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DISCLAIMER

This document was prepared as an account of work sponsored by the United States
Government. While this document is believed to contain correct information, neither the
United States Government nor any agency thereof, nor the Regents of the University of
California, nor any of their employees, makes any warranty, express or implied, or
assumes any legal responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents that its use would not
infringe privately owned rights. Reference herein to any specific commercial product,
process, or service by its trade name, trademark, manufacturer, or otherwise, does not

‘necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof, or the Regents of the University of
California. The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof or the Regents of the
University of California.
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ANALYSIS OF GAS-SOLID SURFACE KINETIC MODELS USING LOCK-IN
| " DETECTION OF MODUTATED MOLECUTAR BEAMS

D. R. Olander
Inorganié Maferials~ReSearch Division,'iaWrence Radiation Laboratory,
Department of Nuclear Engineering, University of California,
- Berkeley, California
o . | ‘ © ABSTRACT | |
. . s ,

Thé analytical téchnigues for extracting surface rate constanﬁs
from thé amplitudé and phase‘shift~data provided bj_the lock-in am-
piifief afe developed for.severéi ﬁypes of.gas—solid interaétions.
vEéSed upon a, particuiar model, the responéekof the surface emission
'rate of a particﬁlar'reactién product or intermediate to the»square
jﬁavé:input of ﬁhe reactant gas molecular beam is*caiculated. The
fundamehtal'mode of the Fourier trénsform of the emission réte wave -

- form ié_then deterﬁinea; This'matﬁematical step represents the'opera—
v tién'of theilogk-in detector on the output of the mass spectrometer.
' Thg analytical methods are,applied'to the following»processes:

1) Slow, cémpetitive first and second order surfaée reactions.
The effeét_éf-the.baékground:gasion the fesponse of the lock-in
detector 1s described. |

.2) Two slow, compe%itive first order feactions each of which is
: folléwed by a slow desorption step. While data from;; modulated beam
'experimént can in principle_deﬁérmine'all fqur.of the rate»cpnstants_
invol&ed, the eQuivalent.dc molecular beam experiment provides only |
the ratio of two of the rate constents.

3) Competition between rapid first order desorption and solution

and diffusion of the adsorbed atoms in the bulk solid. The balances



appear as. boundary conditions for the diffusion equation in the bulk
medium.
4) competition between first order desorption and surface’

migration. . , . . . -
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INTRODUCTION

Heterogeneoﬁs chemical kinetic studies by modulated molecular beam
.mass Spectrometry have been made possible by the development within the

past decade of three'important experimental tools: high sensitivity,

1

 compact mass spectrometers; ultra-high vacuum techniques and clean,

high speed vacuum pumps; and sources for the generation of intense
moieccler'beams. The‘reectant gas interacts witﬁ the solid surface as
a collimated 5eam of particles'rather‘than ag a randomly directed flux.
vihe ﬁrcducts of the interaction are monitored'by a mass spectrometer
located in the vacuumvsystem. The molecular beam is chopped or modulated
té'permit detection by phase-sensitive amplification, which greatly
improves‘the signaIQto-nciselratio.

VA major_edyentage of the molecular beam-mass spectrometric method
of inVestigeting heterogeneous chemical kinetics is that Very reactive
_ free radrcal'intermediates of the reaction can be.analyzedcas_readily as
Steﬁle prcducts.‘ Knowledge Qf:the'nature and cbncentration of these
ihterﬁediates‘is ofICOnsiderable assistance in elucidating reaction
mechanisms. Sampling by molecular beems in a high vacuum ingures that
thespbserved species represent primary_producfs.of the sﬁrfdce‘reactiOn,
and not sﬁeble species resulting from wail or gas phase collisions
ﬁrior'to analysis. | | .

}Experiments of this type determihe the 1ldentity of the primary.
products of the reaction, the fraction of tﬂe incident reactant mole- .
cules which ﬁltimately return to-the gas as a particular reaction pro-
ducf, and the average résidence time of the product species on the

solid surface. The controllable experimental parameters are: the
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intensity of the molecular beam (or .the equivalent pressure of.the
gaseous reactant); the temperature of thevmolecular‘beam; the tempera-

ture of the solid surface; the composition of the beam, and the modula-

_tion frequency. The dissociation ~of hydrogen on tungsten and the

reaction of chlorine with nickel have been studied 1n this manner.

The apparatus shown in Fig. 1 has been used to investigate the
hydrogenftantalum system2 and is typical of systems Which have been
employed or are being constructed for studies of this type..‘The system
consists of two'vacuum‘chamberSw"The.chamber on the left.of Fig. 1

containslthe molecular beam source, the efflux from'which is mechanically

" modulated by a small rotating toothed disk. The small fraction of the

4

gas efquing from the source whlch passes through the small orifice

connecting the two chambers constitutes the modulated molecular beam,

VThe solid target and the mass spectrometer are shown in the larger

'vacuum chamber on the right of Fig..l

The heart of-the detection system is the phase sensitive or lock-in
amplifier.l The output s1gnal from the mass spectrometer first goes
through a preamplifier, then an 1ntermed1ate amplifier where the entire
spectrum of frequenc1es is ampllfied vand then through a's1gnal-tuned

ampllfier which limits the s1gnal to a narrow bandwidth centered on

“the frequency of the chopped primary molecular beam. ‘The 31gnal is

then mixed with the first harmonic of the reference signal in a syn-
chronous demodulator to produce a rectified ac signal which passes-
through an integrating circuit to produce a dc output. When employed
in. this manner,_the lock-in-amplifier produces two independent pieces
of'information:,'the amplitude_of the'outputvsignal.and its phase

dif ference compared to some selected signal.

|
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The absolute magnitude of the amplitude 6f the signal is generélly

not_of interest. To relate the amplitude directly to the absolute rate

..vof emission from the surface requires knowledge_of the fraction of the

‘emission from the surface\ihterdepted by the electron beam of the mass

spectrometer, .ionization cross sections and extraction and transmission
. . I

efficiencies of the mass spectrometer, and the gain of the electron

mUiti?liér.' At best,ISuch estimates are accurate to no more than a
factor'of 2-5.5 vHowever, the peréentagé change in the dutput signal

amplitude at a particular mass number as experimental conditions are

_varied’cén provide quantitative kinetic information. This relative
i.émplitude contains two factors; the "competition factor" repreéents an
.actual changé in the averége rate'of emission of a pérticulér species
:’fnqﬁ the'surfacevdue tévéffécts such as competitive feaétions or
,diffﬁsiohal'processes. The second factor iéydeterﬁined by the response
o of ﬁhéulbék-in'amﬁlifiér to the shape and amplitude of the ac portion-of

the modulated signal waveform. This "demodulation factor" is directly

reiated to the ratio of the average residence time on the surface to

“the choppiﬁg time, and hence to the phase lag of the signal. The am-
' plitude of the output signal is most conveniently measured relative to

. the signal when the surface interaction is sufficiently simple to be.

