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KINETICS OoF THE REACTION OF PYROLYTIC GRAPHITE

WITH,MOLECULAR OXYGEN- STUDIED BY MODULATED
' ’.vMOLECULAR BEAM MASS SPECTRQMETRY

Richard Harold Jones

Inorganlc Materlals Research D1v1s1on Lawrence Berkeley Laboratory
and Department of Nuclear Engineering, College of Englneerlng,
' University of Callfornla Berkeley, California \

ABSTRACT

Tﬁe kinetics of pyroytie_graphite okidation were. studied using an.

-experimentalvsystem in Whieh a-ﬁolecular-beam of oxygen ie’directed at

a heated graphite target maintained in higﬁ vecuum. Gaseous reaction

' produeta deSorbing’erm the graphite.were'menitored'by a quadrupole mass

spectrometer. Thevmelecular beam was modulated and AC phase lock detec-
tion was employed to enhance the signal—te;noiseiratio. By the AC .

detection technique, one determines not only the reaction product signal

amplitude but also the_reactionaphase:lag_which is directly related to

the duration of some reaction process (i.e. it represents a surface’

reSidence'time).v Reactiqn'prdbapilities of?XlO"5 or greater could be

.detected

The react1v1ty of both: the basal and prlsmatlc (edge) planes of

-pyrolytlc graphlte was measured The graphlte targets were heated from

the rear by electron’bombardment. Basal plane targets were‘heated to

1800°K. Prism plane targete, with their higher7heatucbnductivity normal

topthe\surface, could'be-heated'to 2700°K. The-effective,oxygen beam

presSurevat‘the target ranged between 5x10f6 and 2x10’h torr. The

oxygen‘beam-temperature could be controlled_independent.of the target

- temperature from roombtemperature to 1200°KL ‘The beam modulation fre-

quency couldvbe varied from 2 to-lSOO Hz thereby providing avseleCtive_-

probe of reaction processes withvdifferent_characteristic_times.
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Ox1dat10n of the basal plane produ01ng Co vas found to proceed via
two brancnes. Molecular oxygen d1ss001ates on the surface formlng one
bound»CO and one moblle adsorbed Okatom. 'The adsorbed atomlc oxygen
migrates about the surface until lt finds a suitable carbon atom with
which it reacts. ’

Oxidation of the prlsm plane.producing Cd was foundbto be.affected
;by diffusion of surface species into-the.bulkﬂgraphite. This diffusion
process acts.as-a flywheel which smooths.the AC signal thereby strongly
demodulatlng the amplltude and produc1ng a phase lag 1ndependent of all
experlmental condltlons.

Samples of pyrolytic‘graphitevwere tested in the as-deposited
conditionvand after annealing at 3000°C. Annealed basal surfaces were
found to be quite unreactive. ' The annealed priSm'plane target was less
prone to diffusion loss of reactlng species and exhibited a hlgher
reactivity than had been‘observed for as depos1ted'samples. The hlgh
apparent reactivity of the annealed prism plane specimen'is‘a conse-

v quence of the AC detection method which discriminates agalnst processes
delayed for times on the order of a modulatlon perlod |

Ox1datlon of pyrolytlc graphlte was observed to proceed at room
temperature.- This rather unexpected_phenomena is ascr;bed to the
unusually clean surface conditions which are maintained in the high

vacuum environment.
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_'LIST OF ABBREVIATIONS

distance per jump

général'signal.amplitude

signal amplitude

-pfe-exponénfial for rate constant, k

pre—éxponential:forvratg_cohstaht,xkd

'aﬁplitudejCOrreétion (reactent), transit from chopper to

target

- amplitude correction (?eaCtant or pfdduct), transit from

.;‘férget to detector

' émplitude corrgction, COmplex imﬁedahce

mean molecular speed
cosine intergral of time:varying SurfaceQCOncentration-
general concentration (volumetrie)

concentration: in renucleation region, grain boundary

concentration in grain

source conductance -

net amplitude_cbrfectiong transit chopper to target-

’ ﬁneﬁ émplitude ¢6rréction, fransit targét to detector

net amplitude correction, complex'impedahce,

3 seé=Fig._2h;

see Fig. Qh}i: "

see Fig. 2L.

see Fig.iQh. :

' general diffusion coeffiéieﬁt

o diffusion_coéfficieﬁtfin‘renucleation_fegion (érain boundary)

~diffusion coefficient in grain

- volume diffuéion.coefficient



surface diffusion coefficient
base of natural logarithm , S

general activation energy

‘activation energy for desorption

- activation energy for the first of a series or branch process

modulation freqﬁéhcy'(Hz)_

beam'modulatibn”gatingwangtibﬁ

" first Fourier component emplitude of g(t) -

capture rate of atoms by an acfive site

solubility constant .

“enthalpy change e v -

béaﬁ_intensity at target (molecs/cm?—Seé) :

Wy

centerline beam intensity (molecs/s;eraséé)

‘general rate constant

rate constant for surface migration:
rate constant for desorption

rate constant for desorption

o rate constant for the first of a series or brgnch process

~rate constant for generation of active sites-

rate constant for site deactivatidn

‘Clausing factor

© equilibrium constant

equilibrium constant for active site concentration

. ieak“rate“

:thickneés of finite medium o

separation of active sites
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hafural logarithm

' channélvlength ']

general béam'flight path
molecular mass

mass, species 1

molecular weight of product

.general surface concentration

' ‘general surface concentration

‘molecular weight of feactapt o

of product.

first Fourier’coefficientiof n (possibly complex).

surface concentration on A sites

. number of'jumps'per-encountér

number of channels

.surface concentration on B sites

(surface migration)

number of-rehucleation regions per unit length

surface concentration of active sites

equivalent pressure -

partial pressure, species i

"eritical preséure", mean free path = channel length

chamber pressure

‘source driving pressure

initial source pressure -

gas constant

desorption rate, species i -

- branching ratio (Pi fifsf;branéh)

. radial coérdinate"(cylihdrical‘cbordinatés)

mean square displacement (surface migration)

‘see Fig. 2h.
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see Fig. 2k.

pumping speed‘

entfop& change

mass spect?ometer signal due to reactent,
mess spectrometer signai‘due to pfoduet'

first Fourier component amplitude of éR

first Foufiér'compbnent‘amplitude of-sP-

. first Fourier component'"density" signal

first Fourier component "flux" signal, S = SYT

sine integral of time varying surface concentration

time

‘absolute temperature

temperature of reactant

temperature of product

surface temperature

beam temperature

“reservior volume

coordinate into bulk

transit parameter
coordinate into grain
gas impingement rate, species i

most probable molecularrspeed'

general instrumental constant

.. instrumentel constant for reactants

instrumental constant for products

7esurfacevﬁigfatibn Jump frequency (secf;)

fraction of B sites'which.pegenerete_A sites -

width of "grainebouhdary"'renucleation region
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-HXiii;‘ '

gwidth of developedpsnrface at mouthlof'grein_boundary ‘

slope of Arrhenius plot

'apparent reactlon probablllty
E apparent reactlon probablllty of small fractlon v of product

_approx1mate apparent reactlon probablllty

equlllbratlon coefflclent (Stlcklng probablllty), species i
stlcklng probablllty

bare surface stlcking probablllty

: stlcklng probablllty resultlng in the fractlon L of product

small fractlon of product

: .vbimolecular-vsite annealing rate constent

beam impingement engle'(h5°)

" molecular cross section

site cross section

‘reaction phase lag, signal-phase

reaétion phase‘lag for the first‘of a.series of-processes

reactlon phase lag" for the desorptlon process

mechanlcal ‘phase shlft

measuredr(reactant-or'product),phase‘lag

transit phase lag, chopper to target

‘transit phase lag, target to detector (reactant or product)

complex impedance phese lag

"vnet phase correction; tranSit chopper to target
net phase correction, transit target to detector
- net phase correction;.complex’iﬁpedanCel

- peaking factor

. modulation frequency (rad/sec)
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I. INTRODUCTION

| A. Statement of the Problem

The. reaction of carbons and various gases, 1nclud1ng oxygen has

been the subJect of experimental 1nvest1gatlon for many Years, particu~

- larly by fuel research laUOratories; ‘As with most heterogeneOus chemical

studies, the early Work lacked a. good understandlng, or at least

i characterlzation, of the SOlld ‘Two crystalllne forms,of carbon,diamond".

and‘graphite, occur in nature_and have been used-in:reaction studies to
provide a characterizable material.
Graphite has a'structure_consisting of widely spaced layers'of tight

hexagonal meshes of carbon atoms. (A more complete description is. found

in the'section l—B.) The anisotropy of . graphite 1s exhibited notably in

a much lower thermal conductivity perpendicular to the layer planes than

Aparallel to the layer planes Atoms boundfin’the central region.of the

mesh planes are expected to be much less chemically reactlve than atoms

'loosely ‘bound at the'edges. A synthetic material -known as pyrolytic

graphite exhibits the anisotropic properties to a greater extent than
conventional.polycrystalline grephlte. Pyrolytic graphlte 1s dep051ted
as a layer of baSal planes by cracking'a gas such as ethane on a sult~
able substrate heated to high temperature.

Due to its favorable neutron moderating and structural propertles;
carbon has been an 1mportant material 1n the nuclear energy fleld hawng
been.employed in the first: reactor at Chicago. ;More recently, the search

for improved nuclear fuel packages has led to consideration of-uranium

'“carbide pellets which,could be compatibly clad in pyrolytic graphlte as’

~an aid to retaining fission products

In,the case of nuclear fuel pellets, the inherent thermal insulation



of the_coating'is detrimental; HOWever,'specific apblication of this
»_reduced neat.conauctivity ma& be mAdé'ih fabricating reentry shields for
aerospace vehicleS'or in_high temperature terreStrial insulation_prOblam
" requiring structural rigidity.

Effective engineeringidesign requires some knowledge of life expect-
ancy of materials used.- In'the,nuclear and aerospace applications cited,
.thisbimplies an understanding:of the rate. of bﬁrn,up of the pyrolytic
graphite sheath, either by reaction with oxygen impurityvin_the-reactor
coolant or oxygen‘in the_earthjs-atmosphere. The oxidation-of,pyrolYtic
graphlte_at temperatures up to 27OOOK at fairly low oxygenapreSSures,'

ca. l(')-s'torr_(lo—8 atmosphere) has been investigated*ln this work.

B. Qggpw;te Structure and Propertles

The crystallography of graphlte is 1llustrated in Flg l as a lamelr
‘lar structure of hexagonal mesh planes separated by 3.35 A. The hexagonal
grid spac1ng is 1.42 A and plane stack1ng follows ABAB.... A stacking
sequence ABCAﬁ'f knoﬁn_as}rhombohedral grapnite may‘be produoed from |
hexagonalbgrapnite by mechanicalywork.l'The base of’the_graphite unit
cellris drawn by'heaﬂy lines in Flg.72.v Two plane designations are in
’use;,a three-cipher using'axes x1,x2 and‘z,'and'a_convenient symmetrical
foarecipher based on xl,-r2,'x3 and z. :The basal or layer planes are
denoted (601) or (0001), while the two types of edge or prismatic planes
known_oescriptively as the "zig-zagv-ano "armChair"lfaces are”denoted
.(llO).andb'.(lJ—‘_O‘);o.r.(lO.lO)va;nd (1156)2. } | o o "

'Bonding:wlthin the plane is regarded'as.a resonance'among the‘plane
atoms similar to the resonance 1n.benzene rlngs as represented in Flg

3a. A small fractlon of preferred electron dlstrlbutlon.(qulnod structure)

simllar to the optlonS'ln Fig. 3b, 3c is also tenable since it would



| Fig. 1 Graphite’structure: - . .
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permitHSOmewhat tiéh#ef'stgcking of the;planes.

: PYroiytic graﬁhiteulgr§ws as cones from nucléaiion sités on the
deposition éubétrafe. As the ldyers accumulate; additional cones may be
born. Typicaily aé—growh p&rolytic gféphite_is”léss dénsev(Q.O'gr;cm+3)
théhfnaturai gfaphite crystals (2;26 gr-cm+3) and the inﬁerplanér spéﬁiﬁgv
is about 3;h5‘A’rathér than'3;3s_A.'iﬁeat treatment at about 3000°C
Shrinké-the (q—éxis)'interlayer spacing'toiabogt 3;35'A in individusal
crystéliteé;- A 2% increase in a—axié dimension-dué to heé$ tr¢atmegt is-
ascribed torsfraightening "kinked“'layer planes. - Not all crystalifeé
are priented parallél to the subétraté but deﬁiatibﬁs'from o?der are

typiéally_about 0.1%. .More seriéﬁSly,,the crystalites_(cones),aséume
rapdom.oriehﬁations With réspect to'rdtationvébout fhe c-axis.

The ahisotropy of pjrglytic éraphite is exemplified'by itsﬁthermal
conduqtivity which_is siﬁilar to iron paréilel tq the'basal planeé; but .
is abbﬁtnioo times smaller (qomparéble td;alumina bricw ?érpéndicuiar té

the'basal»planes,

C. OXidétion Qf»Grgphite :
"Néf onl& h;s.evéry ¢§mmoﬁ_f§£m of carbon been-fhe‘subjeéﬁ ovaXi;
o dafipﬁ étﬁdiés,.ﬁut such'work has Beenlcarfiedvout both as-"pure-science"
studies énd as engiﬁeering design stﬁdies meaéuring erosion Qf deVicgs
fébriqatea from'fhe.carboh of_intérést.' Only the forme?, morerfundamaﬁaL
wdrk_will_be reviewed here. | v |
| Early work by Strickland-ccnstablész(19hh)¢gsed,filamenps resistiu§w~
»hegted to 1200-2300°K and burned in an oxyééh béckgroﬁna~6f 20-500 |
miilitorf. The filaménts.were of carﬁonized extfﬁded cellulose pyrocoated
by cracking a mixture of h&drogen'ana ethanél CO'frém the.reactio# wasi

" catalytically oxidized (Pt) to CO, which was trapped. The remaining 0,



was then'measured by a McLeod'gauge as werevthe CO2 fractions of differert
~origin upon desorptlon. The'principal reaction product was found to he

CO.‘ The CO/CO ratlo was always greater than 7 and varled 1nversely with

2

temperature, .CO was found to be g prlmary product not formed by

»'secondary'reduction of CO produced

. 2..'

did not permit a determination of its origin; CO,

2
could be produced by

Conversely, the'Snall amounts of CO
secondary'oxidation of_COt. One maqor nrobiem:arose due to the filament
mountiing. Wlth .the‘ _filament and a parallel._ support constituting a hair- ,.
pin configuration, a glow'discharge'wae'frequently observed between
-eegments atddifferent potential. When the glow diScharge effects could
be av01ded the reaction was found to obey flrst order klnetlcs with a
maximum in rate at about 1500 K falllng to a plateau from 1900-2300 K
The rate was found,to ethb1t.hysteres1s such that'on proceeding from a -
louer.tofa'higher temperature a new rate lower than the steady rate is
-_obtained;. Re01procally, on reduc1ng temperature, the 1n1t1al rate was

found to be hlgher than the steady rate.‘ Such_hysteresis was explalned
as'due to'anvinhibiting surface cover which wae removable at high.temper—
hatures.h.Duval6valso using a hot-fiianentdtechniQue.obtained similar
reeulte but a reVeree hysteresie. A'partiCuiarlyigood deecription ofv'
thie h&steresis_effect is providedhhy_Boulangierﬂet al.7vin relation to
“a similar reaction. | | ‘

Criticizing the'reSults of Strickland?Constable,SfMeyerB shows that
the former due to lack of a flow technlque was unable to prevent
:multlple colllslons w1th the hot fllament Also»it is'indicatedvthat.
'1nadequate coatlng of the. fllament could result in reactions in crevices
tending toward an equilibrium CO/CO ratio of'the Boudouard reactlon
brather than a ratio due to a primary reaction Furthermore, reactlon in

cracks could take place with preheated oxygen gas. . In_contrast to -
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Stfiékland;Consteble,S‘Meyershfihde the reection:to be f;rsﬁ ordef'from
lOOQelSOOOK while from 1800425009K‘a zero order reaction.ie observed.
The CO/COé_ratio Wae nearly unity-anqowas independehtvofvfempefature and
breeeuref_ No maxiﬁa in the rate was observed, rather fhe results
-vindiceted'e-bositiveltemperature eoefficient'chafacterized by an acti-
’ﬁation'enefgj,onQS kcal.hmo1e_l_fromthOO—lSOOoK;and an activetion.
eneray of 90 keal. mole™ from 1800-2500°K. The zero order dependence
at high‘temperatufes is asefihed:to evapofation of reacfioh prodﬁoﬁ as
beiné the fate limiting step.’ | |

" In 1950, Striehland-Conefahleg sﬁrVeyed some of the'existing data

0, 0,5 and H.O as well as O_. All

for the oxidation of carbon by N 50 &8 5

2
systems reported showedve relativeiy flat temperature dependence -from
ilSOOOKiohward;h-Since_SOme of the wofh.reported was dohe'on charooal;_,'
ﬁhe objectioh’to possiblevcfevicefreactions raisea_by_Meyefs'is signifi;
cant. The-feactiohsgaf‘high"temperatuxe'were'fohnd.fo bezfiréh'ofder'
ﬁhilevafifedoced teﬁéeratﬁree zero order hehavior'was observed. bDue-to
':low sensihivify‘atblow'femperaﬁufes,'itvwas sugéeeted that fhisieffect'
be reihvestigated; Also questioned was the a§§;ieebility of the results
to systems whefe the feactihé'ges,might be'more'hearly heafed to the
temperatofe of the cerbon;,

In later work Strlckland-Constable et al. 10,11 directed a 0.2
'atmosphere Jet of oxygen at a heated carbon bar and photographed pro—‘
Jected shadows of the erosion profile. Some of thls work was done'on_
bulk pyrolytic graphite.v The first reportlo covered ﬁemperatureekfrom -
v:1300 2300 K and the data were shown to fit a theory of" Blyholder Blnford
;and Ey-rlng12 whlch eoncerns ox1dat10n on two’ types of 51tes, A and B,
domihaﬁed at low tempehatures by the moreﬁreactlve A~smtes_wh;ch repre-.

sent a:fraction, x, of the surface.v At higher temperatures the A sites
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‘rearrange to‘form less reaétiﬁe'B»éites réduciqg the okidatiqp'rate,
while ét’stiil higher teﬁperafures the oiidétion rate iﬁcfeaseé with:
increase in thé'B.Site'reﬁcti&ity;m (1) Thevcoverage'of A sites is
determined as & balance between. the oxidation of bare A sites « (lfGA)x v
and the‘desorption of:CO frém covered A sites ireﬁx;' The rate of‘
reaction on A sités”is,'vvA % kApx/(l'f kzp). .(2);A‘sites are createdv

when B sites aré oxidized and desorb CO. The rate of B site oxidation

is, v = kB p (1-x). (3) A sites are thermally transformed to B -sites

B

at a rate, kp X. Processes (2) and (3) determiné the steady state value

of x. The total rate of oxidation is the sum of rates (1) and (2).
‘The following parameter values were chosen™’ ﬁo fit the data:

(g~-atom carbon/cme-— sec,-p in atmospheres)

W -
N

k=20 exp ?300Q0/RT; |

_,kB ='A-u6310—3:eXP'-l5200/RT;
kp = i.S;xlbsvexp ;97000/RT,
K = 21.3 exp"+ylod/RT,

‘ 'The:thebfy.involves four rate éonétaﬁts (8 adjustabieiparameters>
,and»woulé be expected-to féproducejsémé’range'bf:obéervatiohs;-.It was
encquraging fhaﬁ‘whén thevmeésureménts ﬁere éxtendéd}tQ éTOOOKll thé
'sa@e kinetiCJparameters cohtinuedbtb produce a good fit;,_The'oxidation
_'rate.pégks at 23QOOK énd-deéfééses Oﬁ.fUrtﬁér heéting;.:Since:thé fgﬁe

IOBfained‘with.éyrolytiC'giapﬁite,was:sﬁbstantially51essbthan meéSured
"~ on mﬁfé psrous reactor éraphité, méss tréﬁsfer effeéts #éré’aséuméd t6
'bezﬁégligiblé for the.pyrolytié_gféphité measurements;v

| 'Oxidation in a gas flow sYstém was ddne-bvaoftOhlB ﬁsing’ﬁyrolytic,.'
gréphite samples in the form of basal plane wgfefs;v Reaction'rate of

the basal plane was measured in ferms of weight loss of carbon and the
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relatiretratea on'basal andvedge_planes were:noted bi‘geomefrical
measﬁrements.‘vThe reacfionv(900—l8bO°K) was-foumd'to be one-half order
with an'activafion ehergy of 37vkcalQ mole_l; A mechanism conslstimg of
rapid adéorption of oxygen with rame.limiting dééorption of CO or 002
was suggested. | | '
_Pyrolyfic graphite for'aerospacelapplicatioﬁsvhas beenbstudied by .
.Rosner.amdeAllendorflh. They used.a gas flow‘sysfem and.optically
monitored thecablation of a filement of tﬁngSteh coated wirh'pYrolytic.
graphite. Comparlsons vere made with isotroplc graphlte and ox1dat10ns
of both graphltes u51ng atomic -and molecular oxygen were made : For
pyrolytlc graphlte and molecular oxygen the study ‘covered 1300-2000 %k at

a typlcal O, pressure of 30 millitorr. The reactlon was found to be

2
nearly flrst order and exhibited a max1ma at 1900 K Ih comparison with
1sotrop1c graphite, the pyrolytic graphite was found to be much less
reactiVe with molecular oxygen. -Howerer, withuatomic oxygen both types

.of'graﬁhite were found to react'rapidly.

With fhe‘interest inoworking on a-simply:characferized specimen,
voxidation has been etudied usingvnaturally occurimg graﬁhite single
cr&stals.' The crystals, while foo small for burniné tovyield gross
dimenslonal changes, are ideal for micr05copic'examimation (electron and
optical) of the basal plane. Perhaps bestvknOWn‘invthié.area is the
‘work of'Hennigl?’16’17 who foﬁnd that the edgerplanes oxidized at least
20-times faster than‘the‘basal planes ahd that the rate varied as.the
square root (or lower power> of the oxygen pressure..‘The'etchfpits-on
the basal planes were found to be hexagonal boﬁnded by'"vertical",(lléo)

faces. A "two competing sites!" model was proposed to rationalize the

results.  Both these sites span the "valley" of.a (1120) or armchair
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-face (Fig. 2). The more reactive oxide B spans one oxygen atombacross

this dia.rnetralrvgap, Whillevthe less r}eac.tiiv-e A. oxide has one oxygen atom
on each side; The rate dstermining step‘is the interaction of_a“n.o2 with
B tobform'volatile products.

_ Electron” microscope studles lend themselves well to topographicalA
studlesvof-ox1dation. The effect of lattice defects on. react1v1ty 1T was
measured shOW1ng increased react1v1ty due to screw dislocations, Frenkel

defects, and quenched defects. Tw1n boundaries were less effective

in promoting reaction. Partlcularly lucid d1scuss1ons of the results

18,19

'obtained by optical microscopy are prov1ded by Thomas and Thomas and

fiFHugheszo. Their studies with 10 torr oxygen at'llOO—lQOOOK determined

.fairly_largeVactivation”energies for recession in (1010} . and ¢ 1130)

idirections'(66 and 62:hcal.‘mole-l respectivelyj. .The reaction was
found to be‘of'half order or less: | |

| Modification of graphite react1v1ty by 1mpur1ty catalysts has been
studled._ Harker21 used cocoanut charcoal in a flow system to study the

effects of alkali metals on the reaction with oxygen. An‘"ignition

Itemperature"'change was used as a’measure of'catalysis. The enhanced

reactivity found was attributed to-attack'of.the_surface by'free’metal;

Heints and Parker22 studied the effects of large 1mpur1ty concentrations

.(O 1 mole7) of, h2 transition metals mixed in powdered graphite The

reactlons as carrled out were first order in oxygen pressure “from 900~

- 1100 K Two.characteristics'were noted’ Those metals with 5“0r,10 o

electrons in their (n-1)d orbitals do not T bond. readlly and are active

Catalysts; Also‘ metal oxides of high vapor pressure are catalysts A

51m11ar conclu51on was made by Amariglio and Duval23 who also,found high

o volatility of the oxide to be related to significant acceleration of
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graphite.oXidation. Metals exhibiting two_degrees of oxidation‘under
combustion conditions are most effectite and it is proposed that the
‘metal oxide furnlshes a "reactive"_oxygen to the graphite.

VRoscoezh»studied catalytic effects of boron'and,molybdenum“on-oxida—
tion of natural graphite‘crystals'and condluded'that the catalyst acts
© on exlsting active'sites. |

Hering et al.>’ indent'ifled oxidation eteh pits in graphite with the
presence'of sodium'impurities by autoradiography. |

The surface oxide states prev1ously 1nvoked to explaln oxidation
‘results have been subject to more direct study Tonge?6 usedblnfrared
technlques to 1nvest;gate the oxide exchange reaction, Cf + 002 =
c(o) + Co;bwhere Cf"are free carbon sites and C(O) are surface‘oxidesitaa
"It was found that a."cleanﬁ'surface may be prepaiedvby treatment with
. carbon mondxidel. Menster and EféuneY studied,the onide exchange reaction
by uSing carbon—lﬁ as a tracer. The activation energy for-forward_and
reVerse reactionshwerelfound to be.53'and 36 kcal._nole_i.respectively. _

Ey-ﬁet chemiStry'Puri28 studied adsorption‘of natef and methanol on
a Vafiety of carbons, from sugar charcoal to.theron 6, which had.heen
reacted previously in‘ogygen} The heat ofvimmefsion of carbon in'water
~ was found to be a'function:of the'onlde released as co, rather than‘a
.fnnctiOnﬁof total oxide;h

Byvsubjecting carbon to oxidation‘and:successive degassing,v

29

: Bonnetain, Duval and Letort found a. close relatlon between the produc—

tion7rates of CO.and C02. They concluded that the s1mplest model -

'accountlng for these effects would be based on a. complex surface ox1de

state. They further note that the-CO is desorbed 1rrevers1bly in
contrast to the CO which was found to inhibit desorptlon if accumulated

in the,gas background;
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Adsorption experiments-by Hart et al;3°'iﬁ the”temperatureurange
from 25;h0060 revealed two_1evels_of.adSOrptionu vThe'iow temperature.
adsorbed;state gave way to tnebhigher state’at,280°C for a sample.previ—
ously receiving 1449 burn—off.'-- For higher burn-off samp‘les (15.2%) the
threshold moved from 28060 to.2iO°C at the‘expense of tne low'temperature_
state._ Dissociative 1mmob11e adsorptlon was assumed and was verlfled by

xperlments on g klnetlc 1sotope effect us1ng O 18 18. Itawas suggested
that d;fferent types of adsorptlon_sltes-may‘be associated witn the

' various carbonfcarbonfdistances in grapnite,_" | |

Laine et al.31 reacted:oxygen.with grapnitised carton, Spheron]6,
‘andlmonitored the course-othhe reactiqh maSs'spectrometricaliy. From a
’materialvbalance, aﬂtuildupvof.adsorbed.oxygen (surface oxide) wasvdeter—
mined} After combustion the surface oxide was then desorbed and found
sto be.removed‘largely as CO - Outgassing experlments ylelded the total
actiyé surface-area " Due to change in the avallable surface area w1th
coveragegltne reaction was~found to deviate from-f;rst order.' Thls study
" was continued;by Lussow et al;32 tovthe temberature range.from.BTO to
950°K Oxygen chemlsorptlon was found to 1ncrease rapldly above 670°K
1nd1cat1ng two types of active s1tes. As oxygen reacts w1th the carbon
first order behavior occurs when a saturation surface oXide-complex has
been tuilt up. 'Under'low coverages,-thermost reaCtive”type of Site'..
dominates. Analy31s of the rate constant for oxygen consumptlon measured -
sunder these condltlons suggests that an oxygen molecule forms a moblle
adsorption’ complex precursor whlch dlssoc1ates to form two moblle atomlc
oxygen surface complexes. Thls conclus1on, in contrast to that of Haré

suggests_that-dlfferent types of sltes,-domlnatlng<1n varlous temperature

ranges, may have fundamentaly different behavior..
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U81ng heaNy oxygen (O ) as a tracer, Walker et al have
studied Graphon ox1datlon at temperatures ca, 600°C and pressures less
~than 100 millitorr. Gaseoﬁs reaction epecieS'were’analyzed'with a mass
spectrometer. |
Since adsorbed'oxygen had oeen found to desofb’ffom the surface

complex inviﬁcreasing amounts ﬁith increaeing temperature, it was asked
if the oxygen complex which firet went onto the Graphon surface was the
mostbstfongly held'and coneequently the last toobe desorbed as CO or'COQ.
A Graphon sémple at 280°C was'givenfa partial surface coverage using '
6216_16 then an additional adsorption was.madevwith 0218_18. Upon

- desorbing the surface complex, the fraction of Olsbin each gaseous species

was found to be invariant with desorption temperature indicating that the

time of formation had little effect on the tempefature of remova.l.33—3l+

A very careful study of alternate reactions leading to CO2 productiem
' .18 33,34 . '
was done using O tagged reactants Although encumbered by a

teﬁdency toward isotopic exchenge.among productvcogigas molecules, the

-experlments clearly showed that CO was a primary reactlon product w1th

16-16 00 16-18 . 5o 18- 18’ although

an equlllbrlum dlstrlbutlon of CO2 s 5 s 5

a noh-equilibrium rea.gent”O2 mixture was used. The results Suggest that

0 diseociétes to form g mobile Surfaoe'oxide.complex preceeding CO

2 2
33,34

'formation and desorption.
Using graphon preoxidized in 02, the desofption of surface oxide was

35 O 36

‘studled by Bansal et al and Phillips et al. The'sﬁrface oxides were

desorbed as CO and CO2 while heatlng the sample slowly (3°C/m1n ) from
'500-lOOO°C The surface ox1de is falrly stable up to its formatlon

temperature but desorbs beyond it. Also, oxides formed'at hlgher temper—'

atures are less stable than those formed at lower temperatures. Graphs

of cumulative CO evolution vs. tempersature reveal several breaks in the
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slope of the curve suggesting.CO evolution from a few distinctvtypes of
sites. The cummulative.COé evolution vs. temperature curve passes through

a maximum due to secondary reaction of CO,. with graphon. It is proposed

2
that the secondary_reaction.proceeds on highly reactive'"nascent” sites
formed by desorbing the oxide:

37

Walker et al. meaSured the thermoelectricppower of graphite con-

taining chemisorbed oxygen, ‘From their'results:they conclude that chemi-

' sorpt1on ties up P, electrons infthe surface oxide complex. They~conclude

further that the oxygen chemlsorptlon is flrst order w1th rate 1ndependenb

of surface coverage and that the activated_complex of chemisorption-ls

immobile.

