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A preliminary experiment 'as been carried out usix~g 

a simple time-of-flightr ielho2 - - -  to determine mean time of 

adsorption of gaszous molecules on a solid surface. A 

room teraperature aerodyneinic molecular bean is pulsed by 

a slotted chopper disk, impinges on an "engineering 

- surface," and a portion of the reenitted molecules pass 

.L3 - bnrough z densi~y sensitive time-02-flight 6etecJcor. The 

response (density v-ersas Liine) of the detector is compared 

for two cases: 

(1) diffuse emission of beam molecuies from 

the test surface with zero stay time. 

(2) diffuse emission of molecules from the 

test surface with a distribution of stay 

The mean stay time is inferred from the shift in the 

maxima of the detector response for cases (1) and (2). 

. The "engineering surfaceu consists of a stainless 

steel target on which an undetermined combination of 

several more or less permanently adsorbed gases is present. 

Mean stay times of the order of seconds have been 

observed for argon on this surface in the range of surface 

temperatures 80 to 100°K. Stay times of the order of 10- 5 

seconds have been observed for nitrogen and carbon dioxide 

in the ranges 92 to 97OK and 130 to 210°K respectively. 

iii 



Due to the uncer;aii~ :;u-ii-~re 01 the s~rface these prelimi- 

nary results are not 09 q~antixa-Live value, -~ut they do 

indicate that the time-of-flight nethod is feasible for 

the measure~ent of mean adsorption stay times. 
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1.1 Introductory 

The Study of Gas-Surface Interactions 

A fundamental problem In gasdynamics is the transfer 

of energy and momentum from a gas -to a body moving thro~~~'~ -bi 

the gas. The pracJi;+ &LL.L --' resulJc of solving "' ~ n ~ s  ' problex is 

the determication o;? hzat transfer to the body and the 

aerodynamic forces on che body. In the continuum regior~ . 

of flow the problem is approached on a macroscopic levcl, 

and only bulk properties of the gas need to be studied. 

In the low density regiiize or" flow however, the problem 

must be approached froro a molec-alar point of view, The 

details of the interaction between the molecules ol the 

gas and the solid surface Ere important. 

A great deal of work in the study of gas-surface 

interactions has involved the experimental measurement of 

accomodation coefficients. An accommodation coefficient 

is a parameter expressing the degree to which the molecules 

of a gas reach equiliSriwn with some property of a solid 

surface. For exariple, the coefficient of thermal accom- 
l modatjion, , is usually defined as:, 



- 
3 is the average energy of gassous molecules before 
g - 
striking the surface, 2, is the average energy of the 

-- 
molecules after reesfssion from the surface, ail& E 

W 

is the average energy the reemitted rnoleczles would have 

if they were to coxe - to .thermal- equilibrim wi"" U L L  the 

surface. The sccori~odztion c~effXcient is an average over 

a large number of molecrxles, and iehves unaeterminec? "cie 

detailed mechanism of the gas-surface interaction. Further- 

more, & is a function of several variables such as the 

temperature of the surface, the temperature of the gas, an3 

2 the nature of the adsorbed gaseous layer . Therefore, 

knowledge of the mechanism of interaction would be useful 

in the determination of Lhe relztive importance of the 

several variables influencing the accomodation coefficients 

as well. Of course, this is just one example 09 many areas 

of gas-surface research which would benefit-from a detailed 

understanding of the interaction mechanism. 

1.1.2 Adsorption 

~angrmir' in 1916 proposed that, for a great many 

situations ill which gaszous aolecules strike a solid 



surface, true r-"' ciiec-klc,~ ~1 tha xoPecules or 

diffuse) Coes ria$ occ-c~r co an a2;?recia1~le extent, but 

rather the molecules s~2end a finite time on the surface 

even though this time iaight be so  small that tile mol-ecules 

appear to rebound iristan-carLeously from the surface by 

macroscopic standards. The phenomenor in which a gaseous 

ra0leCule strikes a solid surface is held 0% the curface 

for a finite t i ~ e  is ;:rroibrn. as adscrpJcion. TCe "cine bizrii~,s 

which -the molecule reczins 61% -the s-firzace is referred to as 

- r, the stay time or resiGe~ce tlme, 1-1 the forces effec-~lng 

the adsorption are 02 +;he V&n der Wacilvs ty>e, tha process 

is known as physical adsorption, I1 the forces are of a 

chemical binding ~a'~-are, the process is known as chemical 

adsorption. We will hcnceforth be concerned with one 

aspect of physical adsor2'~kon, namely, the measurement of 

the mean stay 02 a large physisorbed 

molecules. 