considered éompletely'interpretable.‘ In the case‘of simp1e dissociation

of diatomic gases on metals, for example, the reference situation might

be the ocutput signal when the target is at temperatures high enough to

instartaneously re-evaporate as atoms all of the molecular gas which

chemisorbs.
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The pﬁase shift is mdst convéhieﬁﬁl&'measured with respect fovex-\
périmental conditions undér which‘thé residence time of tﬁe.ﬁoleéules on '
thé-surface is small éompared to the mddulatiqn frequency (é.g” residence
times on the orde% of 1o'u sec or less). FérinéﬁcondenSibie gases, this
‘could bé_é rCOm.température beém~écattéfed;from‘a room temperature'térget;
PrOvidéd that the transit time'betwéen tﬁe'targeﬁ and -the ioﬁ)séurgefis
Smhll,,fhe Sﬁift in phéée of thg output. signal of a product éﬁecies ié
iﬁdicative of reécfién times which are of the same order of'magnitude as
the'méduiatibn time. 'Generally, pﬁasé éhift data provide information 9n>
‘ tﬁe absolufe'mégnitude of.the rate:constants of_thevelementary surface
: prbééssés,'ﬁhereaé re}atiﬁe amplitudé data (after correction for the
_ demodﬁlation féétér)‘proVide’information oﬁ the ratio of réte constaﬁts
due to pdmpéting:surfacé regctions.;-InfnoﬁFhoduléted’(dc) eXperiménfs
'fsﬁch ag-tﬁéseiof.McKinléy,u énly'tﬁe'léfter,type of information is
obtéiﬁéﬁle; | | o | .

Xamamoto ahd Sjbiékney5 havéirécenfly anaiyzed theArésponse of thé
lock-in detector to molecular beams which undergo simple scattering at’
fhé éblid targeﬁ.' Although the’prOceés éf'slbw first ordér‘désérptidn
was considered.briefly, the emphasis was on the velocity distribution
of the scattefed'mqlecules..'ln this study, we considef surfacé pro-
:céSSes more .complex than scétterihg Qf simple_firstvOrder desprption,
but assﬁme molecular flighf_timés between tﬁe tafget and fhe masé
spectromefe: to be small compafed'to‘the modulation time. All species
. are aséumed to be emitted from fhe surfaée at the temperéture'of the
surface and in a diffuse manner. Since the ionization efficienéy of

the mass spectrometer is proportional to the inverse of the mean speed

’

Il CEE
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of the molecules, the product of the square root of the surface tem-

perature; TT,'and the instantaneous output signalefrom the mags spec—

" trometer, Si(t), is assumed proportionallto:the instantaneous rate of

: . : co ‘ E/j v
emission of a species from the surface Ri(t):

\/"IT:Si'(t) ='>'.oziR§(t) - " - "(1)

T

The constant of proportionality o, depends upon the ionization cross

. section, extraction and transmission efficiencies of the mass analyzer,

and electron multiplier sensitivity for'species i. Intercomparison of

_ different species requires calibration of the mass spectrometer, as

indicated by Smith and Fite.®

y The output-current from the mass spectrometer, S. (t),_is dropped

over the R ohm input 1mpedance of the preampllfler of the lock in

‘detector, thls perlodlc 51gnal is then Fourler analyzed and only the
qundamentalvmode retalned RMS averaglng of the" synchronous demodulator
_output by the RC fllter used as a flnal stage of the lock-in ampllfler

'l leads to an addltlonal reductlon of the 31gnal by /é. The " de¢ output

of the lock-in detector V can be wrltten as

v, - AT (t")}‘ RN ) (@
i "E_ i NE \/ﬂ'ij"_iv ._

where'zfsﬁt)}represents the operation‘of'thefFourier analyzing a per-
iodic signal and retalnlng only the fundamental mode. It is assumed

that the phase angle of the reference s1gnal has been adJusted to
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.maximize tﬁe de Qutput of the lock-in dnit; the maénitude-of the édjusf—
ment required for a particular sigﬁai cémpared_to thé'adjustmént required. 
for a signal from a surface interaction process of zero residence time is
the phéée.shift, énd is denoted by ¢i. The maximized de thput of the
léék-ih détedtbr, cor%ected for mass:spectrbmeter effects associéted

with target temperature and species discrimination is galied the amplitude

. oA
of species i and is denoted by Cli:

@.1 = 41;?' '\/Tgi = ? fR?(t)). o (3)

‘vThe periodic nature ofithe surfacé emissidﬁ rate is due té the
regular:interruption of the'primary molecuiar beam of feactant“gas_by
a mechaniéal chopper{ If the moleculaf.tfansit.time'betweehvthg mole-
éular béam.source and the detector is small compared fo theichoéping-
time; the primary modulated beam can be represented by a éqhafé wave;
Figure 2 sdesbah oscilloscope trace of a 145 cps primary'beam'of mole-
: éuiar oxygen measured by a mass spectrpme£er k.5 em from the.effusioh
source. The amblitude of the primary beaﬁ striking the.solid,“I;
.'molecules/cﬁe-sec, is proportional to the height of the square wave in
Fig. 2. The modulated beam intenSity.is analagous to the'rgactaht gas
pre;sure in cbnventional rate experiments. |

- For molecular beams of non-condensible species such as HQ; 0 or

2’
.CO; the background gas in the wvacuum chamﬁer containing the target con-
sists pfimarily of the same species as the beam itself. In addition to

the modulated moiécular beam, the target is also sﬁbject to & steady

' bombardment of reaétant from the background gas. This contribution to
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'the.total reactant gas impingement rate is-denoted by Ibkg molecules/cm
-sec., and can be calculated from pressure measurements and s1mple kinetics

theory formulae., The total rate at whlch each cm2 of target is struck by
0 0 ) i | :’ ‘
:Tc) © %) + /el ().

;where b (t) is a square wave of unit amplltude at the modulatlon fre-
'*quency and p is “the beam-to-background impingement rate ratio IT/Ibkg
For flrst order surface processes, the background contrlbutlon in
.“'Eq. (h) does not affect the 1nterpretatlon of the lock-ln detector data,
..s1nce 1t represents a dc s1gna1 to whlch the lock-in system does not
_'respond. For non-linear surface processes,'however, the background.lm-
v'plngement increases the supply of adsorbed atoms on the surface with
thlch the molecular beam can react° In thls 51tuatlon, the background
'contrlbutes in an 1nt1mate manner to the product em1351on rate.
vThe flux of a specles from the.surface_ls related in a‘s1mple'way

to the concentration_of that species or’lts precursor on the.surface.
.The:response>ofvthe lockein system can be computed in terms of the time
variation of an adsorbed species on the surface.j'A.sketch of the change
oﬁ the surface concentratlon-ofaanvadsorbed‘specieszduring avcomplete
modulatlon cycle is‘shCQn-in:Fig. 3.' Here,'t"denotes'the chopping time,
.vwhlch Is the rec1procal of tw1ce the modulatlon frequency. During'the
| "on" portlon of the cycle (-tc< t < O) the surface concentration grows
due to the supply of»reactants from the beam. During the "off" portion

_of the cycle (O <t < t ) the surface populatlon dlmlnlshes due to

removal of the- adsorbed layer by direct evaporatlon, reactlon, or other
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. .II. .
lossprocesses.u These mechanisms are of course operative during the
"onﬁ part of the cycle as well, but'heredthe supply.rate'from‘the beam
is greater than the removal rates. During‘nhe "on" period, the driving
function £°(t) is constant at unlty, and dur1ng the "off" portlon of
tne cyvcle, the dr1v1ng function is zero. The time variation of an-‘

' adsorbed species can be calculated by solv1ng the approprlate differ-
'entlal equatlons representlng surface mass balances for all of the
.adsorbed snecies._ The resulting function is then Fourier anelyzed and
.the.coeff1c1ents of the fundamental mode identified. In order to relate
the phase shift ¢ and the amplltude <1, to the periodic behav1or of

‘the surface concentratlon, a specific model of the surface processes

..mst be chosen. _
.