A study of the graphite basal plane structure and p0551ble chemi-
sorptlon using low—energy electron dlffractlon (LEED) was done by Lander

and Morrlson38. They found that the dlffractlon pattern from the surface

'mimicked that of the bulk and'shoﬁed no change when various gases, in-

cluding 02,4were:available'for_chemisorption, .They conclude that 02 does -

not chemisOrb in monolayer quantities,’for pressures up to lO—g torr, in

tlmes of tens’ of mlnutes, from room temperature upwards.' Their.results

‘are well represented by a one—dlmens1onal analy51s whlch supports “the

p1cture that each layer is very tlghtly bound but 1s only loosely coupled

- to nelghborlng planes

39

A more detalled LEED ox1datlon study by Gerard also failed to show
the presence of surface ox1de modlflcatlon of the basal plane dlffractlon

pattern. "In addition tO'the six—spot symmetry‘expected_from the hexagonal

_ mesh'of;graphite, two types of three-spot patterns were found. These

were designated as A and V’patterns; and represent the effects of two -

alternate basal surface stackings, AB or BA. They alternately oxidized

~and examined the graphite.' The three-spot pattern was found:to alternate
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 between A and V as A anth'piahestrere seduentially;gasified.. This seems
to strengthen the mlcroscoplc observatlons that broad shallow etch pits
were produced and that reaction along the‘layers is much faster than.
reactlon normal to the - layers : With reaction taking plaCe at the pit
edges, surface oxide could be expected to be formed and desorbed only at
these boundarles whlch'constltute_a negllglble fractlon.of basal-plane
projected'area since the,e.tch-p'its'we're'found‘hy:H'ennig15 to have
"vertical" sides. Conseduently, a clean basai'eurface WOuld be oheerved'
in the LEED studies; | ) | |
- As the ultimate effort to study carbon oxidation«onva clean, well
-defihed,—non-porousisurface, Evanstand Phaaluo»mea§Ured the kinetice of
oxygen.reacting.with diamohd; ~In the temperaturehrange 650-750°C an
actiuatioh energy of 55 kcal. mole_l was measured;' At-higher_tempera?
tureé;;85Q—lOOC°C,'a_black carhonifilm:had_formedvand_the activation
| ehérg. .'had dropped to 37 kcal'. -mole-l; Although very very thin_;,th_is
: carbon fllm dramatlcally affects the ox1datlon k1net1cs. dne mightvdo

well to_questlon,other chemlcal rates" for dlffu51on control through '

nearly negligible thin films.

D. Modulated Beam Technlque

In “this work ‘the klnetlcs of pyrolytlc graphlte ox1datlon were
studied'using-an experimental systemtin which a molecular beam of oxygen
is diréCtéd'at a.heateddgraphite'target. Gaseéous reactioh-products are .
monitored’by.a“quadrupole maSs spectrometer;v
. In th1s bas1c form, 1ndependent control 1s obtalned over gas. 1mp1ug> ‘
meut rate, gas temperature, and target temperature ‘ Furthermore, selec- ’
Itlve study of a partlcular crystallographlc face is afforded and 1mp1nge-

ment dlrectlon'ls defined. Slnce the beam gas- 1s in free fllght from the

»
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beam source to the target;>reaction with atomic besns can belstudied.s
Sinilarly5'since;the gasebus.products trsvel directly frem the'terget to
the msssvspectrometef,»free.radicalsjand‘ether.unstable product speeies
may be detectedg and'eppesrance petentiel measurements of reaetion pred—_
uctsvmaylbe made to determine;their_electfenie states. Of_partlculer:.
~importance is the uninhibited supply of reactants to the surface ‘unper—
turbed by dlffu51on layer effects.

A pr1n01pal dlsadvantage to molecular beam stud1es ls the small‘
reaetlon,product s1gnal.1n a-relatlvely high noise background. By modu-
_lating the reaetant;beem'and applyinévsone form-of phase—lock detection,
the weak signal may beventracted frem:the noise; bIn this wayfone_obtains
not enly the magnitude of the product signal but‘elso the pbase angle
(phaSe'lag) of thefproduct Signal relatite to the mpdulated»reactant
beam. This phase laé is related to gas:phase transitftimes‘and a reectbn
delay or surface residence tlme. Such. a direct neasurement of surface.
residence time pronides“a partlculafly sensitive test of propésed reac— .
tien mecnenisms. | . N

This werk_represents the secend generatien'of modulated molecular
beam heterogeneOus reeetien studies'in'oui laboretory}b Previously,'
Krakowski and Olanderhl.studied;the'disSociationcﬁ‘hydfogen;m.tantalum,
Pioneering efforts by other groups includen(slthough not exclusively);
thevwork of Brackman\snd Fitehé on the interaction ofvhydnogen withlcod&d

43

copper, the work of Smith and Fite = and McKinleyhh«dn the nickel—chlorim

45 on‘germanium oxidation, 'the

0 dlssoc1atlon on Tungsten by Muschlltz et al h6 and the'

iy

system, the work of Anderson andlBoudart

"study of N2

study of chlorination of germanlum and 31llcon by Madlx and . Schwarz
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Appllcatlons of molecular beam technlques to reactlon studles haveﬁ
been rev1ewed by Merrlllhewho predlcts cons1derable sophlstlcatlon

' (compllcatlon) 1n future experimental systems
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II. RESPONSE OF MODULATED MOLECULAR BEAM
SYSTEM TO DIFFERENT REACTION MECHANISMS

_A. General Features

The usé of a'modulatea moiecular ﬁeam.to gtudy réaétioh kinetics'is
essentiélly an "integral"hg'techniquévwhich.reQuirés that the systeﬁ
responée fof varicus-feactién'meéhanisms be cdmpﬁted'and ££en'compar;d
wifh experimental dété. 'This inducti#e seérch'fof.fhé correct reaction
mechanism may be greatly'Siﬁplified if‘the general behavior of éertain
~classes of mechanisms is understood. | |

A typi¢a1 modulated beam reactive scatterihé»éysﬁemtisvshown in
Fig. 4. The molecular Eéam leaves the sourcé tube, is moaulated by the
‘ beém ghdppéf, ahd traveis thréugﬁjthe fifst célliﬁator toward the target.
Séaﬁteréd:béam moiecules or>desorbéa proaucf species pass through the
sécond collimafor and througg'thé density sénsitive ioﬁizer’of-the,'
quadrﬁpolévmassvspéctrometer. A fraétioﬁ'lofu’of the moleculés aré'
.iéhizea;[extracbéd,»and sent:thrdﬁgh fhé'quadrupoie‘mass'filter'ﬁhére
théy.stfike the first d&nbde of an eieétron:multiﬁlier. .The electron
‘muitiplier oﬁfpuf gdes'to a pbase—lock.détéctor.

Various déviCes-for phaseflock detection may Be émplojed but the
following £heoretical devélopment aséumesithe,ﬁse'of a 1ock—in‘amplifier.
| A lockéin'amplifier passesbthe input’signal {of ffequenéy w.rad/sec)
,.fhrough a ﬁarrowvband‘amplifiei then‘rectifies’the'Signal in a synéhronds
k’dgmodﬁlator which operates:at the saﬁe freq@ehgy w. " The deﬁodglatOr'iS.
'synchrdniZed to a referencé siénal.which-is generally’chosen to match -
the modulétion performed.by‘the team chopper.. A Variable.phase shifter-
is provided to.adjust fhejphase.bf the demddulation;felafiveAto'thé

reference signal. .Lockfin processing amounts to'mnltiplying‘the input
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Fig. h Typical modulated beam reactive scattering experiment.
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s1gnal by sin(wt + ¢) and averaging the result thereby obtaining essent-
ially the fundamental Fourier coeff1c1ent of tne 1nput waveform w1th
respect to sin(wt + ¢) . Typically, the phase angle ¢ is adjusted,to
maximize this coefficient (c511;it-;1) and one identifiesb¢ as the phase
lag, (relative to the reference signal); of the input signal of'ampiimxm
52’ . : - . . .

In3ordervtolanélyse a:proposed reaction”mecnanisn, one.writes a
surface_mass balance with'a.nodulated.feed of reactants. Olander”’
evaluatedvthe product emission fpi representative reactions haVing (i)
first and second order pfocesses;'(ii) fast and s1ow desorption, (iii)
desorption and solution-diffusion, ana (iv) desorption and surface.migra—

‘tion. He obtained the-complete solntion considering a square chopped
beam,vsoiving the surface balances during bean—on and beaméoff periods,
“and using a cyclic steady state boundary condition. The resulting
complete solution was:then‘partially expanded.as a Fourier-series-inv
'which the amplitude and Egagg_of tne_fnndamentai component'represent the
signal amplitnde,and phase.measured by a lock-inﬂdetector. for any ngg:

linear process, this is the prdper approach, -eg., to obtain the complete

solution and then to extract the fundamental Fourier component of the
result. | |

Although nonélinear surface processes are quite_common and important'
(eg.;:bimoleculaf recombination)'the folloﬁing discussion will be‘de—
voted to linear processes Whlch prov1de ample complication or. "struc-:

1
"5 “to the amplitude and phase data. For a linear.surface process,

“tur
we may apply the princ1ple of superp051tion and not only s1mpllfy the
' analySis but also. av01d any unnecessary work That 1s, s1nce we plan to

extract Onlx;the fundamental Fonrier component by lock—in detection, and
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since‘in a linear system-each»component behavesvindependently,-then we
need onlyfevaluate,the syStem response to the.fundamental.component of
the modulated molecular beam (any DC component background, or hlgher
‘ harmonlcsvmay be 1gnored). Instead of evaluatlng the response to a
square5 trapezoidalor other complex Vave; only the response'to a 31mple
sinuSOld need be calculated. | |
We.need the response to.the fundamental component of the modulated
reactant fluxasj\sin@h‘{¢)_where the reaction phasevlag (due to residence
tlme) is explicitly noted ss ¢. Only the amplitude, A, and phase, ¢,
are givén by the'lock-in‘amplifier,’and these may be conveniently deter--

mined by calculating a response A e J¢ Jwt = A¥ ert

+,52
tion erF_ 2

‘to a .driving func-

.For-the simple.case3of diffuse,SCattering'of the_modulated.reactant
beam from the surface, the mass spectrometer signal due to the scattered

reactant is,:

.SR(t)‘ = g(t) . : (]_)
where the beam with a strength lo‘at the surface has been modulated by

a function g(t). BR

is an instrumental constant.accounting for the colli~ -
mation - geometry and the mass spectrometer eff1c1ency Since the mass
spectrometer responds to the dens1ty of molecules in 1ts 1on1zer, the

scattered flux has been converted to a dens1ty equlvalent by d1v1d1ng by

,fASln(wt - ¢) may be expressed after Buler in complex ‘form' as A[exp
Jlwt = ¢) = exp -J(wt - ¢)]/23 = A*/23 exp jwt — A*+/23 exp -jwt, where
A% = A exp ~j¢ is a complex amplitude and A¥*+ is its complex conjugate.
Since ‘the conjugate solutlon is obtained for the conJugate driving

"functlon, we need only calculate the response A* exp . jwt to a driving
function exp Juwt.
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the mean speed as represented‘qy t‘tE square root of the absolute temperature

of the molecules scattered 1nto the 1on1zer.53

The lock-in detector sees this signal sR(t)~as

Juwt BR Io ) ejum

- where g, is the first Fourier coefficient of g(t), and the lock-in detec-

.f.

tor measures a signal_magnitude'SR'at zero.phaSe"(no reaction delay).
Reaction products in this linear analysis desorb at a rate propor-

tlonal to the den51ty nP(t) of product on the surface with a first order

rate constant k The mass spectrometer'signal due to desorbed product .
is, -
' Bp k& ' 3
sp(t) = - n (t) o S0 (3)

The lock-in detector_SeeS'this signai sp(t) as

B, k i o |
SP*- ejwt = P d nl e‘Jv(wt ¢) ()4)
i

where n) is the first Fourier coefficient of n,(t) and the phase lag of
product desorptlon ¢ is spe01f1cally noted 'The»lock—in detector meas-
ures & 51gnal magnltude IS ¥| at a phase setting ¢.

Numerical evaluatlon of B is difficult and subject to change due to

aging of the electfon multiplier, etc. It is convenient to use the ratio

‘of product to reactant signals, -

TActually'the lock—ih -gmplifier measures the rms value of the first
Fourier component not its amplitude but this scale factor may be incor-
porated in B.
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where € is ‘the apparent‘reaction probability and ¢ is the reaction phase
lag. In practlce, the measured den31ty 51gnals S are 1mmed1ately cor- .

' rected by the square root of temperature to glve flux s1gnals,53

Cs=sT | o (6)
therefore we have,
i I [kd n'l]ve"“’ ” o
S . ' I g )
R o Lo 1 . .

Tne.anparent reaction procatility;_S. _desorption flux/impingement'flux;
is a.convenient ratio and becones the true reaction protability_in-the v
limit of_Zero.frequency; 'it<is remarkably easy'to operate‘at a idw-
reactiondprobabiiityfﬁ.10' such that the desorbed product s1gnal S*p

el
l

Idgl on the same bas1s w1thout needlng to correct for consummed reactant,

represents k and the scattered reactant s1gnal S represents.'

The 1nstrumental constants, BR’ BP, have been assumed equal although'
dlfferent spec1es are 1nvolved How good 1s th1s approx1mat10n9

Product desorpt1on is assumed to be diffuse although some‘small'
'correction to'this'may be in order;sh"Also,.it is assumed thatithe pri-
>mary.bean iS;scattered diffusely from‘tne:roon;tenperature'target§ ~This
is aniexcellent approximation‘since.very'"perfectﬁ surfaces are required
to obtain significant*specular'reflectdontSSd'Consequently5‘equivalent
fractions»of scattered reactant or emitteduproduct flux enter the solid
vangie~subtended bj the mass spectrometer ionizer. |

The mass spectrometer response to a particular species is a
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compliéated function of the bpératiﬁg coﬁdifidns»of_thé épéétrometer and
thé-atomic proﬁerties'of.the mass,sﬁecies. Forﬁﬁnatély,-the species of
intefes# in this work (CO28, 0232,.002hh) are not vastly differeﬁt.in
molecular.weight. The iénizer conﬁrols.are thned_té maXimize the signal.
aﬁ a péfticular.ﬁasé number.(say mass 32). vSinéé this meximum is quite
broad,.re—tﬁning'the ioniéer'on a differeﬁt‘mass péak (say mass 28 of‘hh)
provides Only.a 10% incfeasévin signal.

Variafions of resolutionlover_the‘masé ?angé_(which is an inherent
feature Qf’the quadru?ole mass spéétr@méter) may alter the»sensitivity
at égéh mass number. We’néglect this effect.: Calibfation with a known
gas mixtﬁre Would be reQuiied for'mére precise studies than those reported
here. | |

We'maybnow begih'to[étudy'different reaction ﬁechanismé.' To evalu-
éte a.parﬁicular linear reaction meéhanism we assﬁme a 'driving fﬁnction.

Jwt

8 ¢ of reactant and a surface density response n¥ e

JQt of pfodﬁct

species.

"'B, “Adsorption-Desorption

As an example consider the case of simple adsorption-dissociation-
desorptiqn from a beam of intensity»Io with a‘sticking probability n .and

d;

a desorption rate constant k
ooonl ky . | .
Ae(g) +28 —% 2 (SA)a—-> 25 + 2A(g) . - (8)

We write‘a surface:massAbalance.On the number of adsorbed A atoms, n, as

.T(h* is complex. of the form n,



'dt 2nI g(t) kd n = ‘””'Ea”f3'ff“9ff“£9) .

where I. g(t) 1s the modulated reactant flux Substltutlng for g(t) andbn'-

-~

our dr1v1ng functlon and tr1al solutlon we’ obtaln

’,jwnfééQﬁfg%éhisé eg@t - k. n*erF,;'-h o 0)

: and§Sdl§ing'ferTﬁfiﬁejhaVeg,vl”

'The:deébrﬁtidn;rate;ofiadsthed%Afie,%dffcenree;tkanfejgw br}hgélécting'.af:: '

o theftime'deﬁendenee;;‘.

ffwhere E is the apparent reactlon probablllty and ¢ 1s the reactlon phasef-f*l"
‘lag. ‘ft

":aiJESIiE%;{@[hd)zi?f:dﬁ‘

If the parameter w may be adJusted to produce:v

'yquency w.'

viie and ¢, then the desorptlon rate‘constant kd and the stlcklng proba—-h-;:

'rblllty n_may be ea51ly determlned More 1mportant the frequency spedra e
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- of € and ¢ provide,sensitiveieﬁecks_on’the oroposed.reaetion_mechanism.
In the»present case.we:ﬁave a simple 1inee£ variation of tan ¢ with w of
slope l/kdf Simiiarly,‘fhis reaction mechanism‘prediots,a_linear vari-
_ation of_1/€2 with d2 exhibifing a siope (2nkd)-2.' Returninglﬁo equation
12 we may note that the product eﬁission'rate may be'fepreSenﬁed as e
reection'product‘fector.offamplifUde € and phase éﬁgle ¢. For this |
:example,'the product vector locus as frequency is incressed is a.semiel
circle‘as>SRetched invFig.;S. The apparent reactiOh_probability decreases
frqﬁ-theusteady‘stete or t?ue.Dvaalue, and:the phase lag ¢ increases
_from,O°‘to 90° as w increases (fof w “'kd).

It is common practice fo make en Arrﬂenius plot of reaction kinetic
date. When a straightlline is fiﬁted to the daﬁa, the slope eousls 1/R
(R fhe ges oonstaht) timeskthe ectivation-enefgy for the controlliogv
kinetie step. If we plot.the natural loéarithm of the_apparentrreaction
probability e.as a‘function of reciprocal tempefature, what does this
slope fepresent? | |

For s1mple desorptlon with € given by Eq (13), the Arrhenius slope;v

A=23 in e/9(1/T) is L5 56

—.i w . . i
A= f < "3 5 - o | (15)

gUnoef'steady-state-oonditioos,vthe'rate of surface-dissociatioh,isvdeter—
_mlnded only by the. stlcklng probablllty (constant)i——; all reactants
that stlck are desorbed as atoms. The modulated beam experlment permlts
v”1nvest1gatlon of the desor?tlon rate constant k when wﬂvk . At hlgh

frequencies (u)§>kd) the slope of the Arrhenlus plot is -E /R
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C. Molecular Transit Effects

Up to thls p01nt the analy51s has considered the chopped beam at
the surface at zero phase and the detector respondlng to emitted products
just as they leave theisurfacew Actually, the reactants-travel some
distance from the chopper.tO’the‘target.v Due to finite molecular velo-
cities (ca..hxloh'cm/sec), a molecule traveling 4 cm reguires'lo—h seconds
and this delay represents 36° phase lag at iOOd Hz. .Furthermore,bsince
the beam contaihsva spectrum (Maxwellian) cf Velocities, the chopped uave

shape varies as the beam packet travels to the target since the faster

molecules williflow into the trough left by’the preceeding packet and the
slowerlmolecules will fall back ihto the trough from their packet. In

' this manner, the wave amplitude is decreased and the effect is called -

dispersion demodulation attenuation.
" The diSpersion attenuation and phase shift for Maxwellian molecular

5T

beams heve been computed ahd tabulated for different beam properties .

(ie., flux or density)."For the'beam path from the chopper to the target,

it'isvthe corrected beam:flux'which we reQuire._ The attenuation due_to.

transit may be used to scale up the measured amplltude and the transit

] phase lag -may be subtracted from the total measured phase lag. Slmllarly,

transit from the target to the mass/spectrometer ionizer modlfles'the

total response. In this case, however, a correction based on scattered

 (emitted) number density is required since the ionization process is

53,58

density sensitive.
The maénltude of these‘correctlons depends on the modulatlon fre—.

quency W, the path length L, and the gas temperature T as reflected 1n

the mcst probable speed o = /(2XT/m). The dispersion amplitude attenu-

ation and phase shift are tabulated in terms of a parameter X = wL/q .57
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In reaction kinetic studies where transit effeCts must bevCOrreoted
for, it is'desirable to:havefshort7beam'paths; However trans1t demo—
' dulatlon measurements over long paths may be used to determlne the speed : -

59

spectrum of a molecular beam.
- . _ 5
'The application of tnese correotions to reactions inuolving only.
linear‘processes is straight forWsrd; but tne.loss'of s&stem sensitivity
- due to:transit,demoduistion-and,.evenpworse, l/rz'dilution'of intensity
should be_considered inienperiment design.: For_non;linear,reactions,
however,bthe particular gggpg”of’the'beam wave striking'the target is
'important ‘ Consequently, a short chopper—to—target dlstance is desir-
eblekto retaln a 31mple square chopped reactant feed After solv1ng
the non—llnear problem and obtalnlng the first Fourler coeff1c1ent the

usual correctlons may be applled to the transit from the target to the

detector. -

D. Series Processes
As a second example consider the simple series process,

nI K .k
A(g) + 28 % 2(SA)a—-—l>2(SA);+d>28 + 2a(g) (16)

where'a.dsorb_ed'(SA_)a goes to a desorption_precursor state“(SA);_by s-step -

.describeddby a first'order.rete,constant kl' _The surface balances for_

o At o o ' o S
(SA)a and-(SA)é may be written as, ' S R o : .
for (SA) : dn 2'(11 g(t) -k, n B L . ”(1’7a.) B

e dt ) 1 o . o . ’ - K 7
vfor (SA)a" "=k, n- k_d nteo _ , S - (am)

at

Substituting triaJISOlutions'n* ejwt‘and n*"ejwt,for n and n', the
Jut o

response to an excitation g(t) = 8¢ may be written as,

i
|
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| 2nk o8 S ' )
' = 1 = -Jj¢
O Tl ¥ Juw/k, )(:L ¥ jw/k_5 € I,8®

J tan (w/k ) -—J tan (m/kl)

- en gl v . o
= —— . (18)
o Na wg/kde) Va - wg/kl‘?) |
from which We see,
e & - 2n : ( ) .
' ' : -1 T . 19
Va+ oV« P
and -
6 = tan™(w/k,) + ten (w/i)) = 63+ b . (20)

‘  If Qné of the rates is very:fast, thé slow brocess becomes rate
determihiﬁg aﬁd the behawio;'df e‘pf ) redﬁﬁes to‘fhat of_equati§ﬁ 13 or
14 resbectively." o

A'graphical rebre;entatibn for_arﬁitrary'ki,'kd requires~a-family_of
: cprves; howeVer for kl = kd ﬁhevreaction vector lgcuévis illustrated in
Fig. 5b. Agein the apparent reaction ﬁi«obability is a ﬁlonotdn:j.é'ally_
degreasiﬁg function of w (for w“;kd) énd‘the.phaée iag é incféasesfwith
W but nay now approach 180°. |
As,in'thé,case of simple desQrption,'the DC rate is determined.

solelj by-the'éonstanf sticking probability.‘ Forvthé modulated beam

experiment the Arrhenius slope A.is given by;5-6
-E_ . . : ,
_ 4 w2 L E1 w2 ‘ o :
A=x % "R z_.2z (=
kd + W kl + W

The moduiation frequency w mey possibly be adjusted to separate the .
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effects of different rate constants and thereby pe,Jlt their evaluation.
Eachfaddrt;onal series process will s1mply'contr1bute‘its additional

. o : - . c _
Phase lag and introduce'further-amplitude reduction as a multiplier -

' Vl + w2/k2.

: E,t Solution—Diffusion
Ratehlimitingvsteps'controlled%by,the diffusion of some,chemicalf

species are common and represent another class of mechanisms.

1. Semi—infinite medivm
Let us flrst consider & model in which dlssociatlvely adsorbed gas

mey dlffuse 1nto (and out of) ‘the bulk before desorptlon.

oo iy g
‘A, + 28 —aZ 2(SA)_ ~——-2 Alg) + 258 (22)

2
o ) l'._ Solutlon (H solublllty)
A Diffusion (D bulk dlfqulon coef. 2)
CBulk

Denotlng the surface concentratlon by n(t) and the bulk concentr— '

ation by C(x t), these quantltles are related at the surface by,
:c(O,t)1=rH nlt) o, - (23)
‘where H is a constant solubility coefficient.

A surface balance on n may be written as,

M— 2nI 'g(t) - kd n(t) ¥ D (ab) I . (24)

. at 9x

which{serves_aS’a bouhdary-condition.to the bulk diffusion equetion,h

3 C{x,t) _ . 37 C(x,t) - o S s

A response c(x, t) E(x) e is_&sshmed tomanseXCitétion_é(t)-=
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&, eswt anq.Eq. (25) is_solved subject to Eéf (2&)‘and requiring a finite
concentfation at large x (semi—infinite ﬁedium-boundary condition).v
The emissionvra£e of pro&uet Avis given by,
k

kd.n(f:)__ = —% c(0,t) s | (26)

and the apparent reaction probability vector

€ e_jd) = : : én - ) : o . .
[(1+ 3(uw/k,)] + H‘Q.Y.J.w_ L:“_,L (27)
v | d ks ks \ 5 -

‘ Eq (27) dlffers from the 31mple desorption example by the second term

in the denomlnator and - may be separated 1nto its polar components as:

2nk .
e = — : a _ |
V< .)Dw)Q : D'Vw2 ‘ .
kd+Hv > + m+H -/ o (28)
_ D w
' w+ Hel—4— '\ B :
tan ¢ = ———=—— o (29)
N : Dvw T : :
kd + H —

| For strengvsolution—diffueion'contrel (H¢5_67§.large compaied to w and -
k ) a constant h5° phase shift is obtalned and the apparent reaction
vprobablllty, €, varies as W 1/2.+ of course,aunder-these condatlons the
apparent reaction probability is*already very much 1ess than 2n. At very
hlgh,frequenc1es the dlffus1on control dlmlnlshes and the: phase angle

approaches 90° as for smmple desorptlon. A magnified polar dlagram of

TA

The frequency dependence of € for simple desorption is wf; for w >>>kd.
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" this béhavior is'shown'in’FigL 6a and_the_compietei10cus is shown in

Fig. 6o for pefspective.»

