated using the Slater-Kirkwood
methodz4 and the polarizabilities which werce available

for some of the species. The other polarizabilities were

estimated by the additivo'method.25 An improved fit to
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the ICl data was ohtainced by increasing B& to 0.454 EC,
approximately double the value calculated with the <
constants, 0,26 hc. This incrcasc of R& moved the cal-
culated peak of P(E') from 0.9 to 1.5 kcal/mole, and
slightly increased the hieh vrorpgy tail of the cnergy

distribution.

NISCUSSION

In a crossed beam cxperiment the high energy fatl-
off of the product P(L') distribution can be uscd to sct
a rigorous lower hound on the exoergicity of the process
under investigation. The accuracy of this determination
depends significantly on good specification of the
rclative collision energy, NC, as this reduces uncertain-
ties resulting {rom any encrgy dependence in the recactive
cross section. In their O(SP) + 1C1 stud_vs’12 Grice and
his coworkers cmploved an ecffusive microwave discharge
source {or generating atomic oxygen. The 95% FWHM velocity
spread of this Maxwellian oxygen bhecam leads to a large
uncertainty in their collision energy. This can be seen
by examining the expression which gives the relative
collision energy, L_, for a crossed beam experiment in

C

which the beams intersect at 90°:



‘ mZF,1 + mlE2
E = S — (5)
C my m,

For a reaction in which a large mass mismatch exists
between the reactants, as in the 0 + 1C)] recaction,
Equation (5) reveals that EC and 1ts uncertainty will
strongly depend on the velocity distribution of the
lighter reactant. Moreover, the wide velocity sprcad
of (Grice's effusive oxygen hcam and the concomitant
uncertainty 1t produces in “c further complicates inter-
pretation of this particular experiment since, in the
almost thermoneutral O(3P) + IC1 rcaction, RC accounts
for a large fraction of the total cnergyv available for
translation. In our cxperiment the use of two inter-
secting supersonic beams has allowed this rcaction to be
studied with a relatively well-defined collision energy,
allowing an accurate minimum reaction cxoergicity to be
ass‘aned. We find this lower bound on the O(SP) + IC1
cxoergicity to be ca. 3.5 kcal/mole under conditions where
L. was 2.36 + 0.8 kcal/mole.

Due to the small number of internal degreces of freedom
in the 0-1-Cl triatomic complex the high energy fall-off
of P(E') is more sensitive to the total cnergy available

in the complex than to the dynamics of its decomposition.



This has allowed us to predict the reaction exoerpicity,
without o detailed knewledege of the TG ointernal cnerpy

distribation, by cxamining the nigh enerey fall-off of the

experimental PrEY) distribation.  This procedure leads to
an oexocrgicity b= 505 0 2.0 keal/mol for the ()('T)I’) +
et - 1o + €6 reaction.  This value, when combined with
the known heats of formation for O, €], and Cl,Zh dllows
us to deduce a new value for the 10 bond cenergy: DO(IO) =
55.0 - 2.0 keal/mole.  The P{L') calenlations based upon

the RRRM-AM mnimolecular decomposition model shown in
lig. 6 agree with this 10 bond energy when the maximum
centrifugal barricer, H&, ts taken as an adjustabic para-
meter in the calculations.

for collisions in which the long-range dispersion
force hetween the reactants determines the maximum impact
parameter for capture, B% depends simply on the ratio of
the entrance to exit channel Ch constants, as shown in
lquation (4). The Ch constant for O + IC1 is estimated
to be 1920 kcail RV mole 1 or about half the Cé value for
¢l + 10, 3780 kcal Kh molc_l. In order to fit the cxperi-
mental results we have had to increase the Ch/Cé ratio
uscd in Lquation (4) by a factor of {four over that cal-
culated with the Slater-Kirkwood method. This cannot be
phvsically realistic in view of the much greater polariz-

o

ability of chlorine, 2.14 %3, relative to that of oxygen,

H
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0.77 X2,  The capture cross scction calculated with either

;

the original Cb value, ~55 ﬂ“, or with the larger onc,
7 .

~88 R°, is about an order of magnitude larger than that

cxpected for the O(3P) + IC1 rcaction based upon the known

rate constants for the O(JP) + (l,, Br,, and BiCl recactions.

This may either indicate that a large steric constraint is
present in the cntrance channel of this rcaction which
substantially reduces the numher of reactive collision
trajectories, or that the long range orbiting assumption
usced in calculating the capture cress section is not valid
for th's system. With the above discussion in mind we
feel that it is not vet clear whether the improved P(L')
fit with the larger B; value indicates a "non-statistical"
translational energy distribution.

The exoergicity found in this study for the O(SP) +
1C1 reaction, AH = -5.5 kcal/mole, is higher than that pro-
posed by Grice and his coworkers, AH = 3.4 kcal/mole,lz
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 Jacoblan enhancement of slowly moving

reaction products tends to overwhelm the information con-

tained in the (more important) high energy tail. It must

27
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dated that Grice's reliance on ~tati<t.cal cal-

culation: to determine the bhond cneroy of 100 is ~omewhat

quetionable for thi reaction. Phe REEM Tifetime is

caloulated to be cxcecdingly chort, 000 Lwcec

, i time

pepbme in o which nonstaticstical offects have heen ol served
in oscveral other reactions.  Nso, the Jdensity of states
in the complexs at the dissociation eneroyv i~ very low,
o c e ) Cy . . ; : :
approximately oper om0 PFinally, uncertaintices in the

treatment of angular momentum may introduce too much

flexihility to the model, making it nnreliable for thermo-

dyvnamic data determination. In spite of the substantial

difference which exists between the reaction cac - rpicity

found

in this study and Grice's valuce, the derived 10

bond energices are actually in lair agreement with cach

other:

55.0 v 2.0 kcal/mole (this study) and 53.0 + 3.0

keal/mole (Ref. 12).

In

witheout

support ol our 10 bond cnergy, which was obtained

reliance on statistical models, other experimental

information must be taken into consideration. The product

Py distribution {from the O(ﬁP) + (.1 rcaction is shown

in I'ig.

the 10

states

3

7 to agree well with statistical calculations using
bond encrgy determined above. The high density of

for the CF.1-0 complex at its dissoclation cnergy
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is about 10 per cm ©, leading more credibility to the use

ol statistical treatment than in the 1C] reaction. Our 10

hond energy is also in pood agreement with that determined
. . 28 . ,

inoa flame photoretry cexperiment, and ralls below the

rigorous upper bceund on HO(IU). 62.8 kcal/mole, which was

reportedly determined from predissociation of the upper

i3 1 '1
JO1 7+ state. 7

In their study of the O(SPJ + KFHI reaction at two
hicher collision vnoruicsls Grice and his coworkers
obscerved TO product with energies far eoxceeding the total
¢nergys available for translation. The conditions of their
reactants arce too well specified to attribute this to
uncertainty in internal energy. The explanation of this
serious discrepancy must therefore lie in some systematic
crror. Their reported Center-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 thc product {lux peaks on the
relative velocity vector, as shown in TFig. 5, and the
product translational ecnergy distribution does in fact

fei. within the bounds imposed by encrgy availability in

the complex.



The asymmetry of product +about 50° in the Center-of-
Mass reference frame found for both rceactions i1s not
inconsistent with statistical calculations if the inter-
mediates in both reactions arce assumed to be stable by
1o hcal/mole with respect to reaction products.  The
rotational period is estimated to he 0.8 - 3.0 psce for
the TU1 and 1-5 pscc for the CFEI reactions, in cach casce
comparable to the calculated lifetime. The forward-
hackward symmetry found in the studvy of 0O + FCL at a
collision cnergy of 0.81 keal/mole by Radlein ct :ll.'r1 is
not vicewed as being in disagreement with our result as
large uncertaintices exist in the rotational period and
stability of the O0-1 C} complex, as well as in their
collision ecncrgy.

finally, the O(zP) + JC1 reaction appears primarily to
proceed adiabatically on a triplet potential surface. This
is supportcd by the apparent absence of (10 as a primary
reaction product. As the 1 + (10 decomposition channcl
is roughly 10 kcal/mole more cxocrgic than the 10 + (1
channcl we infer that the 0-1-Cl 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 C10 in the

LAB reference frame (due to mass effects) some certainty



still exists about the branching ratio of the Cl0 relative
to the 10 product channel. Study of this rcaction at much
higher relative collision energies or with internally

excited TC1 might ultimately cnable the O(BP) + 1C1 svstem
to access the singlet surface, if it is not alrcady doing

S0.

CONCLUSTON

Study of the rcaction O(EP] + IC€1 in a crosscd beam
experiment cemploving a supersonic atomic oxvgen hecam source
has led to a new value for the hond encergy of the 10 radical,
DO(IO) = 55 + 2 kcal/mole. This value was obtaincd by
cxaéining the high energy fall-off of the product trans-
lational cnergy distribution without reliance on any
statistical decomposition model. The product translational
cnergy distribution for the O(SP) + CFSI reaction agrees
quite well with RRKM-AM predictions when the above 10
bond energy is used in the calculation. The two reactions
appear to proceed vdia collision complexes whose mean life-
times are slightly less than their respective rotational
periods. The O(SP) + ICl reaction has also been shown

primarily to proceed adiabatically in a triplet potential
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surface, as indicated by the apparent abscence of €10
reaction product.  Walsh's clectroncgativity ordering rule
is seen to be operative, with the least clectronegative
species resting in the central position of the reaction
complex.  An attractive well in the triplet surface can

be inferred from the results of this cxperiment.
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Tablce T.
OICL* orc1’
l‘,oml/{ tength o 2.0 1.8
ey 2.5 3.5
jond Angles < 0TC1 115 115
degreces
[‘I"L?({l.f(!]}(l‘.lcs VIO 4806 683
cm
.
\[(:1 271 R.C
So1c1 250 25
Moments of 175.4 301.3
Inergia
AMU-A? 132.5 262.8
43.0 38.5
. . -1 - sos s .23
Energetics (kcal mol 7) Polarizabilitics (A")
AH -5.5 Cl1 = 2.18
B 1.0 - 4.0 0 = 0.802
L* 23.0 - 27.0 IClT = 7.5
Ee 16.0 10 = 6.02
° -1
C() = 1981. kcal A” mol
¢, = 3831. kcal A% mo1”!
t = o
B 0.268 E.