1.2 Background 

1.2.1 Significance of the Mean Stay Time 

The physical significance of the mean stay time is 

made clear by the case in which a molecular beam (directed 

stream of gas molecules) of constant intensity, I, strikes 

a solid surface snd is adsorbed thereoa. If equilibriwr, 



s 2 the surface per un;z ares pe? ux-~i%- time must be equaled by 

the number leaving pzr unit area per unit time: 

where is the number of ~olecriles adsozbed per ucii- 

area, and p is the -pokal~illty 01 desorption per unit '~frne, 

Let the molecular  sear^ be -bs~nir~ated a% time -6 = 0. At t k e  

instant the beam s'iops, there is a nun~ber, T o ,  of molecules 

adsorbed on the surlace. As desorption proceeds, the 

number, ~(t), of molecules still remaining on the surface 

decreases. The nm~ber, &N, leaving the surface in ax 

. increment of time dt at time t is then 

Assuxing that p is not a function of coverage, it follows 

4 that ~ ( t )  can be written as: 



Let us now dePiile the -z-?Q--P -LdLL 5 t 8 ~  '~i~e of this grOGp of N 
0 

5, molecules as . 

can be obtained from E~uation ( 2  7 )  aid subs-titu-bed at 
in (1.2.4). Then (2.2.4) can be integrated by pats 

to give: 

The physical significance of the mean stay time is that 

it is the reciprocal of the aesorption probability per unit 

time 4-7576 

1.2.2 Frenkei's Eyuation for the Mean Stay Time 

4 
a Frenkel , using the theory of statistical mechanics, 

obtained an expression relating the mean stay time to the 

temperature, T, of the adsorking surface and the potential 

energy, G o ,  of an isoiaJceZ molecule adsorbed on the surface: 



c< is the per202 of osciii~tiox cf zdsorbed molecules and 0 

has the same orCer of :~ugnf-~uce ss the period of vibration 

of the atoms of the solid surface. TherePore, the order of 

magnitude of Yo is between 10 -12 and 10- 6 l4 seconds . 
- 

Equation (1.2.6) is dezived on the ass-miption that 

the number of adsorbed molecules p ~ r  uni-t; area of surface 

is sufficiently small to ignore iaterzctions between 
5 .  adsorbed particles in the deterr~inaulon of the heat of 

adsorption (eneygy necessary to rezove a molecule frol' the 

adsorbed state) ar~d t h e  deternination of the perioii of 

vibration of the aiisorbed xiclecules. Eq-aation (1.2.6) tail 

be extended to situa-bions i.a 'ir~hici~ the value of is not 

small enough to neglect interactions between adsorbed 

molecules. If the heat of aclsorption is given by: 

U u,+ CAM (1.2.7) 

where AU is the additional potential energy associated with 
a bond.between adsorbed molecules, and i is the number of 

such bonds, then the stay time for a given particle b'onded 

to i neighbors obeys4: 



- i 7 if the value of i is xni- sxfie ;or all adsorbed molecules, 

then 

For any case in ~qb.i.cir the adsor'aed molecules have 

rn-dch less aflinity for eacL other than for the soliLL s~-i'face, 

the process will be lircited to the Eormation of a mono- 

molecular layer. That is, nolecules striking the a6so~bed 

layer will see a relatively weak attraction as compared to 

the attraction between '&he surface and the molecules of the 

monolayer. It follows from Equation (1.2.6) that the Kean 

" stay times of moLecules in layers past the first are 

negligible. This is the case for a gas adsorbing on the 

4 - surface of a netal . 

1.2.3 Previous Stay-Time Measurements and Objects of 

Experiment 

Stay-times have been measured by experimenters 

previous to this investigation. Particularly noteworthy 

are the results of ~lausir,~~ who used observations of flow- 

through times of several gases ~hrough glass capillaries 

to infer mean stay times on the capillary walls. More 
8 recently, Leonas reported measurements of stay times of 
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argon anf3 ccar'bon dioxide o;i ";eehnicai grade surfaces of 

c.~, y e ,  hiid T ~ ,  LLDI-,~ 7-,.,--- ii VIOIZCGZ~~ beam 'cirne-of -f light 

technique. However, the total i2foraation available on 

stay times is very si-~zll, and a grea'~ deal 02, experirnentu- 

tion renains to be carried oTi" . Theref ore this research 

was ui?der"i;ken witk the Poilowi-r~g objectives : 

(i) Set up a preliminary experiment to test 

the f casi-aility of a time-of-flight 

nethod :or $he riiasure;rieilt of mean 

stzy 'ci;iies using ths aerodynamic nolecu- 

lar be&,zl fzcility available at the 

University of Virgixia. 

(ii) Obtain rneasurezents of adsorption 

stay-times for several readily 

available laboratory gases on an 

engineering surface. 