'I. Slow, Competitive First and Second Order Surface Reactions
‘This process representslthe atomization of a diatomic gas onf
(typically) a metal surface. The elementary reactions can be written

ZY&S
X (g) ———> 2x(a)
kE
X(a) —%—> X(g)’

() —2—>10)

The.first reaction represerts dlssociative chemisorption,.wnich pro-
ceeds at a rate equal to the product of the stlcklng probablllty M
~and the 1mp1ngement rate glven by Eq. (4). The second reaction re-
presentS'dlrect evaporation of theladsorbed atoms, and.tne last

reaction represents bimolecular surface 'reconstitution and evaporation

of molecnles._ If the surface concentration of X is dencted by n, a

fl

‘e



mass.balance on the surface yields: '

:'ii ? ;$Lf;f  L'ggli¥3??n9i%FffK£>5f;;/é17fik§?if:?#gn?ﬂ;ff;Ztii 3<5?; ' 

1. =3 R N : *

' ff&tlon steps, respectlvelyj. Dlmen31onles" parameters are- deflned by

' '(kEF/k R

Qi(ﬁyswfifﬁendef ’g72ff}'1i?

A

| ”{flgEquatlon (9) Can be solved by dlrect 1ntegrat10n. Durlng the on j-;. 

ff(part of the cycle, f (9) 1 and the SOlutlon 1s°:'?'

S TontToL

7_381m11arly, for the "off" portion of the cycle, f (9) O and the

’”3solutlon 1s.;¥jg‘~ 5*ﬁ:

Oif(g) []+b(l/p)]1/ Ltnh(H[l+b(l/p)]]/? (9+C 5}':_1'jfv i

. UCRL-1823L

””"ff'where kE and kE are the rate constants for the atom and molecule evapord— n v

».{3-”21T-  if:ﬁ:7t:]1i" ~.ii ﬂ;Jff'f Eé;?;.» 

_.;;.;[l+b(l+l/é)jl/ tanh{E[1+b(1+l/p)]1/2(9+C )j;;:i_V:  (iO>,

(il> |
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~ The constants of integration,Céﬁ and Coff are:determiﬁed by applying -

- matching conditions representihg the»cyqlic steady state nature of the

pyocess:
| | Non(o) —'Noff(0> . i : ;
. ] . |; I o
N (-6,) =1 ..(6)
whicﬁ yield. . |
[1+b(1+1/p)] /2 tanh iﬂ[l+b(l+l/p)ll/2 on.z |
| | S ) o (13)
- _[1+b<1/p>]1/2 et gﬂl*b(l/p”l/e off.i
'llv’[1+b(1+1/p)]l/ tanh {E[l+b(l+l/p)]l/2 ( 9c+Con)£ .
R S aw.
, These two equatlons must be solved numerically for C_ and C .. as

»functlons of the parameters b, 1/p, and 9 N

The rate of evapgrat10n*of X(a) (species X denoﬁed'by subscript 1) is:
E, E S
R/(t) = kn(t) - | (15)
1 A R ‘ . v
Combining-EQso_(B), (6), and (15), the amplitude of the output signal is:

Q- ey Fosten. -
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If the coefflclents of the fundamental terms of the Fourler expanslon
- of N(G) are. denoted by A and B the amplltude and phase Shlft are: ,' o

d 7fff¢i_v 5an <A/B> "'?e: S G I

. where

T
* =47 N (0)cos (57)d0: (19)
_k eC_.ﬁ;ivofrdl, % {500 1)

5, ) Nore(®sin(glas (200

L : El g J eonec leoncon G J. ‘ offec Eore off (21 s
b on Aonl i bt ’ ol off Aoff lm' ’ R

"L? &, Offec ;_»Offcaff (22)‘_‘
__. off Boff ‘hn‘_j{¢.= b

e
Te 1/2

e [1 . m + 1/ )

1/2

LM
H

: gff;j o b(l/p)]

S e e

e
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- and the J's are the integrals:

Aon(x,y) = f_o.tanh-(xuﬁr) cog udu - . (2&).
. T S
- quff(X?y) =.}f etnh(xu+y)-cos_u dg S (25)

i S o . D L '
Tponlt¥) =f tam(ra) stnwan 0 (26)

. .. .-'Tr. . . . N ) . . . "

JBoff(x’y) =%(ﬁ.'etnh(xu+y) sin wdu | - (27)

these integrels eannet Ee eveluatea in eiosed ferm.
| For'this reactidn'Sequeﬁce; it is convenient tolrelate-the'amplitude*
of the output s1ngal to the value When k >> l/t ,‘k? > kE;.ﬁhich
generally oceurs at hlgh target temperatures. In dlmens1onless terms,
'these constlons 1mply 9 T and b —)O. The coeffic1ents A and B

reduce to O and -M/N, respectlvely, ands

[¢l]b=d = 0 | T B tﬂ;,' (29)
¢ .

vﬂg% : | o (28)

il
A

AII II

These results could have been obtained directly from Eq. (9) by droppinge

the first and last terms.

W : . b



13-
| UCRL-18234

Equations (13), (14), (21), and"(oe) have been utilized to calcnlate
A and B as functlons of b .and 9 for l/p = 0. The results are plotted
in Flgs. 4 and 5 as the phase shift of Eq. (18) and the. amplltude atten-
_uatlon, defined as the ratio of Eq. (17) to Eq. (28). These two' plots
show the effect, of competltlon between the flrst and second order pro-
r,cesseevthrough the parameterlb and the,speed:of the evaporation reaction
éoﬁpéréd to‘the;modulationltime through.the parameter Gcl.blf hoth the
amplitude attenuationfand‘the phase:shift are experimentally accessible,

E v . : .

both L and kg'can be determined individually.

I(a) Rapid Competitive.First and Second Order Reactions
::Thie'Systen is.a special case of.the‘slow competitive first and
eecond order reactlons considered above. ‘It is typicalbofpthe"adsorp_

v tlon of’ hydrogen on refractory metals.I’2 The residence'time-of
vfhydrogen on the surface (l/kl) is small compareddto'typical.nodulation
', times, so that_ec_—;°° . However, over much of'the target tenperature l
piangé, atom eraporationvand moiecular‘reconStitution are of comparable
magnitude, so that the.parameter b is not ZEro., Since the-phase shift
is always zero,‘all information'on the,absolnte’magnitudes of k? and
'kg is lost. Only amplitude attenuation.data remains to proride in-
fOrnation on thevratio of'theee rate conStants{

| Since 6 ;Sm , 8 also approaches o and the hyperbollc tangent and
| cotangent terms in Eqs. (10) and (11) reduce to unity. The functions
Noﬁ and N of f become constants over their respective intervals'and the

‘ coeff1c1ents A and B are ea51ly evaluated from Eqs. (19) and’ (20)

There results‘
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oo
|l

w (L4 1/o)1Y2 21 + w(1/0) 173y

The amplitude attenuation is

T_—— = S L r+u(+1/p)17" < [1+b(1/p)] (30)
[ 1] o . | '

o' |

6 = w
o4

'Tﬁis'eqﬁation (w;th 1/p =.Cj-i§ wéll'repregenfed by_the’ec = 500 curve
of.Fig. 4. Provided the model is correct, the data permit the pargmeter'
b to be evéluatgd fydmiEq; (30), and frém_b, the rate constant ratio-
“(kﬁ)?/kg; In general, the amplitudé-attengation doéé not'varyvgitﬁer

,aé tﬁe first power .or the équare root of the equivalent beam préssgre,,
which.is conﬁained-in.the parameter b.‘ Thesevlimité.aré approached
Aasympqtiéally at'iafée and small vaiues.of p;- Equation (30) dembnstrates.
-nfhe>importan¢e of Quénfitative:knowledge of the beam-to—backgrpundlfatiq.
invinterprefing lock-in detector data for processés involving a;secénd

order surface step.