Table II.

Pond length
A

Angles
Degrees

Frecquencies
cm”

Moments of
Inertia
AMU- &2

Energetics
AH
Ee
E*

E*

(kcal mol—l)

<CIO

<ICF
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CF.T-0%

109

486
1195, 1195,
202
730, 529
132, 132
200, 200

150

334.8
333.8
89.6

CF,1-0"

1067 1223, 1223,

R.C.
715, 521

26 26

b

40 40

3

30

1091
1091
99.4

Polarizabilities (&)

CF3I = 7.33
CP3 = 3.43
0 = 0.802
10 = 6.02

1077
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Table I1. (Continued)

Cg = 2440. kcal A% mo17!
i = 7104. kcal 2% mo171
B! = 0.105 E
m C



FIGURE
Fig. 1.
Fig.
Fig.
Fig.
Fig. 5
Fig.
Fig.
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CAPTIONS

Laboratory angular distributions of 10 product
number density from the reaction O + I1CI, CFBI.
Error bars represent one standard deviation from
the mean of 10 measurcments at cach angle.

Product 10 flux distributions {rom the rcaction

0 + IC1 at eight laboratory angles. Solid lines
are the best fit from the deconvolution procedure.
Product 10 flux distributions from the rcaction

0 + CFSI at scven laboratory angles.

Contour map of Center-of-Mass product 10 flux

from the reaction 0 + ICl with the:most probable
Newton diagram.

Contour map of Center-of-iass product 10 flux

from the rcaction of O + CFSI.

Product translational encrgy distributions.

+++ experimental, lines are RRKM-AM calculations
for three values of the 10 bond energy,

- - = = EIO = 53, ——— EIO
- — = — E;, = 57 kcal mol !

= 55, and

Prcduct t anslational energy distributions.
+++ experimental, lines are RRKM-AM calculations
for three values of the IO bond energy,

C10 T 53, ———m— EIO = 55, and

_ -1
——— EIO = 57 kcal mol
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IV. A CROSSED MOLECULAR BEAMS INVESTIGATION
OF THE REACTIONS O(%P) + CeHe, CeDs

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 recactions with alkanes and alkenes
in which reaction rate constants have been determined.
Crossed molecular beams experiments emploving photoioniza-
tion mass spectrometry have recently been conducted by
Gutman and his coworkers in order to directly identify
the elementary recaction products resulting from oxygen
atom reactions with various alkenes and alkyncs.1_3 In
contrast to the above, atomic oxygen reactions with
aromatic hydrocarbons have not been extensively studied.
The simplest reactions of this class, O(BP) + benzene and
toluene, are the only atom-aromatic hydrocarbon reactions
that have been studied by a variety of techniques.
Relative reaction rates for the O(SP] + benzene reaction
have been determined using static photolysis techniques.4’S
Absolute reaction rate constants for the O(BP) + benzene

reaction have been determined using pulsed radiolysis,6

10,11

discharge flow,7_9 modulation-phase shift, and flash
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photolysis-NO2 chcmilumincscence12 techniques. In spite

of these studies, very little information is available on
the actual elementary reaction products arising from the
bimolecular rcaction of atcmic oxygen with benzene, and,

as a consequence of this, the reaction mechanism is poorly
understood. Product identification is sevecrely complicated
in the above gas phase studies by the presence of viscous,
non-volatile recaction products which are possibly polymeric

- 4
in character.

'8 These non-volatile products indicate that
some of the initial elementary reaction products are highly
reactive specics 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

4,8,13 Phenol

oxygen atom consumption in these studies.
has been shown to account for more than 95% of the volatile
products which result when this reaction is studied at
atmospheric pressure.8 Carbon monoxide has also hbeen
reported as a reaction product whose yield, in nressure
dependent studies, was found to increase with decreasing
prcssure.4 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. 1In a further
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attempt to identify the elementary reaction products
Sloane15 has carried out a simple crossed becam 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 pathwavs. It is
apparent from the above discussion that there is still
considerable uncertainty about the elementary rcaction
products which arise from the electrophilic attack of
oxygen atoms on benzenc, 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 clucidate the reaction dynamics and
encrgetics of the O(SP) + benzene reaction. The reaction
has been studied as a functicn of both collision energy
and isotopic substitution in order to clarify the factors
which dominate the rcaction dynamics. Differential
reactive angular distributions accompanicd with velocity
analysis of the reaction products at scveral laboratory
angles have contributed to our understanding of the
elementary reaction pathways which are opecrative. In

particular, these studics 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 encrgetic constraints
which are imposcd on the reaction products. These experi-
ments arc especially well suited for studying reactions
involving polyatomic species since parent-daughter ion
pairs created in the eleciron bombardment ionizer of the
detector must have identical angular and velocity distri-
butions, while reaction channels involving different
dynamics (c.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 arec 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
vibrationally excited polyatomic species are ionized by
elcctron 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, C5H6+’ in the O(SP) +

benzene reaction is not in itsclf sufficicent 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 rcaction channels of the O(BP) +

benzene reaction.

EXPERIMENTAL

The crossed beam apparatus used in these studies was
similar in design to onc which has becen previously des-
cribed.® Briefly, two beams which are doubly differentially
pumped arc crossed at 90° in a scattering chamber which has
a base pressure of ca. 1 x 10'7 torr. The main scattering
chamber is pumped by a 5300 %/sec diffusion pump and by a
liquid nitrogen coolecd cold shield which is very effective
in pumping condensable gases. Particles which are scattered
in the plane defined by thc two colliding beams are detected
by a triply differcntially pumped quadrupole mass spectro-
meter which rotatcs about the interscction point of the
two beams. The incident necutral particles are ionized in
the detector by an electron bombardment ionizer which is
operated with an electron cnergy 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 c¢f in-plane laboratory angle.
The sceded, supcrsonic atomic oxygen beams used in
these stiudies were gencrated by a high pressure, radio
frequenc~ discharge beam source which has been described

17,18 The high energy atomic oxygen

in decta elsewhere.
bcam was generated by discharging a 10% O2 in helium gas
mixture .t 110 torr total pressure by 130 watts of R.F.
power. ‘he recsulting fast atomic oxygen becam had a mea-
sured pe k velocity of 1.95 x l()S cm/scc and a Mach number
of 5.8, .hich corresponds to a FWHM velocity sprecad o f

29%. Fo thesc studies the O2 seeded in helium beam was

run at r latively low R.F. power levels and at a relatively
high molvcular oxygen concentration in order to minimize

the exci cd state O(JUZ) content of the beam.18 Molecular
dissocia®ion was about 55% under these operating conditions.
The low neryy atomic oxygen beam was gencrated by dis-
charging a 10% O2 in argon gas mixturc at 250 torr total
pressure by 195 watts of R.F. power. The reclatively slow
atomic oxvgen beam produced in this manner had a measured
peak vel:city of 1.13 x 10S cm/sec and a Mach number of

3.9, whi h corresponds to a FWHM velocityv spread of 41%.

The 2l _olor oxygen was 209 di..ocisted voder the oncrating

conditions described above for the 10% OZ—Ar gas mixture,

and was free of any O(lDZ) content as determined by
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18

titration with a crossed becam of moleccular hydrogen. The

oxygen-rare gas pressurces were controlled by a vacuum regulator
in these studies to ensurc stahle beam source operation at
pressures below one atmospherc. A 5000 V/cm ion deflecting
field was placed prior to the intecraction zonc of the
scattering chamher in order to eliminate any interference
from ions present in the atomic becam. For both the high
and low nenergy cxperimonts the oxyeen beam was collimated
to an angular divergence of 2.2° hy two collimating cle-
ments placed after the source skimmer.

The benzene beam was run ncat for thesc cxperiments
at its room temperature vapor precssurc of about 90 torr.
The benzene reservoir was immersed in an o0il bath in
order to e¢liminate any rapid temperaturc fluctuations
due to air currents prescent in the laboratory. The entire
glass linc lcading from the benzene reservolr to the beam
source was hcated to at lcast 10K above the bath temperature
in order to prevent condensation of benzene in the gas line.
The nozzle tube and tip werce heated to 326K, as determined
by chromel-alumel thermocouples, agaln in order to prevent
condensation from occurring and to eliminate any benzenc
dimers or hicher palviers from bei- o rrocent in the terminal
beam. (A pure, slightly hcatcd benzene becam was decided

upon when preliminary testing of a 300 torr, saturatced
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benzene-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 ]04 cm/sec and a
Mach number of 5.8, which corresponds to a FWHM velocity
spread of 33%. Perdeuterated benzene, C6D6’ obtained from
Aldrich Chemical Company with 99.5 atom percent deuterium

conter.t, was alsc run as described for benzcne, and had a

peak velocity of 5.14 x 104 cm/sec and a Mach number of
4.9 (36% FWIM).
Initially th most probable collision energies for
both the 0 + C6H6 and O + C6D6 systems were 6.5 kcal/mole
(O2 sceded in helium) and 2.5 kcal/mole (0, seeded in argon).