2. For a fihité ﬁedium'with no loss at the rear wall,va-boundany con-
dition at the rear wall, x = &, may be written as

- fac(x,t) S . .
( , gx )xf 0 b.f. _ - - (30)

‘This serves to multiply the second term in the denominator of Eq. (29) by
tanh'(VJw7Dv£). In the limit £,0 we obtain an impenetrable front sur—

face and Eq. (12).- For'z;,m, Eq. (27) is recovered.

"3. qu a finite medium-of'thickneSS'Z loss of atoms from the rear face

ives a new bound condition at x = L7
Cafsc o\
ﬁ(ﬁt)x—-_—.ﬂ, - -,-k-/H C(Q,?t) - Dv(Bx).}FQ,_ - (31

Thié.changes the hyperbolic tangent correctioﬁ term to

tanh \Fﬂz,z ;1/2 1ﬁ" L | -1 (32)
P Vi) a/m (et gw) -

Lqrge'éolubilityV(H large):pgrmits thé”bﬁlk to absorbvtﬁe ﬁulsing_of the
reactant flux so that ibss through the rear face is negligible and wve
recqvef.exampie E-2. | | |

| .Tﬂe”interéstiﬁgvfeatﬁre of a reaction'dominétéd by solution Q‘diffu-
sion ébntf@l when sfudied,by thevmodﬁlated 5eam technique.is the %50
 phaée,lag‘which‘is>insenéitivé t§ thevméduléfiﬁn_frequency w. It is
:significant that-soiutionﬂ— diffusién controi is noﬁ represgnﬁéd by év
"characteristic time" for which the tangent of,ﬁhase:lag:ﬁogld inpreasé

with w.  Rather, the solid acts as a "flywheel" adjusting to the



36—

modulatlon perlod and delaylng the effect of pu181ng the reactant feed

Slmllar effects are: observed in cycllc heat transfer.§

F.'fSurfaég”Diffusion
de mechenisms involvinéjsurfece diffﬁsidn afe ﬁessible.

. Invpne ease,_gh aﬁom7ﬁith-a.desorption.lifevti@e of l/kd simultan—
eousij migrates over the sﬁfface; Providing that“ﬁheradsefbed_atom“does
not‘wandef:off_the edgesof‘ﬁﬁe ﬁarget7surfeee'or'otherWise»out of vieﬁ
) of the‘mass spectrometer-deteefor;.this'suffeCe'diffusion process dbes
not affecf the response.of the'systeﬁi however,ﬁa‘ﬁere venfﬁresomevsufe
._fece diffusies woﬁld'prGQidexloss of:signal dﬁe.to_geoﬁetrical ailu—»
tion.so",fhis "rsdial sﬁreading" prdblem; whiéh‘was'important-in the
' 2 - Ta study of Krakowskl and Olanderhl is not:considefed here;

o A model in whlch an adsorbed atom must dlffuse to an active 51te,
before'it iS'desorbed is'the sedond case of interest;_.Here;we;have;a
serieéfprocess‘ofvSﬁrface diffusiOn.end desorbﬁien,* We”seek to ?ebresent‘
the'surfaee'aiffusion step by a phenomenoléicel'first“efdef faﬁe COnstaﬁ.

Considef‘aﬁ adatom A”which diffﬁsesfon the surface'to ehcognter an
-acfiﬁevsurfaee atom S* with which it reacts fdvform-adserbed pfdauct
(SA)éds'ﬂ.Thié process may be represented as, |

pest—Ee(sn . (33)
k ads ..o T
. How méy we i_nterﬁretv--t}‘u'..s‘ rate eOnS'ta.nf k?
1. ‘Assime that the concentration of available 5% sites is controled by
‘ thermgivprQCesses“ohly —— indegendenﬁiof;aasorbedséas,esqeentrationi .
Then‘,'l : : : L . . . . e

L €



and by Eq. (34),
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~where Ks*_iS’an equilibrium éonstaht to describe S* éite concentration,

NS*'

Because of this rapid production and annealing‘of S* siﬁes, the rate
cannot be.deécribed by 6onvéntioﬁél éUrfacé diffusion of.édsofbed A td-,'
ward fixed S* sites. Rdther;vs* sites:are'seeh as popping up and annéal-»

ing out all around the surface, and occasionally appearing cloSe_enough-

‘to an atom of A to cause reaction..

The rate constant for reaction with S¥ sites, k, may be interpreted
as follows{

The surface sees a flux of S*'sites at the rate
" B L
k (s* sites/ cm2 - sec)

These survive for a mean time of 1/k~ before annealing. During this time
each mobile A negotiates a mean quare,displacemént'ih twd dimensions
which is given by the Einstein relation as,

e =l D_ (1/x7) E

where Ds-is the surface diffusibn'coeffiéient, ‘I'ak'in_g'r2 as a cross

 section for the interaction of an A atom with.a S* site, the rate is;’

kA=K (4D /K)A

ik:rl,# D, Ny . B :_'(v35)'

2. Iﬁ'aﬁalysis of fission gas bubble nucleation,6l‘one-coﬁéiders_the‘

.number of jumps made by a gas'étom before it joins another. For a gas

'atom'jumﬁing by steps of'length a in a lattice of spacing'§Vin which



' there is aNconcentrationvﬂ-of.other gas-atoms‘which'nay be encountered
from z possible adJacent sites, the probablllty of an encounter in a’
glren'Jump is zN/(l/a ) (whlch 1s z t1mes the fractlon of total 51tes
which-are”occupied by gas atoms)t"The.average'number.of jumps per en-
counter .is nJ the reciprocal of thislﬁrobabilit&'of:encounter

By th1s analy51s the rate of encounter of A w1th S* 51tes may be
: written in terms of the Jump frequency T as,. -. . ‘

e mgerinm )

where the definition,
D= Ta7/b (37)

_hasvbeen'usedrTv'
3. The first order rate.constant k may also be taken as the. re01procal
of the mean t1me for A to dlffuse the dlstance.ﬁ between ne1ghbor1ng
S* (2 @ l/NS*),62H'U81ng the Einstein relation for,a two-d;menslonal
randondwalk we have;' .>: v o |
kr:ﬁ?””ﬂé* N
4 s . - .
k. If.the S* s1tes are statlonaryrand act as large enough sinks to
destabllsh a steady concentratlon gradlent, steady statecmacroscoplc
;dlffus1on theory may be applled | | | | |
The total surface area is dlvlded 1nto‘1ndependent c1rcular cells
“of radius,-_‘ I/VFE_;', centered on: the S* 31tes, Wthh have an‘effec-i
'tive radius; r.,. The rate of canture ofvadsorbed atoms by act1ve>51tes,'

S

'G;Tls related to the phenomenologlcal rate constant k by,‘

'cf?k’ﬁ | e
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whefe>ﬁ'is the average‘Concentraiion of adsorbed atoms in the circular
cell (to.be determined by diffusion theory).
Fick's law for Surfaqe diffusion (characterized by a surface dif-

fusion coefficient DS) in cylindrical coordinates is,

R ECER)e o Go

‘Since the active site S* is a perfect sink for adscrbed atoms, the

boﬁndary‘condition at r= révis:n(rs) = O;' The indépendent cells do nof.
have ényiflux of atoms betﬁéen them fherefofe; (dn/dr)r=R= 0.

N Equafion.(ho) is éolved suﬁject”to thevboundary‘coﬁditipns at r_
and R fovyield-n(r) wﬁigh.is-thén.éveraged'ovér the annulus.fo.give ﬁ.
The phenomenolégical rate constant is then identifiéd by iﬁéerting the

result into Eq. (39). This procedure yields:

o ;v . _ - 3
k'—'[ln(R/rSSJ Ds_Ns*' N . . _(hl)

, Equations (35), (36), (38), and.(hi} all_indicate_that the first order

rate constant describing migrationAOf-reactant'tb active sites on the
surface is proportional‘to thé’prdduct‘of.thg surface diffuéion co-
efficiént‘of'the migratinglatom-(Ds) and the density of active sites

S*)' The constant of proportionality differs from one derivation to

_another'Bﬁt appears to. be between:One and ten.

G. Branch Processes

. Some reactions may yield the same prdduéts by-means of different

-pathS.: These reactions are particularly interesting if'thé reactions

along different paths proceed at different rates.

Consider for example a two branch process in which dissociated A



" 2ho-

enters branch 1 with probbility P

= 1). The desorption rate constanté, kl and k2, respec-

‘or enters branch 2 with probability

P2,

(Pl_fP2

tively, are assumed to be different. The process may be representedbby:

P Tk

o 1 11
Conr, | (hgss e

—3(sm2 s+ ate)

‘cher steps more.cdﬁplicéted thanvéimplg adsorptién cpuld‘be>inéor—
porétéd»into.a.branch ?ath,yénd more than two branches aré pos§i5ie.'f
.Branéh processés mdy ariée if different types,of surface sites .
"pértiCipate,in significant proportionskinvthéireaction but at differént
rafés. . |
| f'The}appareqt reaction v¢¢£Qrier5the.regctiongéeqﬁénce represented
b?,Eq;,(42),iéa"' o v o
2”Pi o omp

ST T 3w/

- 2‘ o
)

fTeEy o ()

€ e

Plots of the'apparent reaction veétor locus- as frequency is varied

'ére'uSeful'for ahalyzing branch'probéSSés.“ For kl ='kév= kd, the paths

‘are.indistinguishable and Eq}*(h3)'reduces to Eq. (12) so“the apparent

reaction vector locus is a semicircle as in Fig. 5a. At the other ex-

2

slow first process runs its course then the second process undergoes its

o treme, for k > ks the second process.acté.at'full_Stréngth Whiie the

demodulation theréby tracing ouﬁ.two éemiéircles. For'Pl'.:-P2 = 0.5, the ‘
v apparent reaction vector loci for varioué ratios,‘kz/ki, arevplotted'ih'

Fig. 7é.'.It is seen that incressing the separatién of the k‘svdeepens

thevdip”in the curve and'that a .clear distinctioﬁ between single or
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~a. Equal Probability Branches
9_00 o KykaElS
PzlorO
, 0°
| : 27
b. Variable Probability Branches
e0° ki/kp= 15 o
' | | P| = l Qr 0] '
Oo
| . o2y
c. Variable Probability Branches
XBL717-6988

‘Fig. 7 ‘Branch process reaction vector locus.
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bfanch prbcesées,requiies é‘réte_éonstanﬁ ratib of 5 ér greafer.'

- By adjusting the P;s and k's (and adding additional branches if
4 neéessary),_the‘tﬁeofy msy be tailored to give'a satisfactory matchbfo
virtualiyfany linear regction.proceés. _Figures.7b5'7§ illustrate the
effecf of juggling the Pfs, |

;O ggperimental-Philosopgi

The‘regctibh m§¢haniSms'reviéwédvianhis chapter éfefhot all- ‘
inclﬁéive,‘and other sChemes‘may'réprésenf 8 éifen'reaction-mbrg clésely.
- The bééﬁ:}eéction model is one‘that enéoﬁﬁasses.all'féliabie data ﬁifhi‘
_the‘fewés# adjustable parﬁmetefs offphysiéal significance.

:$hebspecific réte éf a first ordgr chemical reaétion.depéﬁds oh‘the
particular reaction meéhéhism and the values of thébcéﬁﬁrolling rate
cohstanfs.: It isvﬁhe aim;of‘reaction kinetié»studies to as@ertéin the 
' reactioﬂ'mééhaniSm;énd'to evaluatéJthevrate consfants'of’thé elémentary
steps.whicﬁ'cdnstifﬁté thé overail.ﬁfocessﬁt | |

| 'Nbﬁslinear réactioﬁsfshoﬁ'a éepéndenqevof-fhéiréaction probabiiity
on the féaCtant.preséurevés ﬁell as onvtemperéture; ‘This extralcomplis.
éétiéﬁ,'élthpugh not_insﬁrmﬁunﬁaﬁie, reéuireéfa morévtedidﬁS'éhélysis as
éuggéétéd-earlier and.Will-be illustrafed for some of the daté in this.--
' wdrk;. | | o |

Primary experimenfal‘variabies‘in.a modulatéd'molépular-beam_chgm—

‘ical'kineﬁic étudy'are ﬁhe reagténtfgas péam inténsity’io,,the farget
temperature TS,,the quulationifrequeﬁqy W, (rad/sec) andithe beam tem-
péraiprg Ty- - Data obtaiﬁed from an experiment are the apparent ?eagfidn'.
lérobability.e,'aﬁd the:reactionﬁﬁhése'laé ¢;';Basidaily,v6ﬁe‘expéété to7ﬂ
"'détéfminei (1) thérreaétion:brdér ﬁy #arying Ié, (2).*thé'écﬁiVatioﬁ :

_energy(s), Eé, Ey varying T;, and. (3) the value of the.raté chstant(S),
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k, end therefore the pre-erponteﬁtial A ty reriation of.w. In the loﬁ.

.freQuehcy.limit (if exéerimenteiiy accessible).the sticking probability'.
n eouid be‘determined.1:Typrcally,'adjustment of the ﬁodulation franéﬁcm
CW, dees not effect a-cleanjseparetien of different kihetic steps. Never-
theless, an orgenized investigatieﬁ7of a reaction can produce the desired

mey be varied to determine if the

information. The beam temperature TB

rate is a function of the state‘of thexreactantvgas.

Preiiﬁinary erperiﬁents'shou;drﬁe'éone first to determine if the
experiment‘is euffieiehtly'sensitiye‘over a range.of tempereture,“preSa.
stre, andemoduletidntfrequency'&;give useful data. Next a convenient
temperature and 'frequency are _chose'n and the reaeta.rit ge.s pressure. is
 varied to.determine rea.ct:i.vo‘rx‘ord'er.Jr Reaction order determinations.ﬂxxﬂd
evehtualiy.Be_made at sereral temperatures'and frequencies.

.With the reactien;order determined the pressure'and tem@erature are .
setjend”the_frequency Q_is-veriedlto obtain.data for a reaction vectorE
:leeuévpiqt.v Characterietie,features such as'the humber,ef hum@s; their
reiative sizes and their Seperetion are considered to determine the-eom—
plex1ty.and type of the reactlon mechanlsm to flt to the data. :Fer
llnear processes, the Vfrequency scan" data will determlne the rate con~
stants and'branching ratios at any temperature’and pressure;. Rate'cOn—
stants determlned by frequency scans at different temperatures may be

plotted Arrhenlus fashion to obtain the actlvatlon energy(s) E .

A square modulated beam has no second or other even harmonics, but non-
linear surface processes would generate even harmonics. Measurement of
the . even harmonic content of a reaction product signal could be used to
verlfy first. order behavior but the sen51t1v1ty of this determlnatlon
is probably quite low. . :

TTThe thlrd fifth and hlgher harmonlcs (o0dd, of the square Wave) could .
be uséd with linear reactions as a means of extending the frequency range
of dbserVation. However, the beam intensity of these higher harmonics is
vreduced from that of the fundamental by factors of 1/3, 1/5, e
respectlvely. i
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III EXPERIMENTAL

A;,}Descriptioh of Apparatus

1. General Features

Although a great many e#periméntai paraﬁeters might be'adjusted to
probe allitheAihtricacies 6f a heterogeceous‘reaction, the}experimental
compleiities introduced;with each”variable generally redﬁce over—all
syStemisénsitivity; In order that gas—solid systems w1th reaction pro—

babilities in the range,of 10 -b to lo -5

might be studied a system
‘empha5121ng senSit1v1ty (or large s1gnal—to—n01se ratio) was developed
To this end the system was de51gned (1) to be compact to minimize l/r

beam spreading losses, and (2) to usedifferential;mmpingto;mowﬁemaxummn
'1solation_of chopped beam and.reactlon product 51gnalv(except When due to |
ihteraction of the reactant beaﬁ with theftarget surface)., |
lfﬁe:beam transport‘portion.iS-Sh0wn:in;Fig. 8~vith the'éeheralr
vacucm system labeled to assist 1dent1f1cat10n of features in the equip-
ment photographs Figs. 9, lO and ll. Unllke_typical apparatus for‘
molecular beam'scattering studies there'is ho provision:for variation oi
the aagle of'beam_incidence,or:the angle of,reaction product ooservatioh.
Both'directionsfare fixed at hséto the surface norﬁal_andcare coplanar;
‘There}istalSO'no provision ior-mecﬁanical‘velOcityvselectionfof beam
molecules Whichvisftypically”accomplished by'a'seriescof'rotating toothed
discs in the beam-path..:IncOrporation of apgular variation and velocity
selection generallyvresults iria bulkier system’with'much”greater 1/r?”>
‘dilution;oflthexbeai‘as well”as.arclﬁttered vacuum tank vithireduced

local pumping speed’ just where good pumping is desired; There'hasfbeen,t‘
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Fig. 8 Beam transport geometry (plan view).
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XBB T15-2247

Fig. 9 Equipment layout as seen through "fish eye" lens.
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XBB T15~2150

Fig. 10 Equipment layout--operating aresa. Major components
from left to right are: Modulation electronics,
vacuum system, signal processing electronics, and
quadrupole mass spectrometer controls backed by the
10Kw electron beam heater power supply.
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XBB T15-2155

Fig. 11 Equipment layout--looking toward pyrometer viewport. At the
left is the CAT unit for waveform measurements followed by
3 ion gauge controllers and topped by the 240 liter/sec ion

pump .
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XBB T15

Fig. 12 Gas inlet system and source chamber.
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XBB T715-2153

Fig. 13 1Interior of source chamber.



XBB T715-2151

Fig. 14 1Interior of target chamber illuminated by a hot
target. The beam enters from above through a
hole in the dimpled foil heat shield.
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(63)

however, an attempt to develop such a system.

Information on the condition of the target surface and possible
chemisorption of reactant or background gases could possibly be obtained
by low-energy electron diffraction (LEED) or Auger electron spectro-
scopy£63’6§) but no extra space for the LEED optics and detection screen
has been provided. Furthermore, the high heat loads from the hot target
could demage the LEED or Auger detection screen if one had been crowded
into the vacuum system. LEED has been used successfully in chemisorption
(64)

studies under milder enviroamental conditions.

2. Vacuum System

Figure 8 illustrates the modular system design--flange mounted com-
ponents are inserted like fingers intp a glove. Many individual com-
ponents may be dismounted for adjustment or repair without disturbing
adjacent parts. The system consists of three vacuum chambers: (1) the
beam source chamber, (2) the target chamber, and (3) the mass spectro-
meter detector chamber.

The beam source exhausts into the source chamber which is fabricated
as a cross from T-inch diameter aluminum pipe (Figs. 9, 10, 12, 13). The
source tube entérs through a glass plate capping one horizontal arm and
the beam is extracted through a collimating orifice in the center of the
opposite arm. The top arm is covered by a large glass view port, and the
bottom arm leads to the vacuum pump. This chamber is evacuated by a NRC
500 liter/second, 6—inéh 0il diffusion pump with liquid nitrogen baffle
and gate valve. A Welch #1397 mechanical pump with dry trap is used to
rough the system or back the diffusion pump. Within the source chamber
are the chopper motor, a beam heater, and a source bake heater. Elec-

trical connections for these devices and cooling water for the motor are
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introduced through Cajon "O" ring compression fittings placed around the
periphery of the arm containing the beam source tip. Pressure measure-
ment is by a type RG-75 "Bayard-Alpert'" gauge using a Veeco RG-31X ioni-
zation gauge controller. The gauge tube is also mounted in a Cajon
fitting>near the beam source tip. Typical operating pressures of less
than lxlO_)4 torr are obtained in this "O"vring sealed chamber when the
strongest beam is generated.

The target is enclosed in a 304 stainless steel chamber pumped by
an Ultek 1200 liter/second ion pump (Fig. 8). The beam enters through a
1 millimeter diameter collimating orifice and travels along the axis of
this large pump. Two tungsten foil radiation heat shields are placed in
the target chamber on the wall between the hot target and the beam
chopper to protect the chopper motor (Fig. 14). A secondary quadrupole
‘mass spectrometer head (Electronics Associates Inc.) is positioned in the
target chamber on the beam flight path to permit monitoring the primary
beam composition when the target is retracted. A small view port with a
sapphire window looks directly at the target face for temperature meas-
urement by an optical or infrared pyrometer. Another view port at the
rear of the 1200 liter/second ion pump, on the beam axis, is used for
system alignment. Two larger viewports are provided for inspection of
target chamber contents: one (Lainch dia.) above the target holder, and
one (6-inch dia.) beside the beam monitor spectrometer head. Clean
roughing ‘of the target chamber and large ion pump may be accomplished by
two cyclés of a single Ultek sorption pump connected through a viton
"0" ring sealed valve at the rear of the ion pump. Pressure is measured
in the target chamber by another RG-T5 ionization gauge tube using a

second RG-31X controller. This copper gasket sealed chamber attains a
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base pressure of 1x10'9 torr and operates at about 3}(10"8 torr under
normal beam load.

The mass spectrometer head for reaction product detection is in-
stalled through an adjustable bellows in its own separately pumped vacuum
chamber. The ionizer is positioned so.that it receives molecules scat-
tered perpendicular to the primary beam (Fig. 8);

- Molecules entering the mass spectrometer chamber may pass freely
through the spectrometer ionizer (if not ionized) and travel through a
6-inch length of stainless steel bellows, an open mesh shield screen, and
a 240 liter/second Varian ion pump. The outboard end of the Varian ion
pump is terminated in an elbow which connects a Varian sublimation pump
and its piggy—back single element ion pump. A glass view port is pro-
vided in the side of the elbow on line with the scattered beam direction
for aiignment purposes. Roughing of this mass spectrometer chamber is
accomplished only through the 2 mm diameter collimating orifice in the
wall between the spectrometer and target chambers. Tubulation in the
mass spectrometer chamber is nominai 6-inch 304 stainless steel. Thé
préssure in this chamber is also monitored by a RG-T5 ionization gauge
tube using a Vérian 9T71-0003 controller. Operating pressure in this all
metal chaﬁber is typically hxlO_lO torr with full molecular beam load.

Both the target and spectrometer chambers receive a bake-out on
every pump down from atmosphere. The 1200 liter/second Ultek pump has
internal heaters, and the 240 liter/second Varian ion pump uses an ex-
ternal heat shroud. Baking is done for 8 hours at 200°C without removing
the pump magnets. Appendages are baked by heat tapes. The sublimation

pump is easily baked by stopping its cooling water.
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3. Gas Inlet System

Molecular oxygen is taken from the gas cylinder and a Matheson
#3500 stainless steel regulator through stainless steel tubing to a
Granville Phillips "variable leak" valve. The controlled gas flow then
enters an all glass (Pyrex and fuzed silica) concourse (Figs. 12, 13, 15)
First the gas passes along two tungsten wire electrodes between which an
electrical discharge was maintained in early experiments to help purify
the oxygen.+

Beyond the electrode section the gas passes through a coiled Pyrex
cold trap section containing glass beads. The gas then flows down a long
thin quartz delivery tube up to the source tip. In some applications,
(using dissociated oxygen) it is desirable to "fast" flow the gas by the
source tip to minimize recombination. For operation in this mode, the
excess gas is removed by a channel coaxial to the delivery tube. This
exhaust channel is also protected by a bead-filled coiled cold trap.
Source tube pressure is measured, at this down-stream position after the
second cold trap, by a Wallace Tiernan gauge (0.1 - 20 torr) or a ther-
mocouple gauge both of which were calibrated against a traped McLeod
gauge. The source tube is evacuated'by é Welch #1L02 mechanical pump

with dry trap connected down stream of the second cold trap. Throttling

1-Ni’t.rogen (mass 28) is a typical contaminant in reagent oxygen and unfor-
tunately has the same mass number as an important product species, carbon
monoxide, in the reaction system studied. It was expected that the
electrical discharge would form oxides of the nitrogen which could be
cold trapped. An AC arc was struck between the 5 mm spaced tungsten
electrodes by a power supply having a peak voltage of 1200 volts but
resistively limited to a maximum average current of 200 milliamperes.
Glow discharge purification was partially successful --- the mass 28
contaminate could be reduced to about 2x10‘5; however, a quanity of very
high purity oxygen was acquired (Air Reduction Co., Rare Gas Purification
Division, Riverton, N. J.) which needed no further purification by this
means.
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Fig. 15 Gas inlet system: Gas inlet schematic, cutaway of the
beam source, source tube evacuation schematic. All
glass construction between cold traps.
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valves permit controlling the degree of pumping to adjust source pressure
under flow conditions.

Automatic liquid nitrogen level control is provided for these two
cold traps and the liquid nitrogen baffle on the source chamber diffusion
pump. A device which detects when the level is low then delivers liquid
nitrogen for a fixed time period works best. Other systems which detect
high and low liquid levels give erratic performance unless very clever
shielding is provided to prevent splashing cold liquid. on the thermal
sensor during filling.

4. Beam Source

The beam source chosen for this work consists of an array of ~70
small 0.05 mm diameter capillaries formed in a 0.3 mm thick quartz mem-
brane by electron beam millingf (Fig. 16). The membrane closes off a L
cm length of 6 mm quartz tube which is joined to a 30 cm length of 12 mm
quartz tubing (Fig. 15). The small gas delivery tube lays inside this
larger source tube assembly and extends to within 5 mm of the membrane
closure. Non-metalic construction was used to permit use of atomic
oxygen and quartz was favored to allow the source to be heated to gen-
erate a high temperature beam. A small furnace that slips over the
narrow source tip consists of a boron nitride liner which is threaded
internally to hold a platinﬁm heating coil. The furnace liner is en-
closed by tungsten foil heat shields and a stainléss steel can except for
a small hole for the beam to pass through. Beam source temperature is

measured by a Pt, Pt-Rh 10% thermocouple (chosen for its inertness)

TElectron beam milling was done by TRI-D Corporation, 7 Johnson Avenue,
Plainville, Conn. 06062. The molecular beam forming qualities of this
source have been investigated in reference (70).



-58-

Fig. 16 Quartz membrane source (50%).

XBB 6811-7098
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inside the source tube at the tip. The thermocouple leads are insulated
in drawn quartz capilaries and the leads exit through black wax seals
35 em away from the source tip. Thermocouple output voltage is measured
by a Leeds and Northrup #8687 potentiometer or a Hewlett Packard 412A
millivoltmeter. An Electronics Research Associates TR 32-8 regulated
power supply‘(h—32 volts @ 8 amps max.) has been used to heat the source
tube to a cautious 950°C.

The source tube is centered on the horizontal axis of the T-inch
aluminum cross previously described, and enters through a Cajon "O"
ring fitting in a glass window on one arm of the cross, Figs. (12, 13, 15)
The nose of the source tube is held in an "O" ring lined sleeve about
the 12 mm tubing. Both mounting,points_are adjustable for aiming the
beam. The glass window may be slid around on its "O" ring seal before
being clamped in place. The front mount may be adjusted vertically using
slotted holes or it may be moved sideways by compensating shims. This
aiming motion may be compared to the technique used with a billiard cue.

A flexible collar of radially slotted tungsten foil protects the
front "O" ring from damage by the beam heater.

A nichrome ribbon wrepped around the 30 cm length of source tube
provides for its beke-out.

5. Beam Modulation and Reference Signal

In this apparatus the beam was chopped by a rotating slotted disc
driven by a synchronous motor which is mounted in a water cooled brass
block in the source chamber near the collimator (Figs. 8, 13). This
motor mounting block also holds the front source tube mount. A Globe
#5C-53A 111-2, 2 phase, 6 pole motor was used withba 3-inch dismeter

symmetrically cut 6-blade chopper to provide a beam chopped at twice the
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frequency of the power driving the motor. Separation of modulation rate
from the motor power frequency eliminates this source of interference.
The chopper disc was tested for static balance by suspending it at its
hub on a conical pivot. An imbalance equivalent to 1 milligram on the
edge could be detected and adjustment was made by grinding the face of
heavy blades.