'I(b) Slow First Order Desorption . -
This limiting case is applicable to the desorptibn of cesium from
tungsten,lwhich has been. studied by Perel, Vernon, and Daleyw6 ‘Since

no second order surface processes are present, b = 0, but sirce the

residence time on the surface is. comparable to the chopping time,f@c
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}fl 1s ﬁlnlte., Slnce No and N ff must remaln flnlte, the hyperbollc
tangents and cotangents in Eqs. (lO) and (ll) must approach unlty. :

L They do so because C and c ffvbecome large.. Approx1mat1ng tanh(x) R

Dk 1 /2

by 1 + x/2 the. matchlng condltlons Eqs. ol

-6 /2

e BRI
v _....9 /f:

l + e "o

-1/2C o

‘and thé,amﬁiitude‘attéﬁuaﬁion“is}; o
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CEJ] . X - S
L Dy 2 e S ' -

' = : . S (3h) J
- 2, /1 5 1241/2 . .
@ ] [71' +(§ Gc) ] : _ I
L 1 b=0 . ! L
_ 6 =w

' Equations (33) and (34) are identical to the expressions.obtained by
Perel et al.6 Their method, however, is not easily adapted to the
general case in which second order processes competefWith first order

deéorption.

II. The Nickél—Chlorine'Reaction

Thlslrelatlvely simple gas- -solid reactlon is the only heterogeneous
lreactlon 1nvolv1ng volatlllzatlon of the solld substrate whlch has been
'studled by modulated molecular beam technlques.' Smlth and Flte report.

prellmlnary data on the amplltude and pnaSe ghift of the NlCl product
s1gnal McKlnleyh has performed a dec beam experlment on the same
system and reported~amp11tu4e data_for both NlCl and N1C12. Botp of
these studies preeent signal amplitude data in arbitrary units;fSO
. that kiﬁetic_informationlcan only be obtained from the amplitude .
attenuation faetoré'diséussed previoueL&.l“ : -

McKinley has shown that the amplitade of the Nic1l aoleiCl2 signals .
: are'proportional to the beam strength, so that all reactions are-first
order with respect to chlorine concentration.. His data indicate‘that
v the sum of the NiCl signal and twicefthe NlClg signal ls constant.

This sﬁggests thet the instrumental constantAa in Eq. (1) is the same
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for NiCl and NiCl,, and that adsorbed chlorine leaves the surface only
'és'One of theztwo nickei-beering,species. Based upon these 6bservations,

McKinley's model-for'the surface procese'ié:

‘ 'Where‘l/kcvis the mean lifetime of the éompleX (NiCl)2_en ﬁhe eurfece
:andfpé:isvfhe.probébiliﬁy,of complex decompbsifion_to adserbed NiCl.
Thefparameﬁers k .ahd P, ére anéiogous'te the half-life ana bfenching
:ratlo used to descrlbe radloactlve decaye. The'raﬁe constants'kE and |
k are the rec1procals of the mean llfetlmes of the adsorbed spec1es
-NlCl(a) and Nicl(a). o - o
[If the surface concentratlons‘of (NlCl) Niél(a) and NiCl (a |

are dencted by nc,vnl, and n respectlvely, balances on these three

2

' spec;es are:’

c .. o o . | . DT
3} s ,“2_Lr[f (t) + l/ip] -kn, - (35)‘
’ & = fkpn, -kgn 68
dn2

it
-
—
for)
1
=)
0 .
~—
=
)
=
a}

gg o - G1
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‘The rates of emission bfvtheftWO volatile épeciesvare: E

E E o SRE .
Ril = kn,, i=1,2. o | ,.(38)
. 1
Using the dimensionless variables ‘
8 = kbt S | 4 - - (39)

N, = & i=c1,2 ' | T (40)

The surfacé balances become:

N o o | : -
ng. = £°(0) +1/p o SO (1)
- | _ . o
1 . E - . .
T = AN - (efk Wy oo (1)
a, ' B o -
a6 = - pc)Nc -}(kQ/kc)NE - . ' ' (hj)
For the dc' beam - experiment) thevoutput amplitude (Qj.is:defihgd by:

T -
4 - & - 7 () y i=1,2 (bk)
1= KT Ml k)T T .

and £°(8) = 1, dNi/dG = 0. The NiCl amplitude is B

—

@, - 20 +-l/b) whe, )

UCRL-lBEBhJ
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At high target temperatures, é@l.wés observed to saturate, and lz;

vanished so that'pc +1lag T 5o, The'amplitude attenuatibn factors are

Y 7

and | L 4 R ' ;r

1 N ’ .
- 2(-p) RCON
Thus, only'bne item of information is obtainable from the dc beam

é};p'er,iments: the variation of p_ with target temperature,

"In'the modulated beam experiment, the output signal amplitudes are:
- . E _ o _}_ _ P
@, - FE) - ot (k )E{N} tehe o (8

- Since Eq. (L41) is identical to the differential equation describing

__a»simplé firStiorder desorption process, the éoluﬁions N (9).and

N (9) can be obtained from the cons1deratlons of Sec. I(b)  Equation

coff

_'r(42) can be 1ntegrated during the "on" and "off" perlods u31ng the

"appropriate expressions for'Nc(G) during each portion of the cycle; The -

cdnétanfs'bf integration are determined by the usual matching technique.

The Fourler coeff1c1ents of N (6) are obtalned from Egs. (19) and (20),

- and C? becomes'

o n 'o »ec'. N .
G- 2’7 P oF v 0 HYE (0P "
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E : .
wherevel = kK, t_ and Gc = kcﬁc. | | |
. At high target temperatures, P, -1 and Gc and Gi —»w,  The ampli-
tude attenuation is: , - _
@, o, 6

. (50)
[azl] e WP, >1/€_(vr2fei>_l7?_ .

T
The phase shift with respect to the high temperature WiCl signal is.
E

R - (kc +_kl). 1 612 3 (1)
tan ¢, = (_' ) . — . (51
T TN 0.° ~xn/s, | |

1

For NlCle, thé.analogous results'dré:

Q@ 9 L el
ot = 2(1-p) —5E - (52)
Z’.l 2 T T et (1r2 +0 )1/2 (P + 0 2)._1/2,.
' _ kot k 6, : : - .
tang, = (- EE)( — ) 2 ()
c K, k271' /k SR
vhere 92 = kgtc°

Thé amplitude éttenﬁation fatios.for the‘tw6“v¢iafilé préducts
are reducéd by the product of two demodulationifaétors; which gre.
absent from the dc equivalents, Egs. (h6) and (47). vThe.phasé shift
forhulae reflect:the series resistances in.each.branéh_of the complex
rdecomposition. If the desorption rate consfants kﬁtor kg aré'much‘
larger than kc’ the phase lag is controlled by the rate at which the

.Complex decomposes, and tan¢i = -(ﬂ/Qc), is= 1,2. On the other'hahd,
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if desorption is slow oompafed to oomplexfdeCOmposition, tanqbi =.;(n/ei),
1= 1,2.