2.1 Factors Influe~icing the Mean Stay Time 
-- 
In theory, %he he& of adsorpJcion U, is no* directly 

dependent upon the surface teqerature. Xowever, in 

general, U is a function of the coverage, of the 

adsorbate under condi2era- ion ac well as the amount of 

coverage of other gzses adsorbed on the surface. The 

dependence of U on 6- is d72c to two ejfects. Pfrst, if 

the surface is considered -Lo have a definite number of . 

adsorption sites, adsorp-kion will take place 2irst at 

those sites for which the heat of adsorption has the 

6 r-i%,, greatest values lii;ls, as fl increases from zero, the 

average val~e of U will 2ecrease. Second, as 6 increases, 

interactions between adsorbed molecules begin to make a 

contribution to the heat of adsorption. The same effects 

may be observed in the case of increasing coverage of any 

additi.ona1 gas adsorbed on the surface. Therefore, in any 

experiment the heat of adsorption will be a function of the 

coverage of the adsorbate under consideration as well as 

the coverage of other adsorbates (where other adsorbates 

refers to the unavoidable background gases present in any 

experimental apparatus). Since the coverage may be a 

function of both surface tezperature and time, the beak of 

adsorption may be a function of temperature and time. 
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fl-' The vibrational period lo depends only on the gas- 
6 surface combina- ion . BZ-L w a i n ,  ‘.3 since the nature of the 

surface is de2enda;t -dpon '~h? coverage of adsorSed gases, 

one might expect values of ?'o deduced from ek-perimentaiion 

to be dependent on terz;~e~a~~ure and time also. 

In view of ;he ebove c~r~siderations , Equation (1.2.9) 
can be written: 

If surface coverage has reached equilibrim (is not time 

dependent), then: 

where f deliotes an unkr~owr, func-tional relationship be-tween 

the mean stay time and the temperature of the surface. 

2.2 Ideal Experimental Conditions for Stay-Time Measurement 

Ideally, we would like to produce experimental 

conditions for which U and To are constant. Then Equztion 

(1.2.9) could be used to specify the exact dependence of the 

Eean stay time on tenperature. By varying the surface 

tenperature for a given gas-surface combination, the 



0~ 

dependen&e of i' or1 T cax2d 5~ 2e";errnined experimentally 

an2 con3ared to the J~hsory as given Sy an equation of 

the foru: 

K and K2 are constsnts fcr a 1 particuiar experiment. For 

situations in which Eci-~~ation (2.2.1) applies, it is readily 

apparent that the mea2 s J k g  tizes to be measured can be made 

as large as experimental rssoiucion liinit&tions require 

simply by lowering che surface tzmpcrature sufficlzntly. 

111 order "I; achieve consJl;ant U and ?& experiinefitally, 
0 

the following requireaents aust be satisfied: 

1. 6 inust be so small that adsorbed molecules 

are effectively isolated from one another. 

2. The hea-b oE adsorption and period of 

vibration must be the same for all 

adsorption sites. 

3 .  The coverage of other gases on the surface 

must be entirely negligible, 

While one might expect to produce adsorption at low 

coverage, it is unrealistic to expect to find any real 

surface which wbuld satisfy the second restriction. 

?robably the best that can be done in practice is to 

satisfy the first and third requirements, and then, after 

rnaking experimental measurement; of r ' i ,  try to deduce 



Tram the 'erpeaiments w:.etiler U and 7 are strongly 

dependen-k upozi a,Csoqtlon site. Por example, after 

providing for low cowersge, the experiments could be 

conducted and -r;ixe--equilibrated n1easureme~'cs of then 

interpreted in the following Torn: 

, - - (  To the extent -;ha; t i ( T )  and n 4  

0 
(!I) are constant over the 

experimental, rang;: of 'i;e~ai;:pz-l-.~--- -,i~~rcs, it could be concluded 
- 

that they are site independezt. in the next section, 

guided by these corisi~ern.tions, an experiment is proposed 

for the measurement of xean stay times. 

2.3 Ideal Experimer~tal Nethod 

Consider a molecuLar beam of constant intensity 

striking a metallic surface. It is desired to interrupt 

the beam periodically causing ,pulses of sufficiently short 

duration to insure that: 

1. All particles in a pulse strike the target 

within an interval of time, 6t, which is 

much smaller than the mean time of adsorption, 

2. The maximum coverage of particles adsorbed 

in the area of intersection of the beam and 

the tsrget is small enough to neglect 



consice- 2,l;on --- of  he interactions 

beaween adscrSed psrticles. 

On the other hand, the time batween successive pulses 

should be sufficient2y large so that all but a negligible 

fraction of the molecules in one pulse will be desorbed 

from the surface before the next pulse begins. If a 

detection device sensitive to -the number density of 

particles passing through i-G at 2 given time is placed 

in a position TO inte~capt z, portioa of the desorbing 

particles, a recore of the desor2tion process as a function 

of time can be obtained, and the mean stay time may be . 

inferred from this recozd. 