In similar applications, the motor is powered by an audio oscillator
through a power amplifier. The two phases of power necéssary are obtained
by using a phasing capacitor in series with one winding. This phase
shifting approach is awkward for a wide frequency range of operation
since quite an assortment of fairly large (~1 mfd.) capacitors must be
switched in as speed is varied. Also, different drive is supplied to the
windings at extremes of the frequency range, resulting in pulsing rota-
tion and requiring excessive power dissipation to maintain motion. A
capacitive load is presented to the amplifier and non-sinusoidal driving
voltages are common. Considerable improvement is obtained by feeding
each motor winding from a separate power amplifier, the phase shift for
one winding being obtained before power amplification. This arrangement
presents a properly phased sinusoidal driving voltage to each winding
and just sufficient drive power may be used to obtain smooth rotation.

Motor power was supplied by two Dynakit Mark III 60 watt amplifiers
driven by a Hewlett Packard 203A audio oscillator which conveniently
provides two individually attenuated outputs with adjustable phase angle
between them. A Dumont 304-AR oscilloscope was connected to the motor
windings to display the 90° Lissajous circle pattern which served to
indicate phasing errors or overloads. With this arrangement the motor

(designed to operate at 8000 rpm) was used as received without change of



=61~

lubricants from 20-15,000 rpm. Bardeen Bartemp bearings have been tried
but were not found to be any better than those supplied with the motor.

A reference signal synchronized to the beam chopping is typically
obtained by using a light and photocell placed on opposite sides of the
choppef biade. Our compact design precluded this method. Instead, the
chopper is viewed under a synchronized stroboscope flash. By adjusting
the delay of the strobe sync signal, the chopper blade may be observed
at a particular reference "position" coincident with this synchronizing
pulse which is then used for the reference signal. This strobe technique
aléo prpvides for inspection of the rotating motion since pulsing rotation
is seen as flutter. A slow precessing motion is also sometimes observed.
Both these anomalies may be corrected by adjusting the drive power (if the
motor bearings are sound).

A signal from the motor drive oscillator is used to synchronize the
strobe. Since the chopping rate is twice the motor driving frequency,
the rate of this synchronizing signal from the motor drive oscillator must be
doubled to provide a proper sync> and refarence sngxal This is accomplished with a
full wave bridge rectifier fed through a good quality audio frequency
isolating transformer from a square wave output on the model 203A oscil-

>9

lator. This derived chopping rate pulse train synchronizes two series
connected Data Pulse 101 pulse generators which provide the required
adjustable delay for the strobe reference synchronizing pulse.

At the highest chopping rate (1500 Hz) the strobe light (General
Radio 1531-AB) would be forced to operate at a considerably higher rate
than its design intended (25000 rpm or 417 Hz). Exceeding the design

duty cycle was found to diminish the flash tube life and result in erratic

firing. The effective strobing rate was therefore reduced by dividing
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the reference pulse rate with up to two series connected flip-flops
providing division by 4, 2, or 1. The level changes of the flip-flop
ouﬁput were differentiated and these trigger pulses were then amplified
and used to trigger the strobe. The strobe flash was not significantly
delayed by this extra electronic processing of its trigger pulse.

The rotating chopper wheel was viewed under strobe flash by a 25
power cathetometer and the pulse generator delay was adjusted to "posi-
tion" a blade edge at a reference mark scribed on the vacuum chamber
wall. This cathetometer magnification was sufficient to set the ref-
erence to better than 0.2° of modulation phase angle.

Ideally, the reference "position'" mark would correspond to where the
chopper is half open to the beam. Under these conditions the beam comes
on at zero phase angle. Generally, however, there is a mechanical phase
shift due to particular mounting positions of collimator and chopper axes
with respect to the reference mark. This shift from "absolute zero of
phase" may be determined by extrapolating phase data, (from a simple
process like beam transit) to its zero frequency ("zero absolute phase")
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value. In order to obtain absolute phase values, this pre-shift of
phase is determined and subtracted from measured phase data.

Fast rise times of the beam modulation envelope may be obtained with
(1) narrow beam and wide chopper blades (and gaps) or (2) wide beam
scanned by a narrow gap. A round beam symmetrically modulated (without
sweeping an arc) by a chopper.with gap or blade dimension equal to the
beam diameter gives a sinusoidal variation of beam intensity. This same
sinusoidal rise and fall occurs during the opening and closing times

when small round beams are modulated by wide choppers. A measured wave

shape of the reflected oxygen beam is shown in Fig. 42 and illustrates
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the nearly square beam modulation profile obtained for this work. A
beam which is well described by on and off intensities only is easiest
to use to evaluate non-linear reaction mechanisms.

6. Target Preparation, Mounting and Heating

Pyrolytic graphite targets are prepared from.diecs 15 mm in diameter
and 5 mm thick cut from bulk pyrolytic graphite. The discs were supplied
by Union Carbide in two configurations with the basal plane parallel or
perpendicular to the disc face. Target details are shown in Fig. 1T7.

The pyrolytic graphite targets are heated from the rear by electron
bombardment. Figure 18 shows the target holder - electron beam heater
assembled on a linear motion feedthrough and 6-inch vacuum flange. A
coaxial electron beam heater assembly of tantalum with alumina insulation
is used to hold a flat spiral or "pancake wound" tungsten filament 3 mm
behind the target. The filament is heated resistively and biased to
high potential by a 10 kilowatt Temescal Metalurgical Corp. EBH-10M-3
power supply. The target is mounted in the end of the tantalum outer
tube and is at ground potential (Fig. 1L4).

. The highly anisotropic thermal conductivity of pyrolytic graphite
presents a great obstacle to achieving proper heating of the target face.
The thermal conductivity normal to the basal planes (c direction) is 100
times less than along the basal planes (a direction). Heating a target
with a basal plane face from the rear is quite difficult because appre-
ciable heat is lost by radiation from the front face, and the rear face
of the target must be heated excessively in order to raise the front face
to the desired temperature. This problem was solved by removing material
from the rear center of the target leaving a thin front face at the end
of a thin sleeve. Back-to-front conduction was increased by this modif-

ication which permitted temperatures of 1800°K to be reached.
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Fig. 1T Target details.



Fig. 18 Target holder--electron beam heater.
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Targets having prismatic plane faces (c axis parallel to the sur-
face) presented a different problem. Heat was conducted easily from
the rear to the front face but radial heat loss to mounting points was
not uniform and gave a temperature band across the sample perpendicular
to the "c¢" direction. The prism plane targets are also thinned in the
center from the rear, and by fastening the target at the extreme basal
layer edges a reasonably uniform hot zone (band) is obtained. Two
fixed set screw points positioned close together on one side and a long
tungsten spring loaded pointer engaging a shallow hole on the opposite
side hold the target. The mounting points contact the target down on
the thin sleeve section to minimize conduction heat loss from the target
face. This mounting is also used for basal plane targets.

Target temperature is measured by optical or infrared pyrometers.
The emissivity of the pyrolytic graphite was taken as 0.76 independent

L,66

of the crystallographic face or the temperature. The target face is
viewed at normal incidence through a sapphire window having 87% trans-
mission at the 0.65 micron wavelength of the optical pyrometer detector,
and 92% transmission at the 2.0 and 2.6 micron wavelength of the infrared
pyrometef. Fogging of the window by graphite vaporized at high temper-
atures was found to be considerable and a shutter was arranged to minimize
this. The shutter, an iron flap, was placed in the vacuum chamber just
behind the window. An electromagnet could be switched on to 1lift the
flap and allow a temperature measurement then the flap would be quickly

dropped. Two pyrometers were used: an Ircon 300C infrared pyrometer for

temperatures up to 1700°C (although the instrument is calibrated to
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2800°C), or a Leeds and Northrup disappearing filament type from about

800°C to the highest temperature studied (2200°C).
This'LéedS and Northrup pyrometer has the usual series connection
of the filament, current adjﬁsting rheostat, batteries and a sﬁppressed

scale (50 - iOO ma) current meter calibrated in degrees centigrade. 1In

.convénﬁional'operation, the batteries are connected, then the rheostat
is adjusted'tb illuminate the filament to‘viewingAbrightness, the tem-

perature scale is read, and, finally, the rheostat is turned down before

disconnecting the battery. Such extra use of the rheostat could be

‘avqided by.simply making or breaking the battery connections under

illumination current. The thermal shock to the filamént, however, is

.considerable, as are the meter excursions particularly on disconnect. .

Safe, convenient operation was provided by (1) connecting a large

capacitor (S0,000,mfd.) in parallel with the series connected rheostat,

, meter; and’filament; and (2) adding a push-button switch and resistor

in Sefiéé With the battery. -The_turanff timebis.determined by the
rheostat‘and filameﬁf resistance in conjunctioh with the necessarily;
iargé qapacitor. The tﬁrn—on time is set by the resistor which also
limits thé sufée current drawn from the battery. 'With this modification
a tempefature is:read simply by pushing the buttdﬁ and adjusting (if
hgcessary),thevfilamentgcurrent._.When the meaéﬁrement is complete,_fhe

button is simply released and the filament cools gently as the meter-

- point falls slowly.

7. Mechenical Alignment

The molecular beam is to intersect the line of flight through the

'spectrbmeter at the center of the target face (Fig. 8). This alignment

is ‘achieved in several steps.

During fabrication, after the beam entrance collimator had been
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drilled, a gas laser beam was shown through the hole. :A drill uas pre-
pared for the second colllmator w1th the spindle parallel to the des1red
line of flight through the spectrometer head. The drill position was
then translated to where 1t was centered in the laser beam at the hump
on thecurvedspectrometer'enclosure and the COllimator hole in the bunEd
wall betueen the target and mass spectrometer chambers was drilled,_
“Later, aligning the source tube mountsiwasgdone using the adjusumnns
preriously_describedfso that the gasvlaser beam would‘pass.along'the o
source'centerline and through the'firSt collimator. A‘dummwibrass‘souroe
tube was used with various end plugs providing holesiof.different reSO—
lution. ’After this alignment, the dummy source tube could bekreplacedtvr
the real'source tube which is transparent and~would.also passthelasertemn
The target was then aligned w1th the laser beam comlng through the
first colllmator. .The target holder mountlng flange is rotatable about
a horizontal-akis and since the target is mounted off-axis this provides
for.raising or lowering theitarget (at the expense offa slight change'in
the impingement angle). The target heater moUnting.bracket proVides‘a
nominal M5° angle to the beam and the spectrometer flight paths. Trans-.
lation by the linear motion feedthrough varies the. p051tion of. beam.nnfr—
sectlon with the target such that this 1ntersectlon may fall on the line
through the spectrometer ionizer. The target vacuum flange is rotated -
80 that the light spot, as seen through the dlrect view pyrometer port;
is centered vertically on the target The linear motion feedthroughtis
then adJusted to center the light spot horlzontally s0 that 1t may be
vseen‘by looklng through the elbow vlew port, mass spectrometer chamber,
and'second'collimator° | |

The product‘detector mass spectrometer head is adjusted'by:jackTH
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screws on its bellows to center the ionizer. about this séaiteréd laser
begm. vFiﬁe adjuétment of theée Jack screws is.done‘laﬁer to peak‘the
mass signal with a beaﬁ‘dn. Also, the farget linear motion feedthrough
is adjusted with a Beam on to pesk the sighal.v This adjustmentvprimarily
varies:the'angle at which the scaffered mpleéﬁleg.enter tﬁe ionizer. |
Unless?the response is peaked in this way, ﬁhen the choppihg frequéncy

| : .
is increased an unusuélly rapid attenuation of a reflected beam is

obgerved.

The pfimary beam monitor spectrometer in the target chamber is also
adjusted to center the laser light from the beam source in its ionizer.
A trial and error approach must be used since no externai control of

position is provided.

8. Détection System

Quadrupole mass spectrometers were used to provide compact mass

séléctive detectors. An early modél Electronics Associates Inc. quad-

‘rupole head and ionizer was used for the less stringent task of monitoring

the primary beam composition. This head was positioned along the beam

flight line and was ex?osed to the beam when the target was retrdcted

"by its:lihear motion feedthrough. For the more difficult task of reaction
product detection a modern Granville Phillips "Spectrascan" head was

used. Both heads were powered (alternately) by a single EAI Quad 250

éléctrdnics'package..'An improvédJionizer—controller was developed

':around‘Kepco'PAT_powei modules and one Kepco'JQE 6-10 suppiy. -This new
v ionizer controller forms an attractive package monitored by General 7
Electric edgewise panel meters and using 10-turn adjustments of opérating

- voltages and currents. To avoid errors in re-tuning the center mass

cont?ol when observing different species, a Pdwer Designs SOOSR power
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Supply was coﬁnected to the épéctrometer ceﬁtér masé circuif and proQ
vided with switch selected 10~turn programing resistors that could be
set aﬁd locked to a particular mass (28, 32, Lb).

The mddulatéd signal current from the épectrometer head is dfopped
across a 1.11 megohm‘resistance and represents é'voltage.which-is pro-
cessed in énalOg form by a Princeton Applied Research Corp. HR-8 lock-
.in ampiifiér. Due to.stray and cable capacitance; the volﬁagé response
lags the current excitation and a.phése shift and amplitude attenuétion
of thevele§tri§al signal occurs. A circuit model of the important com-

ponents was formulated””

considering the total stray and cable capacity
(about 60 mmfd. as measured byva Tektronix 130, L;C meter) iﬁ,parallel
With the 1.11 megohm load resistor across the inpuf of the lock-in
amplifier's type A preamplifier. A series connection of 0.1 mfd. cepac-
itof and 10 megohm resiétor'in shunt with the inbut éircuif:reflects the
10 megohm AC input impedance of the lock-in presmplifier. At 1000 Hz.
this complex-input.impedance (eséeﬁtially 1.0 megohm and 60 pf.) rep-
resents a 25° phase shift and 10% amplitude atfentuation; Data taken at
different frequencies were cofrected, using circuif model calculations,
for thé'perturbation introduced by thié complex impedance.

Besides minimizing the compléx impeddncevcorreCtibn, the l.llimégohm
load resistor provides a necessary.DC load for the last dynode of the
electron multiplier. Without this DC return path, the -po’_c'gntiai of the
la;ﬁva&néde wi;i float uf tdﬁard'that of £he next to thé last dyn@de and
the émrlification decreases markedly.

Thefe'aré three means ofvsignal processing,

b(l) Detefmination of the complete wdve-éhape,_

(2) Digital counting techniques,

v(3) Lock-in detection.
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oPhase,sensitive devices/techniques such as weveform eductor'or
computer of'average trenSientSt(CAT) give the complete wave shape. vdnly
the fundemental frequency component (given directly by a lock-in wqﬂﬁieﬂ
is requlred for comparison to llnear reactlon models. Although the
complete waveform could be compared to reaction models, correcting

wave shape_for complex impedance effects would be quite difficult. - The
wave could be Fourier analyzed and the corrections applied'toveach-com—:

.ponent. ' Of course, the corrections to the higher harmonics are laréer.

| Digital (pulse counting).tecnniquee are ideal in principle becsuse
equal weighting is given each ion bulse and pulse height discrimination
vtechnioueevmay be used to:filter'certain noise levels. In particular,

. an annoying microphoniC'pickup=from motor vibration suggested uee of
some pulse trocessing technique to mask this low frequency signal com-
pared to faet—rising ion pulseé.' The microphonic problem was traced to
some loose connections in the quadrupole head. FSimply tightening'the
screvs reStored normal operation. This Was‘important because pulse
technléues are not quite compatlble w1th the present experlment

In applylng the pulse counting technique, ion pulses are counted
during quarter cycles then sums and differences are formed in order to
evaluate an amplitude and phase representation of the waveform.65 This .

‘technique is best suited to weak signals»(low count rates). The highest
countfrateé to be handled with negligiblebcounter dead time are about
lOSIand after pessing'through'an.eiectron multiplier with a gain of lO5
‘thlS glves ‘a current of about 0. Ol microampere or 10 mllllvolts across
1 megohm  This max1mum countlng rate is asbout a factor.of SO too slow
for the‘51gnals of scattered reactant beam that we encounter Addition—

'alLy,’careful isolation and shleldlng of the. 5 Mhz R. F. quadrupole power
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is néceésa;ytto avoid counting this huge backgrdund.:'

Phasé lock procéssing by.means of a lock-in amplifier'wasvchosen fqr
data taking in this experiment. The‘input signai isrbrought to the fype
A'preamélifier 6f fhe lock—iﬁ aﬁplifier tﬂroﬁgh a_sﬁall rélay which can
switch the signal tbvan oscilloscdpe (Hewlett Packara 130C) for observiﬁg
the mass spectrum during ﬁreliminary tunihg; 'The type A'preampiifier is
operéted in>the'differential mode (A—B) ﬁith the signal connected'to
input A and input.B grounded;' The signal channel is.opeféted with a Q
of 10. | |

The lock-in ampiifier refergnce Chapnel is operated in the "auto-
matic mode" driven by neéative'pﬁlses from the reference sfrobe pﬁiée
_train_before applying thé strobe-saving pulse rate'divisiqn. _Referéhcé
tuning (main tunihé) is done,vusing’a dual beam.oscilloscope:(Tektroﬁix
551 witq_ﬁfé; B and D plug-ins), té match the hégative trigger pulse and
thé ZETO cfossing of the calibrafor signal which is_defived from the
reference _chémiel of the lock-in. Signal channel 'tuhing (fine tunirll.g)v
is done tovpeak the response to the calibrator'éighal ﬁhich is connéqted_
to the preamplifier input whéhevef>the electron multiplier output is'
switched to the Hewlett Packard 130C oscilloscdpe.‘  |

In'éne method of operation the lock-in amplifier is frequency tuned
. to the signal of interest then the-phaéé éontrél is adjusted to peak‘the
signaiiv.The iock—in output is'ﬁheﬁ ?roportional to ihe signal aﬁélitﬁdev
Vand fﬁeiphése settiﬁg correspoﬁds to ﬁhe phase.angle 6f the.signal.

7 This phase adjusting method is_reiatively.iﬁsensitiVe bécausé one is
tuning'for a maﬁimum at the felatively flat peak of a sine curve. A
more éensitive adjustmeﬂt is obtainéd by adjusting the phase.control.for

null (operating on the slopped zero crossing of a sine curvé)fthen
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shiftiné'the phase séttiﬁg by §0° to achieve the phaée angle of maximum
signal-and fo read the signal_strength. Thié method has been employed
in some:of this work. B | | |

An evén better approach is:to'usé.a'loék—infémpiifier which concur-

rently displays the magnitude of the signal at two phase settings sep-

arated_by'90°. One output is set to give the component-of input signal

in phase with the reference signal; S.. The other output is set to give

0

the component of input signal shifted 90° in phase from the reference

signal, S From these two rectangular éomponents, the peak magnitude

90°
and phase angle of ‘the signal may'be easily ‘computed.

2 2
0 + S9O

| ¢ = t’an‘l(;?ﬁ) -
S 0 o

The Princepton Applied Research HR-8 lock-in with its new #127 two-phase

L]
o

accessory may be used. Although slightly less'cbnvenient, (twice as mﬁch
tuning is required) tﬁd lock-ins may be connected in parallel at the

electron multiplier with one lock-in operated at 90° with respect to the

other. This two phase method using two available HR-8s has been used in

our experiments.
Thefoutput signal(é) is integrated by the 12 db/octave filter in the

lock-in amplifier‘usingva'suitéblé7timekconstantf(l'to 100 séc.) to obtdn

" a'reasonably,steady réading. Very-steady'signals are read on the lock-

in amplifier's panel meter or on a Digitec Z 200-B digital voltmeter.

Signalé'exhibiting more flﬁctuation-are recorded on a Honeywell 153x27

or Varian G-40 strip chart recorder and the average trace heighﬁ (éxample

in Fig;_27) is tabulated as the magnitude (or 0°or 90° component) of the
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signél. Délegating somé of the'necessary smdotﬁing to the chart réf
cordiﬁéfensures that a Sufficiently short elecfrical filtering time—‘
constant may be used in order that slowly changing reaction conditions
br instrument drifts will not be-igﬁored. |

An interesting method of recording "two phaseﬁ‘data employs an X - Y
recorder (Houston Instruments) the pen tracing the history of the
reaction vector. A time base'may be added to this.type of chart by
applyiﬁg ¢locked pulses to the pen 1ift mechanism.

Iﬁ would be advantageous if a small ;omputer'couldvbe added to the
- two-phase measurement scheme to caléulate'"on'line" fhé-signal amplitude

and phase values which,would be_recorded'on the:strip chart.

B. Beam'Propefties'
. ‘ 4

This section relates the propérties of the moleCUiar beam source,
the sOurcé'driving pfeséure, and the édurce‘temperatqfe'to the impinge-
ment rate of beam molecules with the solid surfécé.

The ideal,beaﬁ'sourcé.emits ih‘é.ceﬁﬁrél cone of very émai1 éngle.
Such élsourée would bass a substantial portion of its effluxbthrough the
sourcé-collimator with very littlea;emaining fo_be scévenged by the
source’ chamber pump. Early beamé were_generaﬁéd by effusion orifices
with broad isotropic or cosine émission patterns. They possessgd, ho@—
ever; a'Maxweliian_spéed-diétribution wﬂiéh was étfractivé becauSe.itv}
coﬁld be charaéteriZed'by iﬁs ﬁeﬁberature.67 Beams genéfated b& skimming
the éeﬁtral portion of the mach disc'frdm’a‘hydiod&namic jét aré, by
comparisOn,.enormously\stfong but have a relatiﬁély high speed and are
nearly ﬁonoenergetic.§8 Such characteristics are, nevertheless, uéeful

69 : . v .

-in some studies..

Oné~knows that the total effusive flow through én orifice is larger

[
't
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fhan the effusive flow through a chénnel of thevSame diameter--the
' ' 67

channel.céﬁductancé béing reduced:bf wall collisions. If the preSsure
is such thé£'the center'of thé’channel is_fransparént to moleculeé, that
is if néiinfermOIecular collisions occur, the centerline flux for both
the brifiée and chaﬁnél are fﬁe same . Consequently, the channel gives

8 more directed or peakéd efflux which may be ﬁore efficiently,utiliﬁedf
To capitaliée.on this increased efficiency the SOurcg pressure cénnot

simply be increased for that would affect the cénferline transpafency.

 Instead,vin ordér to fully utilize the source chamber pumping additional

channels are used and there results a'multichannel source. An exténéive.

vinvestigation of the flow éharacferistics of‘channel sourées'has been

undertaken in this.labofatory (10, Ti, 72,,73,'59) including, ih.par—
ticular? é§éluation of the Beam soufce used in this work. What follows
ié an application of thevresuits of that study wﬁich is reviewed in
refereqcé Th. | |

7>

Although theoretical expressions of centerline'intensity and total

leék rate76 exist for channel sources, ﬁhe directiexperimental verifi-

cation of the former requires a difficult absolute calibration. Further-

more, fabrication of multichannel.sources-seldom résults in perfectly
cylindrical channéISVWith accuratély:determinable diménsions;. However,.
expérimental'determinationvof the total léak raﬁe‘is trivial and meas-
urement'of the angular emiésipn pattern is féirly éasy.

.' Thevtbtal.leak rate £ may be.related to the souice.pressure 18 (tar)

by, - -ps o : ' ' ' )-I»Ll
. L = EE-CS . molecglgs/sec | | (Lk)
whEré R‘is the gas bonstant_(l;OlS.x'10—22vlit—torr/moiéc - °K), T is the

ébsolufe_temperature and CS is the sourée conductance. For N uniform



~T6~

channels. of radius a, and Clausing factor K; Cs is given by,

cé =K 3}5131022'RT_Nﬂa2 / MT |, lit/sec (45)
If the source is fed from a reservoir of volume Vr at an initial pressure

p:, the pressure decay with time t (sec) is =
o = . - ‘ : :
p. /2] exp. (CS/Vr)t = (46)

For the quartz multichannel source a reservoir Vr = 2h'liters_§roduced
the room temperature leak down curve of Fig. 19 using helium. X
From Eés. (4%) and- (45) it is Seen-that at:¢onstant_leak rate (as

provided bj a fixed setting of the "leak valve"), the pressure #ill‘
adjust ﬁo‘the source tempefatufe‘as‘ v _ , |
ERET | e
Usiné,oxygen gas this_relationShip;was verified,as shown.ih,Fig.
20. |

The total leakfraie a$ a funcﬁion of source pressuré at_various’v
soﬁrce temperaturesvfor_okygen gas'wasjcalculated.from quj(hh) using.
Eq. (45) to correct the conductance measufed with helium by the rato of

the sQuaré root. of the molecular mass,

C;(0,)/C (He) = Vﬁge7M02,s 0.35k4
The result is displayed in Fig. 21.
Angular emission patterns were measured, again using helium, by -
sampling the efflux'in the plane of the source axis with a rotatable
probe_connected to a commercial leak detector.77 ' A representative dis-

tribution for the source is shown in Fig. 22. No absolute measure of
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- Fig. 19 Beam source helium leak down.
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Fig. 21 Leak rate as a function of source driving pressure for
various source temperatures. v : :
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intensity“ﬁeed_be obtained in this way, because the integral of efflux:in
all difections is prqp6r£ional.to fhe tofal leak fate previously,deter;
miﬁedehich may.be ﬁsed to-scaie thevfigﬁre.— The objective of a multi?
channei source is to iﬂcrease the centériine emiési6n>for a given_leak'
rate.‘ Thé cifcle'on Fig. éé'repfésents an 6rifi¢e (coéine) emission
pattern of thé éame total leak rate and‘the improvemenf obfained is
evident.. (More highly peaked eﬁissions may be;obtaihed from othér’
sources . but théy are considerably more aifficuit toialign and the gain
~in intehsity is less than»pre#iously anticipaped.7l)

Théérétical develdpment’ledding to the Clausing factor K in Eq. (L5)
requireélcoilisibn free flow as'the'ﬁqlecules rattle down the channéi.67
More séééificaliy, this requires ._that the mean free path be on the order
of or grédter than the channel diametef. In order to.obtain the maximum
peaking factorbfrom-a channelvsource, a molecglé traveliné»parallél to
che séﬁrce axis must pass through the entire channel withéut sufféring a
. collision. This‘more étfingent condition requires that the mean free
| path.bevgreater than'thé'channel length. In»mbst cases of practical
applicétion, the source pressure is generally éuch as.to.trade-off.é.
smallvlosé in peaking for avhigher tofal'efflux to fully utilize the
source pﬁambervpumping.- Theory has been developed to predict the vari-

‘ation with source pressure of the7peakihg fadtof X defined as,

centerline intensity of channel source . (h8)
centerline intensity of orifice - |, v

X =
where the subscript % indicates that both be operated at the same total
leak rate. The various predictions will not be developed here but may
be found-in references (70, 75, 78). Some values for this source meas-

ured using helium are shown with two besp theoretical predictions in



‘Peaking Factor, X

82—

10— ——

'~

S

~ (Effusive_ Flow
S A e

~

'Fig, 23 'Peakiﬂg factor as a .furc

. | . ~ :

B 3 ]
o * »
o F)s/p_L_. -

o . 30

 XBL717-6995

tion of reduced source

, ’pressurefps/pf. g



2

-
.
<
G
&
G
-
L
&
o
~d

83

Fig. 23. Simple theory predicts the variation of'X/X'max as a function
only of the reduced pressure variable ps/pf where pf is the source

pressure for which the mean free path is equal to the channel length'L,
p¥ = KT/6/3Z T 0° L), torr (49)

where R is.Boltzmann's constant, T isithe absolufe source temperature, and
o is,thévmoleculér-collision diameter; vAt 300°K'er the quartz multi-
channel\sbﬁrce (L = 0.030 cm) usiné molecular oxygen O = 2.98}:10_8 cm;
pf = Oué6‘torr. o o |
| The beam intensity masy now be evaluated. For a given pressure and
tempergture_the development Ieading to Fig. Ql.giQes thé leék rate, i.
For an ideal orifice the centérline intensity J(O)vis related to the
tofal leék rate by J(0) = &/m &nd the channel peaking factor gives us ¥
bétter or, - |
| J(0) : =v%&:;vmolec/seé—ster - : (50)
g channel o .
The‘geoﬁetry éf Beam collimation is shown in Fié. 2&.‘ Considering

the beamvto originate at a point, the flux at the target position is

1 = X% T‘_<rcl)2 _];< d Y molec ' o
o. T. | &:—_, mA\T, dt emP-sec (51)

fqr d.:ih cin. .The cdllimétiqnfié'sgen_tb'onl& define thé target area on
which théfbeam strikes -Q— it'doeé'nét ;ffe;t the beam infensity.» The
point soﬁicé apprinmation is found to be saﬁisfactory in this situ~
atioﬁ,7l vOne'may note in Fig; 24 that.the_beam strikes the target

obliquely spreading the beam flux over an area Ofvtargetvlérger than the
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beam cross secficn. This reduces the effective infehsity~by the cosine
of the 1mp1ngment angle 0. |
Neglectlng varlatlon in o w1th temperafure, Flg 25 shows the

varlatron of beam 1ctec31ty on the target, Io’ w1th source pressure pS
for four-scﬁrce temperatures. The deviation frcm unit.slope and line
earity is due to the noﬁ—linear variation Of.X with'pressure taken from
the upper curve of Fig. 23 |

V-Edﬁiralent pressure'is s'om.eti.mes.r a-conVenient»cbncept,used to
relate beam.experiments to more conventional inVestigatiohs. It is the
pressure fcr which 8 target bathed in the gas at“beam:temperature'
receives the same collision flux as from the beam, ie., Ié = ne/lL =

peqc/hkT or in convenlent terms,
p_ = AT, I/ 3.51x10%2 sorr (52)
eq . B 7o’ 7 2 2 .