The angular distrilutions shown in the next section were

taken at these encrgies. In subsequent experiments slightly
different beam conditions were employed (VO = 2.25 x 105
cm/sec, ;C qo© 5.30 x 104 cm/scc, and v 5.25 x 104

6t Celg

cm/sec) which resulted in somewhat higher mean collision
energies than those described above: 8.5 kcal/mole for

0 + Celg and £.6 kcal’mole for O + C6D6‘ The time-of-flight
distributions presented later in this paper were recorded
for collisions at thes: higher encrgies.

Laboratory angular distributions were obtained by

taking several scans of 60 second counts at each angle, with
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time normalization cmployed when warranted. The supersonic
oxygen beam was modulated at 150 Hz with a tuning fork
chopper and the number density data at cach angle was
obtained by subtracting the choppcr-closed count from the
chopper-open count. Product counting rates at the center-
of-mass angle for m/e = 65, the predominant mass peak for
the Cb”é reaction, werc typically 300 cts/sec and 80 cts/sec
for the high and low energy experiments, respectivelv. The
m/e = 70 signal for the CODG reaction was similarly found

to be 550 cts/sec and 50 cts/scc for the high and low

energy dcuterated 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 becam. Velocity analysis of the various beams was
done with conventional "single shot™ timc-of-flight
techniques. Product time-of-flight distributions were
obtaincd using cross-corrclation time-of-flight tech-

njqucszo’21

with a 255-bit pscudorandom scqucnce operated
with :+ 12 psec dwell time pecr channcl. Counting times
varied considerably depending upon the laberatory angle

and product mass under investigavion, with accumulation

times ¢~ 30 minutes being representative.
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RESULTS

Two distinct reaction channels were observed in this

study:
3 - o _ a

0( PJ) + CéHG C6H50 + H AH298 15.9 kcal/mole (1)
3 o -

O( PJ) + C6H6 Cb“SOH AH298 102.4 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:

O(3PJ) * Celg — CcHg + co AHE98 = -73.8 kcal/mole (3)
where the rcaction cxoergicity was calculated assuming, for
illustrative purposes only, that cyclopentadiene was the
CSHG fragment. Similarly, no OH product was detected in
these experiments indicating that the hydrogen abstraction
channel was closed:

O(3PJ) + Cb“b ~—*—C6H5 + OH AH398 = +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 eandothermic
abstraction to occur. The atomic oxygen reaction with
predecutcrated 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 C6H6 reaction.

Figures 1 and 2 show the angular distributions obtained
for the high collision energy studies of the 0 + C6H6 and
0 + C6D6 reactions. The highly excited primary reaction
products coming from channels (1) and (2), corresponding to
hydrogen elimination (mass 932) and formation of a long-lived
collision adduct (mass 94), fragment in the electron bombard-
ment ionizer of our mass spectromcter detector to give
CcHg' (m/e = 65 and C.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 CGDSO and C6DSOH’
respectively, CSDS+ (m/e = 70) and CSD6+ (m/e = 72), were
also the major fragment ions of the perdcutcrated benzene
reaction. The parent ions at masses 94 and 93 for CGHG and

masscs 100 and 98 for C Dg were also directly obscrved, but

6
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were of much lower intensity than their respective daughter
ions. This can be clearly scen 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 channcl products, have FWHM
angular spreads of 14° and 13°. These distributions can

be virtually reproduced by convoluting the finite velocity
and angular sprcads of the rcactant 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 {rom the addition products CG”GO and C6D6O' The
angular distributions of masses 65 and 70, having FWHM
angular spreads of 19° and 15°, are both wider than those
discusscd above duc to hydrogen or deuterium climination
from the collision complex. These differences in angular
distribution widths betwcen masses 65 and 66, and masses

70 and 72, rulec out the possibility that the fragment

ions having m/e = 65 and 70 arise entirely from fragmenta-
tion of the same parent spccies as masses 66 and 72. This
provides definitive proof that at a mean collision cnergy

of 6.5 kcal/mole hydrogen elimination constitutes one of

the two major open channels for the rcaction 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 v{a elimination of the relatively massive
CO molecule from the collision complex as conservation

of linear momentum would result in a much broader distri-
bution. 1In subsequent high energy experiments the mass
93 and 98 parent ion angular distributions were obtained,
and were found to bec 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-ot-mass directions.
The mass 65 and 66 curves of Fig. 3 are superimposable
within the uncertainty of the mecasurements (the error bars
in Figs. 1-4 correspond to 95% confidence limits). This
is very interesting and will be discussed later in this
section. The low cnergy mass 70 distribution is qualita-
tively similar to the O + c6“6 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 O + (D¢ experiments, but was of
little concern since the high energy mass 72 reactive _
signal wés much larger than the elastic signal. The high
energy mass 72 reactive signal was in fact more than 50
times larger thun 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 O + C6D6
system only after hydrogen climination was observed to be
a major reactive channel in the O + Cgllg 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.
{lowever, as seen in Fig. 2, this was not the case. The
2° FWHM angular width difference betwecn 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 + C6H6 and C Dg

6
systems.
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In Table I the relative intensities of the detected
ion masses, accurate to within 10%, are presented. These
values represent the relative signal lcvels 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 tﬁat

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) %ragments 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 + C6H6 (C6D6) reaction. The above fragmentation
scheme implies that the observed signal at m/e = 65 (72)

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 narrowed due to its contri-
bution from mass 94 (100). This explains the unexpected
narrow width of the mass 70 angulaf distribution shown in
Fig. 2 since the high energy 0 + CgDg 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
coilicion energy, therc is more of the addition product
formed in the CODO rcaction relative to the C6H6 reaction,
aad 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
arpument is based on the observed fragmentation pattern

of ground state phcnol.22 The proposcd fragmentation of
mass 93 to yield predominantly m/e = 65 1s 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 veay 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 duc 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

indicates that m/ec = 67 to m/e = 66 ratio is about 0.075.22

)

Carbon-13 containing fragments also become important in

the 1limit of low phenol production. The low energy
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0 + C6H6 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 bhranching 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 prcsent time, further compli-
cated by the known presence of O(lDz) in the high energy
(helium seeded) oxygen beam. Thus, somec product from the
rcaction O(IDZ) + C6H6 (CGDG) 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 erzrgy O + C6H6

(8.5 kcal/mole) and 0 + C D6 (8.6 kcal/mole) collisions.

6

These results provide what we belicve 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. These results support
our ecarlier conclusions. Figure 5 prescnts the cross- |
correlation time-of-flight (TOF) data for the 0 + C6H6
system taken 1° from its most probablc cecnter 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, notc that the mass 93 (parent mass of the elimiantion
channel) and mass 65 (daughtcr ion from mass 93) spectra
agrce very closely, especially at higher velocities. These
two data scts are also wider than the mass 66 spectrum,
indicating the influence of hydrogen elimination. There-
fore, the parcent-daughter relationship of m/e = 93 and 65
is clearly established. Next, the pcak of the m/c = 66
distribution peaks at the most probablec center-of-mass
velocity (5.83 x 104 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 anv high velocity pecaks 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 eclinination 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 10% 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

14

/e = 65 would be expected from fragmenta-
tion of mass 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 1limit of expected mass 93 velocity spread about
the most probable center-of-mass velocity, assuming 100%
of the available energy for the hydrogen elimination pro-
cess goecs 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 100% of
the available energy going to translation).

The TOF results for the O + C6D6 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 cenférvof-
4

cm/sec, As in the O + C_H

mass velocity, ca. 5.7 x 10 6He
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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 © = 42° and 62° was &lso 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 relati&e to the m/e = 72 spectrum is obvious,
with this increased width due to deuterium elimination.

The overall shift of these two curves to lower velocities
relative to the @ = 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 refercnce 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 reclative to the m/e = 72 spectra

is duc to the LAB to Center-of-Mass transformation. At

© = 62° the two curves are again separated in time space,

with their shifts relative to the © = 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 rerdcuterobenzene

beam.

DISCUSSION

Unler single collision conditions the O(BP) + benzene
reactions has been observed to proceed by two distinct
elementary reaction pathways. These correspond to the
addition of atomic oxygen to benzenc to form a long-lived
collision adduct, precsumably phenol, and to the substitu-
tion of atomic oxygen for a hydrogen atom, i.e., hydrogen
elimination. The branching ratio betwcen these two channels
has been found to be both isotopec and cncrgy 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
“aughter ion species was essential for unraveling the

complex reaction mechanism of this system.
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A schematic cnergy level diagram picturing the
important reuction 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 statc of phenol, as well as
the CO, OIl, and H atom product channcls were all located
with respect to ground state reactants by their heats of

25,24 A recent value for the heat of formation

formation.
of the phenoxy radical was used in fixing the hydrogen
elimination encrgy level.z5 The triplet biradical energy
level of phenol was fixed relative to ground state singlet
phenol by the cxperimentally detcrmined singlet-triplet

26 L hich is

transition encrgy observed by Lewis and Kasha,
in good agreement with the splitting calculated by Dewar
and Trinajstic.27 The ground vibrational level of triplet
phenol is stable by ca. 21 kcal/mole with respect to
reactants. The first excited singlct state of phenol, Sy
has not been shown in this figure, but is known to fall
about 105.8 kcal/mole above SO’ the ground singlet state

28,29

of phenol. This experimentally determined Sl—SO

splitting is in fair agrcement with that calculated by

i
Dewar and 'l“rinojstic."7

The two dashed curves recpresent
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 CSHG (which is represented as cyclo-
pentadiene in the figure). The pyrolysis studies of

Cypres and Bettens30 indicate that the CO and CSHﬁ 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 El and E2 in Fig. 7.
Finally, the entrance barrier of the O(SP) + benzene
reaction has not bcen drawn explicitly, but is known to
be present due to the ca. 4 kcal/mole activation energy
of this reaction.12 With this energy level diagram in
mind our conceptualization of the reaction mechanism is
now presented.