The 31gn1f1cant advantage of a. modulated beam experiment over a dec
experlment is in the fact that the left hand s1des of Egs. (50) - (53)
repreaent four 1ndependent and experlmentally obtalnable pleces of
iﬁformation.l The'data permlt determination-of pc;eké,.kg, and kgvat;
each'temperature.i The de experiment however, yields onlv P,

One dlsadvantage of the modulated beam technlque can be 1nferred
from Eq. (52). Thevtwo demodulatlon factors for NiCl, act in opposite

'diréctions ffom7the competition faotor (1 - pc)/é. At high temperatures,
the.demodulation factore approach unity, butvso doeS»pC; ‘Atvlowqtempera_
.tures; where hearly all of the ineideut chloriue’returne to the gas as

' NiClE;,the demodulatiou_faetors are small. - In eithef‘eXtreme,vthe'
modulated output.amplitude é0es to.zero; NiClv ean'be extected to be
found only at 1ntermed1ate temperatures, and probablj at amplltudes

. oons1derably smaller than NiCl. At-a_modulatlon frequency of lOO cps,

Smith and Fite never observed NiCl The loss of amplitude and phase

o
einformation ou‘NiCl2 renders'interpfetatiOn of the'NiCl amplitude and
phase shift data 1mposs1ble, since Eqs. (50) and (51) contaln three
unknowns. The 1nab111ty to detect modulated NlCl at 100 cps points
up the necess1ty of varylng the modulatlon frequency»ln huntlng for
potentlal reactlon products. Had louer modulatiou frequeneies been

'trled the product NiC1 mlght have been observed. HoWever;'the

2

re sponse of the lock-in amplifier deter1orates at low frequencies,

and a digital signal-to-noise averager may be required.
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III. Bulk Solution and Diffusion
In the preceding sections, the only removal mechanisms in the

surface mass balances were evaporation or conversion to another ad-

'scrbed species. H0wever, gases such as H, 02, NQ, and CO. show

2

appreclable solublllty in many metals, and at ‘the elevated tempera— ‘

' tures characterlstlc of many modulated beam experlments, dlffus1on of'
‘the dissolved gas in the target materlal may be rap1d. Consequently,

bulk solution and diffusion must be considered as a potentlal loss

3

mechanism in the surface mass balance. Moore and Unterwald” have

shcwn that solution and diffusionvof hydrogen in tungstenvand mclyb=

denum dominated thelr flash filament experlments at temperatures

'above lOOO C

‘Here we consider the case in which bulk solutibn—diffusion and

.d rapid first order deSOrption are competitiVe processes. . This re-.
‘striction is wvalid for beame which adsorb without disscciation.and

- do not react chemicallvaith the substrate,‘ This situation is also

characteristic of;thevinteraction of dilatomic gases with metals at

temperatures high enough such»that bimolecular recombination is

"negligible-compared to direct atom evaporation. At these tempera-

tures, the mean llfe of . an adsorbed atom is much smaller than the
modulatlon tlme, so that the dn/dt term in the surface balance can |
be neglected, This simplification is analagous to the stationaryv
iﬁterhediate,aésumption in homogeneous chemical kinetlcs. |

| Generally, modulated molecular beam e#periments involve bom-

'vbardihg one side of a thin ribbon of target material with the beam.

The back side of the target is subject only to bombardment by the
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backéround gas. The highef impingemeﬁﬁ refe on the front face creates
a concentfétion gradient of the diesolved species through the target.
Such a net drain on the surface populatlon results in a "competition
factor" reduc1ng the amplltude of the output s1gnal from the lock-in
amplifier (this componentgof the amplltude attenuation would be present
in dc»beam expefimeﬁts'aSXWell); 'Howevef, eveh’if_the competitidh
facto; Wefe unity (by makiog the rear face of the tdrget impervious
to the diseolved gas), aireduction1in the amplitude of_the lock-in
emplifier Signal oouid'fesult by. demodﬁletion due to' the inaoility

of the‘relatively slow bulk diffusional process to‘keep'up with the
. periodic alteration of the supply of adsorbed atoms to.the front
surface. Since most molecular beamﬁtargets are 'of the thin ribbon
'varlety, only the former case will be con51dered.

Iet c(x,t) denote the bulklconcentratlon of dlssolved gas (eqsumed

to be the same form as the adsorbed spec1es) at posltion-X‘w1th1n the
targetvendbat .a time.t during'one modulatioo cycle. Transﬁort‘in

the. target is governed by the diffusion equat iont

gf% = Dy f_x% - '. (54)
wﬁere D is the bulk dlffu81v1ty of the- dlssolved spec1es in the
target materlal and x is measured from the front face. We are in-
'terested in the process only efter the 1n;t1al tran51enteddue_to
sterting uo the beam or heating the.target to‘temperature'have died
out. Consequently, the iniﬁial condition on Eq. (54) is.repiaced

by the Cyelie steady state condition:
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elo,t) = et +26) (%)

In order to join the surface kinetic problem to the bulk diffusion
problém, we assume that the cbncentratibn.of-the dissolved species .
 just beneath the surface is proportional to thé‘instantanéous sﬁffaée-

concentration. For the front face of the targét; this yields:

8

c(o,t) = H n(t) | N
A

:where H is fhe soiubility medsﬁréd from*ﬁhe gdsorbed state. In friﬁgi- v
‘ple, H can be determined by combining’the'adsorptidh iéo%herm wifh the o
usual soluﬁility based upon gaé préséure.

_ The'surfacé mass balahceAfor fhe front face_of<the %arg;t'con—
_stitutes one boﬁhdary,égndifioh on Eq. (54). Neglectiﬁé thé'dn/th

.term and using Eq. (56), this is

o, Ip £7(t) _ = c(o,t) - Dv!(gﬁ) _ o " ‘(‘57)

- 8ince the diffusibn ana evaporatibn_processés are first ordér,vtﬁg
'vtgrm; reflecting the steédy background (l/b) has béénvnegléctedg this
'contribﬁtion is eliminated by‘ﬁhe_lock-?n_amplifieroj »
| On the back face (# =t¢) the supply terﬁ due to the beah is absent

. and the second boundary condition is: -
K ' o o .
1 N 'Bc) ~ :
. = = + .
0 = j c(,t) + D, (&-'2 - (58.)
While the diffusional term constitutes a loss to the front face, it

fepresents”a gain to the back face.
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~ In order to solve Eq. (54) subjeétitov(55), (57), .and (58), the

folldWing_dimensiinéss'terms are introducedt

1

, , 5 R _
0 = th/l . S _ (J9>
= x/1 (60)
L Do, , | ,
a(e,0) = ;—537 c : | S - (61)
KBy -
1 20
h = 5E (ba)
v
The diffusionueQuaﬁion an&_its aséociated gonditions become?
BT g 0 Bsh Asoch (63)
c(¢,6) = C(&, 6 +20 ). o IR A
. £%(8) = h,CZ(O,G.) - (g_g) - (65)
| ST TS, -
0 =h ¢(1,0) + (55') o . (66)

where.9¢”= thé/ze is the ratio of the chopping time to the character-
- istic diffusion time of the system. .