M is thevmolecular mass (amu):and TB is.the source-(beam) temperature"
(°K). The right hand ordiﬁatefcf_Fig.'éS'gives the equiveient préssﬁre |
for the_300°K>curve (cnly)._Ifsthe,peaking fector‘x were iﬁdependent'cf
pressure, Eqs. (4h, 45, 51, 52) show that the equivalent beamApressﬁre.
WOuld‘be_simply proportional to the source pressure,vand independent of
source'(beem) tempereture. | |

 A.new quesflon comes to view: Does'the.ceam podxﬁs‘the samerteﬁp—s
erature as the source or may it be descrlbed by any temgerature whlch

1mp11es a Maxwelllan speed dlstrlbutlonV For a long 31ngle channel

+Slnce pressure is rate of change of momentum per unit area,. a heated
beam gives a higher equivalent pressure than a cooled beam of the sane
impingement rate. The equlvalent pressure concept applled to beams at
ﬂ,dlfferent temperatures may be mlsleadlng. ' :
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operated at pressures below which slip or viscous flow becomes slgnifi-

73 that only & small deviation from

cant; it has been shown thgorétically
a Maxweliian spectrum is expectéd which may be expressed as a 5 1/2%
increase in average energy. Available data seem to confirm this pre-
diction. _Figure 26 shOWS‘equilibriuﬁvand‘hardenéd spectra with experi-
mental,data.SQ A temperature would still be a réasonable parameter fbf
such a beam. The quartz multichannel source used in this work has a
'substanfiél'centerline flux due to slip and viécous_effents (fof‘beam:.‘
Pressures frequently nsed) as snown by the peakingvféctor in Fig.,23;

No experimental determination of the velocity spectrumlhas been madenbut
it willibe'assumed that there is’no significant perturbation and éven.the'
anticipnted 5 1/2% energy enhancement will be ignored.

C. Summary of Experimentsl Parameters)‘Basié.
Operating Proceedure, and Data Handling

With the present system, the target is maintained inva Vanuum'of
ca. lO_SFtorr. Thé‘mnximum.attéinabie temperatufe is.limitedvdnly,by
vaporization of material from the rear of tne targetvwith cbnséqnenpv
reduction in strugtural.integrity and the risk of dropping the target:
from its holder. | o

The:equivalent beam pressure at the target has a maximnmrvalue,nf

T

ca. lO-u torr (infensity '\/lOl 'moleculés/cmZ_—.sec)'limitéd by the -

source chamber pumping speéd. Beam pressure-may bevrednced 3 orderSiof

magnitudé beforevencountering'serious backgronnd contamination eitnéiv

in the target chamber or in the snuice chamber. o
'ModnlatiOn frequency using the 6 blade qhopper disc may be yaried

- from 2 to 1500 Hz.
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The beam is typically maiﬁtaihed at room temperature but may be_v
hegtea_ Lo | 950°C. |

No variation‘in impingement or observation angle is. provided —;5
both are 45° td the éuiface,normal’and are»coﬁlanér.

The ﬁass spectrometer settings are "peaked" fof each species ob-

served. Typical ionizer settings are:

'Filament Current . . 2.4 amps
Filament Voltage . 2.0 volts -
Emission Current ' ' 1.0 milliampere
Electron Extractor Current ~ 0.1 milliampere
Extractor Voltage ' 50 volts
Ion Energy © 15 volts
Focus Voltage . 150 volts

~ Electron Energy - 65 volts.

The mass spectrometef‘is'operated in the low hass range, 0-100 AMU,
with thé_reSolﬁfibn at maés 28 adjﬁstea toﬂjust touéh the valléy between
mass peaks.to.the base iine (i;e.; "unit résolution"). Voltage to the
“1lh stage’eleétronvmulfiplier.ié adjuétéd from 2;5 to 3.0 kilo?olts to
providé‘the best signaiéto-noise-ratioﬁ- | |

fhe defectién sYétem is capable of reéoiviﬁg a moduiated sighal
that is'10-3'below_a "steadyf background af'thé same maéé setting. Back-
ground signalé may be true background species or demodulated_reaction
product‘in the'masé spéctromefer chamber. . In this apparatus signal
measuréments héve been extended down to 200 nénovolts'for weak reactions.
MeaSurements ét théSe'léw ieféls”typiéally'require é‘ﬁoufs to acqﬁire
a satis‘féétoﬁ éha;rt re'cordil;lg_'.' : |

. Althoughvthe'efféct‘éf‘thebbeam témperéture héé‘been examinédv
‘briefly, the‘primgry expefimeﬁtal véyiables wére the beam intensity Io
,(detérﬁined by ﬁhevsourcé @ressure), the target‘tempefature TS’ énd'thev
moduiation frequency w. The experimental goai wés to.determine for all

points in the three dimensional space (Io, Tgs w) the apparent reaction
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probabilit#'e, and the reaction phase lag ¢. Three blocks‘qf data were
obtained b& holding each of two ﬁarameters cons£ant and varying the
third; This longer approach provides an overabundance of déta but‘
guarantees the most reliable information on the efféct of varyihg each
parameter. Any two blocks of experimental data_woﬁid,vin principal,
detefﬁiﬁdvthe third bléck of data, buthsinqe eééh setting of a parameter

(particularly the target temperature T.) is not conVeniently_duﬁlicated,

S
considerable interpolation of.data from two blocks would be necessary

to determine_the'partial derivative of € and ¢,with‘respéc£ to the para-
meter which was not explicitly scanned.

All ion pumps are operated confinuoﬁsly as are’the,inlet systenm
cold traps. Between runs the source chambéf is kept evacuaﬁed by the
mechanical roﬁghing pﬁmp. A day of expefimenting begins by filling the
liq;id‘nitrogen.cold baffle and warming tbe diffusioh pump. The |
chopping motor is bfought up to'é'cohvenient speed énd gés is admitted
to the Beam source tqvestablish the desiféd sburcé preséuré. The'mass
spectrometer filament is.heatéd and with ﬁhe.tafgét still at room
temperature; the signal and phase of the scattered bxygeﬁ beam.ié
measured; The signal at'mqss settings 28 (C0), and Lk (002)~are also
measured to check syétem noise levels and/or puiity. The desired ﬁarget
température is then established and reaction measurements are begun. -

As ;h.as been indicated in sections II A, II C, and III‘A-S, the :'r;‘aw
data (the signal amplitude and phase) of all.speéiés’(réactahtévané_’
products) are:Corrécted to reﬁové the effect of.thé density\sénsiti#é
ioniZervénd to remove the amplitﬁde attenﬁatioh and phase lag duévto'

_molecular»transit and the integrating effect of the complex impedance.
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The measured phase lag for any species is the sum of phase lags
from several steps. Initially, the chopped beam has a mechanical phase

shift (1ndependent of frequency) mech? due to the»relative position

of the beam ax1s, the chopper axis," and the reference mark (section IT
_A-5). The_beam is delayed in transit from the chopper to the target

yielding a phase lag, ¢ (section II C, and Fig. 24). Interaction

b
dl

with the target introduces the reaction phase lag, ¢, and transit of de-.
sorbed product or»scattered reactant from the target to the mass specé'

trometer adds a secondvtransit:phasevlag,'¢ The transformation of the

q.°
_ 2 _
mass spectrometer output current to a voltage signal at the lock-in am~

plifier adds a complex impedance phase lag, ¢Z’ which has been calculated

previously. The measuredfphase lags for scattered reactant (R) and

desorbed product (P) are given‘by;

R R

. ¢meas =9 mech ¢d1 ¢d2 + ¢Z (53)
I P | -
¢meas B ¢mech +~¢d1 + ¢ f'¢d2f* ¢Z R ~ (54)

' -Scattered reactant and desorhed product are both fed by the primary
reactant ‘beam” therefore, a reactant tran51t phase lag from the chopper
to the target ¢dl’ ‘occurs for both species as does the constant mechan-

ical phase shlft._ The complex impedance phase lag, ¢, affects each

z
'species equally for measuremenfs at a common frequency. Reaction phase
lag, ¢, is absenﬁ for simple scatteringvof thexreactant beam.

S&stematic perturbations also affect the measured'signal amplitudes;
: Besides l/re-attenuation, collimation, and other effects grouped in the
insprumental constant B (section II 4) the AC signal amplitudes are

subject to tran81t demodulation attenuatlon and are reduced by the.

1ntegratlon of the complex‘impedance. The measured amplltudes of
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scattered reactant andbdesorbed product may be related by demodulation

factors (A <1) to the amplitudes calculated for reaction'models (SR’

’|S§[): 5 » _
- R ,R R , o o :
meas - T Adl'Ad2 AZ : L : (55)
g%, : - - (, .
LBl RGP, o (56)

meas JT dl dz2 2
- The density senSitive response of the mass spectrométer detector
has_beenvincluded as the square root of the temperature of the species
when it enters the'ionizer. The compiex impedance’amplitudeiattenuation-
factor, AZ, is a functlon of the modulatlon frequency, w but ‘is 1nde—

>9

pendent of the molecular spec1es and has been calculated prev1ously
A tran31t demodulation of the amplltude of the prlmary beam affects ther
‘ s;gnals of both scattered-reactant*and desorbed product.

The tran51t demodulation factors, Ad ) Ad-, and the trans1t phase'
57 12

lags, ¢d , ¢d , are tabulated as functions of the parameter X = wL/a :

1 2 i
where o = V2kT/M; T is the temperature'(°K) M is the moleculdar: mass,

‘w is the modulation frequency. (rad/sec), and L is the fllght path- length.
Severa; beam properties may be subject to-a transit demodulatlon pere'
turbation.. We are concerned with the correction to‘beam flux over the'

- path from the'chopper to the target (path 4,), end the correction to

);3

beam den81tx over the path from the target to the detector (pat‘h.d2

All parameters in X are ea81ly ass1gned except. perhaps the temperature
._ T. For a room temperature beam.scattered from a room temperature targetr
a temperature assignment of'3009K'hasvbeen made for'the:paths'to and’

incident on the target,

'fromithe target. For a beam of temperature TB

TBais_.used over the path from the chopper to the ‘target. Reaction
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products are assumed to desorb afterveqﬁilibrationIWith the target sur-
face and are assigned the target ﬁemperature, TS,'for the path from the

target to the detector. A reactént beam of température T, impinging

B

on a targét at temperature TS (TS #F T ):is scatteréd with a temperature

B

T* whiéh is determined by TB’ T and g parameter called the thermal

g°
accomodation'coefficient, which is not generaiiy known. Fortunately,
the reaétion measurements'may be refefred to the signal frbm‘a room
tempéréfufe primar& beam (300°K) scattered (with thé same temperature,

300°K) from a room temperature target.

Data from every series of measurements are corrected using Egs.

(53), (sh),’(ss), and (56) to obtain the reaction phase lag, ¢, and the

reactant amplitude Sp and the product amplitude |S§| from which the

apparent reaction probability, € = |S§| / SR,fis calculated.

The reaction phase lag is calculated by subtracfing the measured
reactant bhase lag from the meééuredvproduct rhase lag in order that
only émall-differences in the phase corréctions.between'reactant and
product signals neéd be considered. The mechaniéél phase shift éancels

exactly -and we obtain the reaction phase lag as; k

0= (g - ss) - B0 =B, - g, . (5T)

meas  ‘me
1 2
The net' phase corrections ‘are:

A¢dl = ¢dl(MR,'w, TB)_‘ ¢dl(MR, w', 300°K) (58;)

A¢d2 - ¢d2(MP’ w, Tg) = ¢d2(MR’>@J’ 3OO°K)Y FSBb)
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The parameters which determine each correction'are'explipitly
noted. MR’ MP are the masses of the reactant éndﬂproduct species.-

Reaction studies using a beam with temperature T_ # room temperature

B

(300°K) are considered as is the possibility thatbthe modulation fre--
quency, W, at which prodﬁct’measuréﬁents are performed differs from the
modulatioh freQﬁency, w', at which the scattered reactant "calibraxibn"

was measured.

An approx1mate apparent reactlon probablllty € is determlned by

d1v1d1ng SP /r—-by SR ¢§6_;
_7 me \r—_
sR/—

" : _ o A L =
€ is corrected to give the apparent reaction probability, € = ]Sgl/SR,

by multiplying by the ratios>of neérly equal amplitude correction‘fgctOIs
arising'frOm transit demodulation and the complex impedance. The -
correction factors are:

d (MR w', 300°K), | .
a, - A (MR w, T5) o . . (60a)

Ao, - -
i ,de(Mk’ w', 3oo°K)

Adz(MP5 ©s Ts?{

{éOb)

TR (e

and the apparenﬁ reaction probability is given-by,l
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A'séfiof reaction probability vector data'is composed of reaction
produét amplitudes and phases and one or more "calibration" measurements
.(ampiitude and phase) of rqom'temperatﬁre'reactant‘séattered from a room
temperatufe target. Under certain conditiqns, some correction terms
may bevidéntical for reéctants and products, and théir effect may be .
totally_negleCted. For'example, if ali measuréménts of a set are ber-
formed at the same frequenéy, the complei impedance effects cancel. If
the primary beam temperature is thebsame forbail measurements of a set
(ie.,'TB

then there is no net correction for beam'traﬁsit'from the chopper to

“is room temperature)'and the modulation frequency is constant,

‘the tafget (path dl)' At low frequencies (ahd fbr speéies, temperatures,
~and distances in this work) all corrections are small and conéequently
their differences are negligible. Simplified correction procedureé.

' were employed whenever possible.* |

"D. Reagent Purity

Iﬁpurifies in the reagehts in any chemicaivsyétem are always a
métter Qf concern,.pértigﬁlary_when new phjsiéalvinformation is sought
by an experiment. In this section the purity éfvﬁhe pyrolytic graphite
targets.énd the oﬁygen beam will be discussed.b N

‘The oxygen gas used in this study was quite pure but had the
follpwiné contaminants_és reported in the aﬁalyéis tagged to the bottle

by‘the;supplier.'

*The transit time of the ionized molecules in the mass spectrometer
detectorvcontributes additional phase delay (but no amplitude attenu-
‘ation). This relatively small phase correction (discussed in Appendix
II) was not applied to the data obtained in this work.
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Species . : Parts per million

N ' h .
co,, | 2.5
co 0
t :
He ’ | "o
Ne | 0
'Xe _ 1
Hydrocarbonsl o .0

Although the purity of the beam was examined by retracting the target
and using the beam monitor spectrometer the contamlnant levels listed
aboye are roughly an order of magnitude below the resolution of‘the
beam analysis sPectrometer system (even using a modulatedvbeam). Only
a major (but unimportant) contaminant like krypton (which occurs.atta‘
mass‘number hauing a negligible background bressure) could.be detected."
The concentration of.krypton was found t6 be in agreement with the'
supplier's_analysis, |

Delitering pure gas to the beam.source is not; houever, the total
answer to achieving a pure flux of reactant at the surface. Tuovaddi—
tional contributions must be‘considered: 1) the fluxvfrom background
gas in the target.chamber,'and_2) the'background "beam" driven by the
source chamber background pressure throughvthe firstvcollimator.' Ofi
courSe,-the major background species in either'the source-chamber on
the target chamber is likely to be the same species as the beam gas;
but the molecules (atoms) Wthh do not come directlx from the beam
source_mayrbe_of an entirely different nature Wlth,respect to tempera—

' ture,.electronic'state, modulation, ete. In fact, for a non-linear
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surface prbcess the non—modulated DC background diréctly affects the

.reactiOn'rate 4-—'even the rate measured by. the modulated beam technique!

Conséduehtly; a system parameter,'thé béém to-background ratio must be
considered.v This is beét handl§d using thé.equivalent pressure concept.’
Tﬂé'eqﬁivalént preésure of the primary beam was determined in
sectibﬁ'III B as a function dfvéourée driving preésgréf Operating con-
ditions kpuﬁpingvsﬁééds;’and gas loads)‘detefmine the pressures in the

source chamber and the target chamber. The pressure in the target

| chamber may_bé compared directly, but we must calculate the equivalent

pressure df a‘background‘beam effuéing from thé éburce chamber ﬁhrough
the first collimator onto the target. | |
The “equations have already’béenvpresented. Using Egs. (Lk), (L5,
(K = l,>N = 1)) and (50) we obtain, in ferms of the source chamber
pressufe, thevcenterline intensity of the emissioﬁ from the collimating

2"

orifice. This intensity is diminished by "1/r“" as the "beam" travels

-to the.target, and we obtain the equivalent baékground'pressure as

simply, o 5
. . I roy o v o
eq Qi _ 4 )2 source. chamber (62)
t c ' :
g |
- h¥lo _Psource chamber.

‘Operatigg pressures are tabulatéd'aldng with the equivalent pres-

sures calculated at the target ahd the beam to backgroﬁnd.ratio.
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(all pre5sures in terr) - Beam Off - Average  Maximum

¥Hot Target o (Base Press.) ‘Beam Beam

Beam.Seuree Press.' | o lO_LL Rt 15 .
‘Source Chamber Press. "  ox107T  ex1070 axi0™t )
Taréet Cnamber Press. o 2x10—9p hxlo_s* 2xi0_7*

Mass Spee, Ch. Press. 8}'(10_'lo 2X10_9 v 3xlO—9

Equiv. Press. at Target

Molec. Beam p—— ‘ 82:10—5 , 3x10_4
Source Ch. Bkg. 8x1071t 3x10'8 . 8xlO_$
Beam/Background Ratio_ —_— 1000 1000

An enviable beam to backgreund ratio is bbtained with this apparatus.
Pressures in ail chambers rise slgnlflcantly above base pressure
when & beam is generated demonstratlng that excessive pumping speed has
not beem prov1ded. Each pump must work to malntaln the low pressure.
Chamber pressure p is related to the leak rate 1nto the chamber L
anthhe'punping speed SO by,
19 po 8, (molecules/lit-torr).
(T = 300°K) - (63)

L =A3.2h x 10
It uould be interesting to eompare the leak rate, caleulated from
the punpispeed and the:ebserved'pressure rise, to the total.leak rate
calculated as the beam and baekground effusion loads. At a seurce
driving pressure of 4 torr' the target ehamber pressure risgs_ﬁxio—
-torr.v ‘With the 1200 llters/second rated pumplng speed Eq (63) implies

15

a total flux of 1. 6xlO molecules/second into the‘target chamber.‘ The - .

" collimated molecular beam falls on thOégcme of target surface with an
inten_sity-of'3.3x1016.molecules/cm2 - sec, corresponding to a beam

15

" load into the'target chamber of 1.3x10™° molecules/second. The effusion

load from the source chamber background is 0;2;{10ls molecules/second
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(with a cosine distribution) celculated from Eqs. (4k), (45), (K=1,

N=1)). The total besm plus background load is 1.5x10%°

‘moiecules/
second? in aéreemegt wiﬁh'the value calculated from»the pressure rise
in the ﬁgrget‘éhémber. |

Purity‘of the unreacted-pyrolytic-graphite_waé_inVestigated by
neutron activation analysis looking for 1ong lived species and tungsfen,

in partiéular.’_A sample of tungsten was also .activated for calibration.

The atomic concentration of tungsten was found to be less than 5 parts

per billion and the total‘metalic impurity content is estimated to be
less than 1 part per millién (atomic). |

Impurity défermination by X-ray fluorescencé analysis failed to-
reveai any impurities in the graphite but the sensitivity Qf this

technique is only about 10 parts per millibn.

E. ExpefimentalvPrggram
‘in:ﬁhis work several pyrolytic graphi£e targets wefejsubject to
6xidaﬁion?studies. The.foilowihg sﬁmmafy indicatés the course that
the iﬁvestigation followed. | i
- One may recall that the target is mounted with ité face in a ver-

tical plane and that the molecular beam comes in horizontally impinging

on the térget at a 45° angle. Two possible mounting configurations

‘fof prism_(edge) plane'samples wefe uéed -—— either with the laminations

running‘hbrizontally,orvverticallz, With thé lamiriations horizontal

-the molecular béam may probe diréctly into the gaps between layers, but
with thé laminations'vertiéal the direct view into the gaps between

layers may be shadowed by the ridges of laminations.

The first sample was abprism plane specimen (for which we might

expecf;good reactivity) mounted with the layers horizontal. Reaction
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with.molecular’oxygen was measured up to the highest.target temperatures_
used in“this work (2700°K), and showed that the experimental system ”
would perform as expected Eros1on of the rear of the target was found
to be rapid at these high temperatures so when:the.second target was
installed (in the same configuration) more modest temperatures werev
used (up to 2400°K) . The greater part of prismfplane data was obtained
on this second target.. | |

The prism plane reaction was.found to be first order but exhibited'
a hysteresis in reactionvprobability upon cycling the'temperature..
Furthermore, the reaction phase lag stubbornly refused to approachhéero
at low frequencies as‘predicted by simple reaction models. ~After dany
months'of;reactiOn studies,'the sample began to exhibitva”substantial
reaction (formation of CO) at room'temperature.w It was. thought that:
catalytically active tungsten might have diffused through the target,
from.the rear face.where it is depos1ted by vapor1z1ng the electron f
‘beam heater filament. The sample was removed fromfthe vacuum sjsteﬁ}_
It had developed a crack, through the center, parallel to the basal e:
layers.' P0551bly, the crack may have exposed highly reactive atoms.
At least; the crack would permit easy migration of tungsten to the
front'face.b Electron micrographs’were taken, then the sample was tested
by X—ray fluorescence on the front and near faces. Flnally a sample:
was scraped from the front facevfor neutron activation analy51s which
revealed tungsten present at-6 parts per'million'(atomic). |

Theiinvestigation then split into two paths --- a review of pree_
viousl&fpostulated reaction mechanismsvand an assault on-basal planea
reaction data.

‘étudy of the hasal planeireaction-was restricted.to'temperatures

under lBOO°K and only one sample was used. The reaction was found to
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be_non—lihéar,'thus providing a greatvchallengebfor'model fitting. Some
,annealed'éyrolytic graphite had been obtained and a basal plane sample
of thié m;terial was studied but no.reaction could be messured.

A new prism plane samﬁle was then installed with the laminations
vertiéal’and ité reactivity vas determined, The sample was then rotated
to thevéoﬁfigufation with the laminations horizontal, and the reactivity
was agéin determined. No appfeciablé differencé in reactivity was found
- ahyléhadowihg effect was nil.

Thé "standard" (cr#cked) prism plane specimen was then reinstalled
(aftef the-face had been scrapéd of any tungsten to obtain a sample
for aCtivétion analysis). A t&o week burn off at moderate temperatuie,
FWIth the beam on, removed sny disturbed material from the surface.
bAfter recdnditiohing ﬁéisubstantiai room temperétﬁre reaction was ob-

served, On this resurrected sample, the reaction-mechanism forming

co, vas investigated using a mixture of 0216_16_—;_ 0218'18_
Finally the reactivity of an annealed prism plane sample was

measured.

On various samples throughoutlthe.éxperimental period, the oxygen
gas waé.replaced.by various inertvgasés (helium,vneon, érgon, krypton,
xenon) to'méasure their thermal dccomodaﬁion coefficient. One would
try to determine the temperature of the scattered 5eam by measuring £he
phase lag\due fo transiﬁﬂfrom the target to the mass spectrometer. This
:éﬁparétué proVidesjqnlybm;rginal_resolution for these measurements dué
| fo thévshort flightvp;fh_(dév='h;5:cm).; The resuiﬁs héve no bearing én
v this_ﬁofk_and will not.bé discussed. It is the use of extraneoué gases
in a7bé§mtstriking‘the‘heatéd graphijé;targéts which isyspecificaliy
being:indicated althéugh no effect,on the graphite reactivify is

expeétéd.
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IV. BASAL .PLANE REACTION

A, Data'Acgyisition'and Preliminary lnterpretation

Thevfront face of basal plane samples vere prepared for reaction
studies:bv a mechanical polishing sequencehending with l‘micron.diamond
abrasive and Alumet polishing lubricant Samples were washed with
water and methyl alcohol prior to mountlng in the target holder. dnce
installed, a sample is.degassed while the system'isvpumped down and.
baked at 200°cC for 8 hours. Finally the'sample is heated.to aroundd
l300°K and‘subjected toian oxygen beam of about 3xlO16 molecules/-
cm2—secn(%lo—h torr) in order to born off anyidistnrbed snrface‘material
and obtainda "reproducible".surface conditioﬁ_ 1The reaction rate de—_
creases dnring this preoxidation which occupiesuabont 1 week (car 30
hours ) and isvestimated to remove 231019 carbonatOms/cm2 of geometrical-
surface'orisood basalvlayers (1.5 microns).

..Data on the basal_plane reaction are obtained beginning With arf
temperature traverse for a beam of 3. hxlO 6vmolecules/cm2-sec modulated v
‘at l6“Hz. Figure 27" shows a typical chart recording of the CO s1gnal
for the reaction proceeding at an apparent reaction probability ofv
lxlO_S. The apparent reaction probability for CO (the most promlnent
species) is plotted Arrhenius fashion in Fig. 28 and 1llustrates a
hysteresis behavior for the temperature eycle similar to that Observed*

6,7, 79

by other 1nvest1gators
Several runs were made to verify the existence of this hysteresis
and the results are 1llustrated in Fig. 29.

'The hysteresis is ‘believed to arlse from a competitlon between co
1) burn off which produces an especially reactive surface, and 2) thermal
'annealing which deactivates the surface. Consider the.following

temperature history. At a given_temperature the two processes above
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Fig. 29 Reproducibility of hysteresis cycles.
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éstabliéh.é ééffain concentratioﬂ of active surface sites. When the
temperéture is raised, the previéus concentrétioﬁ of active sites is
 in'excésélof tﬁe stationéry value at the new température and thermal
annealingvéctsvonly slowly to restore the balancé,  Consequently, the
samplé‘ShOWS temporary "spper—reactivify". Near'the-peék feactivity,‘
thermai annealing mechaniéms,begin to desfroy active sites at a'patef
compafab1e t6 the fate of genefation by oxidﬁtion. Beyond the peak;
thermél.aﬁnealing'eXerts sufficient cbntrol to fédﬁce the reacti§ityb
This serves tovexplain the peek in thé curve and the facf that the éurve
for incfeasing témperaturé.liés ébQVe‘the»"statiénary" value.

Upon cooling'down froﬁ a high_temperaturé, fhe'éppdrent reaction
probability follows'the 1ower ¢ﬁfve iﬁ'fig..28 Vﬁich is found to beh
the cﬁfve of stétionary state reactivity.