The initial O(SP) electrophilic attack on benzene
probably forms a triplet biradical adduct whose lifetime
is belicved to be < 1 nsec. This highly energetic reaction
intermediate can then decay by a variety of channels: it
can chemically deccompose back to rcactants, climinate a
e e - .. wwm .- - -, . © .- ™) S e O
hydrogen atom, or, via a radiationless transition, cross
into the SO manifold of phenol. IHydrogen elimination
from the triplet biradical is viewed as being a more

favorablc decay route than oxygen elimination as it is

the morc exoergic process. The relatively long lifetime

- cwsww - w s e T
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associated with radiative T,-5, 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 is 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 C6H60 (presumably
phenol) formation. Conscquently, 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 S0
phenol is quite long, always >1 msec, in agreement with
our observation that some m/e = 94 (100) product from the
C6H6 (C6D6) 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 CcHg - 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 T1 - S0 surface crossing probability increases
with increcasing energy in the regime 23.5 to 27.5 kcal/mole
above the minimum cnergy configuration of Tl' Sloane15
has performed a crude SCF calculation which fixes a T1 -
S0 crossing point at ca. 38 kcal/mole above the minimum

energy configuration of T Although this was not a

1
"chemical'y accurate' value it bears out the possibility
of an encrgy dependent branching ratio. Also, a small
energy barricr may be present in the T1 energy surface
for the geometrical rearrangement of the initially formed
trip et adduct (O and H 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 nonradiative T SU transition are pro-

1
bably larger for the 'phenol-like" triplet configuration.
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The near total absence of phenol product in our low energy
0 + C6H6 cxperiment (as indicated by the low relative
intensity of m/e = 66, with some of this due in fact to
13C containing C6H6) may also indicate the presence of the
implied encrgy threshold necded to access the Tl-S0 surface
crossing.

Also in question is the actual distribution of total
cnergies present in the reaction intermediate. Several
kinctic studies have confirmed the existence of a 4
kcal/mole Arrhenius activation cnergy in the rcaction of
O(3P) with bonzcne.lz This implies that a small entrance
channel barrier is present in the triplct surface. Thus,
although the most probable collision cnergies are 2.5 and
6.5 kcal/mole, the most probable excitations of the triplet
adduct may be greater than thesec collision energics indi-
cate. This is certainly truc for Sloanc’sl5 crosscd
ef{fusive beam study as his post probable collision energy
was only 0.01 kcal/mole. Apparently collisions involving
molecules in the high cnergy tails of his Maxwellian
disributions werc the ones leading to reaction.

As mentioned above, the rclative intensity data pre-
sented in Table I also indicates that the branching ratio
between hydrogen climination 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
Tl-SO transition are isotope dependent. The elimination
channel is sensitive to the "primary isotope effect”,31
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 dcuterated
transition state due to the substantially lower zero-point
encrgy of the deuterated reactant relative to the values
for the hydrogenated 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 T,
due to the slower rate of decompositicn of the perdeuterated
triplet adduct.

Actually, deuteration should also decrease the rate
of the spin-forbidden Tl-SO nonradiative transition. This

_7
is a consequence of Siebrand's32 36

"energy gap law"
which states that the radiationless transition rate is an
exponentially decreasing function of the encrgy gap.
Deuteration incrcases the dimensionless energy gap
AETSﬁﬁba where wy is the frequency of the accepting mode

(CH or CD strectch). 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 increcases the quantum
number of the accepting mode duc to its lower zero point
energy, clearly decrcases the nonradiative transition
rate. This discussion indicates that the elimination/
intersystem crossing branching ratio should increase
upon deutcration duc to the slower nonradiative decay
ratc of the triplet adduct. The experimtntally ohscrved
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 presencc of products duec to O(]Dz)
{(which is known to be present in the high cnergy oxygen
beam) doecs 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 influcnce the
product branching ratio. Finally, in thc above con-

ceptualization of the overall rcaction mechanism, opening
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of the aromatic ring and the possible influence of other
low lying electronic states (Sl and T2) were neglected
as the information content of the present data neither

suggest no warrant their consideration,

Earlier studies of the O[EP) + benzene reaction had
reported that CO elimination was an important reaction

4,15 Our results indicate that CO eclimination,

pathway.
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. S 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 view 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-
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flight analysis of the rcaction products coming from

3 B -
low energy O("P) + C6”6 (C6D6) collisions must also be
carried out in order to determinc whether CO elimination

is an open channcl under those conditions. As Boocock

and Cvctanovidé's cxpcrimcnt4 was carried out under "multiple
collision conditions' sccondary rcactions involving O(SP)
atoms and radical products might bc the source of their
obscrved CO. More importantly, Sloanc]5 also postulated
that CO climination was a primary recaction channel. This
was bascd on his observation of a strong m/c = 66 signal

in his crossed effusive beam experiment, which cmployed a
fixed (non-rotatable) clectron bombardment ionizer-quad-
rupole mass spectrometer detcctor. On the basis of the
appearancc potentials obscrved for C5“6+ (minor threshold

at ca. 9.0 eV and major product threshold at ca. 9.6 eV)

he proposed that cyclopentadicne was a minor product

and that 3-pentenc-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 O(SP) + benzene rcaction has > 102.4
kcal/mole of internal excitation relative to ground state

phenol it is not surprising that the appcarance potential
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for C.H, ' production is shifted to a lower value than that

5°6
found for internally cool phenol. Although Sloane dis-

cussed the above probability15 he ultimately concluded
that €O elimination was a major reaction pathway. This
conclusion is contraindicated by the results of our
experiment.

The presence of viscous, polymeric rcaction products
in gas phase studies suggests the precsence of radical
recaction products. Our ohservation that the phenoxy
radical (H atom elimination is a major rcaction product,
especially at low collision energies, supports this con-

tention. The results of Mani and Saucr6 and Bonanno

>

et al.8 strongly suggest that under multiple collision con-

ditions the rcaction proceeds with a slow (rate determining

initial attack of O(SP) on benzene, followed by subsequent

radical-radical reactions which lead ultimately to poly-

meric products. The discrepancy between the rate constants

determined by Atkinson and Pittslo and Colussi et a1.4 may

be due to O(SP) consumption in the former study by reaction

with radicals formed in the initial O(SP) + benzene
Teaction., Spectroscopic examination of the polymeric
residue using IR absorption and NMR suggests the presence
of -OH, C-0-C, and -CHO functional groups.8 Mass spectro-
metric analysis of the polymeric residue yieclds many mass

pecaks, with m/e = 185 being the highest value observed.8
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We think it is possible that sequential attack of phenoxy
radicals on becnzenc, and subsequently on the more rcactive
benzene-phenoxy reaction products, could produce a long-
chain polymer, which, upon jonization, would yicld mass
185 as a pecak. This f{ragment might be an cther-1like
substancc: (C6H5-0~C6H4»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 Bonanno ct al.

CONCLUSION

The reaction of O(3P) with benzene has been shown to
initially proceed by the addition of atomic oxygen to
benzenc, presumably forming a triplet biradical inter-
mediate, which subscquently decays vdia cither hydrogen
elimination or nonradiative transition to the Sy manifold
of phenol. The branching ratio between these two reac-
tion channels has becen found to be both isotope and
energy dependent, with the addition channel being favored
with respect to elimination for increasing collision energy
and deutcrium substitution. Our results unambiguously
confirm that oxygen addition and hydrogen elimination are
the major open reaction channels while CO climination,

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 usuing mass spectromctric
particle detection are extremcly wcll suited for unravel-
ing the complex reaction mechanisms of gas phase radical
reactions. This is due to the dynamic and energetic
constraints which arc imposcd on the reactive roducts
produced in a bimolecular reactive collision. Future
studies using our supersonic atomic oxygen ' 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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Table I.

Relative Intensities of the Detected Ion Masses.

| Collision Energy
Mass Species 6.5 kcal/mole 2.5 kcal/mole
94 C, H.OH 0.01 < 0.00S
65
93 CGHSO 0.08 0.01
0 + C6H6
66 CSH6 0.21 0.08
65 C5h5 1.00 1.00
100 C6D50D 0.04 < 0.005
98 C6D50 0.04 < 0.005
0 + C6D6
72 CSD6 1.05 0.18
70 CSDS 1.00 1.00

-S9t1-
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CAPTTGN,

. . . 3.
Supalar dictribuation . {rom the reaction O07P) +

G, L= 6.5 kcal/nole.  The nrimary reaction
6 C * .

prodocts formed were O H.O and 10 BOH,) whiceh
TR 60

cubcequently fragmented during electron hortard:

ment Ionilration,

Angular distributions from the reaction O(7P) +

CPe o Iic = 0.5 Foal/mole.  The primary reaction
1 1 N

products formed were € DO and C Db 0D, which
5 [
subscquently fragmented durine c¢lectron hombard-
ment loniration.
Angular distributions from the reaction O07p) +
G H E= 2.5 kcal/mole.
Angultar distribution {rom the rcaction 0(31’) +
b o CoDb, O+ D LoF 5o keq > Jate
(()lb (()15 b, I(_ 2.5 kcal/mole Data
corresponding to the addition channel could not
be obtained due to the presence of an m/e = 72

contaminant in the C(h beam.