¥ In this situation, there are three characteristic times: the chopping
time t,, the diffusion time tp = E?/DV, and the evaporation time, tp= l/k%.
The analysis’ of this section is restricted to situations in which ty and te
- are of comparable magnitude but both are much larger than ty. Had the
‘dn/dt term in the surface mass balance been retained, the first term on the

© right of Eq. (65) would have been replaced by n[c(0,8)+(ty/tpy) (3C/8) 1.
However, the last term of this expression is assumed to be small, since
tE/tD.<< 1. ' : B 2
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The amplitude of the output _si'gna’l from the lock-in 'an‘rplifbier is
due to evaporation from the surface, and can be written as:
&, - EFwwy=15F e - (67

1
|
f
f

The surface mass balances have been vw_ritten for a Inon_v-diss'cta'ciating.
adsorption. For dis.sociative a.dsofption of a dié,tamic gas, fhe térm.u ..
n,i,‘} in Egs. (57), (61), and (67) mist be multip.liéd' by two.. T'_he_'com-
‘puted -phése shifts and anrplitudé attenuaﬁion, hovwe_vver,k arve unaltered.' _

The solution to Eqs..- (63) - (66) is presented in Appendix A, Wh.e_ré :
the cde.ffi‘cients A and B of the fundamental modes <.>:f:‘. 'the.vFo‘xi_ri.er' _ex—'

pansion of hC(O,G).vare shown to be:

‘ w ,(069)‘"'-'
A=% S om R (68)
N N _
' S n.c o
2 )Ji+h % v R
B=_2 - 3  hb. ={ o (69)
where the bn are given by?
5 .
20 : :
n 1. 14 h , .
b= "sin - — (cosc -'l)]
n o 2+h2+2h h 2+h [ o n L
(10) |

l 1 " ‘_ - s h . . »
- a 5% h [(cosal,lfqns1ncxn - 1) + a—n (s1nan-qncosan)] -
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“and the eigenvalues anare the roots of the transcendental equation:
' o ' a h EANE o ‘
(2?) tan (2? -5 5 cot 7; + =0 (71)

_ As long as the combined activation energy bf'the perméabiiity DVH

(SR

is,less than that of the rate’constant for evaporation kﬁ (which is
ﬁypicélly'50vkcal/mole), bulk solution-diffusion effects bécqme less
f imporfanﬁ as the temﬁerature is‘inCreasea (i;ef, h becomes large. at
“high target temperétures)° Experimeﬁﬁally,.this_situaﬁion éan be ob-
' served as a levelling off of'the emission rate from the'surface‘at
high tafget temperatures, which signais an ehd to the combetition
betw?en thé two' removal mechahisms in favor of evaporation. Comparing ‘
‘the:output signal to the signal in the absence of b@lk solution-
-diffuéion (h —?ﬁ; A -0, Bv—>~é/ﬂ), the amplitude aftenuation and

phase shift are:

~ QR , 1/2 o ‘
- ' ..1 = _121? ‘ (A2+ BQ) ,‘/ : | (72)
‘ Eﬁzj.h—ew : '
6 =t

'Thévresults of the computations are plotted in Figs, 6.and.7 for
a range of the parameters h and 60..’A
. The response of the system is predominantly controlled by the

parametervh.‘ If either the diffusion coéfficient or the éolubility
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is zero, h -, and bulk solution-diffusion does not affect the signal,
’1rrespect1ve of the value of the pardmeter 9
As h - 0 and 6 e (1nf1n1te dlffu81v1ty, finite solublllty),

Egs. (72) and (73) reduce to:

ehao : _
Jo—® 2ho . '_‘
.EESJ w +; (2h6 ) . :
h 9w
1 . Tl' o o .
¢, = tan (- 5352) e - | (75)
f .
- vhere - B )
rk?tc S -.»» o N

Except for the factor of 1/2 in Eq. (Th), these amplltude atten-
uation and phase shlft express1ons are. 1dent1cal to Eqs. (33) and- (Bh)

for slow’ flrst order desorptlon, with k in the latter: replaced by

1.
Ekl/H£.~ The product H{ represents the equlllbrlum capacity of the

target for dlssoLved gas; it is the numbeerantoms in a square

’ ceﬁtimeter:of target area when the euffaee'cdncentratiqn iS'pnity.

_ The foil acts as e hdldiﬁg tank for a bortien'of.the atoms in ﬁhen

" beam. | |

If hec—aw while h‘—§O;'the target'is chepacﬁerized'by infinite

i diffusivity dut zero capacity. vIn-this instance, the amplitude-.
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attenuation reduces to 1/2.éndlthe phase shift to Zero. Physically this
mearg that the incident beam is equally divided between the front and back
faces of a transparent, zero capacity target., Evaporation from each face
pcturS'at a rate one-half of the réte‘which would prevail if the target
were‘impervious to %he béam. |
As the'characterist{c.diffusion tinme becoﬁés small compared to the
chopping time (Gé—aé), thé phése ghift approaches Zero, but an amplitude
attenuation of magnitude‘(h+l)/(h+é) remains. This 1imit is Wéll repre-
séntedrbypthe'éé = iOdO curve on Fig, 6, its minimum value of 1/2. This
term representé ﬁhe‘time—aﬁerage fraction 6f the atoms supplied to the
‘ surface Which leave by evaporétipn. The remainder is lost by diffusion
through the foil and em1331on from the rear face., Thig ampllfude atten-
uatlon can be computed dlrectly from the boundary conditions of Eqs. (57)
and (58) by setting f£° (t) = 1/2 and the cqndentration gradient equal to
_(c(b);c(z))/£¢ Thus, (h+l)/(h+2), is the "competifion factor”" in the
ampiitude attenuation, and is analogous to Eq. (30) for competifive firgt
énd'éecond_qfder reacﬁioné and P, in the niékel—chloriﬁe reacpion. There
.is no demodﬁiation faétor when the chopping time is large édmpared.to the
diffusion time, and the phase shift ig zero when 6 o
| When the chopplng time and the dlfqu1on tlme are of the same order
of magnltude, the amplltude attenuation is reduced below (h+l)/(h+2) due
to demodulathn of thg 51gnal, ‘During the "off" portion of the cycle, the
éluggishvresponse of_theAbulk diffusion pfocess‘éontinuespto supply atoms to
the surface layer evén though the beam is off. The eﬁaporation‘of these
diffusion;sqpplied atomélduring the "off" cycle reduces the ac amplitude of
-the emission rate waveform to which the.lock—in amplifier reéponds{ and

hence reduces the magnitude of the ocutput signal. Th¢ phase shift is no
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longer zeros
As 6 0, the signal is completely Qemodulated;

IV, Surface Diffusion

Localization of molecﬁlar Beém impingément.on a restricted area
of the targét implies thafvthe émﬁlitude and shape of the éignal due
to the réevaporated:speéies can~5e affected by‘migratioﬁ.élong’the
surfacéo If(sﬁrface diffusion weré'very rapid compared to other.loés-
meéhanismé, thé:impingiﬁg béém would be instanténéousl&'distributed
. over the entire hgated area éf the targeﬂ instead of‘remainihg in the