It should be noted that, since the number of particles 

in each pulse is cons-cant and the area of the beam at the 

target is constant, the coverage 0- is the same for all 

target temperat-ures. However, (j- is not uniform over the 

target surface as a result of the variation of intensity 

over the beam cross-section. The ruaxiinum value, Cmax, of 

the coyerage over the Seam fooJ6print is much less than 

that required for a monolayer of adsorbed particles. 

Therefore, the heat of adsorption of the beam gas is only 

dependent upon the other gases adsorbed on the target. 

These other gases: 

1. would be no problem if their coverage 

were so small as to have no effect. 



or; 

2. woule, if tn2ir coverage tine--equilibrated 

rapidly enocgh, only introduce an 

uncer'iainty in the muiceup of the tdsi 

surface, 

k practical rneth~d of controlling the coverage of 

other gases on the surface consists of continuously deposii- 

ing a known gas on the surfacc a% a rate sufficient to 

guarantee its preponderence over other adsorbe2 gases. If 

this process is carried to tile point a'; which  he )ci?owfi 

gas effectively becomes ihc adsorbing surface, -Lhu covarage 

will certainly be a constant, and Eqxation 2.2.1 will app iy .  

This method would also eliminate the uncertainty in the 

makeup of the teat su~Sace. 

2.4 Model of the Adsorption - Desorption Process 
Asswing that the molecules adsorbed on the target 

surface have a mean stay time several orders of magnitude 

greater than the charvcteristic time of surface vibration, 

i% is entirely reasonable to expect that the adsorbed 

molecules undergo complete thermal accomodation with 

4 the surface . In addition, thermal accommodation has been 

verified independently at the temperatures of interest in 

this investigation in a separate experiment conducted by 

the author. Therefore, the malecules depart the surface 

diffusely with a Mexwellian Gistribution of speeds 
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the surface of tke stctlnless steel was not at all that of 

the bulk; it -aKdoub'~saly consistec of an oxide layer and 

possibly a nmber of more or iess permanently adsorbed 

constituenJ~s . Tor ;;he purpose of a f easibili'ty experiment 

such as this, however, the exzct nature of the surface is 

of little consequence. 

Using estimated values o? U based on the average 

heat of adsorption of Xr, GO2, and N2 on a variety of 
OJ surfaces and a value GI 10 calculated from an expression 

giving the period of vibration of surface atoms of stsic- 

6 less steel , expected stay times were calculated at varlocs 

surface temperatures. These calcula-tioas are tabulated in 

Table 2.5.1. 

As expected, and as apparenJ< from Table 2.5.1, cool- 

ing of the target surface is necessary to bring about 

measurable stay times. Furthermore, for argon and nitrogen, 

temperatures of 100GKelvin or lower (such as are attainable 

with liquid nitrogen cooling) must be reached. As will be 

seen later, the expected efzect of surface contamination 

due to other adsorbates is to decrease the stay times from 

the values indicated above, so that cooling the target to 

temperatures below even that of liquid nitrogen might be 

desirable. 
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aerodynamic molecular besip after suitable 

. - -  collimation, strikes a raplcily rotaJcing disk with slots 

located on its periphery \~Lic?i a1 ,low short pulses of the 

beam to strike the target r e  1 1 )  The disk has 

four diametrically opposed slots. When the beam is 

centered in a slot, a high intensity light bean is centered 

in the.opposite slct, giving an electrical impulse to a 

photosensitive field-effect transistor. The generated 

photopulse fixes the startof each molecular pulse, and 

the inverse frequency of photopulses gives the time between 

molecular pulses. 

The molecules strike the target, adsorb on the 

surface, and are reemitted diffusely (diffuse reemission 

has also been established independently by the author). 

A portion of the molecules strike the detector, which in 

turn ionizes a small fraction (about 0.1%) of them and 

collects the positive ioas. The response of the detector 

is therefore a positive ion current. Since the molecules 

in any pulse have a distribution of speeds and stay tines, 
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Fl GURE 3.7.3 



DC-705 fluid) and s ai'Aia-~n -~est chamber background pressure 

- a of 2 X to:; was zc:--tveC. During the course of the 

ex2eriment, presscrea fn -this cl~am~~er varied be tween 

2 X loM7 and 8 X l o e 7  %or;. X;su spectroneter anal-ysio of 

the b&ckgroznd gases in this chzziber showed the principal 

consti-tuents to he 2-3 z;ii (li20) and 28 a~nu (CO or N2). 