5O
Product time-of-flight data for the high energy
Cb”h reaction. The excellent agrcement between
the m/e = 93 and m/c = 65 spectra confirms that
m/e = 65 is a daughter ion of the CeHcO reaction
product. The absence of any fast m/e = 66 or 65

signal indicates that CO elimination is a



relatively minor reaction pathwav.,  All spectra
have bLeen corrected for thelr respective ion
flight time offsects.  Newton Jdragram key:

Targer circle indicates expected mass 660 velocity
if 10% of the available cenerey from the €O
climination channcl goes to product translation;
smaller clrcle indicates expected mass 93
velocity if 100% of the available cencergy from

the hvdrogen atom elimination channel goes to
sroduct translation,

Fig. 6. Product time-of-flight data at three laboratory
angles for the high cnergy Cbnb rcaction. The
low velocity tail of the m/c = 72 spectrum at
0 = 62° is duc to cffusion of a contaminant {rom
the COHO differential pumping region. All spectra
have been corrccted for ion flight time offsets.

Fig. 7. Energy level diagram of the O(BP) + benzence
reaction, FE. and HZ corrcspond to the two

1

collision cnergics 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 s;hdies) is well defined with respect

to it nd

5]
[

velocity, angular divergence, incident angle,
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 .{nifi{af 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 tcchniques are
being uscd to study the process of gaseous condensation.
Valuable information on the detailced dynamics and energetics
of this process can he obtained in molecular beam scattering
experiments which was previously inuccessihle in more con-
ventional studiecs. In particular, we have set out to
understand whether, and to what extent, excitation of a
polyatomic molecule's internal deprees 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
cnergy transfer mechanisms, it is also of fundamental
significance to future hcterogencous laser isotepe scparation
schemes.  Furthermore, it is also desirable to understand
how both internal and translational encrgy influence stick-
ing probabilitics as the resulting physisorbed molecules
are, in many instances, the precursors to chemically important
chemisorbed species. 1In this study molecular becams are
thercfore becing used to investigate the microscopic
behavior of physical adsorption and gas-surface ecnergy
exchange mechanisms, which should enable - to improve our
understanding of the macaoscopic, and ph ally important,

process of pascous condensation.
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Recently, both theoretical and experimental

investigations of the internal cnergy dependence of mole-
cular condensation have appeared in the literature,
Gochelashvili et al.] have sugpested that the sticking
coefficient, ¢, for polvatomic molecule: should he

cxpressed as ¢ = 1 - exp(vﬁc/ ) where L( Is the

I
tot

critical adsorption eneryy and Ltot rejpresents the total

eneryy of the incident moleculte, E I3 bt
e ve '’ tot trians vib

hTot' From this cxpression they infer that the reflection
probalbility difference between selectively excited mole-
cules and uncacited onces may sceryve as the basis for
heterogencous laser isotope scparation,  Thelr nmodel is
obviously a large oversimplification of the cncrgy transfer
pathways for this process. Basov et al.  huve proposed a

modcl which suggests that local heating of the phonons in

g

the immediate region of an adserption cvent {duc to
deposition of B aayv lcad to reevaporation of the
adsorbed entity. Again, this i1s an hig¢hly imprebable
description of the condensation process.  Karlov and

2
€. tan” have proposod that the enhanced reflection pro-
bat ility of excited lecules nmust critically depend on

the cificicency of V> T cnergy exchange during the initial

collision cvent., Finally Do]]3 has proposed a simplc,

phenomenological model to describe internal energy offects
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in condensaticn phenomena which suggests, based upon
adiabaticity arguments, that rotational and low-frequency
vibrational cxcitations will have a significant influence
on molecular sticking probabilities. All of the above
descriptions, in spite of their simplified nature, do
predict that internal ecxcitation should inhibit conden-
sation. Experimentally, much controversy still exists
over the existence and extent of internal cnergy effects.
The Russian bulk kinetic experiments with CO2 and CO
excited in clectrical dischnrges4 and with laser excited
BC]SS suggest that the effects are significant, However,
the internal encrgy effcct reported in the laser excited
BCl3 experiment has not been observec in an attempted
reproduction of that cxporiment.ﬁ

It has also bcen suggested, for strongly interacting
chemical systems which have an energy barrier in the exit
valley of their potential cnergy surface leading to chemi-
sorption, that excitation of a molccule's vibrational modes
should promote its probability of dissociatively chemi-
sorbing upon impact with a catalytic surface. Stewart and
Ehrlich7 have noted in field emission experiments that
vibrational excitation of CHy by thcrmal heating appears

to promotec its dissociative chemisorption on rhodium,

Yates et al.8 have shown in thermal desorption studies
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that laser excitation of the CH4 Vs and (indirectly) 2v4
and v, modes does not significantly promote its chemi-
sorption on Rh(111). Recently Ehrlich and his coworker59
have also shown that excitation of the mcthane vz mode to
either its first or second ¢ cited level doecs not actively
enhance its probability of di sociative chemisorption on
cvaporated films of rhodium, 'n another system of chemical
intercst, Gelb and Cardillo,lo on the basis of thecir
classical trajectory calculations, have predicted that the
probability of i, dissociation u on collision with Cu(100)
should increasec 40-fold when the B is placed in its first
vibrationally excited level.

In this paper a scriecs of experiments will be des-
cribed which have directly confirmed the cxistence of an
intcrnal cnergy dependence of molecular sticking prob-
abilities for collisions of rotationally and vibrationally
excited molecules with a cold surface. This internal
energy depenilence has been explored as a function of
incident translational cnergy for velocity selected, and
thermally excited molecular beams of CCl4 and SFG' A pre-
liminary report of the CCl4 results has been previously
reported in the ]iterature.11 Thermal excitation rather
than laser (state-selcctive) excitation was employed in

these studies as thec main interest was to establish the
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presence, and to gaugc thc cxtent,of internal energy effects
in the process of gaseous condcnsation. For relatively
large polyatomic molecules, such as SFb’ thermal excitation
allows us to "excite" virtually all of the incident mole-
cules. Resonant IR lascr excitation would only

allow perhaps a few tenths of onc percent of the incident
becam to be ¢xcited duc to the relatively large partition
function of these molecules (i.e., low population in any
particular quantum statec). The data presented primarily
consists of angular distributions, velocity distributions,
and intensity measurcments of rceflected molecules as
functions of incident becam velocity, internal energy, and
surface temperature. In addition to the internal and
translational energy denendence of sticking probability,
results on cnergy accomnodation and non-conservation of
tangential momcntum arc also reported for SF6 and Kr beams
scattering from surfaces composed of their respective

condensed (amorphous) iczs,

EXPERIMENTAL
Qur crossed molccular beams apparatus, which is

similar in design to one which has been previously des-

12

cribed in detail, was cxtensively modified for this
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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 CCl4 utilized a liquid nitrogen cooled surface which
employed gravity fill of the crycgen to cnsure 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. 1In subsequent studies involving SF6 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 &s low as ca,
10 X 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-
ing procedure similar to that described by Ahearn et al.13
2-mercaptobenzothiazole was used as the nitrogen containing
additive in our polishing proccdure.l3
The main scattering chamber was pumped by an unbaffled
5300 1/sec diffusion pump using DC-705 o0il, and by a liquid
nitrogen cooled cold shield which is very effective in pumping

condensible gases, The base pressurc of the scattering
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chamber was ca. 1 x 10_7 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 > 99%, indicating
that a relatively "clean'" surface, consisting of an amorphous
ice of the incident beamgas, was always presented to the
incident molecular beam. Without UHV conditions in our
main scattering chamber fairly well defined target surfaces
were therefore generated via constant deposition of a large
percentage of the incident beam. The scattered particles
analyzed in these experiments were the ~1% (or less) of the
incident flux which did not condense upon impact with the
cryogenic surface.