7

region where the beaﬁ struck?x Wipterbotfom and Hifth ‘have evaluated -
the effect of SQrféce diffusiqn on the emission raté characteristics |
of hot molecﬁlarvbeam'sourées. Su#f#ce'diffusion probleﬁs.beset high
.temperatﬁré mblegﬁlar beam_éxperiments at 5oth ends.

| Ihzﬁhis aﬁélysis,.wé assﬁme tﬁatzfirstvorder evaporationvis:thé
only othér préeessﬁwith which Sﬁrfaée5diffusioniis in compeﬁitibn.' |
. Consequently, éhéfcontriﬁption of background gas impingemént on the
taréet can be neglected;' |

The.total heated'aiéa of the tafgét is éssﬁmed unifbrml&.access_

7

ible to‘fhe mobile adatoms.'QFpllbwiﬁnginterbottom, edges énd-corners
-of fhe target (if any) aré not considefed fq p@se'barfieré to migration
along thg sufface, The cool tafget Suppoits;.hOWeQer; afe éssumed to
present an.impervious barrief;to surfaée diffusionl The totai heated
‘area of.the tafget (bvack aé well gs frént-facéé if fhe-target is.é
ribbon)_ié repfesented by a disk of radius Tq at a uniform temperature.

The radius Yois chosen such that'wr2 is equal to the total heated area

0

of the target. The surface diffusion coefficient Ds and the evaporation
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- rate co.nstarrt k? are_ assmﬁed rconsiv;'an.t 'over Ithe entire’hot target area.
The 1mp1ng1ng molecular beam is cons1dered to “have 1ts maximum intensity v
at r = 0, and to dlmlnlsh w1th increas1ng radial distance according to a
‘prescribed functlon‘F(r/r . ‘F(O) is'unity, and in most target-beam
geometrles, F decreases ao sero at some r < ro

The surface mass balance can be written 1n dimensionless terms as:

§§~ (62 + 2 (0) F(@) Sw, ogk<1 (7D

The dimensionless terms in Eq. (77) are:’

oy |
N =(_ f 2) n- . (78)
0 ‘= ﬁgt/rog -r | o - : '(79)
e v, )
= ErOE/D’S' S (8

The BN/BO term has been retalned in this analys1s, since. surface
bdlffus1on is generally 31gn1f1cant at lower temperatures than bulk.
solutlon dlffus1on; in the former case, the chopplng, diffusion, and
"evaporation tlmes may all be of the same order of magnltude.

The surface mass balance has been written for non-dissociative
adsorptlon, but can- be extended to dlatomlc gases by 1nsert1ng g Mo

in the denomlnator of Eq. (78)
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' The condition of nyCIic steady stéte,is:
N(t,6) = N(&, 6 +26) © (82)..
.and the boundary épnditions are: A
b L o g
(3N/3t)y'= 0 | f e (83)
(/de), =0 (8

The ontpnt signal depenas upnthhe instantaneous numbén denéit& '
of tne‘evaporafing species in the ionizer of the mass-SpectrdmeterVOr '
‘other similai'deteénor.f The nunbei‘dénsity in the ionizer is the sum
- of cdntfibutions Qf emissinnﬁfrdm thoselportions.of the farget ﬁnich :

' offervd'direct line of-sight‘to tne ionizer. Surface nigration'épneads
the adaton'bopulationiofer a sizeable area of fhe térgét, éome.of whichl
may be partially blocked.off from direct view of theiibniZer.’ Emission
fromisuch reéionstmay nb£'c6ntrinute'as.much to the fotal number'densify
inlthefioniZer as the regibns'of'the.targét at which the beam énd de—.i'
feétof are dimed.‘vThe instantanéonsboufput signal:finn the défector »

is'written as:
s(e) ~ xJ t.a(r) W(t,0) at o (89)

"where G(E) is a weighting function which accounts for the reduced con-
tribution to the signal from off-center regions of the target (in

‘particular, the back side of a ribbon target cannotAchtribute at all).



=33- : L UCRL-1823k4

, We ﬁssume that Gvis a funcfion of radiai position on thé'simplified
disk-shaped target. .For the'inférdction geometry shoWn invFig. 1, this
:fbrmulétion is an pversi@plificaﬁion;i The ﬁuhctibn_G(E) is considered
'.épecified. B o

.The'amplitﬁde of the éutput signai‘frbm.fhe lock-in amplifier is

‘proportional £6 the fundaméntai mode of the Fourier transform of S(6):
A~ Fse)y o (86)

" The coefficients of the fundamental mode are shown in AppéndiX‘B_

~to be:
A N (angec)" (8 j
Tc 2. 2 24 12
. n=0 @ :+v(an.9c)
A3 o) (88)
B = -\ —— :
=0 o #°+ (o & )2
n n c’.
where?
o L’ 2 o Lo :
B R N (89)

. fn'and gn are the_coéfficients of the Fourier}Bessei expangions of the
-functionS’F(E) and G(g). The'Bn are the roots of Jl(Bn)'= 0 (where””
‘Bd = 0)s -The o are givén by:-. o ‘ ' |

T G (50)
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If X\ »>», surface diffusion is insignificant compared to atom
evaporatién; if (XGC)->m as Well, the surface residence time is small
compared to the chopping time. Under these conditions; A —ao‘and
. , o . 4 _

"B -3 k

.n=1 : .
this limit: .

"

0 The -amplitude attenuation is defined with'respec& to

———— -

o > p1/2 .
(CH wa-ol (91)
(&]x-;m 3k :
W0 Jmw O
The phésé angie'ié
$= tant(a/m) (92)

For the purpose of illustrative numerical calculation, we have

takei the beam shape factor F(&) and the response fuﬁcﬁidn G(g)-to.be:'

TEE) - o(e) = |bOSE ()
| 7 Jo,r<t

|
N VAR FAN

This.répresents thé éommbh sitﬁafioh in which the beém_is cbilimated
tp'impingé aé:a'circulaf spét of uniform intensity on part of;fhé.total
'ﬁzzéet é?ea. The detector ﬁas been asgsumed to-viéw.only this-épofias
well. R.is the ratio of the beam spoﬁ raaius to the equivéiént radius
of the-hea£ed taréet. . |
| .The amplitude attenqatioh and‘phése shift are fﬁnctioné of?the
parameters X, Gc.and R. 7Figures 8-11 show4numerical results of the am- .
piitﬁde aftenugtionvandfphase lag for féprésentative‘values'pf'fhese

parameters.
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For either very large or very small values of the parameter A\, the

amplltude attenuation and phaSe shift can be written as:

[&] - J(3) TP+ 00,1 .(91;)._
()&9 )—-)00 - o |

| -_-v t n-l' a0 | R . ‘

= av | (Aec) ‘ | | (95)

- As % =0, J(R) —)RQ, Which is:just.thearatio of the beam spot area to the

total heated target aree. This limit repreSents the situation in which

a’surface diffus1on serves only to instantaneously distribute the 1mping1ng'

beam over thevtarget;' At A —)m, J(R) approaches unity, and surface diff-

usion is slow compared to.both the desorption and moduiation times; the

":deposited atoms never migrate beyond the boundaries of the beam spot.s

The upper curves of Figs. 8 and 10 are equivalent to the limit as
.ABC -0, Here, the modulation time is_slow,compared to surface diffusion

and desorption; the phase‘shift is zero and the amplitude attenuation ist:

. e (BR) .
(8 )se _E[BHJO(Bn) )»+f32 ey
BJO(Bn7 -

(w Ve . n=0

_‘Equation (90) represents the competition factor for surface diffu81on.