The most coriqle-~e di~c-~~ssion of the details 02 the 

raolecular S e z n  an<, cetsc-Lor characJ~eris-tics as well as 

-vac72-~2 sys-besj3. c&n be  fo-~nd in t k e  the construction of -L'* -: 

3.2 Design Cousiderations 

3.2.1 The Target Holder 

The target is a block of type 304- stainless steel 

having a one-inch-squr~e face welded to a cylindrlcd 

stainless steel tank ( ~ i g u ~ e  3,Z.l). The top of the task 

is welded to a flange kitlxis?,g an O-ring seal. The el~tire 

holder assembly is inserted into the test chamber through 

a hole in the top wall of the vacuum chamber. The division 

of the reservoir into two cylinders of different diameter 

maximizes the capacity of the reservoir while allowing it 

to clear obstacles in the test chamber. The reservoir is 

filled with liquid nitrogen by means of a filler p i ~ e  

extending through the flange. 





me tc;f i>eraJ<s~e or? ~ 2 1 ~  -- barzeJ; surface can be 

oT .I--.- 0. centrolle< by rne~ns 02 z ;-" ~,~~~,steii heater coils 

passing just under the -ta~'.gpt, s;zrface, Foil radiation 

shields spot-.welde& -to t'ile t c ~ - i r s -  ,,,L t block prevent -~i~flecessary 

boiloff 

- .  coils. The coils e-q-.- ..Lasec ii: qu;rtz tubes w l ~ i c h  provlds 

- .  the necessary electriczl ius~latLon while allowirg raclla- 

tive heat transfer -Lo -~ke -2srget block. 

Measure~er~t of t h e  surfzce temperature is accox- 

3.2 .2  Beam Koduiation 

The beam modulation systen consists of the co21imaJ~- 

ing orifices, the choi~ger, and the detector, There are 

two primary consideratioss in the design of the beam 

modulation system. 

1. Resolution of time. 

, 2. Sufficrient intensity of par"cc1es arriving 

st the detector $6 provide reasonable 

signal-to-noise rstio. 

For optimal ' ~ i m e  resolution, it is necessary to make 

the duration of the beam. p-dlse as 'short as possible. To 

state this condition more precisely, let the molecular 

beam have a cross-sec"cona1 area at the chopper disk 



chopper periphary ;s? ,!r iri the rzdial direction (Pigure 

3.2.2). Let the w i d t k .  of $he chopper slot in the -bangentiax 

direction be s,- and ix the zadial direction s r ' if the 

peripheral speed of the Cisk is b , then it is required that 

I - - 
iCp r pulse width z S A  C- i Jt << '-"r I ( 7 . 2 . 2 )  

Obviously, - c&ic -- - b e  made a3 s~lall as desire6 simply 

by increasing the speed ,d . However, as t is dscre&seL in 
P 

this way, the total cumber of particles reaching the target 

in a given pulse decreases, with L consequent loss 02 

Intensity at the detector. 

Aside from in-bensity considerations, there are 

practical limitations on the chopper speed. A definice 

speed limitation exis-ts due tc stractural considerations of 

the bursting s7;rength of the disk, Also, there is some 

finite ca~ability of the motor used to drive the disk. 

Another important limitation is that the period between 

successive pulses should be large compared to the time half- 

width, At, of the detector response in orde~ to avoid 

overlap. These are general limitations which might be 

encountered in ariy par~bi.cu1a-r experiment. PorJcunately, 

however, in this ox2erinent, these practical limitations 

; , bead, -the intensity consideration were not approached. i z c "  

proved to be crucial. 





~ d r  rnaxi:~~~ Is4;;rLsi%y b d c  the detector, and this, 

-.. , t i c ,  t h a  detector should be rnaximua signal to no'su r- 

placed a distance as shor-k as possible from the target 

surface. In this vac:,ruui sysJ;;em, the geome-try of tlze test 

charnber preve:?"ced tine de-cector î rom being placed any close;. 

than 11.5 cm, froni the '.arget and this is where it was 

placed. This Seing done, the cho2per was operated at the 

highest speed lor whick reasonably strong deteccor signals 

could be obtained. 

There are seve-~..; ,,l secoadzry consi6era%ions ii2 'G~C 

design 02 the bean mobuiation sysJcern. The first 02 these 

is the placement of the detector relative to the Jcazgs*~ 

normal directi-on. For difZuse emission of the desorbing 

particles, the intensivy seen by the detector will be a 

maximum in the di-rection normal to the target s-drface, and 

thus optirnal placement is along this normal. The second 

considera-tion is the angle between the target normal ancl. 

the beam direction. ideally, this angle should be minimized 

to minimize in turn the area of the target intersected by 

the incident beam, thus providing better angular resolution 

for -bhe detector. A best selection ,(consistent with 

geometrical constraints) of 45O for the angie of incidence, 

and 15O for the angle of reflection was made. 

The rneasurer~eat of s" .ay times required that the 

chopper be moved from its usual location in other experiments 

performed in this la-aorutory (between the target and the 







detecto?) to a location betwsen the collimator and the 

target (~igure 3.2.3). Bs iz. the case of the detector, 

geometric constraints detzrmineZ the exact position of 
., - the chopper. kiagena & ha;ve suggested that 1 = st 

-io is an effective com~romise between intensity and resolution . 
Since, the collimating arrangermnJ~ already in use in the 

vacuum system bras not adeqxace to satisfy this constraint 

for the new locatlon sf the chopper, a third orifice was 

added which dircinished fZe bezm dimension, 1 t, at the 
chopper to the wiG-;h st (=  1.75 rm) 02 the chopper slot. 