Dug to the nature of this hyStefesis, noﬁe would be observed ifi
_the teﬁperature were scanned éufficiently éléwly éo‘ﬁhat the'suffécé;
activify might be able to keep’iﬁ‘étep. That fﬁe lower curve éhould:.
happéh to be congruent with the steady'staie aﬁéarenf reacfion'préﬁé4f,
bility is'éntirely circﬁﬁstantiél; Duval6’79 and _others7 have.oﬁéerQéd
vhysteresié in which the reactivity wds found tb évershoot (undershoéﬁ)
whenevef'fhe témperature Vgé réiséd:(lowered). ; | o

Céﬁsider brihging a.sample from the témperature ofvﬁeék‘reactivityﬂ_j
,(1h505K), where a stationary concentration of'activé siteS'hasvbeen
7 established; to. a loﬁer temperature (say 1125°K) and holding it theré
wifh the beam onxto develop the active'surfa;e. Whén the temperétufe
is theh»duickly raised to the peak df the reactivity cﬁrve (thO°K);;
the_initial deviation from thé previops lower stationary staté curve .

shoﬁld'depend on the time‘spént oxidizing at llZS?K;,'Hdwevgf, if'the-'
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beam were.turned off while the sample is cooked at-1125°K, no surface
reconstruction will take place,'(no oxidation ‘and the thermal annealing
rate is low) and, when the target is reheated to lh50°K “the apparent
reaction probability (measured with the beam turned on agaln, of course)
w1ll still be at the stationary value. Flgure 30 shows the results )

of such tests wnich support the explanation tnat the’hysteresis"dependS'
on the’oxidative~generation of active sites whichaproceeds at lowvv |
temperatures where the thermal'annealing is notceffective.-

One may achieve a super-reactive condition.on the upper'curve then
follow the reaction as the sample burns away and the apparent reaction
probability approaches the stationary value At 1410°K w1th a beam of
1ntens1ty'lo = 3.2xlOl6‘molecules/cm -sec modulated at 16.Hz, the
approach to the lower stationary curve is shown in Fig. 31, wnich repref'
sents anmean.life’time'(l/e'fall period) of MO minutes.. (The primary'beam
intensity? Ié, ispapplied to the‘target.onlyvhalf-the time due'to”the
_symmetricalrmodulation; consequentlyuthe'average Beam intensityufor-;  o
burn off'calculations is I_/2). 1In two mean life times:tne reaction
probability.has approached the lowerpequilibrium curve to within 13%

_ (based;on the initial difference in reaction probability between the,
‘upperband lower curves of Fig.v28). During this time 5x10l7 atomslof
carbbn/cmg,(l25 basal layers) nave been removed. .This ‘burn off also

T

gr-atoms carbon/cmz, and this

7

corresponds‘tolthe removal of 9x10 _ _
compares.well with the value of.3XlO' gr-atoms/cm2 estlmated by Duval79
LA companion parameter to the apparent reaction probability, e,ris
the reaction phase lag, ¢. The variatlon ofﬂCQ_reaction phase lag'With
temperature_is represented in Fig. 32 and_shows:ng_hysteresis‘as tem-

peraturevis cycled.
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The kinetic order was determined and gave the results of Fig. 33.
On this figure the CO signal and oxygen beam intensity are plotted on

logarithmic scales and the slope gives the effective kinetic order at

each témperature. At high temperatures (> 1200°K) a first order reaction

is bbserved, but as the temperature is reduced the reaction begins.td
follow pfogressively lower order kinetics. An arbitrary scale has ﬁéen
used for ‘the signal amplitude and the curves havéfbeen stacked abové':_
each thér.proceeding to higher temperatures. If‘the othéfwise‘usefﬁlf
appareﬁtfféaction probability, €, hﬁd been plotted, the upper thfee ; 
curves‘fould be awkwardly intertwined because € passes throﬁgh é maximum:‘
with TS'

Ihe reaction rate was found to be insensitive to the temperatufé
~ of the incident beam as shown in Fig. 3L as an Ar;henius plot of Cd |
signal'ana beam temperature, TB. If a beam mb;ecu;e méég oniy_ggéi.z
collisibn'With the surféce before reacting or being reemitted,'tﬁen the'
chemiéallkinetics of this reaction is independent of fhe incidenflgaé
temperafure. 'If, however, a molecule made several collisions-with, i'
for example, a roughened surface before reacting or being reemittéd;.
theh.tﬁe oxygen woﬁld be preheated regardless of the incident beam'£eﬁ-
perature and this beam heating experiment would.bé inconciuSive. :

_Thé capability to extracﬁ»kinetic informatioﬁ by varying the
modulatibn frequency was only partially exploited in this study. Fig-
vures“35'and 36 show the variation of € and ¢ with frequency for one‘;
reaction:temperatUIe. A two branch process is éuggested because of. 
the slow &ariation of reaction phase with modulaﬁion frequency, f =H@/2ﬂ
(Fig} 36). For exémple, the reaction phase at 50 'Hz is 10° or tan ¢'=
0.176_gnd at 500 Hz for a 6ne branch process. a value of tan ¢ = 1.76,.

or ¢'= 60° would be expected whereas, the phase measured at 500 Hz ié ‘
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only 25—306J_ The variation of the apparent rea¢£ion‘probability with

frequency (Fig. 35) is a less sensitive test of a kinetic'model but €

is seen”to decrease with incréasing modulation frequency as expectea.
Only a small amount. of 002 was produced by the reaction thefefore

CO2 production does not significantly compete with CO production. Due

to the‘small CO, signals only a few experimentS»measuring Co were"per-

2 2

formed.  This sparse CO, data will be discussed later.

2

B. Reaction Model-CO Production

The essential features of the reaction mechanism implied‘by‘thé;
experimeﬁtal observations have been presenﬁed in the.previoﬁs ééction.
They will be reviewed here in order to establish_a Basis for the pro;
posed féaéfion model.

(a) Thé reaction appears to procéed via two braﬁches to give CO prd&mﬁ;

(b)'Althngb the reaction is first order at high'teﬁpératures; at -
lower temperatures the kinetic order is less than one. | o

(c);Hystéresis in the appareﬂt reaction probébility buf ggﬁ inwthei‘
reacti@h phase lag shows that the hysteresis does not occur in ﬁhe:#ate_
constants for the elemehtary stebs,.k‘s; but rather in a parameter'¥ike
fhelsticking coefficient, n. The hystefesis was éxplained as due td 
.a lag in the reconstruction of the surface ——- trying to achieve a
Balangé between reaction roughening and thermal annealing. A variétion
in the_fraction of reéctive surface would be reflecféd as a change ié
the sﬁicking probability.

Tﬁé éroposed mechanism for basal plane oxidation considers oxida—
tion on two tYpes.of sites, A and B. Ap oxygen molecﬁle from the béém-
chemisérbs only on an A site forming one bound CO and releasing the

secopd’O atom which migrates about the surface until-it.finds-a B site’
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where if becomes bound as CO. A pictorial repréééntation of this
mechanism>is given in Fig. 37. The éurface migfétiénuis described by
a firsffbrqer rate constant k (Section II-F). CO desorption from both
A and B s#tés is described by the_same rate conétaht‘kd;' besorption

frqm an A site leaves behind a bare A site in each case. Désorption

from B sites occasionally uncovers a bare A site. This feature is

required to provide a net oxidative generation of A sites, and is sim-

10,11

ilar to the model used by Strickland-Constable.™ There is a

generation'df‘new bare A sites by oxidation. A sites are deactivated
thermally. The oxidative production and thermal*aﬁnealing'of A_sité%
determihés the concentration of A sites. Empty 3 sites‘are assumedlto
be alwgyéfavailablé at & éoncéntration-NB &hich is not modified wﬁéﬁ
migrating O atoms adéOrb on B sites. The constant B site'cbncéntration

nay bevincorporated into the surface diffusion rate constantAk}

The elémentary processes may be written as, .

kd
- 5§ (CO)_, —>00(g) + 8
. Og(g) + B k
-2 0 + 8_—»(CO

P |
kg N
ads = “B )ads"‘fco(g) * S (0? Sy) d

A

‘The interaction of O, gas with A sites is described by the A site.crbss'

2

'section 0 which is related to the bare surface sticking probability

no through the total concentration of A sites, NA:

'”SurfaceAmassvbalances on 0 adsorbed on A sites (cdnceptration,h'),

and CO.gdsorbed on A and B sites (concentrations nA;'nB) may be wriﬁten:

dn' _ B - o
a-%— = O'Io g(t) N.A <l - ﬁ)_ k n' 7 | (65)
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dn n, .
A _ A : _
3 = oI, e(t) v, (1 - NA)T k.n, - (66)
Eﬁ§-= kn' -k. n_. ' - (67)

IO g(t) is the time varying beam flux whose interaction with available
bare A sites is described by & cross sectién 0. The availsble A sites

are reducéd from the concentration of total A sites, N by a coverage

A’

factor (1 ~ nA/NA) because some A sites are occupied by (CO)adS.

A surface balance on the total A site concéntration NA may be
written as,
anN,. . . n ' n
___A- + ' - A _A 2
7t -k +%n' -k NA(l - 5 ) - K[NA(l 5 )] (68)

A A

wheré k+ provides for thermal generation of A sites to guarantee some

A sites to initiate the reaction and k is the rate constant for
annealing of unoccﬁpied A sites. The term Skn' accounts for the bare

A sites which are created when CO desorbs froﬁ.a'ffactioh § of occupied
B sites. An additional loss term like -K[NA(l'f nA/NA)]2 is included
~to limit N

 to some finite cpncentration.79 Equations (65), (66), (67)

and (68) are coupled by N,, n', n, and n_. However, the term Skn' in

A A B”

Eq. (68) must be a minor perturbation because although the variation

on n' Qécurs at a modulation rate > 1 cyéle/sécond, the restoration

(or géneration) period of ﬁyster;sis isvon'the order of 40 minutes.

The concentration of A sites may bé teken as constant in Egs. (65), (66)

and (67)'ﬁhiéh wili be solved to yield the stationary behavior repre-.

sented by the lower curve in Fig. 28. v |
 Tﬁé'coupled equation (65), (66) and (67) are non-linear, therefore

the‘résponse to the complete modulated beam flux must be determined

then the first Fourier component may be calculated to compare to the
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experimental lock-in amplifier data. Fortunately, the beam profile
arriving ‘at the target is nearly square chopped. The beam is either
fully gg_or fully off. Equations (65), (66), and (67) are each solved

in a piééewise linear manner using g(t) = 0, 1 forvhalf modulation cycles

N

and the rQSults are matched using a cyclic steady state boundary con-

50

dition.
When the beam is off (g(t) = 0), Eq,,(66).may be solved to yield,
n, (t) = a e-kd#. (69)

Porr OFF

N

Equation (65) is solved for n'(t) which is substituted into Eq. (67),

then nB(t)_is found.

' = P : . . . :
nopr (¢) = Copp © - - (70)
Ny
k -kt -k.t R
n (t) = ¢ —_— +b e d : ~{T71)
By OFF k -k oFF © . e
Ny

When the beam is ggh(g(f) = 1), all thrée‘équations are sequgntiallj
coupled. Equation (66) is solved for nA(f) vhich is substitufed iﬁtp
Eq. (65);  Equation (65) is solvéd for n'(t) which is substitufed'iﬁto
Eq. (67)€_ Fiﬁally; Eq, (67) is solﬁed for nB(f)._vPrqceeding-in.thig

menner. one obtains:

ol
- O -(ky + 0I )t
n, (t) = s+ ot 8oy © d o’ . e
ON d o)

A S
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The six constants s b are determined

on® Zorr> Pon® Porr® Son’ CoFF

fromvcyclic matching conditions which for a modulation frequency w

- (rad/sec) may be written as,

nin (0) = nlep (0) (75a)
i D = ni (150
I (0) = hA_OFF(O.) (75¢)
o, o) = . @ (754)
ny (0) = " (0) (75e)
" -5 = 2 (%) (75¢)

'The complete time dependence of n', n,» Op

The rete of CO desorption is k_(n

d'"A

+ nB) of which we need only the

. has been determined.

amplitﬁde and phase of the first Fourier component. The first Fourier
component_of the modulation function g(t) is g = 2/m. Sine and cosine
integrals S, and C are evaluated from which we calculate the apparent

reactiéh probability, €,.,., and reaction phase’laé,

co go> BV
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. | T 2 - - (16)
. ) o)
-1 _ :
¢ = -tan (¢/s) (77)
/W v
s=2 + n_ ) sin(wt)dt + / (n +n ) sin(wt)dt
w B : A B :
W/w ON | . OFF . "OFF (78)
/W :
c=9% (n, + ) cos(wt)at + (n, + ) cos(wt)dt
U Aow  Boy f Aorr  Borp
n/w o ) 4 (79)

Exp11c1t expre531ons for S and C are available in appendlx 1.

C. Comparlson with Experiment —-- Determlnatlon of Kinetic Parameters

Fortunately, certain 31mp11f1catlons mgy be made sovthat all
parameters need not be determlned srmultaneously In the hlgh temper—
ature limit, (T 1200°K), n /N << 1, the reactlon is linear. Eqgs.-
(66),>(67) may be added together to form one equation in the tOtals o

surface density of CO, n=n, + nB,

dt_cﬂ:g(t)m +kn-kdn..b +(80) .
Equations (80) and (65) (neglecting nA/NA) are easily solved for the
response .to the fundamental component of the beam modulation by sub-
stituting, g(t) = g, ejwt, n'(t) = n‘l* ejwt, n(t) = nl* eJut and

proceeding as in section II to obtain,

;J¢ 1 1

- e &30 op 1+ . , ‘f
where ns'# 0 N, is the bare surface sticking probability.

‘At 'high temperature we assume k, >> w. Then from Eq. (81) the

reactiqh phase lag is given by,'
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tan ¢ = ___iﬂﬂi__75 o (82)
2 + (w/k)

The low freQuency (16 Hz) phase lag data measured at temperatures

~ above 1300°K were used to calculate values of k from Eq. (82). An

estimated’i19 error in determining the phase was considered and the k
values with error bars were plotted Arrhenius fashion in Fig. (38) from
which the'éctivation energy, E, and tﬁe pre—exponeﬁtial, A, were
determinéd;

2.5 x 107 sec

k = e B/RTg A -t

B

30 kcal/mole
The rate constant k is thereby determined”for all temperatures.
At l3OS°K,.the‘variation of reaction phase lag wifh freqqency is used

to determine the value of kd at that one temperature. Using Eq. (81)

~(the linear limit is still valid) for various ratios k/kd a family of

curves 6f reaction phase vs modulation frequency may be generated
(Fig. 39). The best ratio, k/kd = 0.02, was chdsen to match the data

at 1305°K. Considering k. to be of the

(Fig. 36) and determine k d
).

e-Ed/RT

d

form, k., = A S, we now have one constraint on (Ad, E

a d

This is the end of the well-paved road; Parameters yet to be

d

determined are o and E_. (or alternately, A

a ), and we must venture into

a

the non-linear region.

For a selected value of Ed’ A_. is determined, (by the condition

d
k/kd = 0.02 at 1305°K). Then with a selected value of the cross section
O, tﬁé apparent reaction probability € and the reaction phase lag ¢ are
calculatéd along with the variation of product amplitude SCO with beam
iﬁteﬁsity‘Io (order plot, Fig. 33). The parametgrs Ed (or Ad) and O

are adjusted to provide the best fit to all the data. The theoretical
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variation of the apparent reaction probability E'with reciprocal tem-

peraturéuTS is shown in Fig. 40 and the other éompqrisons of theory
and experiment have already been seen (Figs. 32, 33, 35, 36). From this

tedious calculation we obtain:

E, = 50 keal/mole
. Aa-i 3x lole'séc—l

o f75-x :LOI'-16 cm2_

Tﬁe éSsumption kd >> w made to evaluate the péramsteré in k at the
high témperature end of the linear limit may be checked. At 1300°K = -
we caiéﬁlate:

A

2 e-50/(2 x 1.3) = 1.3 3{_10h sec

_ 1
kd —‘3 # lO

The modulation frequency was 16 Hz (w = 100 radians/sec),'ﬁhefeforeffhe
assumption is satisfactory at 1300°K and becomés better ét higher

_temperatures when”kd increases.

D. Interpretation
if’ﬁe may assume that the meximum in reéétion probabilitylin'?ié. 
ho.(ibﬁér curv¢) represents reaction on a clean surfa;e sﬁffe?ihé’éd?
@emodﬁiaﬁion, then we deterﬁine. , N
3

2 no =‘? o NA,z 5 x 10

or,

NA =3 x lOll sites/cm2 .

The Afsites of 75 A2 area are equivalently lO;A'in'diametér or encoﬁﬁass
fiftéén.basal plane mesh hexagons. The A siteévare separated by lSQ;A
(/). |
A . ) ) _ ) .
' Bj}the model an A’sité'may be created by desorption. of CO from a

. L [ i
E TN ! 1 i

[
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filled'B site whereby dnevcarbon atom is removed from the surface. A
"fiiled" A site is returned to a reactive state,when it too desorbs'CO
thereby removing one carbon atom frdm the surféce; Héwever; the Aksite
Cross sec#ion for chemisorption was determined to be T5 Ag, SO apﬁarf
ently a Siﬁgle basal plane vacant A site of area 2.5 A° eXérts an |
influence on chemisorption over an éreé 75 A2.

It_waé determined that "super-reactivity" (due to an excess con-
.centraiibn,of A sites) encountered on the upper branch of the hysteresis
curve‘(Fig; 28) is reduced to the stationary stdte_reaétivity if the
reactién ié allowed to proceed for an hour or so removing a‘hundred 
basal léyérs. If an A site is only the size of one or a few carbbn;
atoms, ﬁhy'must so many leyers be removed before ﬁormél reéctivify is
festoredf ~The‘answer, of course, is that while'annealing processes
are wdrking to remove excess A sites, all A sitéé‘are initieting gas;
vificafién of the_surfaée. Burn off at an A éité'simply regenérateé'é
new Ajsife. Additionally, burn off from é few suitable E sites.willa
create A sites. Eventually, after many layers are gasified,.fhe‘
anneaiihg-processes have caught up and the reactibﬁ rate returhs:to:
normél. v. | |

Lét us furﬁher consider Eq. (68). Although it is possible'fo
obtain a'§g§;£ term, dNA/dt, from the difference of nearly equal ;gggg
terms, tﬂis is not likely to exist in the préseﬁﬁ case because then a
small deviation in N

A

dominaﬁt positive and negative terms must be on the order of'dNA/dt,

would be quickly éorrected. Consequently, the

In order}that the term &kn' should not prompt the hysteresis to recover
in a timé on the order of a modulation period, it must be small compared
to dNA/dt. From the measured hysteresis recovery, we have (dNA/dt)/NA =

(hOvminutes)-; =h x 107 sec”t. At steady state with o = 75 A° and
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a beam of 3.3 X 10l6 molecules/c,m2 - sec. we obtain kn'/NA = 120.

Therefore, § must be much less than 3 x 10—6 in order that the hysteresis

should nét‘be corrected in a time commensurate with a modulation period.
Thié_very small valué of § implies that onithé ordgr of lO6 carbon

atoms (dr more) will be gasified before a new A site is generated from

a B site. Typical A site concentrations are on the order of lOll cm_g

so we see that by the time lO17 carbon atoms/cm2 have been removed,

one entirely new generation of A sites will have been created from B

T

sites. This value (10l carbon atoms/cmg) is on the order of the burn

off ievél’which restored normal reactivity and suggests that during

the burﬁ-off, each A site generated one extra A site further prolonging

the restbfation process. | |
.Alfﬁough the concentration of A sites, NA’ was regarded at the out-

'set as an explicit function of temperature and pfévious oxidation, only

a single "typical" value of N, was extracted from the data. Every . -

A

last éérap of experimental data was used to derive the kinetic para-
meters, but more extensive data could have providedvfor a more careful

congideration of the varistion in NA' Nevertheless, from the hysteresis

experiments we may note that the A site concentration produced at 1125°K
was only reduced by a factor of two when held at 1450°K.

The fate constant k cannot be ascribed to a simple desorption
bécauéé‘of the low value of the pre-exponential factor (A = 2.5x107:
Sec-lj;v Rather, it probably represents migraﬁion of 0ads to B sites as
discussed in section II-F. The rate constant masy be related to the

-surface diffusion coefficient D, and the surface concentration of B

S
sites.

k=L4D, N =Ae'E/RTs

o Ny : (83)
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The surfaceldiffusioﬁ coefficient DS is acti?ated'by the energy E, and

’ Y
is given by,

. _ Ll a i
S DS-6T— - (81’{)

It is assumed that an atom diffusing on the basal plane may jump in six
directioné. Taking a jump frequency of I = 1013 sec_l and a jump

distance,'a = 2.5 A, we obtain from the measured pre—exponential factor
T

(A =2.5x10 sec-l) the average surface concentration of B sites,

NB =T x lO8 cm-2 s
or a B site spacing of 3800 A (1/¥).
Thé‘special property assigned to B sites —;- that they be always

available'in>a fixed concentration unperturbed by adsorption of 0
atoms or désdrption of CO -——.deServes fuffhér comment. Cﬁriously,
althoﬁgh.type B sites are found in a concentration that is hpo timgs
smaller than the concentration of A sites, the B sites do not saturate
and coﬂtribute to non-linear behavior. The extraordinary.propertiés;of
B éitésfafe, perhaps, the most serious blight.on this reaction model.
' Nevertheiéss? itvis inst;uctiveito spe?ulate bn;a phyéical model for

sugh B'gite behévior, lﬁmpty,‘available B sit;s might Be thermally
:gépératéd and_anneaied éo.rapidly as to‘maintain a sfeady'empty B site.
'conééﬁfrationf' Alternatively, a E‘site could be a "mééfo":site encom- |
péssipg meny potentially reactive carbon atomé. Perhaps "macfdﬁ B
sites .are regions where dislocation lines terﬁiﬁate at thé surface
nsurrounded by many disturbed carbon atoms. If the total number of

atoms ‘in "macro"

B sites were much greater than the number of A sites
in a given area, the A sites could become saturated by aedsorbed CO

before édsorption began clogging B sites. Of course, when A sites are
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saturated the filling of B sites will cease because an empty A site

is required to dissociate 0, to provide a migrating Oa for a B site

2 ds

to capture.

The B site density, NB, was estimated from the measured surface
migration rate constant, k, and an estimated surface diffusion coeffi-
cient, Ds' B sites were regarded as lattice point locations, but with
"macro" B sites which represent a larger sink the surface diffusion
coefficient would be a bit larger (depending on the "macro" B site
circumference) and a revised (downward) estimate of NB would result.

Electron micrographs were obtained of the target surface before
and after reaction (Fig. 41). Oxidation has certainly obliterated any
preconditioning due to polishing. No "hexagonal etch pits" such as

15,16,17 . mpomagi8+19520

observed by Hennig are apparent. In fact,

the micrograph hardly looks like a flat or reaction pitted basal surface
at all. It resembles more closely the micrographs of the allotrope(s)
"white carbon".66 Of course, the reaction analysis which was often
presented in terms of "basal surface layers removed" is entirely inde-

pendent of this colorful "unit" of reaction progress.

E. Further Proof-Waveform Analysis

Although everyone will agree that a reaction response will lag
the modulated beam excitation to an extent determined by its "residence

time", the conviction that a lock-in amplifier will properly process

the first Fourier component of the reaction signal and allow us to

extract the correct kinetic information has not found its way into all
hearts., Perhaps if the kinetic parameters extracted by the lock-in
could be shown to properly reconstruct the complete time dependence

of the reaction signal some apprehension would vanish.
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Fig. 41 Basal Plane sample scanning electron
micrographs, before and after oxidation.
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A computer of average transients "CAT" (Technical Measurements
Corp. CN-1024/202) was used to recover the weak CO signal of 1175°K
reaction from the noise background. The CAT (or multiscaler) operates
by repetitively scanning a noisy signal containing periodic information.
A scan is initiated in synchronization with the primary modulation
which stimulated the periodic signal, and the time for one scan is
divided into "channels'". As the channels are scanned, they sample the
signal and noise and accumulate a record of the signal plus noise.

Over many scan cycles the noise component in all channels will approach
a common value (increasing, however, with each scan). The periodic
information is inherently different in all channels and will eventually
be seen to rise out of the noise. Such was the case in this work, the
CAT output was a large DC noise level added to the periodic reaction
signal. The CAT was connected through a Keithley 610B electrometer
amplifier to the mass spectrometer and set to repetitively scan the
output signal with the onset of each scan synchronized to the beam
modulation. Each scan covered a little over two modulation periods

and many scan cycles (40,000 sweeps) were required.  Figure L42 shows the
scattered reactant beam profile, and the desorbed CO reaction product
signal along with two theoretical predictions of CO signal shape. It
may be noted that the CO signal shape is not unusual --- it simply
tries to follow the beam modulation.

The basal plane reaction model predicts that the rise and fall of

the CO signal, which is proportional to k(nA + n_), is controlled by

B
Egs. (69), (71), (72), and (T4) which contain three exponential terms.
The theoretical waveform has been superimposed on the data in Fig. 42,

and the agreement is satisfactory.

It might be suggested that a single decay constant representation
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of the CO signal would mimick the wave shape sufficiently well. A best
representation by a single decay waveform has been added to Fig. Lo,
and it appears to fit the CAT data equally well! Nevertheless, a model
with a single rate constant can only satisfy part of the data.

Variation of the modulation frequency serves to selectively probe
reaction sfeps having different characteristic times. The lock-in
amplifier is usually employed to measure only the fundamental frequency
component. The complete waveform (obtained using the CAT) contains
additional information from the higher harmonics of the square chopped
primary beam. The waveform of desorbed reaction products is determined
by the modulation frequency and the rate constants or characteristic
reaction times. Varying the modulation frequency reflects differently
the effects of yvarious reaction steps. Although a suitable experiment
was not performed, the follow paragraph describes how a single expo-
nential waveform would not adequately describe the reaction.

The single exponential waveform is seen to represent a compromise
between.the fast rise and slow rise portions of the theory waveform.
If the modulation frequency were raised substantially, the slower rising
exponential(s) (of the theory waveform) would be significantly compressed
(not having sufficient time to rise) and the dominant characteristic
would be the faster rising component. The single exponential would be
refit to a new value biased toward the fast rise exponential. This

readjustment of what is essentially the rate constant is inadmissable,

because the parameters such as the target temperature which determine
the rate constant have not been changed.

No attempt was made to extract the complete wave form using a
much higher modulation frequency for two reasons. First, a suitable

modulation frequency would be abhout 1000 Hz, but the fastest CAT sampling
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rate is 32 micro-seconds per channel which in each sweep would spread
33 modulation cycles across the 1024 channels, providing only 15 data
points per half cycle of modulation. Second, transit and complex
impedance corrections would have to be applied in detail to the complete
waveform considering the effect on each harmonic of which the waveform
is composed. Furthermore, due to the poor signal only the proposed
trial single exponential waveform is "known" as to shape, and the
amplitude and phase corrections would have to be applied to each trial
waveform before it was compared to the CAT data. A Fourier analysis-
synthesis procedure may be circumvented in this case (section III A-8).
The complex impedance and molecular transit effects could be formulated
as a circuit model and a piecewise-linear solution obtained in each

half period for excitation by exponential rise or fall segments.