Figure 1 is an assembly diagram which outlinés the
important experimental components, The effusive, heated,
and velocity selected beam source constructed for this
experiment permits independent variation of TB and Vg the
becam tempcrature and beam velocity. This in turn permits
the study of gas-surface collisions involving polyatomic
molecules having different internal encrgies (i.c., beam
temperatures) but the same translational energics (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 wirec at a turn
density of 2.75 - 3.15 turns/cm., The wire hcater extended
from the front tip of the quartz tube to a point ca. 50 cm
back {from the tip in order to ensurc 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
0D/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
protcct the rest of the source from ecxcessive heating,

and to cnsure proper heating of the oven by blackbody
radiation. A chromel-alumel thermocouple was attached to
the inner quartz tube, and onc was also embedded between
the outer quartz tube and the tantalum radiation shield,
in order to monitor oven temperaturc. The truec oven tem-
peraturc was actually obtained by fitting the effusive
velocity distributions produced from the source to
Maxwellian distributions as a function of oyen power.
Plots of thermocouple voltage versus becam temperature were
thon constructed for the two oven thermocouples, resulting
in linear calibration curves. Extreme carce was taken to

ensurc 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
been previously described.l4 Briefly, 1t 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 20%
FWHM Av/v bandpass function and was found experimentally
to have a A conversion factor15 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 CCl4 and SF6 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-{light
(TOF) tuchniques at a dwell time per channel of 4 pscc.
The velocity selector could be operated at frequencies up
to ~400 Hz (most probable transmitted velocity ~8 x 104
cm/sec) and the source oven temperature could easily be
varied between room temperature and ca. 700 K. These TB
and v, ranges permit the internal energy (Ei) to trans-

B
lational energy (Et] ratio to varied over a widc range
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for polyatomic molecules. For the CC14 experiment the
oven temperatures used were 298 K and 560 K, and for

SF¢ these temperatures were 300 K and 698 K. The CCl,
beam was run by immersing the CCl4 reservoir in an ice-
water bath, with the resulting vapor passing through a
serics of needle valves before entering the beam source.
Similarly, after the SF6 was passcd through a vacuunm
rcgulator its flow was throttled down by a series of
necedle valves. Beam stability in both experiments was
found to be excellent after initial oven transicnts
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 scrics of defining elements
to a FWHM 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 minimi:ze
heat cxchange with the surrounding envirvonment. The sur-
face temperature was continuously monitored with two iron-
constantan thermocouples which were referenced to ice-

water junctions. The vacuum feedthroughs for these
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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-1line 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 sclector settings.
However, subsequent measurements of reflected angular and
velocity distributions revealed that beams scattcring from
room temperature (dirty) copper surfaces always thermally
accommodated to TS, the surface temperature, as manifested
by their cosine angular distributions. The surface was
thercefore acting as a "beam normalizer" since all incident
beams, regardless of their initial velocity distribution,
scattered with 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
planc, when the closed-cycle refrigerator was added.
Alignment of the target surface for both setups was done

by reflection of a HeNe laser. Final machining of the
second gencration 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, ei, was fixed at
50° from the surface normal.

The particle detector used in these studies consisted
of a triply-differcentially pumped clectron bombardment

ionizer/quadrupolc mass spectrometcr.12

It could rotate
about the surface allowing angular distributions and
relative number dersity mcasurements to bec obtained for
reflected angles between 30° and 90° with respect to the
surface normal. Only in-plane scattering events were
detected, with the plance 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 TOF techniquesi”» 1O

were used, employing
a 255-bit, ~50% duty cycle pscudorandom chopping scquence
operated at 12 pscc/channel dwell time. During the initial
TOF 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 TOF'chopping disk. This was donec as radiative

heating of the target surface from the TOF 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 measuremcnts 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 CCl4 experiment the detected
ion was actually CC13+ while for the SF6 experiment it was
SF5+. These daughter ions were of much higher intensity
than their respective parent ions.

Finally, this series of condensation experiments was
performed at > 99% 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
ineclastically scattered molectles are typically 10_12 sec,
Thus, by gating the counting electronics at 150 Hz, as
.nown in Fig. 1, the inelastically scattered molecules

can be distinguished from those having 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 desirablec as the scattering events carrying the
important dynamical information arc the inclastically
scattered ones. This experiment therefore overcomes one
of the main experimental difficultiecs associated with
studying gas-surface collisions, as was bricfly discussed
by Zwanzig17 in his paper on gag-surfacc collisional energy

transfer.

RESULTS

Angular distributions have been obtained for CCl, and
SF6 as a function of incident velocity, internal energy,
and surface tempcrature. The scattering behavior for these
two molecules was found to be quitc similar, as demonstrated

below. All scattcred angular distributions that werc
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measurcd above cach molecule's respective condensation
temperature were cosine in chape with respect to the sur-
face normal.  This, by i1tself, only indicates that the
copper substrate was microscopically rough and contaminated
{as 11 was), and that the incident hean was po.sibly
thermally accommadating to 15, the surface terperature.

The upper portion of TFig. 2 shows one of the first experi-
mental angular distributions obtainced for CCl, scattering
from a room temperature (dirty) copper surface.  The small
deviations from the solid cosvine (6) curve can be attributed
in this case to slight misalipnment of the ~urface.  Sub-

sequent angular distributions obtained for CCI Sl and

4 "l
several rare pases could be well fit with the cosine (6]
function. 1n order to resolve the question of possible
thermal accommodation to T, scattered particle TOF distri-
butions were recorded for several gasces as a function of
incident translational encrgy. The three curves shown in

Fig. 3, for incident SF_ mean veclocitics of approximately

6
2.0 x 104 cm/sec, 3.5 x 10" cm/scc, and 5.0 x 1o? cm/sec,
cenclusively demonstrate that thermal accommodation to TS
is in fact essentially complete. The proof for this is

that thec three scattered particle velocity distributions,

in spite of their different incident distributions, were

superimposable with cach other, and could be fit with a
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calculated 300 K Maxwellian flux distribution (dashed lines
in Fig., 2). The deviations at low velocities are an arti-
fact of the cxperimental TOF measurcenent, with the low velo-
city cut-off duc to the finite widthof the TOF chopper disk.
TOF measuresents for CFIJ, S%b‘ and K oreveaied that thermal
accommodation to the surface temperature continued with
decreasing T, until cach molecule's condensaticn temperature
was reached.  This was very fortunate as it allowed us to
monitoer incident beam flux, as a function of velocity
sclector setting and oven temperature, by simply making

relative reflecr d number density measurcements as a function

o«

of thesce paramerers at T, > TC, the condensation temperature
for cach molecule. (Since all reflected velocity distribu-
tions were identical, the retative number density measurements
taken with our detector were cxactly cquivalent to reiative
flux determinations.) This alleviated the need to con-
tinually remove thoe target surface from the bhcam-lince during
the course of the cxneriment, as was described in the pre-
cecding section of this paper.,

When the surface temperaturc was dropped beclow the
(J(Z]4 condensation temperature, TC(CC14) x 142K, to TS =
117K a very intercsting angular distribution was recorded,
which is shown in the lower portion of Iig. 2. This distri-
bution appears to bc a "hybrid", consist.ng of some mole-

cules which scattered with a cosine (6) dependence, and
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others which scattered in a specular-Tike manner.  As Ts =

117K corrcesponds to a Cﬂld

90% (as determined from the counting rate at the specular

sticking probability of about

anglce) this view scems plausible.  This indicated that
still lower surface temperatures would be needed to study
inclastic scattering events as the large contribution
from trapped molecules (those which had bheen adsorbed,
thermally accommodated, and subscquently recvaporated)
still dominated the detected sipgnal.

The anpgular distributions taken far bhelow the CC]A
condensation temperature exhibited o marked difference
in shape from thosc discussed above. Figure 4 shows the
angular distributions taken with TS = 90K and TB (oven
temperature) = 298K, while Fig. 5 shows those obtained
with TB = 560K, for secveral different incident velocities.
for CCl,, T. = 90K corrvesponds 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
pcak 15° superspecularly from the spccular angle of 50°.
Typically, counting ratces for the distibutions shown in
Figs. 4 and 5 were 10 counts/sec, taken with a m/c = 117

background of 125 counts/scc. 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 CCl, molecules cxperi-
cnce constant relative momentum loss collisions with the
surface. Future TOF studies will allow this interesting
feature of the data to be studied more closely.

N L 18 ..

If we assume, as in a hard cube model, tuat the

tangential momentum of the C(‘.]4 is conserved during the
collision, then we can arrive at fewea bound cstimates of

the cnergy accommodation cocfficients, « from the angular

L’
distributions shown in Figs. 4 and 5. These estimates can
be casily calculated by noting the deviation of the angular

distribution pcaks from the specular angle. The energy

accommodation coefficicent is defined as
_ i T
ay = EEas S e (1)

where hi is the incident beam translational cnergy, Er is

the reflected beam translational cnergy, and Eg is the mean
translational cnergy of a moleccule at Tg. Within this

simple f(ramework ay: for CC14 is found to be ~0.37 for vy ©
2.5 x ]O4 cm/sec and ~0.30 for v, = 5.0 x 104 cm/sec.
These values correspond to a 45% rclative momentum loss in
the mo.entum component perpendicular to the surface, and

a 0% loss in the momentum component tangcntial to the sur-

face. Again, these o values are only crude lower bound
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estimatecs, as tangential monentum loss almost certainly
occurs during the scattering of hcavy polyatomic molecules.

The TOF data for SF, presented later in this section bears

6
out this point. lowever, the overall skewing of the CC1,
angular distribution with respect to the specular angle,

Os = 50°, does indicates that momentun accommodation occurs
to a greater extent in the dircection perpendicular to the
surface than tangcential to it.

Figure 6 shows thec SF, angular distributions that

§
were obhtained at TS = 50K for threce different incident
velocities. Typical counting rates at v, T 3 0x 104 cm/scc
werc 25 counts/sce, with a m/c = 127 background rate of
230 count/scc. Signal rateswere substantially higher for
faster incident velocities, This surface temperature
corresponds to > 99.5% sticking probability for SF6 at
thosc velocities. Once again, the angular distributions
do not vary very strongly with either incident velocity
or becam temperature. The lack of variation with hean
temperature (internal cnergy) may indicate a weak coupling
of internal to translational cnergy. However, due to the
relatively large mass of SFO only slight angular shifts
would be cxpected.