Finally, Ciesorbing particles striking areas adjacent 

to the deteccor ac~ive zone and eventually scattering inJco 

the detector may give rise to a spurious signal. To prevent 

this, a final aperture wss placed between the target and the 

detector. Figure 3.2.4 gives a schematic representation of 

the en-tire beam modulati.on sysbm. 

3.3 The Form of the Setector Response 

3.7.1' Response for the Limit as 7 Approaches Zero 
The ideal model of the adsorption-desorption process 

in this experiment has been discussed in Section 2.4. We 

now wish to consider the response of the detector as a 

function of tine for -ibis ideal model. The assumption ofmxit 

thermal accomodation of the adsorbed molecules to the 

surface temperature is fundamental in this analysis, and 



is COT+" L,lmed 2 pos2<eriori by tile aagnitude of the sA~ay times 

measured in -".h iriAb 7 r. ALL, .---- -e < . r ~  ,- .p -'- -- 
L L ~ I I C L *  ir b * 

Consider the response of -!!PLe detector to a single 

pulse of molecules adso:cbed on the target surface. 

Initially, these ~olecules have zn average coverage density 

. This -two-6ii~sasior;;l i-yer of adsorbed molecules can 

be thought of as a thrce-dinensioi:sl gas in a box, and the 

target surface can be rcpldcsd by a sliuJ~ter ir one w&il of 

the box. The molecules of the  gas have a 1~iu';ilber Censity n 
- 0 

proportiond to, coy "fii  h2ve a xaxweliian distribution of 

veloci"i;~ correspordfng $6 t i l e  -I--,n-- ~c~i~i~el_la-'c;~re of the surface. 

Let the molecules reL,-.' 3 L ~ i i  ""  bed from -khe 't;arge4i; surface '~e 

thought of as streaning th.rough 'chis shutter of area A, 
I, 

. " (equal to the effecCive ailea 02 the bearu footprriJi; on the 

target) into a regLon of sufficiently low pressure that 'the 

flow is free molecular. Now consider the number density 

nd(t) of molecules arriving at a detector a distance L 
from the shutter when the sliutter is opened for an infini- 

/ 
tesimal interval 6%' at " - - t . It is straightforward to 

show that this density obeys the following relation (see 

Appendix I). 



where C is a coc;.,ctzi~"ci:;~de-~e;.ideiit A of zime. Now the detector 

signal ~ ( t )  is prcpor-tio:.ial to the density nd(t) 30 tha-t: 

where C is equal 'GO C r;i-~l'l-i;E;lied by a coustant of propor- 1 
tionality. The valua af tii~e, ta corresponding to a 

maxinm 03 ~ ( t )  for z e r o  stay -b=rq3 I i r ~  is easily show-ri to be: 

3.3 .2  Response as Nohilied by a D istribution of Stay Times 

Now let us consider ';he case in '~ihich the molecules 

all strike the target st tine t - 0, but have an exponential 
"-'P' dis.tribution of stcy tines with m a n  value 1 such that 

the effective nmber density of molecules remaining adsorbed 

on the surface at any tine t is no exp ( -  t / ~ ) .  The 

detector signal in this case can be thought of as the 

integral of dS (t ,.t ) over t' where 0 h t 5 t and 



7--  L-, where C 2  = no C1. ~c~~odacing dimensionless times: 

where C3 = C 2 / P  1 

Now if 7 is much less than t, ~1 . (ri= 0) = PL/&? (or, 
n 

in other words, if 7441) it can be shown (Appendix 11) 

that the value of dimensionless time corresponding to a 

maximwn of s (%) is given by: 

Reintroducing dineilsional quantities and solving for "i c- : 



This res-~l-k iz EquaJULcn ( 7 . 3 . 8 ) ,  says that for mean s-tay 

times which are snail cin13a~od to the value of time for 

the response rnaxiliurri, the s-Lay time is given simply by the 

shift in the maxima of %ha reapocse curves for the cases 

y f 0 and 7 = 0. Of course, the respollso of the detector 
/v for the case i = 0 is ilot deiieriuine8 experimentally, but 

is calculated froin 3e;~laxion (3.3.3) ( this has Seen 

.verified independently9). 
/LA 

The exact val-de of t m ("( ) call be obtaine6 fron 

Equation (3.3.6) 'oy using ri-x~orical me tiiods to find 'ihe value 
/v 

of t for which the inJcegrdl 

is a maximum. The results of this analysis are shown in 

Figure 7.7.1. which is a plot of 7 m ( e )  as a function of 
A/ A . Note that for small values of , t,( 7 ) approaches 

the value given by the approximation b given by Xquation(3.7.7). 