., CO2 Reaction

Although the oxidation of basal plane pyrolytic graphite produced
sufficient CO to enable to detailed study of this reaction, only a small

quantity of CO, was produced. The apparent reaction probability for

2

CO2 production, € , was typically an order of magnitude below €

Co co’

2
and the CO, signals were very near the lower bound of system sensitivity

2
(Fig. 43). Each data point required a considerable observation (inte-
gration) time on the order of two hours. No frequency scans were made,
in fact a low modulation frequency (16 Hz) was used to avoid excess
loss of signal due to demodulation. Nevertheless, the reaction phase
measured at three temperatures was found to be 25-30° (Fig. 4k4), which

for a one step process would imply demodulation to 85-90% of the DC

signal value.
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Fig. 45 Kinetic order——CO2 signal vs beam intensity.
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Although no reaction mechanism is to be postulated, if a one step
process were operating, a rate constant of 200 sec_l would be obtained
from the phase data using Eq. 1L4. Continuing to pursue the consequences
of a one step process, we find from Fig. 43, and Eq. (15) an activation
energy for the rate constant of about 25 kcal/mole. This relatively
high activation energy and the flat phase behavior in Fig. Ll are, of
course, not consistent and would yield different pre-exponential factors

for the three temperatures studied:

k = 200 sec'l, E = 25 kcal/mole

A (sec'l) Ty (°x)

6

6 x 10° 1200
8 x 10° 1500
2 x 10° 1850

A process described by a rate constant with a pre-exponential of
106 is hardly a desorption process but more likely another surface
diffusion controlled process limit.

The CO, reaction was found to be first order (Fig. 45).

G. Reaction of Annealed Graphite

As-depositied pyrolytic graphite on which the preceeding reaction
study was made may be reduced to a more perfect (and possibly less
reactive) state by annealing at high temperature. Samples of pyrolytic
graphite annealed at 3000°C for over two hours (noﬁ”annealed under
pressure) were obtained from Union Carbide.

Using a Picker X-ray diffractometer the basal reflections were

measured and found to be considerably more intense than for un-annealed
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(as deposited) specimens. That is, while the diffraction peak could
be recorded for un-annealed graphite using 1 nickel filter and an X-ray
tube current of 7 milliamperes, the annealed graphite diffraction peak
could only be fit on the recorder if 3 nickel filters were used and
the X-ray tube current was reduced to 2 milliampers.

The reflection peaks occured at "20"=26.1° and 26.6° respectively
for the as-deposited and annealed graphite. For copper Ka radiation

"c"

this corresponds to a or basal spacing of 3.41 A and 3.36 A respec-—
tively showing a tighter spacing in the annealed sémple.
The density of the as-deposited and annealed specimens are 2.17

3 (96.3% theoretical) and 2.25 gr/cm3 (99.5% theoretical) respec-

gr/cm
tively.

The reaction of annealed basal plane pyrolytic graphite with molec-
ular oxygen was not found definitely to proceed for temperatures up
to 1850°K. The limit of system sensitivity allows us to classify the
reaction probability for annealed basal surfaces as being on the order

of or less than 2 x 10-5.
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V. PRISM PLANE REACTION

A. Data Presentation and Implications

Samples of pyrolytic graphite having prism plane front faces were
polished with 1 micron abrasive and pre-oxidized in the same manner as
the basal plane specimens. The reaction rate on freshly polished samples
diminished somewhat by burning as disturbed material was removed, but
later the reactivity surpassed the initial rate when the reaction etched
surface had been developed. Electron micrographs were obtained of a
polished specimen and a fully developed reactive surface (Fig. 46).

Carbon atoms dangling by only a few bonds at the edge of the
prismatic planes are expected to be much more reactive than the atoms
securely bound in the mesh of the basal planes. Consequently, the
pyrolytic graphite reaction studies were commenced with a prism plane
sample to "cut our teeth" on a "strong" signal. However, when the
typical apparent reaction probability for producing CO from the prism

3

plane was measured to be 92;1_10’ , the hopes for measuring a reaction

on the basal plane dimmed swiftly. Not only was the prism plane reaction
less "active'" than had been wished, but the data which was experimentally
accessible exhibited more than its share of anomalous behavior.

Both reaction products, CO and CO., were detectable although only

2
one tenth as much CO2 was produced as compared to CO. Over the range of
parameters investigated, the reactions producing CO and CO2 seemed to
be very similar although the higher uncertainty due to the weaker CO2
signals tends to obscure some of the finer details.

The reaction was found to be first order for béfh CO and 002 pro-
duction as illustrated by log-log plots of signal strength'Qé beam
intensity (Figs. 47 and 48). Although the figures only present kinetic

order data for relatively high temperatures, the first order behavior



<
¢
G
g

XBB 718-37T70

Fig. 46 Prism plane sample scanning electron
micrographs, before and after oxidation.
The oxidized target has a crack (slot)
across the center.
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was fcuhd'tc persist down to at least 1L00°K.

The‘apparent reaction probability, €,.is plotted;Arruenius.faéhiou
in Fige.fh9; 50, and at least‘iu Fig. h9vsome hySteresis-mayAbe noticed.
This hyéteresislwas'not so carefully investigated ae the basal.plane
hystereeiéfwhich'was measured later. However,”mdny traverses of the
hystereeis'loop were made --- hoping it would.disaﬁpear!ﬂ It did het.

(Reectivity measurements were exteuded'up to‘2700°K for the first
target”andva whoppiug 10% reactivity was observed; _Evaporetion of
carbon from the.rear of the target was very rdpid and ouly aufew:
meesureﬁents were obtained‘before the target wes'thinned so much thet

non uniform heating occurred and cracks developed. Thedsecond target

from which‘the bulk of the data was obtained was not heated abeve.éh00°K'

and laeted much longer.

'Reection'phase lag data were found to be "very peculiar" (Figs;'Sld

and 5é)}_7Not only did'the phase remain nearly iuuarient as temperature

was changed but what change was encountered appeared to follow a hys-

teres1s‘loop. Hysteresis of 0] and € for Co productlon show the hlgher‘

€ corresﬁonding_to a lower phase and vice versa. Conversely, the 002

“production date fail to reveal a distinct hysteresis in 8; but there is
possibly hysteresis in the reaction phase lag ¢. At a relatively high
temperature (2100°K) a frequency scan for the CO reaction yielded the

‘ results"fer €qo 20d ¢CO shown in Figs. 53 and 54 respectively. The -

appareht feaction probability is still increasing es the modulation" A

et
frequency is reduced and it is suspected that, even at the lowest mod-

v,ulatlon frequency which was used in this study, the measured apparent

reactron probability is significantly demodulated below the true reaction

probability (typically 2n).

Particularly striking:is the reaction phase lag of about 22 1/2°
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(m/8 rédians)——a value that remains quite constant as the modulation
frequency is varied (Fig. 54). In the companion figure (Fig. 53) it

may be noticed that the apparent reaction probability, €, decreases as

oL/ '

ojer the same frequency range, and one may be reminded that the
reaction was found to be first order (linear).

There is an interesting result from linear network analysis.

~ The effect of passing a sinusoid through an electrical network may be

A+ iB

represented as multiplying the sinusoid by e . (In the reaction

notatibn,:A corresponds to the natural logarithm of the apparent reaction
probebility, 1n €, and B corresponds to the reaction phase lag, ¢.) In
terms'ofué‘logarithmic frequency variable u = ln(w/wc), where'wc is a

particular frequency of interest, the relation which we require is,

¢(w,) =B, == %ﬁ»ln(coth |§1);du . - (85)

00

For the case in which dA/du = 1/4 (e vs w would have a -1/4 slope on a

log-log plot), Eq. (85) gives B, = w/8 for all W, (¢ = 22 1/2°).

This exercise provides, however, only an interesting consistency
check,i There are no clues as to héw té synthesize a circuit (or reaction
model)vto provide this behavior. It is also élear that this analysis
accounts only for demodulation effects, changes in A with frequency

(Qr u). That is, the low frequency limit of eA = € is a constant

attepuation (typically 2n for the reaction models discussed previously)

and is not determined from-the variation of ¢ with frequency.
' Two reaction models which synthesize the required frequency behavior

will be-considefed. Unfortunately, insufficient data are available to

fully exploit either model.



B. Multi-Branch Reaction_Mecha.ﬁism

In'thé'general section on reaction models itvwas suggested thaﬁ.
an observed.reaction behavior could be conveniently modeled as arising
from‘rééction_élqng several "parallel" branches which give the same
producfj(éectiéﬁ II-G). To this end, a feaction Vector'locus plot ﬁas
prepared (Fig. 55) which exhibits four humps_suggeﬁting a four branch
pfocess'kassuming_the humps are not scatter!) described by four different
rate QQﬁstants: |

Co

By ads K1 cole)
- p—
“.Ii?, €Oy 2 co(g)
0O, n 20 '
2 —p ads - .
Py COu4q - Ky ~co(g)
: Ph CO4s Ky co(g).
- L —
 The.reaction,product vector is given by,
en P P o P enp
€ e~I? o ! + N + 3 + el T (86)
¢ T TE j(w/kl) 1+ J(w/kg) 1+ j(w/k37 1+ j(‘w/kh) T
By Jﬁggling the P's and k's & fit to the "normalized" curve (e/2n)éf?¢

- was obtained over the range of moaulation freduénéy used. In genéral,
the relative sizes of twd'humps depends oﬁ their relative P's and thé
depth qf separation déﬁehdS'on the ratio of k's. Varying the magnitude |
of thg]K's moves the points for a given modulation'freqﬁency along t£e'
curve;. The sum of the P's muét be one. Parémeter #alues determinédﬂ
after:Several,trials.gaVe the fit td'the megsured apparent reactioﬁg.
érobabii;ty and phase lag as illustrated in Figs. (55), (565, and (5#).

The parameters were determined as:
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P 0.15 k, 1000. " (sec™h)
P, 0.20 k,  100.

P, 0.5 kg 10.

P, 0.50 K, 1.2

n=2.5x 1073

The stiéking probability, N, was obtained by extrapélating‘the theoretical
reactidn product logus to zero frequency. Valués of k are believed to
be detgfmihed to within a factor of two and the P's are good to about
25%. These are values at 2100°K. It would be desirable to obtain the
P's and k's from frequency scans a{: different temperatures. Inbthe -
derivaﬁion leading to Eq. (86) the P's are éssumed not to be funcﬁioﬁs
of temreréture (except possibly due to hysteresis). This could be
éhecked{ fhe rate constants (k's) determined from runs at different
temperaﬁures could be plotted Arrhenius fashion to deduce the-activ#tion
energiés; | |

ThiéTdata reduction epproach takes cognizance of the fact thét the
k's aﬁd the modulation frequency w (or f) are éOnjugate time variables
~of the reaction system. The rate constants are determined by frequency
" - scans then the variation of the k's with temperature is considéred to
determiné the‘activation energies and ﬁre-exponentials.‘ This is théi
direct approach. ‘Modulating the reactant beam at different rates i;'
essentially equivélent to~conventionally following the course of the -
reactibn"iﬁ time. The worph of temperature écéﬁslat constant'freqﬁéhcy,
howévgr,vshﬁﬁld nét be discounted too héavily becauée these measurements

are the‘¢ ones that will reveal hysteresis if it is present.

-t
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C. Double Diffusion Model

The moét significant feature of the prism plane reaction data is
the neerly_constant reaction phase lag (20°-30°) which is mainteined
over a substantiael range of temperature and modu;ation frequency. Con-
stant phese:behavior has been demonstrated for surface reaction in com-
petitieﬁ with ofdinary bulk,diffueion (Section_II—E), but, alas, the
value of ﬁhe constant phase angle was 4s5°, of course, any phase lag from
_06 to h5° could be obtained by combining in the,preper proportions some
diffueioh controlled reaction (45°) with some fast reactien (0°).

Uhfortunately, although a bulk diffusion controlled process ean
provideva constant 45° phase lag, its apparentvreaction probability
varies with temperature and modulation frequency. Therefore, the pro-
portions ﬁroducing the desired (20°-30°) phase lag would not be main-
fained_unless the fast reaction (0° phase lag) also exhibited the same
veriation of its apparent reaction probability with temperature and
modulafibn frequency. The last requifement ie'clearly impossible for
e,lineer reaction. Indeed, as is easily shown by Eq. (85) the re-
Quired'feduction of the fast reaction signal amblitude‘with inereasing

1/2

frequency (proportional to W as for diffusion control) is consistent

with a phase leg of 45° not 0°. A different appfoach is clearly required.
A satisfactory reaction model may be formulated when we consider

the enisetropic graphite layer structurekand take a clue from the eleetrqn

micrdgreph of the reacted prism plane surface (Fig. 46) which reveals

| reaction proceeding preferentially on the'edées of certain basal layers.

_fyfelytic graphite is deposited as layers of basal planes when a

gas_sﬁch as ethane is cracked on a suitable substrate heated to high

temperature. Nucleation occurs on many sites and growth cones rise
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from the sﬁbstrate. Basal layer stacking is weli éfdered within a'éingle
cone buf diffe#s from one cone to the next by roﬁétion about the "c- |
axis". Slight disturbances during pyrolyticvdéposition result in.
renucleationvwith a conseQuent change in oriéntation. The iesé ordered
renucleaﬁidn—transitioﬁ region betwéen continuouslyvdeposited layers
would‘be'éxpected to be more reactive than the éohtinuously deposited
layers thémselves. Typigaily, renucleation o¢curs-éfter depositing_iOOO
5asal layers 81 (0.3 micron) and the reaction etched furrows in Fié,
46 have apﬁroximately this spacing. | |

It is partly the‘less uniform-renucleation;transition,region wﬁich
ngives-aé#deposited pyrélytic graphite its less fhén theoreﬁical dens;ty.
.Difquion-would be expected to proceed faster in thé_less ecrowded reﬁu—
vcleatibn;transition region than between the mére clésely paéked ordéred
‘layersl‘ Diffusion which proceeds rapidly along grgin boundaries éﬁq;
also diésipates into the bulk has been considefédvpreviouSIy.Bg vA ;
reactién model controlled by this double diffpsipn will be shown toi
producé’a coﬁstant reaction phase lag (22 1/29);.

Cohéider a prismatic face with N bands of high diffusivity:renﬁA.
cleation regions (of average thickﬁes# 8) péf ﬁﬁit'length (measure¢_j
along fhe "c" axis). Reaction is initiated at the edges of the rén@e

“cleatidn,regions developing an oxidized surface with a reactive fégion
‘of wi@fh A (A > 8) at each high diffusivity band (Fig. 58). »Adsorbﬁion
of reaétant from the gas phase is assumed to take place only on thézl
_ reaétivé strips (éf width A) with a local sticking probebility n.v;(ihe
average sticking probability for'the whole prismatic surface is th§ﬁ1
NAn. ) | |

-. An interacting oxygen_moleculé will be‘assumedvto be rapidly con-

verted tb adsorbed CO. (A more reasonable sequence of simple steps

]
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Fig. 58 Geometry for the prism plane "grain
boundary" reaction model. '
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proceedlng from molecular oxygen to adsorbed oxygen atoms to adsorbed
Cco would not be discernable from the present measurements and will not
be considered at this time but may be easily added later). The adsorbed
CO may desorb or diffuse'into the graphite via the high diffusiVity_'
renucleation region. A surface mass balance on the concentration of-

adsorbed- CO, n, (per unit area of active surfaee) may be written as,'

9C o
dn _- § L o
o 2”10 g(t) - kn + x Dl(' B_y) =0 . (e

Eachvmplecule of oxygen can form 2 adsorbed CO with a probability n.
dIo g(t) is the modulated beam flux and k is the desofption rate constant.
The last'term\eccounts for diffusion loss via the.high'diffusivity renﬁ—
cleatien‘region. D, is the diffusion coefficient.for CO and C; is fhe
concentre@ion of CO in the high diffusivity region. The.effectiveneesv
of diffusion loss is reduced by‘the factor G/A (e funneling-effect);;
.The:surface concentration n isvrelaxed te:the bulk.éoncenﬁretien
c) (just under the surface) by, _ v .
B ¢, (0,6) = Hn(t) (88
where H.is the solubility.
ﬁiffusion in the renucleation region is governed by82 (Graih-Bduhdary
diffusion), . |

BCl ) 820 (802 | > L

Variation of Cl across the renucleation region is neglected.
Therlateral loss from the renucleation region into the uniformly
depdsifed graphite (characterized by a diffusion coefficient D2) is.

.described by,
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3 ¢, | ¥, |
T.E_ (,x,y,t,) = D2 ) (x,y,t) ' (90)
3 x '
subject to
,(0,y,t) = ¢ (y,t). - (91)

The diffusion equations will be solved subject to the boundary

conditions,

3 C, |
(52) o O o2
c,(y,t) ’W =0 o (93)

Eqs. (92) and (93) represent the assumption thatvthe modulation of the

concentrations C C2vdamps out quickly as one proceeds down along the

1°
grain boundary or laterally into the grain. With respect to the propa-
gatiohEOT'the modulation of Cl and 02, the solid aﬁpears to be of
infinite extent. |

Thé linear equations (87), (89), and (90) are solved for the re-

sponse to the first Fourier component of the modulated beam flux by

substituting,

n(t) = ni ejum
- Jut
g (t) = g e

¢, (y,t) = [y ()] § &3

¢ (xy,t) = [Cylx,y)] ¥ &3V°

LA

The modulation frequency is w (rad/sec). The asterisks (¥) indicate
compléx_quantities and the subscripts 1 designate the first Fourier

coefficients.
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Performing the substitutions we obtain,

[c,(e,y)] 3 = [0, (y)] 3 ™3P X E (94)

-'\/Sw/bl +2/8 ﬁz(Dl VJQMDZ y (95).

[c,()] % = Kn¥

C eaem | N .

 €-efJ¢ _ I-lg - __an NA , ;. (96)
| Ct Ly e Eid.&.gfa o
PPk A Vp TeD VYD,

The téngk.ni NA ié the first Fourier coﬁponéntvdf product emission per
uhit éféa:of surface upon whicﬁ the firsﬁ FouriervOf modulated beam
flux (I"gi) falls. | |

The condltlon of prime interest occurs -when the very last term in

the demonlnator of Eq (96) is domlnant - Under thls condltlon of strong

double dlffu51on control the reaction product vector becomes ,

Cad -jn/8 - o
S L p—- R (oM
{2
w
2
The appérent reaction'probability varies as w—l/h_and the reaction phase

lag has a constant value of 22 1/2°., Of course,-ih this 1imif_the
denominator of Eq. (96) is much greater than ; §hd the signal‘is.highly
demodulatea. |
Eéugtion (97) predicts that‘demodulation_shoﬁld separaté the appar-
_ent reécfion probabilities measured at 16 and 200 Hz by a factor (200/
.l6)l/h-$;lg9, .The curves éf Fig. (49) are in fair agreement with this
prediqﬁidﬁ.' | o | -
Hyéteresis éffects can be inéorporated in the double diffusion model

by Variatipn of the width A of the active.surface:area at each
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renucleation region. Burn—off.carried out at different temperatures
establishes different proportions of active surface described by A.
Réacti@n_at low temperature provides a wide etchbof the surface and a
large valﬁe of A. At higher temperatures surface healing occurs
shrinking A toward & (the width o% the renucleation region). The reac-
tivity of a prism plane sample has been measured with the molecular
beam impinging parallel and frésverse tc the laminations. No difference
in reacfivity was measured suggesting that the reaction etch of the sur-
face does.not produce deep valleys with steep sides which would shield
(shadow)'séme surface from direct "illumination" by the transverse beam.

A related ﬁopic grain boundary grooving hés‘received»considerable
a.t‘benfion,83 but the grain boundary groove widens with time at a rate
which’increases with temperature. This apparent cdntradiction may be
reconéiléd.by noting that a reactive surface consists of atoms dangling
by onl&'a few bonds--atoms on the corner of ridges would be reactive.
The reactive bands of width A are then valleys with sloping sides that
are neither too flat nor too steep. Surface iigration which leads t§
grainfﬁéﬁndary grodving tends to smooth the irregﬁlarities which would
étherwise be reactive. The sharp corner between the free surface andv
a graih‘boundary is transformed to'a smooth grooved grain boundary by
transfefing atoms from the corner to smooth humps running parallel on

each side of the groove. The profile is like that of a plowed furrow,

~or more in keeping with the delicate balances involved--the profile of

a seaguil. For the graphite reaction, oxidation roughens the surface
increasing A, 5ut at high ﬁemperétures surface migration works to smooth
the éu?féce and reduce A.

:Hyéféresis in the appafent reaction probability (&) may be described

as fdllows. Proceeding fram a low temperature where a steady A was
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'obtained to‘a higher temperature, one initially finds A in excess of»the
stablerélué at the new tempersature and-an'excessifely high ?alue of
reacti?ifj’is observed until the surface is abie'to adjust A to a stable
value gt_fhe new temperature. Upon decreasing temﬁerature a reverse
behaviorvis obsefved. Initially A would be lower fhan the steédy valﬁe
thefeby Aepressing the reactivity, but gradually’bqrn—off would establish
the steadj_value of A at the new lawer temperatufe. The slow variation
of A (élqw; observable hysteresis) permits A to be taken as constant in
Eq. (87). | |

H&Stéresis was also exhibited in the reaction phase lag. The
phase laé'on the heating curve lay beloﬁ the phqse on the cooling curve.
Equatién (97) does not provide an explanation fdr fhe phase hysteresis,
and néither does the complete expression Eq. (96). This is ﬁot entirely
unexpectéd; vThe reactidn phgse lag is particuiarly'sensitive to small
detailé of the reaction model. (It may be redélled that the relativély
complex basal plane reaction model étaisfied all gxperimental.data'except
the pﬁase lag data at low temperature.) -

What is needed (in both cases) is an additioﬁal reaction brahéh
which.need produce only & very small fraction,-k, of the total CO. This
componéﬁt‘of'co must be without diffusiohal déﬁodulation and have a ;ow
phase angle. The CO produced with a low phase angle could arise froﬁ
feactipn:which oceurs via an immobile adsorptionh complex (thereby pre-
venting diffusion loss). The apparent reaction vector for this<proéess

might be,

emdbL - 271

St = T+ w/k)

where formation of immobile CO is proportiondl to a sticking probability

ny- iThe CO desorbs at a rate proportional to k. The small fraction



-167~
of CO wﬁiphvis desorbed by this branch would be a negligible pertur-
bation to the surface mass balance, Eq. (87). The ( fraction of CO
productibh must a;So be éubjecf to0 hysteresis éimilar to the diffusion
cohﬁroliéd fraction. The required hysteresis could be provided by
varying nL; and'é étrQng hysteresis in n is. desired..

Thé £§tal appéreht reaction vector would bé the vector sum of the
co prodﬁded by the: "diffusional" and "direct" bfanches. Fig. 59 shows
the feaétioﬁ product vecfors for the double diffuéion component of the
co producf'(as given by Eq. (96)) and the contribution.of the CO pro-
duced bj'the "direct" branch discussed above (reaétion product-vector

given Byfﬁq} (98)). Wnat appears in Fig. 59 to bé a rather large
fraction of CO production via the direct routévis éxaggerated due to
- the large demodulation which is incurred by the diffusional branéh——as-
the modﬁlation frequency is reduced, the length of the vectors at

/b

22 l/2°‘iﬁ Fig. 59 would increase as w , while the vectors laying
“on the.in;bhase (0°) axis would be unaffected by freqﬁency.

FfomJthe basal plane studies, we would.eipeCt that the reactivity
ofvbogh components would be higher on the heatihg branch than on the
éooling b%anch, inasmuch as the exceés reactive sites generated by low
temperatgre oxidation persist during much of thé heating branch. Since
both the‘diffusionél and fhe direct contributions‘to the CO product
depend_upon éctivevsites available to initinate the reaction, the
ampiifﬁde of both reaction product vectors shbhld be larger on heatup
thantupqn cool-down. Thié hysteresis in the émplitudes of each component
is shoWn:in Fig.'59. The phase angles of each component (22 1/2° for
the diffuéional‘component and 0° for the directchmponent) are not
affecféd by heating or cooling.

By'judicioﬁs selection of the magnitudes of each component and the
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——— Heating
Cooling

~_—Phase Hysteresis

0°

'Direcf Branch

XBL 717-7000

Flg 59 Vector sum of the "diffusional" a.nd "dlrect"
components of CO producted by prlsm plane
oxidation. B - -
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extent.of amplitude hysteresis in each, the observea vector sum can be
made to'reflect the qualitative features of the otserved amplitude and
phase hysteresis.

Actually, only hysteresis in tﬁe direct component appears to be
| absolutely essentlal to explain both the amplltude and phase hysteresis.
Lengthy quantitative comparisons with more experimental data might
determine if.A could remain constant. An in-situ analys1s of the sur-
face of the reacting target would be very 1nformat1ve in this regard.

At,QOO Hz the double diffusion character may be turning somewhat
toward'erdinary (i.e.."single") diffusion (due.to.increasing importance
of the first term in the square root of Eq. (96) cempared to the second
term)_giving a slightly greater phase angle. 'Alternatively;.the phase
lag due'td the desorption process (w/k term) may be becoming significant.
Whatever the cese may be, the cooling curve phase lag is greater'thaﬁ
22 1/2° ‘but the'hysteresis of the direct branch acts to swing the heating
curﬁe phese lag beidw 22 1/2°.

The frequency scans (Figs. S3 and.Sh) show that at high frequency
the deﬁble diffusion process is relinquishing control to a more extreme
process‘which effects a stronger demodulation of the reaction signal.
Increasing significance of ordinary bulk diffusion (the first term in
“the. square root of Eq. (96)) or the w/k desorption term in Eq. (96)
could be respon51ble for the higher demodulation and increasing phase
. 1ag. Alternatlvely, the increased demodulatlon and phase lag might be
due to;otﬁer processes not present in the elementary.double diffusion
modei;,sueh as the direct CO'production discussed previously.

Atuhigh temperatures the phase appears to be increasing with
.teﬁperatﬁre (exceeding 22 1/2°) without showipg hysteresis. Possibly

bulk;diffusion from the surface directly into the graphite (avoiding the



intermediary of the grain boundaries) is hecoming important. This

"single"

diffﬁsion'loss mechanism is not.providediin tﬁis model.

Unfortunately, more extextensive data is néﬁ'a§ailable. Suitable
modulated beam reaction kinetic data would permiﬁ détermination of k
and théfdther parameters of the model. of coursé, the individual

parameters D H, §, A, N, and n would not be determined but only

1? D2’
their'fuhptional groups as present in the modei, Extra information
woﬁld be rgquired to determine each of the system parameters.

Séﬁe éstimate of N and,A might be made from a careful analysis
of thevmiérograph Qf the reacted surface, and én'éstimafe of § could be
obtainedifrom a consideration of X-ray data aﬁd the bulk denéity. from

L 5

Fig. 46 one might estimate N ~ 10' cm * and A ~5x 10 © cm. The den-

"1

sity is 2:1? gr/cm3 ana-X—ray data showed a "c" spacing of 3.41 A.
, There’éré 3 x lO7 basal layers per centimeter of'“c" axis, so a renu;
Cieation rggion 60 layers ﬁide (8§ =2 x 10—6 cm)_céuld account for the
2% deviaﬁion from theoretical deﬁsity (2.26 gr/cmS) due ‘to excessivély
Vspacedvplanes (the renucleation regiénj. o

Baséd on the reaction model, the apparenfvlaCk of priSm_plane
reactivify is seen to be simply due to demodulation 6f the reaction
signal ésva result of diffusion infovthe sample. ' The basal plane
reacti@n’ﬁas not controlled by bulk diffusion prcéesses andvexhibited
somewhgtflarger apparent reaction probabilitiesvthan the prism plane;
Although the modulated beam technique provides infofmation about the

~.reaction process, DC reaction rates can only be obtained by extrapolation

using the reaction model developed with the aid of the AC experiments.
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D. Room Temperature Resaction

At the beginning of each run, before heating the target, the
reactant oxygen beam scattered from the target was monitored to establish

the reactant reference signal. The purity of the beam was also checked

by observing the signals at mass numbers 28 and 44 (CO and CO,).

2

Typically a small signal, out of phase with the signal at mass 32 (02),

was observed. Impurity in the beam would be detected at nearly the same
phase’aé the signal due to the scattered oxygen (as was verified by
checking the krypton impurity scattered from the target). The mass 28

and Lb signals from an O, beam scattered from the room temperature

2

target had been delayed by some "surface residence time" and were there-
fore the result of a "room temperature reaction."

Possibly CO and CQ, impurities in the oxygen beam could be inter-

2

acting with the target and their scattering (reemission) could be
delayed.. However, the liquid nitrogen cooled cold traps are very

effectiVé'in condensing COé and none should be present in the 02 beam.