Using cross-correlation TOF techniques the question

of SF6 cnergy accommodation was explored in much greater

detail than during the CC14 cxperiment. The data shown
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ir Fig. 7 represents a scrics of SFO reflected velocity
distributions, taken at the specular angle, as a function
of surface temperature. The dashed lines in ecach section
of the figurc reprecent the calculated SFO Maxwellian
flux distributions at cach surface temperature. The
experimental TOF dustributions can he fit extremely well
with the Maxwellian distributions for TS = 280K, 100K, and
80K indicating comjicte SFO thermal accommodation to
Ts' The low vclocity deviations, as discussed earlier,
arc an artifact of the mecasurement. However, as the sur-
face temperature was further lowered (rom 80K to 70K,
S0K, and ultimately 20K the experimental velocity distri-
butions became fasfer than the Maxwellian distributions.
This clearly demonstrates that we arc in fact analyzing
inelastic cvents, rather than trapped and recvaporated
oncs, for very low TS values. Note also that the onset
of condesnation for SFQ was found to occur at TC z 79K,
in good agrcement with the data shown in this figurec.
Important information about momentum exchange and
encrgy accommodation can be obtained from the TOF distri-

butions shown in Fig, 7. Table T summarizes the data

taken at the specular angle for SF6 with TB = 300K.
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Tahle I

EE“ Lnergy

Accommodation

e . PN AP PR IS P D
IR . SRYASE YL
740 .82 0.29 2.21
50 0.77 0.50 3.18
20 0.77 0.25 6.74

The encrgy accommodation cocefficients shown in this table
indicate that an extreme loss of energy 1s occurring upon
impact with the surface. Analysis of the final velocity

components tangent and perpendicular to the surface con-

clusively demonstrates that fangent{af momentum {4 not

ceuserved for collisions hetween SFh and an amorphous ice

surtace of SFG. The energy exchange diagram shown in
Fig. & clarifies this point. In this figurc Vs Or, Vi
and Oi are all determined experimentally. Therefore, by

measuring the reflccted velocity distribution at a given
angle an unambiguous analysis of momentum exchange can be

carried out. The ap values listed in Table I can conly be

cxpluained by assuming tangential and perpendicular momentun

loss, as indicated by the solid triangle whose sides are

Vis Vel and YLrirlFig. 8. The apparent weak dependence of a
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on Ts at low surface temperatures (i.e., in the limit of

preferentially removing all thermally accommodated SF6)

indicates that impulsive collisions are dominating the

scattering.

Similar deta was obtained for Kr scattering {rom

krypton icec as a function of TS. This is shown in Fig. 9

and briefly summarized in Table IT.

Table 11

Krypton Enewvrgy Accommodation

TS(K) ap <15r>/<lij> <Er>/<LS>
40K 0.99 0.14 1.09
25K 0.77 0.29 3.75
20K 0.79 0.206 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 (TC(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 theorctical
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curve on its high velocity side may be rcal, and can possibly
be explained by microscopic reversibility arguments. Very
bricfly, one might expect evaporating particles to be
slightly deficient in high velocity ecvents 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 translational and internal
energy influence the sticking probability of CC]4 and SF6
for collisions involving these molecules and their respective
condensed phases. In Fig. 10 the rclative reflection

probability for CC] as a function of incident velocity,

4°
is shown for two differcnt oven temperaturcs (internal
energies), TB = 298K and TB = 560K. These curves were
generated by measuring the relative amount of flux reflected,
as a function of velocity sclector sctting, for TS = 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 tempcrature
and velccity selector sctting, to the incident beam flux

for the same values of Vi and TB' Two clecar trends can be
seen from the data shown here. First, reflection probability

has a very strong depcndence 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 energics differ at low incident
velocities, and asymptotically merge with cach other in
the limit of high incident velocity. This is the first
indication that the internal encrgy (i.c., the energy
stored in rotation and vibration) of a polyatomic mole-
cule can influence its sticking probahility, c, where

RP (reflection probability) = 1-c.

The above results, obtained as a function of velocity
sclector frequency, needed to be deconvoluted with res-
pect to the bandpass function of the selector since the
transmitted velocity distributions were fairly wide,
having a FWHM Av/v of about 20%. This was accomplished
using an iterative, ratic method deconvolution procedure.
Following thc basic form of Siska's itcrative deconvolution

19
procedure we have:

1

£, (V) h(v) (2)

£ (V) (V) [h(v) /g%, ] (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

th de -

selector transmission function, and fn(v) is the n
convoluted (unfolded) approximation to h(v). The actual

convolution integral, g*f, was defined as:

S
gt . = dv'g(v,v')f (v')
Vi
n .
S 3 B )
i=1

where vy and v are the initial and final velocities trans-
mitted by the sclector at a given frequency. The actual
g(v,v') distributions wecre obtained with high resolution
singlc-shot TOF operating at 4 psec/channcel dwell time.

The convolution integral was calculated with trapczoidal
rule numerical integration. FEach successive h(v) was
generated by least squarcs fitting a fourth-order poly-
nomial to fn(v), where fn(v) = RPn(v). After a few

iterations, typically 3-5 cycles, the deconvolution pro-

cedurc converged, and was tested by refolding fn,fjnal(v)
with g(v,v'):
[’ |
v % = r vty f 1 N ,
& fn,final J dv'g(v,v')f(v') = h(v) (5)

i
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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.
However, for relatively fast velocities (v > 4.5 x 104
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 CC14.

The internal energy dependence of condensation prob-
ability can be expressed in a quantitativec manncr by
plotting the ratio of the refleciton probability curves,
for different oven tcemperatures, as a function of incident
velocity. We have explicitly calculated the reffectdion
enhancement facton, EF, which is actually the ratio of
rclative reflected fluxes for molecules having the same

translational velocity, Vi and different internal

energies:

i

(Fraction of flux reflected; TB 560K)
=(Fract10n of flux reflected; TB 298K) (6)

1

EP(TS = 90K, Vi)

90 _90
n_" v
Incident {Tux (IB; Vi) T = 560K

090 V90
T T o

Incident flux (TB; vi) I

= 298 KX
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where nr90 and vr90 are the reflected number densities
and velocities at TS = 90K for each becam temperature.
Figure 11 shows the ET values determined for CC]4, which
were obtained from Fig. 10 using equation (6). The
solid linec 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 EF curves shown in

this figurc conclusively demonstrate that internal
excitation of a molecule's rotational and vibrational
degrces of freedom leads tu an incrcasc in its reflec-
tion probability (decrcasc in sticking probability) in
the limit of low incident velocity. LF = 4 implics that
internally excited CC]4 molccules with ML 2.7 x 104
cm/sec are four timcs more likely to scatter from the
CC]4 ice suface than vibrationally and rotationally
'"cool" onecs. Furthermore, the EF curves shown in this
figure indicate that in the 1imit of high incident
velocities EF goes asymptotically to unity, indicating
that internal excitation has little influence upon con-
densation probability for high cnergy particles. This
will be discussed in detail in the next scction of this
paper. Note that the actual VTQO valucs which appear

in equation (6) were not ecxperimentally determined here,

and that the EF values shown in Fig. 11 werc 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
reflected velncitin Th- F¥ valo o of Fig. 11 may there-
fore be viewed as lower bound estimates for enhanced scatter-
ing duc to “nternal excitation.

Figures 12 and 13 show rcspectively the reflection prob-
ability curves and rcilection enhancement factors for SF6
with oven tcmperatures 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 1imit of
low incident translational encrgy. The velocity range explored
in these cxperiments could not bec extended to inciude velo-
cities lower than abont 2.5 x ]04 cm/scc or higher than 5.5 x
1D4 cm/sec due to the extremely low signal level of the

TB ~ 300K data in thesc velocity »cgimes. The RP(v) and EF(v)

series of beam-surface scattcring experimnents.

Extreme care was taken to guarantce that these

reflection probability distributions were not an artifact
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A

N £ ~ 4 3
1 error., The reflection

retomatic experiment iC <

of some gy perimenta
probability was monitorced in a scrics of tests as a
function of bheam intensity, and wane found to lincarly
track the beam intensity. This indicated that impurities
on the surface (from background pgas in the scattering
chamber) were not significaatly affecting the results,
Morc importantly, the actual transmitted velocity distri-
butions for the hot and room temperature source settings
were not always superinposable for the same velocity
sclector frequency. This occurred since the bandpass
function of the selector was folded with the shape of

the flux distribution c¢ffusing from the quaftz slot.

At high vclocitics the long tail of the high temperature
flux distributions skewed the transmitted velocity
distributions to higher velocitiecs, Figures 14 and 15
show the actual incident CC]4 and SF6 velocity distri-
butions, as a function of velocity selector frequency,

for both room temperaturce and c¢levated source temperatures.
These curves were obtained by taking TOY measurcments with
the detector looking dircctly into the transmitted beam.

The low frequency distributions for hot and room temperature
beams virtually superimpose for both CCl4 and SF6, while

at higher frcquencies the hot distributions are noticeably

skewed to higher velocitics. The virtual overlap of the



low {requency distributions for different source tem-
peraturces is quite fortunmate as the low velocity data
points in Figs. 10-13 arc the most crucial ones feor
supporting the presence of internal cnergy effects.
Nevertheless, the experimental IF curves shown in
Figs. 11 and 13 have been corrected for these shifts,
and the successful deconvolution of the data with res-
pect to the actual incident velocity distributions

exactly corrccted for the problem.