In thk range of experimental data ( Y40.3) the error in 
Ad 

the detemination of i using the approximate relation, 

Equation (3.3.7) is r10 greater than 10 per cent. The 

details of the numerical analysis are discussed in 

Appendix 111. 

It should be noted that in Jibe preceding discussion 

it is assumed 'chat all the particles in a given pulse arrive 



(I- 



idealization, 3-at it 2s v-' - A d  zp~roxim~tio~ to the 

real situation if the tlxe rey~ired for the slot to pass 

through the beam Ls small corn-&red to A - t .  The degree to 

which this assw-rxJ- .A& ,ion ' is me'; expe~irGeil~cEi11y is discussed 

in Chapter V. 



E;DE2IMENTLL 2ROCED'EiE A33 REDUCTION OP DATA 

4.1 Procedure 

The experimentel procedure consisted of the following. 

With the target holder place iil the test chamber, and the 

chopper disk ro- sting ;t 5000 revolutions per minute, a beam 

is let into the syster: 5y a jg ly ing  test gzs pressnre to the 

nozzle stagnatiorA che~15rr, The detector res2onse is thec 

recorded for the desor?tion of the test gas from the i n r g e t  

at room temperature. The use for this measurement will be 

djscussed in Section 4,2. 

After the room temperature reading, the target-holder 

reservoir is filled with liquid nitrogen. The temperature 

of the target surface drops slowly enough (for texperatures 

below about 105 degree Kelvin) that recordings of detector 

signal can be taken at various temperatures as the target 

is cooling. When the target temperature reaches its 

terminal value, heater coils under the target face are 

used to increase the surface teraperature. The heaJ~ers, 

used in conjunction with the cooling effect of the liquid 

nitrogen, allow the tamperature of the target surface to 

be held constant a$ various temperatures, and repeat readings 

are talcen to check those made while the target temperature 

is decreasing. 



4.2 ReCuction G? Cacs 

Typical dete~kcr sigEals aye 6isplayed in Figure 

3.1.2, The begixni~g of a pulse is signaled by the photo- 

pulse peak at the starx cP the trace, The value of is 

obtained in the following way. A smooth curve is faired 

through the sxeps of the educted trace at the photopulse 

and in the vicinity of t h s  response maximum. The maxima 

of these smooth curves are then selected by talcfng the 

point equidistant froxi the sloging portions of the curve 

on either side of the  m~+xia-zfi. The length (along the 

horizontal axis) 'beJi;ween the maxiriium of the photopulse aad 

the maximum of the response is then measured and converted 

to time by means of a Length-J~ime conversion factor. Ydis 

length of time is the uncorrected value of tm. 

Two correcsions m s t  be applied to the value of t, 

obtained by the aforementioned method. The first of these 

is a correction for the errGr in the photopulse timing 

signal due primarily to the fact that the light bean and 

molecular beam axes are not exactly 180° out of phase for 

the chopper. The effect on t, of this misalignment is 

dependent on the speed of the chopper. For a fixed chopper 

speed, the error is equal but opposite in sign depending on 

t,he direction of rotation of the chopper. Thus, a correc- 

tion can be deterffiined by educting two detec-tor signals 

urLder identical conditLons but with the chopper direction 

reversed for the secor~d reading. The correction is then 
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Thus, t h e  v a l ~ e  ~f 'c, c c i ~ s i s t e n t  w i t h  our  p rev ious  d e f i n i -  
lii 

t i o n  ( S e c t i o n  7.7.2) GZ -bf:~s zero  2s t h e  t ime a t  wl~ ich  t h e  
C 

p u l s e  s - t r i k e s  the s u r f a c e  i s  obta ined  by subJcracting b 

from t h e  uncor rec ted  t a' 

Equat ion ( ~ , T , G )  can now be used 'GO fivio J ~ h e  mean 

s t a y  'cime. For a f i ; r~?d  vai-7 ~t -, of t a r g e t  tempera ture ,  

,b L /a i s  computed, t h e  c o r r e c t e d  v s i u c  of tE is 

obta ined  as descri.5sd above an& th.-iis de-termined. 



RESULTS 

5.1 Results 

Three gases (a-gon, cazbon dioxide, nitrogen) were 

used with the stainless steel target. The results for 

carbon dioxide and ni-brogen are less substantial than 

those for argon and will be considered first. Mean stay 

times measured for niJiroger are shown in Figure 5.1.1; 

stay times lor C02 are shown in Figure 5 .1 .2 .  It is not , 

the intention of the author to represent these resulA<s as 

being of quantitative value, The scatter in the daka is 

simply too great. However, it is indicated that stay times 

of the order of seconds may he present for the range 

of temperatures shown and that by lowering the target 

temperature this stay time does appear to increase. 

Certainly, further expcriixentation with these two gases 

Is indicated before any quan$itative conclusions regarding 

"chese data might be made, The remaining discussion in this 

chapter will be understood to apply to the results for argon. 