Fufthermore, the beam composition was checked with the beam monitor

spectfometer which failed to reveal mass 28 and 44 contaminants. "Indeed,
' 8]

it_appéars that the oxygen beam was reacting at room temperature with

the clean pyrolytic graphite surface.

> to

5

iReacfions must proceed with a probability of better than 10~
be defépﬁed with'this appara£us. Nevertheless -even with a low 10
reactign probability, oxidation at atmospheric pressure would remove
lOOO at§mic layers per second or roughly 1 mm per hour. Of course,
the ébnditions exiéting in the u;tra high vacuum environment are con-
siderabiy different from the coﬁditions‘in the open air. Indeed, a
block»bfugraphite sitting idly on the table does not suffer the dramatic.

burn up that would be extrapolated from thevmeasurements obtained in
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the modeCﬁlaf béam reaction appaiatus. 'Apparentiy,_a protective surface
is establigﬁed by species adsorbed from the atmésphére. |

Smé}l-amounts of room temperature reactivity were routinely observed,
but affef ﬁany experiménts have been performed on one sample, it began
to exhibit.é rather fantastic 10—3 apparent reaéﬁiqn probability af
room teﬁpéfature. This very high reactivity was unquestionably not
due toibeam.impuriiies and sparked considerable‘ihferest and concern.
The sa@ple was removed from the vacuum system_for,investigatioﬁ.

Aiéréék.(slot) roughl& 20 microns wide had developed across the
sémple_ﬁérallei to tﬁe basal planes, probably as a result of thermal
CyCliné (FiS- 46 ). Perhaps the crack had exposed reactiVe atoms.

-On the7oﬁhér hand, perhaps some catalytic efféétlwas assiéting the
high vgéuuﬁ room‘temperafure oxidation. It was'known.that tungsten
vas vapor deposited on the back of the target by the electron beam
heater,”ahd tungsten hés been found to catalyze graphite Q#idation.?2

Botﬁlsides of the target were given Xaray.fluprescence analyéisﬂ
which indiéated about 100 parts pér million (voluﬁé concentration,
atomié) of tungsten. . Unfortunately, the X-ray fluorescence techniquer
cqu;d ﬁot‘clearly distinguish between tungsten on the front or rear
faces*of.the rather thin sampile.

:Ab0u£ 1 mg of ﬁaterial was scfaped from the front face of the férgét
for a néﬁtron activation analysis which révealéd tungsten contamination
at abquﬁ 6 parts per million (atomic). This tungsten concentratiohfg
althoﬁgh_quite smailz2 was 3 orders of magnitude higher thaq in the

as-received samples.

e
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E. Mixed Isotope Reaction

The feasonably high 002 reaction probability obtained on the prism

18-18

plane sample encouraged us to obtain some heavy oxygen (02 ) to

16-16
2

similar to the experiménts of Walker et al.

in a probe of the mechanism for 002 formation

33 ,34"

use with normal 0
We seek to determine

whether (1) CO2 is formed by reaction with both atoms of a given 02

molecuie or (2) CO,. is formed by reaction with any two adsorbed oxygen

2

atoms which may arise from different adsorbing O2 molecules. In the

most elementary terms, process (1) could be abstfaction of a carbon
‘atom by an 0, molecule. Process (2) would point to dissociative adsorp-
molecule yielding two adsorbed oxygen atoms, Oads’ of

tion of an O2

whiéh_at least one is free to migrate about the surface until it en-

(fixed or mobile) with which it reacts forming

CO,. ' Experimentally, a beam of oxygen containing both 0216—16 and
0218“18 molecules will be reacted with the prism plane pyroltyic

counters'anothef 0
ads

graphite and the production of CO. of mass numbers kb, 46, 48 will be

2
16-18

) is produced, process (1) will be

indiédted. Process (2) implies that 00216_18 will be produced.

monitored. If no mass 46 (C02

Walker's group studied the production of CO, from oxidation of

2

graphon at 500°C in an oxygen background of ca 10_2 torr by monitoring
the concentrations of product(s) and reactant(s) mass spectrometrically.

The consumption of redctant 0, and the build-up of product CO2 were

2

obtained at 5 minute intervals. After very carefully determining that

no serious complications from secondary reactions were occurring (e.g.

exchénge of 0 atoms between. CO 16-16 and CO 18-18

- 5 which ultimately
16-18

), a mixture of 0216"16 and 0218—18 was reacted with

thevgfaphon.and from the first data at 5 minutes into the experiment
. - 16-18
;6 16’ 0 ,

creatés 002

it was apparent that an equilibrimm mixture of CO and

2 2
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18-18
05

would tﬁe ekchange amdng product'CO2 yiéld suchkah‘equilibrium mixture.

C ;ﬁas being produced. Only for times on ﬁhé order of 30 minutes
They therefore concluded that C02 was a primary feactionvproduct pro-
duced from dissociated oxygen.

The modulated beam system, by design, precludes the possibilify
- of observing products produced by a secondary reaction on the surface

or in the gas phase. Consequently,.a modulated beam experiment reacting

16-16__ 18-18

a mixture of O2 O2 with pyrolytic gfaphite seems attractive.
of course; the poor utilization of the total'beam source efflux means

18-18
5 "

flask containing 1/2 liter (STP) -of O2

that we will waste a great deal of O Nevertheless, a 1 liter

18-18 was obtained from Oak Ridge

‘National Laboratory (for $1000) with the folldwingvasséy;
Batch 1806/Assay 7563

Species : Per Cent

018_ 99.2 f_."
o’ 0.2

o 0.6

Ar. 0.1 -

N, <1
.002(18—18) 0.3

:The large 002

tfap and the other impurties (Ar, N2) do not show up at mass numbers of

impurity will be removed by the inlet system cold

intefesﬁvin this experiment--LL, 46, L48.

Sémples'of the prism plane target_had been scraped from the face
for'aétivation analysis. The surface was consequently restored, by i
‘a two:yeék burﬁ—off,.to an oxidative etched éondition_which exhibited

the samevreactivity found previously (not enhanced by-tungsten).

Rl
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0 18-18. frqm its glass flask was bled through a varlable lesk valve

2
16 16 ‘
into the 1nlet system where it was mixed with O2 bled through

a separate.leak valve. - The gas mixture then passed through the inlet
coid trap*fo the source tube. The cold trap did iﬁdeed remove.the
00218;18'impurity. Impurity in the oxygen beam will be detected at
nearljjzerp phase lag with respect to the scattered'oxygen beam. For

the initial mixed beam camposition (roughly 40 - 60) the following

reactant and "background" signals were found at room temperature:

Mass Signal (uv) " Phase

32 21500 0°

34 102 ' 0°

36 - 31500 0°-

Y (0.3uv random "noise") (0°)

+ .

L6 0.35 - 0.08 23°

' +

48 0.27 - 0.08 - ©L8¢

s . 16-18 ' .

The mass 34 impurity would be expected to be O2 ~ from the ordinary
natural'QXygen (0216'16—-99.52°, 0216'18——0.h1%,_0216'17-fo.07%) which
supplied_the 0216-16. The precision of signal measurements at mass

numbers 46, 48 in contrast to that at mass number il reflects the absence
(at leasf.initially) of a 002 background of these "rare" isotopes. - The

"

mass number L4 "signal" is essentially noise due to a high background

eoncep#ration of 00216_16. However, the definite phase of the.beckground .
sigﬁele'at mass numbers h6,h8‘again suggests that some reaction may‘be
eccurfiegjat room temperature. No subtraction.ef any "background"‘ 
sighel will be applied to the signals measured at reaction temperature.
‘A ?eaction tempefeture of thOéK was selected for this experiment
te gi?e ﬁhe best signaleto—noise ratio (tradlng high reactivity at hlgh

temperatures for reduced electrical noise from the electron beam heater

at low@pemperatures). A low modulatlon frequency (16 Hz) was used to



help minimize demodulation of the desired signal.

18-18 | the small flask would be significantly"

The charge of 02
depleted-dﬁring the run resulting in a variation of the beam composition

and beam intensity. Consequently, the time for each "reading" was

noted in order to correct for this decay in fhe:0é18_18 pressure. A
four fold'decrease in 0218_18 sigral was observéd-qyerlﬁhe entire 3 hour
o 16-16

) and was intérpolated assuming an

18-18

run (also 5% decrease in O2

exponehtial pressure decay (section III-B). Designating.the O2

16-16

(mass'36) fraction as x and the O2 (mass 32) fraction as (1-x) we
determine x at any time by the ratio of 36 and 32 signals (effective

at that time) as,

"
wm
(8]

6
32

N

[
i

»

0

16-18

The mass 3k (02 ) fraction was approximated as 0.004(1 - x). From

the value of x at any time the distribution of 002 among the mass
numbers 4L, 46, L8 may be claculated for the two extreme cases of

total mixing and no mixing.

Mass . . Mixing = No'Mixing
Il (1 -x)2 (1 -x)-
Lhe 2x(1 - x) 0.004(1 - x)
48 'S x
M e e : : . . . . 16-18
The "no mixing" contribution to mass 46 comes from oxidation by 02:
(mass-3u)'in the 0216_l6 gas.

' The following table gives the CO, signals obtained at mass numbers

2

Lh, 46, 48 and the value of x and source pressure in effect at the time

~of each”réading. Also shown are the theoretical mass fractions corre-

J

gponding’to complete isotope mixing and no mixing. . The 002 signals

at each mass (4k, 46, 48) were found to have a large 20 - 30 phase lag.
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S v ' Press,

Mass x (torr) '~ Signal . Mixed Unnmixed
by - .55 4.3 h,9 £ 3.4 pv .20 L5
T 3.7 lL12+*0.2w .50 .002
48 ©.37 3.0 1.25 +# 0.4 uv .1k .37

Tﬁé”mass Ly signal is proportional to the probability of producing'
Cogm'l éﬁd»the source pressure. (The reaction was found to be first
ordef.); Similar statements appiy to mass numbers 46, 48. The same
proportgonality constant is assumed for each of Lk, h6,_h8 neglecting
slight;?afiatioﬁ of spectrometer response to fhe different isotopes.

~Significant experimental results are the ratios,

, etec .,

12 + 0.2 4.3
.9 + 3.4 3.7

which may be compared to the theoretical ratios corresponding to complete
- or nil mixing. The experimental ratios (with probable error bars) are

illustraﬁéd in‘Fig. 60 along with the mixing predictions. The results

16-18
2

_expecfed'for complete isotopic mixing. Why are these findings at odds

clearl&'éhéw that some CO is produced but not so much as is
"with the results of Walker's investigations whiph revealed complete
mixinéf

'it is proposed that the unusually clean conditions existing in
high &acuum mgke possible the direct reaction of an oxygen molecule"
with'graghiteﬁo form Coé containing bqth oxygen atoms of the incident
molecule; No isotopic exchange occurs by this process.

»Aaditionally, some CO2 could be made erm dissociated oxygen.
would be isotopically mixed. The reaction mechanism for

.Thls C02

prodUging CO proposed direct dissoqiation of 0, and formation of

2
adsorbed CO.. Possibly not all adsorbing dissociated oxygen would be
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Fig. 60 Mixed oxygen isotope experiment--intensity
concentration ratios comparing different
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bound as CO;—some oxygen mey be adsorbed in atomic'form._ Reaction of
this atomic oxygen with 0+ C or adsorbed CO would lead to an equil-
ibrium_iéotopic nmixture. |
The120—30°,phaseilag characteristic of double diffusion was observed

for Cog}vconsequently the €0, formed by either ﬁrocess must be subject to -

2
solution diffusion into the sample.

Neither the apparent reaction probability nor the reaction phase
lag showéd.appreciable hysteresis with temperature cycling. Apparently

the sites which led to CO2 production directly from molecular oxygen

(the méjof, unmixed portion) do not undergo readjustement at different
temperéiures.

Reaction tonroduce an isotopic mixture of CO,, is inherently bimo-

2
lecular and would_reSult in non linear kinetics. However, the reaction

was found to be first order with respect to Variation in beam intensity

providing an additional indication that oxygen molecules are directly

involved in production of the major poftion of the.C02.

F. Annealed Prism Pléne Pyroiyfic Graphite

TSamples of annealéd pyrolytic éraphite wiﬁh‘a prismatic front faée
were éﬁbjeéted to oxidation study. From the.previous observations on
annealed basal plane samples, it was expected that the reactivity
' wouldfbe lower than for as-deposited prism plane pyroityic graphite.
Whatvgvgréat surprise it was to find that_the'annealed prism plane
samplévwas more reaétive——exceeding the abparent reaction probability
- .of thé:as—deposited material by an order of magnitude!

Degpite the high apparent reactivity, the anneéled graphite exhibits
the séme'hysteresis behavior for CO and gives nearly fhe same CO/CO2
ratio‘(*lo/l). The reaction is first order ét thO?K. With a high

apparén£ reaction probability, the "cleaner" signals have permitted
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_quickéfﬁgxpérimenting and the symmetriéal details of hysteresis found
by Duvéi79.have,been dupliéated. Proceeding frdm'a'lower to a higher
tempeféfure resulté initially in a higher reactiéﬁ signal while reducing
temperatﬁre gives initially a lower reaction_sigﬁal. |

Thé feaction phasevdata may fhrow some liéﬁt on the_difference inv
apparenf‘féactivity;v Both samples were given»attemperature scan at_l6 Hz
modulatibh,ffequency and_h torr source pressufe. The as—-deposited
spéciméﬁiékhibitéd a fairly flat reaction phase lag between 20—30§
indepehdent.of-temperature. The aﬁnealed specimen generally had a lower
phase lag (~10°) and the phase laé was less at'high temperatures, rénging
from.28°vtb 6°‘as temperaturé was increased from l200°K.to»2000°K. The
reducﬁioﬁ of the phaée lag with increasing tempeféture is mofe.like
that.af a chemically controlled surface reacti&h. |

viﬁfferms of the double diffusion model presehted,garlier, the
highér‘apparent reactivity of an annealed targéfvis'eXpectéd.- Anneaiing
produéés.a more uniform structure of higher density. Referriﬁg to Eq.
(96);>Shrinking 5§, the thickness of the renucleation'regioqs, wéuldv
reduceidiffusion into thgvgrabhité tbereby reducing diffusional demodu-.
iatiéﬁ; The remaining.démoduiation_would be duelto the "chemical coﬁtrol"'
of thevdeSOfption rate constant, k. '

Although the size of disoriented regions would be redu§ed by
anneaiing; the density of disturbed regions, N, may be unaffééfed.
vRemoval of a renucleation boﬁndary requires mutual ordering of the
layers?pn:each side of the bdundary, buﬁ shrinking the size of the renu-
cleation boundary region may be accomplishedlgradually by repositioning
one atom at a time.

_Whgﬁ N remains neaily constant as § shrinks, the diffusional de-

modulation is reduced, and the apparent reaction probability rises toward,
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which exhibits demodulation only due to the desorption process.



| VI . QUAST-EQUILIBRTUM ANALYSIS OF REACTION RATES

Withbﬁtiéééﬁﬁing:é détéii;d'k;ggtic‘m¢§é1;5;g??essigns for the
rate of é:gas—ébi;d %eaéﬁi@ﬁ éay~b¢_forﬁﬁlé?ed on tﬁg éésﬁmption that
quasiQeéﬁilibrium condifions'egiéf a$ éa;—éoiidﬁinﬁerfaces even when
the tempefatﬁre and -chemical compositioﬁ;of the gas phaéé differ from
equilibrigm‘Values. .The following discussion follo&s that of Stickney .
laﬁd Batthu uéing eéuilibrium conéiderétions, i.e;,'fhermodyﬁamics, thé
priﬂéiple.éf detailed balance, kinetic theory(for gas impingement rate,
and the étatistical ﬁéchanics o?fperféct gases. A‘generalized trans-
mission or_équilibratioﬁ probability (commonly known as the sticking
probability),vthe only{adjﬁstable paraméter;‘ﬁre§enfsvdirect'comparison
with:expériment. o | ”

‘The impingement rate Zi of SP;cies iﬂofvmass m, having a pgrtigl
pressure bi in a éyétgm at_temperature T isvg%ven by kipetic theory'aé,

o -1/2
A —.pi(2ﬂmik?) | : , (100)

'A aistingﬁishable fraction Ci of species i are assumed to equilibrate
With:the surfécev(adsﬁrb); bThe'remaining'frdétion (1 _,gi) rebound
) elastiéally. o

" Apcording té detailed.balanCe arguments, the adsorption rate Eizi

musfjbé'balancéd in eguilibrium by a desorption rate Ri of species i
froh'tﬁe adsorbed phase. Furthermore, the adsorpiion—desorptioh ratés
mﬁstibglance in detail for each‘angle and velocity incremént. |

For the non—eéuilibrium experiment, one writes4a surface mass
balancé for eéqh chemical eiement._ Then one determines the set of
equilibriﬁm conditions (partial pressures) for the system which would

7 givé the same adsorption rate for each element. The desorption rate of

1
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reactibniproducts fromthe.adsorbate phase in this gQuilibrium situation
is aséﬁmedvequal to the desorption rate under the éxperimeﬁtal conditioné.

Fér.species that are eqﬁilibrated in times short relative to resi-
' dence.timeé in thé adsorbate, fhe adsorbate state will depend on
édsorption rates of thé elements and will be independent of the.molecular'
state;in'which they were brought to the surface (ekcept,for>effects of
molecuiar structure on Cj. Exceptional case; woﬁld ocecur for (i) slow
equilibrafion or (ii) réaction mechanisms that require a certain.molec~
ular épéciés to be supplied directly from the gas phase (Rideal-Eley -
mechanism).

Thé;téchnique is applied fo the molecular oxygen--graphite system
as foliowé: | :

A.sﬁrface balance on the element oxygen giveg,

2 R +R, +R_+ 2R . (101)

2842, = ¥
< ~0,%, oo, T Teo T o 0,
where:é%)zo'is the rate of surface equilibration (adsorption) of oxygen
atoms- fed by a molecular impingement rate ZO., and the Ri's are the
2

.emission rates of possible products.
By thermodynamics_we may express the eqﬁilibrium constants for the
fossible‘reactions in terms of pértial pressuies. For the reaction
C+1/2 0,(g) = COlg)
we hgye_ét equilibrium, |

- ‘1/2 - . ' [+] _ |
Kpco = pco(poe) = exp ~-(AH 0 TASCO)/RT. , (102)

¢

Similar expressions may be obtained for the reactions,
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¢+ 0,(g) = Co,le) -,

| K =p. /p. = exp -(AH® - TAS ‘)/RT
pCO2 €0, 70, co, ~ TCo,
1/2 0,(g) = 0(g) ©(103)
and '
=5 (o )2 o . ~
K =p.(p, ) = exp ~(AH® =~ TAS.)/RT . (10k4)

These eduilibrium partial pressures are assumed to be related to

the ndnfequilibrium desorption rates, Rils, by;”‘

_1/2

By = &;2; = typ; (2mn,kT)

 (105)
Due to“léck of more specific information, the Ci'of.the'products'are
assumed équal to one.

' Using Eq. (105), the Egs. (102), (103) and (104) may be rewritten

in terms of Ri's. The resulting equations and Eq. (101) constitute a

set iﬁ four unknowns R, ., R » R., and R Whiéhvmay be solved to yield
e co> Fco,> o> ER% Ho WhL ©
the reaction probabilities, R../2C. 7. , etc.
_ co’ =0, 0, |
The results are shown in Fig. 61 after Stickney and'Batty.Sh"By

this_anélysisP CO is seen to be the dominantvprOdﬁct above TOO?K and
exhibits:first order kinetics in this range. ﬁAbbve 850°K, CO2 is less
_ than_lb_.5 as common as CO. Oxygen atom emission or recombination is 
negligible up to 3000°K.

,Tﬁé quési—equilibrium analysis does notvcohsider £hé nature of the
reac£iﬁé surface, but.the surface cdnditi@n‘was found to bg a significanf

factor in pyrolyticAgraphite oxidation. This ahélysis predicts a neg-

ligible‘production of CO2, whereas CO

, Was typically 10% as prevalent

as Cpuinfthe molecular beam system measurements.
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rates of the volatile species formed in the chemical
reaction of gaseous O2 with solid carbon.
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VII. CONCLUSION

Anéljtical methods for dealing with reactions proceeding via
several brnnches, with one or_moré series steps, or involving bulk
solution-diffusion were developed..

Thé modulatedvmolecular beam reaction study was able to separate
the_contributions to the oxidation reaction from,the elénentary processes
-of surfaoo migration, bulk diffusion, and desorption. The values of
kinetic parameters controlling these mechanisims nere evaluated. This
is important information about the elementary procésses, some of which
is iﬁposSible to obtain by conventional steady state kinetic techniques.

Theiéurface migration step in the”basal plane reaction served
only to delay the overall reaction forming CO. As only a delaying step,
it certainly would not ne observed inlsteady staté kinetic experiments
or continuous oxidation. However, at sufficiently high surface con-
centrationé, the migrating O atoms may.recombino,to form 02 before
reacting_with a typé B site to form CO. Under théée.conditionsgvgés—
sification of the graphite would be reduced dne to the surface migration'
step;_,Thé modulated beam technique was able to onserre the surfaco'

- migration step before it became rate determining. |

The bulk diffusion (double diffusion) step in tne prismvplané

. reaction mechanism was not rate determining, but was clearly indioated
.by the. modulated bean experiments. The high apparent reactivity of the
annealed;prism plane sample vis-a-vis the asadepoSited sample suggested‘
that-tno oxidation reaction proceeds on the snrfaoe; Diffusion of
produot CO into and out of the bulk provided significant demodulation
of thecAC‘signal from the as—deposited'sample. lf some species_(other
lthan:oiyéen) were found to react within the graphite, then information

on the (double) bulk diffusion process would have greater importance.
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The:surface diffusion and dodble‘diffusion steps above had no effect
on theeoiidation rate. They only served to deﬁodulete the AC reaction
signal. The distinction between the true (DC) and the apparent (AC)
reaction’probability is, in a sense, painfully clear. Only when the AC
techniqne:is used under conditions'yielding Eggg;phase lag arebthe two
reaction nrobabiiities equal. Extrapolating an apparent (AC) reaction

probability to the true (DC, low frequency limit) reaction probability

“requires that the complete reaction mechanism_be,known;

Application of AC'aEEarent reaction probabilities to engineering
design;must-be approached with caution. Neveftheless, an understanding

of the mechanistic details of reactions is highly desirable as a guide

to research and development of materials with improved properties.

The literature on carbon oxidation appears to be in a state of

great disorder. Carbon samples'with vastly different crystallinity

'have_Been'studied using a myriad of techniques with reactant gas pres-

i

torr to nearly atmospheric pressnfe and at temperatures
from room temperature to nearly 3000°K. The work is relatively spotty
and there is'e drametic'lack of overlap of the conditions and techniques
employedvby differentrinvestigators. Even within a given laboratory,

30,31,32,37 Although

different techniques lead to different conclusions.
thevdifferent results could be due to a disparity of proficiency and/or
availaoie support for different investigators,vit eeems more likely

due to the complexities of the oxidation processes. Indeed, as more
information is obtained, the different pieces are found to fit the
wholeppuz;le and even link observations whicn hod‘seemed to be in total
conflidt. For exaﬁple, the inability to oneerve oxygen chemisorption

38,39

on basai surfaces by LEED is easily understood in terms of the

vertical sides of etch pits observed by Hennig.15
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In'this work on -the basal surface, diSsociative adsorption leading
. to both mobile and immobile adsorbed species was observed. This may

help to resolve the apparent conflict between severel_different-adeorpf

tion experiments performed by Walker et a1.30,31,32,37
The multi-site mechanism proposed to explainaSOme adsorption *
experiments35’36 is similar to the mﬁlti—branchereaction mechanism

which ﬁas“considered for the prism plane reaction;"Thevlatter, however,
‘was also eXplained by-the-double diffusion mechanism.

|

The,entire'puzzle»is not yet complete.
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APPENDIX T

Final Expressions of Basal Plane Model Calculation

o _ | o : 3
The s1x conétants (a, b, C)ON, OFF may bévexprgssed in terms of ,
the dimensionless parameters, £ = GIO/kd, Y = k/ka,'e = ﬂk/w, T = nkd/w: “4
_ _& l-e . , : (T
aON =T E[ - 1 E)T]v . (r-1) .
. e -e oan B
‘ - 1 - e(l'+_§)T. .
PoFF T T+ E| -t _ _(1+ &)t (1-2)
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CTON  y{(1 + &) ee_e-e 1+£v-y->’_.‘ ee _,.e-e . _ |
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T Con T -+ T -T CorF T - v -T - (1-5)
e - e Le -e
b = g eT _l - a Y [eT - e(l * g)T-l
OFF 1+ £ eT _ T ON 1 + & - v éT _ e—T J
Y et - e° y Y eT - e® ' |
g CovnT -y |1 | " CorFrT-v | T -t (1-6)
R e - - o e - e - P
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i

The sine and cosine intergrals S and C are:

5= _E
T oml+ g
o mise-oy[ 1+2¥EE . a1
%oN R2l+e-v > o2 aOFFTz
ST 1+ 0+ (5 1

e T _Y 1+ 78 vo  T__y [+
Con 2T -y 5 OFF 2 1 -y

0 1+ () 0
; . (1 + &)1 '
_ (1+¢&-2y) 1+
¢ = -2y (1 + & =) [ s 5 2] * pF
(1+8)°+ (D)

oy e, afaxe”
- TPon T _2 OFF T 2
o 1+ ('{_-) : 1+ (—)

~Con

|+

y [1+é° o L _X
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APPENDIX IT

Thé_transit time of ionhs in the mass spectrometer can also_modify
the respbnSe of the. detection system. Molecules coasting thfough the
ionizerxrégion (faraday cage) are converted to ions. The faraday cage

. from the zero

is maintaineéd at a potential V and is a distance‘Ll

potential entrance apperature of the four pole mass filter. The ions

1n

are aécelerated over the'path-length L. (™ cm) as they acquire "ion

1
'energy"iqv,while they are extracted and senﬁ to the‘QuadruPOle masé
filtef.; Theére is no axial fielavin the quadfupole;méss filter, and the
extraéted_ions drift through the length of the filter L2 (~18 ém, 7 
incheé)itovthé first dynqdé of the electron.mﬁltiplier. .The time
reQuiréd‘fbr acceleration and éxial drift willfbe coﬂsidered. Only é
delayvtimé'or an equivaleht phase lag will'be‘calculéted. There is no

first order dispersion effect with respect to transverse molecular (or

ion)‘énergy and, consequently, there is no amplitude attenuationf

Acceleration time
Conéider a singly charged ion of mass M acCeleratihg over a distance
Ly through a voltage V. The time ta'required'is'detérminedvaOm:
L. = a2 ’ _
L =1/2 T t, | | II-1

The time delay is: SR S | o
Y2 Vi I
t, = L TV l.% L V7 (p sec) | | II-2

L (em), M (amu), V (volts). For L. = 1 cm and 15 volt ion energy for

1
oxygen ions (M = 32), we have,

;‘ta = 2.2 U sec .

At 1500'Hz this corresponds to a phase lag of 1.2°.
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This is a "worst case" quantity. After leaving the faraday cage,
the ioﬁs are strongly accelerated by a lQO volt foéus apperature. Then,
they are decelerated to the "ion energy" qV at the mass filter entrance
apperature} Therefore, the ions travel from the faraday cage to the
entrance apperature faster than they would have if they had only been
acceierated by the potential V over that length.

Drift time

Consider a molecﬁlé (ion) of mass M and energy qV traveling a

The drift time required is givén by:

distanée L2.

' ty = L,/ Vz qQV/M = 0.72 L, \/M/V (u sec) 1I-3

L, (em), M (amu), V (volts). For L, = 18 cm and 15 volt oxygen ions,

we have:

td = 20 U sec .

. At 1500 ‘Hz this corresponds to a phase lag of 10.8°.

‘These ion flight phase lags are relamively.small compared to the

molecule transit phase lags or the phase lag due to the complex imped-

ance. As with the other phase corrections it‘is the net correction

between reactant and product signals that is significant and, of course,

~this difference is even smaller. Ion flight vhase lag corrections were

not applied to the data obtained in this work. = In detailed studies
the ¢orféction may be reQuired——particﬁlafy if heavy‘species (ions) are

involved.
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