DISCUSSION

The results shown in the preceeding scction clearly
indicate that the internal cnergy of a polyatomic mole-
cule becomes incrcasingly morce important in determining
its sticking probability as its translational cncrgy is
decrcascd. This can be understood in terms of the encrgy
loss which must occur in the dircction perpendicular to
the surface for condensation to occur. A simple energy
level schematic for gas-surface scattering is shown in
Fig. 10. The potential cnergy well in this figure repre-
scnts the gas-surface intceraction potential, El and Ez
represent low and high ene»g incident trajectories

referenced to the dissociution limit of the gas-surface
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potential, and 2L, as drawn, indicates the total cnergy

loww which ultimately oecurs for the L trajectory if it
becorr . trapped and subcequently accornnodated to Ts’ for
low Tﬂ vielues,  Ino this <iaplified picture of the conden-
sation process the extent of qpdfdad enerpy lons in the
ditection normal to thne o face determines whether a

particle become:s trapped, and cubrequentl)y acecommodated to

T,y or whether i1 will Tuclastically scatter {rom the sur-

face. btor trapping to occur the low and high enerpy
trajectorices must Jocat lean ]1 and LZ’ respectively,
upon initial dnpoact with the repaloive wall of the pas-
surface interaction potential.  lnergy losscen less than
these critical amounts will Tead to "direct inclastic”
scattering events which have a strong memory of their
initial state. As the translational cenergy of an incident
molecule is Incrcased we therefore sce that increasingly
more cnergy must be lost in the initial collision for
condensation to occur. The steadily decrcasing probability
that this threshold cnergy loss will occur for increasing
incident translational cncerpgy pives rvisce to the RIP(v)
curves shown in Figs. 10 and 12 for CC]d and SFb. In the
limit of hdégh incident translational cnergy we would there-
fore cxpect that coupling of internal cnergy (rotation,
vibration) to translation upon impact with the repulsive

wall of the gas-surfacce potential (t.c., V,R » T collisional



cnergy transfer) would have very little influence on the
condensatior probability for the molecule. Converscely,
this overview of the condensation process seems to indicate
that ary collisional V,R - T encrpy exchange for sleowfy
incident molcecules would Tead to a significant decrease

in that molecule's sticking probability, as is experi-
mentally found, and shown in Figs. 11 and 13,

Since pascous condensation is essentially a problem
of translational accommodation, 1t is interesting to
compare the relative effectivencss of internal and trans-
lational enerpy for inhibiting sticking. Using the vibra-
tional quantum partition function fnr.nn ideal polyatomic
molccule, the mean vibrational cenergy difference between
CCl, at 298K and 500K is found to he ca. 3.7 kcal/mole,
while the rotational cnergy change hetween these two
temperatures is well approximated by 3/2 kAT, or ca. 0.8
kcal/mole. 1In going from 2.7 x ]04 cm/scc to 5.0 x 104
cm/sec the €1, translational cnergy increases from about
1.3 to 4.5 kcal/mole. Over this velocity range the de-
convoluted TB = 300K, RP({v) curve for CC]4 increased
by a factor of about 15, whilc the largest EF found was
only about 4. Therefore translational energy appears

to be more "efficient'" per unit of encrgy than intcrnal

encrgy in inhibiting condensation. This comparison is
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el noden certlaindy
do not coliivionally couple to trans lation upon impact.
However, the trend outtined above 15 probably represcentative

of the behavior cxhbitated by relatively lar, ¢ polvatonic

molecule..  Siwmilar catentations for SE{ lead to the
i
same qualitative reoalt as above,  The dncrease in vibra-
tional vnerpgy for Sl( in polnye fron TP 300K to 008K
e ) o )

is found to be about 8.3 keal/mole, while the gain in
rotational cnergy - 0.9 kceal/poles Sipdlarly, its trans-
Pational cocrpy dncreaces from 103 to 404 kcal/mole upon
. . . S . - 4
increasing ite omean incident velocity from 2.7 x 107 to
4 . : A .

S.0 x 10 cn/ece, JL“}JJ)IF SoA00R RPv corve increased
by a factor of 10 over this translational cencrgy range,
while EF for the most favorable case was only abont 4.6,

Finally, it must be emphasized that the internal
encerpy reflection enhancement factor should probably be
treated theoretically with a dynamic, collisional e¢nergy
transfer description akin to gas phasce inclustic scattering
models.  Adsorption-rcecvaporation models, such as those
proposed b, scveral Russian groups at the lLebedev

. 1,4 . S
Institute, ’° are totally inadequate for describing the

results found in this experiment.
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CONCLUSTON

Molecular beam surface scattering csperiments have
been carried out which have shown that the internal
cnerpy of a molecule can significantly influcnce its
sticking probability upeon collision with i amorphous
ice of its own condensed phase.  This internal energy
cffect 1o greatest for molecubtes having rvelatively low
incident translational enerpics,  For ( ‘.]J I S
the largest reflection enhancement factors lound,
a= defined in this paper, were respectively 3.7 and 4.0,
Reflected particle velocity analysis carricd out with
cross-corrclation time-of-flight techniques h-s revealed
that a very large degree of translatioenal cnergy
accommodation is occurring for inclastically scattered
SFQ molecules, with thermal accommodation coefficients,

uy, dS larpe as 0.

b
[

being achieved. The weak surface
temperature dependence of s found for Kr and SFO in the
limit of low surface temperaturce implies that impulsive
collisions are dominating the obscrved scattering events.
Tangential momontum-js not conscrved in these collisions.
Finally, thesce studices were conductea in the limit of

very high sticking probability (> 99%) so that the trapped

(accommodated) molecules would be cssentially frozen out

upon impact with the surface, leaving only the "direct
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inclastic'" scattering cvents contributing to the detcected
signal. This condition is highly advantagcous as the
dircctly scattered molecules contain the important

dynamic and energy cxchange infermation sought after in

this experiment.
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FIGURE CAPTIONS

Fig.

Fig.

Fig.

Fig.

1.

Asscmbly diagram of the experimental scattering
apparatus. In later cxperiments a closed-cycle
helium refrigerator replaced the liquid nitrogen
cooling of the targct substratc.

Upper section: TS = 280K CC]4 experimental
angular distribution. The solid line is a plot
of the cosine (8) function. Lower section:
Angular distribution obtained at a sticking
probability of ca. 90%. This curve cxhibits
characteristics belonging to both pcaked and
cosine scattering. The arrows indicate the
specular angle in each of these figures.
Reflccted velocity distributions for SF6 scatter-
ing {rom a room temperature (dirty) surface.

The dashed lines represent Maxwellian flux dis-
tributions for 324K. This figure confirms thermal
accommodation for incident molecules. The three
velocity sclcctor frcyuencies corrcspond to mean
incident translational velocitices of about 2.0 x
104, 3.5 X 104, and 5.0 x 104 em/scc.

Angular distributions obtained for two trans-
lational velocities with TB = 298K. This data

was taken at a sticking probability of 2 20,5%,
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Fig. 5. Angular distributions for internally excited CC14
taken at a sticking probability of > 99.5%.

Fig. 6. Angular distributions fnr three different incident
SFG velocities with TH = 300K and 0608K. These
distributions were obtained in the limit of very
Tow TS, at a sticking probability of » 99.5%

Fig. 7. Reflected ST, velocity distributions as a function

6
of decreasing surface temperature. The dashed
lincs in cach section of the figure are the cal-

culated Maxwellian llux distributions for cach Tg

valuc. The onsct of SFO condensation occurs at

~79K.

Fig. 8. Schematic velocity diagram for gas-surfacce scatter-
. -cube o ) .
ing events. V. represents the tangential velo-

city vector within the "hard-cube' approximation.
Fig. 9. Reflected Kkrypton velocity distributions as a
function of surfacc temperature, taken at the
specular angle. The dashed lines in each section
of the {igurc are the calculated Maxwellian flux
distributions for each T valuc,
Fig. 10. CCJ4 reflcction probability as a function of incident

velocity for TB = 208f and 560K, Tro dashed lines
are the dcconvoluted rcflection probability curves
for which the finite bandpass function of the

velocity sclector has been taken into account.
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13.

14.
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Internal energy reflection enhancement factor
curve for CC14 as a function of incident velocity.
Ef = 4 implies that internally hot (560K) CC14
molecules have a four times higher probability

of being reflected from a cold {(90K) surfacc than
do room tempcrature molecules. The dashed line

is the deconvoluted EF curve for which the finite
bandpass function of the velocity sclector has
been taken into account.

SF(J reflection probability as a function of

incident velocity for T 300K and 608K. The

.
dashed lines are the deconvoluted rcflection prob-
ability curves for which the finitc bandpass
function of the velocity selector has becen ta'en
into account.

Internal ecnergy reflection cnbancement factor
curve for SF6 as a function of incident velocity.
The dashed line is the deconvoluted EF curve for
which the finite bandpass function of the velocity
selector has been taken into account. The dotted
linc is an extrapolation of the deconvoluted EF
curve to v, = 5.5 x 104 cm/sec.

Experimentally determined CCl4 incident flux
distributions, as a function of velocity sclector

frequency, {for TB = 298K and 560K.
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Fig. 15. Experimentally determined SF6 incident flux distri-
butions, as a function of velocity selector fre-
quency, for TB = 300K and 608K,

Fig. 16. Schematic encrgy diagram of a gas-surface inter-

action potential.
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