While bulk solution-diffusion can reduce the surface population by no

. more than 50%, the reduction due to surface diffusion can be con51derabl

greater since the limit of Eq. (96) as A -0 is RZ,
R ! Lo I
R : ; o . ] - i
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The preceding results are based.upon the assumption that ‘the cooled

eperiphery of the target is a perfect reflector for migrating:adatoms.

An equally acceptabie boundary'condition,is to consider;the'outer edge
of the target to act as a perfect 31nk for the. dlffu31ng spec1es. “In

this case, Eq. (8%) is replaced by N(1, G) = Oa The solutlons for these

 two boundary condltlons are very close for large values of A (typically

greater than 10); very few mlgratlng adatoms reach the outer boundary.
before evaporatlng and the surface appears 1nf1n1te_;n‘extent, However,

there is a considerable differenceiin tne curves at small A. While the

- amplitude attenuation for (kec)—yw with a perfectly reflecting boundary
approaches R® at small A, it approaches zero in the same limit for a’

. perfect sink at the outer:boundary.;

The impiication tnroughout tnis discussion has.been tnat surface
diffusion represents a’ nuisance to molecular beam experlments because
1t reduces the magnltude of the measured 31gnal . However, this need‘not‘..
be the case 1f one 1s interested in measurlng surface diffusion'coeffi_

c1ents at high temperatureso' For a;system in which'only atom evaporation

V"and surface migration can occur, measurement of the amplltude attenuatlon'

" and phase 1ag in a well-deflned beam-target—detector geometry can yield

1nformat10n on evaporation rate constants and surface diffusion coeffi-
Qients .

- In a similar manner, information on bulk solution and diffusion

"~ constants can be obtained by monitoring the emission from the back

face of a ribbon target whose entire periphery has been rendered imi-

pervious to surface migration by suitable cooled barriers.



A ‘UCRL;lQQBhY' :

o -'_APPENDDC PO
Durlng a Slngle r'oh' CYCle ( -Gc < 9< O),f"(e) ___ 1 and Eqs. (65 ) | .‘

' '-1fto (66) can be,wrltten as.

B a's'“f:--—-—@% Jodg<e<o )

¢, (e,-e ) - c ff(e,e ) E e

(TE_) * h“’ (0 9) -1/h1 S ey

tyirequlrlng that the concentratlon proflles at the beglnnlng of the on

fk;tcycle and at the end of the ”off" cycle be 1dentical.» The solutlon to

- | ( A-6) " |

';ii(A;7)  »
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The eigenvalues @ are given by Eq. (71) in the text, and the eigen-

functions are:

: = + — si . - .-
X (&) cos(a &) & sin (@ &) o K (a-8)
. , i:
The & o, are the coefficients in'the’eigenfﬁnctioh expansion of
2 . . . - . i, . :

Con<§"?c):

c (t,-6) = 3 ‘a_ X (&)
‘n=1 R
fon,n ~ :dn2+h2+2h.‘4: ~ “on n(g,-G ) X (§) ag (4-9)

The b are the coefficients of the eigenfunction expénsioh of u(g):

W) = 5 nx ()

n=1

2&72'

‘v. -V 1.> ! ) . . ) : A‘ A. A. .
b, = =iy [ u(e) x(e) at  (a-10)
an.+h +2h 0. ' . ' :
- The complete expression for b_ is glven as Eq. (70) in the text.

Durlng the "orf! cycle (0 <8 < 0 ), f (9) O and Eqs. (63)

to (66) become

- - , "o<é<e - (a-11)
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"L'..,'C';f;(é o) <, (g o) e e

= :a'coffl ‘. +h C (oe)— .
LT T e T T e

[ -
S “::. '4

(-13)

s ( 3 I)lfhcoff(l’q) SO (A1)

w GopeB®) 5 2 ffvn X (g) < co )

'7‘dlﬁwhere X and a are the same as before, and aoff'h afe‘thé,COefficients -

;iifuof the elgenfunctlon expan51on C ff(g,o)
off(g’ n=1f?é§ff;n;¥n(s)  |

%ffn = ""Z?'T_ ./ off(g’o) X, (ﬁ) dﬁ '(A'_-_l@:
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Substituting Eq. (A-17) infa-(A-7) and (A-18) into (A-15)_yieids,the
solutions for C_ (g,e) and C fgg,e) ~ The’ de81red forms of the solutlons 
‘are the coeff1c1ents -of the fundaméntal modes of the Fourler expan31on_

" of hC(O 6) [Eqs. (19) and (20) w1th N(6) replaced by hc(o 9)] ' These

[
are given by Eqs. (68) and (69) in the textc'
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" During the "on" cycle, Eq. (77) is:

5 = F o5 \bspr) TR -, -8 <o <o (B1)

' and the boundary conditions are:

'vf(B;§j

i

" (aNon/ag)o B

|

v}i'i? “(éﬁ§;(5§)i.f%;;'

vanﬂjThéiééiﬁtiﬁﬁ'fq_Eﬁ{f(Bfi)fwﬁiéh_saﬁisfiég*Eqs:_(B_g):énd;(B}3> i$:;_ :

‘3171fkﬁ;§)

- (B:5) |

fiﬁandwaug is glven by Eq. (90) 1n the text._ The S are the zeros of the

’”fBessel functlon of the flrst klnd of order one. The coeff1c1ents f .ares

__,..fEF(E)J(BE)dﬁ
B S J (B ) — ,:i;ﬂ'“;j‘,[ , :fj_ :(Bf6)
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During the "off" portion of the cycle, Eq. (77) is:

Nope 13 gaNéff U
T EJE \POE ) T " Torr?

with boundary conditions analagous to Egs. (BT%),and (B-B);-jTh?.squ—
. o . C I . .

0<0< 9;"'° (B-7)

.tion can be written as: P I 1
Noee = nfg %h €. Jo(Bng); _(B-8),

The unknown-coeffidiénts cﬁ»and a are obtained from the~matching

cénditiéngzv _ e o v
.V-Ndn(e;,_-e'c) = No.ff(e,ec)- S (8-9) .
Wop(850) 1= W ee(8,0) o (Ba0)

 These yield:

f:, 7vo?e L | o L
' n e B¢ : S
a = 5 5 . . o ~ (B-11)
e .ah'ec | -
I+e
f : -
n . 1
c_ = - (B-12)
‘ 1 +te

_fInserting the soiutioﬁg for Noﬁ a§d4No£f‘into,Eg. (85) of thekﬁexﬁ
and determining the cééfficients_A and B by repiécing N(G)"iﬁ Eqs..(l9)
and (26)'by s(e) yieidstqs; (87) énd (88) of.the_text.<_Thé.cdefficients
&, aré‘gi§en by Eq. (B-6) with F(t) replaced by G( &), - S

e T p
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A. Makes any warranty or representation, expressed or
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