Mean stay times of argon adsorbing on the present 

stainless steel target are given in Figure 5.1.3, The stay 

times show an increasing trend with decreasing temperature. 

Stay times of the order of seconds were neasured for 

temperatures below abou4c 85°1C. Error flags showfl are for 
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o~tside limit estime4;ss of uncwtain?iies (see Appendix IV). 

The stay tine date for zrgon cLi2 3e used to estiirlate the 

value of the heat of ajsorpzion for argon on this test 

AJ surface, Using a value ol i oi' 50 Asec at a -temperature 
- 

/ 
of 95OK indicated by ~'lgure 5 .1.3, and ass-miing a vslue for 

qJ0 of 2 X 10-l7 seco~~ds (Section 2.5.1) the value of the 
heat of adsorpti0n.i~ calculated by Equation (1.2.9) to be 

3.7 k cal/mole, in good agreement with estimates given in 

Section 2.5.1. However, iP Log 7 is plotted as a funcJ6ion 
I- Of F for &leJ UL.L~ da-Lz,, and a slop2 is inferred from %he 
I 

plotted points -60 ob;ain U end *Co, 1he results sre en-Li- , eiy 
different. Figure 5.1.4 is such a plot. The two ~0lia 

vertical lines indicate the range of measured valaes of 

at temperatures of 82.5OK and 100°X. The two dashed lines 

have -$he minimum and maxir~m slopes that can be inferred 

from the data. The range of values of yo and U indicated 

by the slopes and intercepts of these lines is: 

To: between 1.7 X lom8 and 1.5 X lom5sec 

U: between 1.50 and 0.28 ~cal/mole 

The lack of agreement between these values and expected 

ones is presumably an indication of two things. First, at 

higher temperatures (lower 1/~), the slope of the stay-time 

curve is deformed (slope diminished) by a resolution or 

small systematic error limitation which caused stay times 

larger than actual 'GO be indicated. Second, at temperatures 

below abou4; 85OK the heat 09 adsorption decreases (due to a 
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coverage~depzn6ence efZ3c-L discussed in Section 5.2) rapidly 

as the tempe-n-i->-- IG,drc is Lowered, again Ciminishing the slope 

of the stay-ii~e curvs, 3y cor~parison, the broken line 

show in this figure ia the ex2ected variation of 7 wi-i;;? 

1 if 6< were taken s,s a aore reasonable value 

( 2 X 10-'~sec) and I7 were taken as 3.6 K cal/mole to make 

this line pass through the center of the data. 

5.2 Limitaa-Lions of the D.- CL - -  b a  

In Figure 5,l.Y Juhs ruri nmbers indicate runs mzde on 

different days over a seriod of several weeks. The zrgon 

results,although having a large amount of scatter, are 

reproducible over day -60 day experiments within the 

uncertainty of the measurement (see Appendix Iv). This 

uncertainty is primarily the result of noise in the detector 

signal leading to an u-ccertainty in the posiJGion of the 

response maximum as plotted by the chart recorder, and hence 

an uncertainty in t,. 

. In Figure 5.1.7 the values of 7 shown are calculated 
by use of Equation (3.1.8) which is only approximately 

correct. Figure 3.7.2 shows that the error in this approxi- 
"-d 

mate equation increases with Y . Since I,, the target- 

detector traverse length, is a constant in this experiment, 
+ 

the value of 7 depends only upon the dimensional stay time 

and the target te~perature, For the lowest target tempera- 

tures and greatest stay times achieved for the argon 



experiment, the api?roxila&cz f O T ~ G J ~ ~  un2eres tirnat es the 

value of the stay timz Sy slightly less xhan 10 per cent. 

The correction which co -d l6  be applied to the argon stay 

times to account for uhis ezror is not large enough at 

the temperatures and s-bay ---  lhes 02 the experiment to be 

significant when compared with J~he large uncertainty in 

the measurement d-de '60 noise in the detector signal. 

At lower tem2ere-kures the following anomaly was 

exhibited by the azgon Osta. AC a given tem2erature, wheil 

successive measureixenya oZ ';he s-my tias were xa<e at five- 

minute intervals, the aeasured stay tine decreased for each 

. . successive reaalng, 3<"c exh.i7ai-Ling  is phenomenon are 

shown in Figure 5.2.1, Insufficient data have been obtainsd 

to be a51e to ide~tify the exact temperature where this 

effect begins to occur. Only two tests were conducted, 

one at 82.5OK, at wliich the effect was present, and another 

at 85.S0K where it was not. 

Before considering an explanation of this effect, 

consid,er conditions sin "cat? test chamSer. The -barge% a 

surface of machine roingbness, is (in addition to the 

molecular beam) subjected to an atmosphere of lo-" torr. 

Principal constituents of this background atmosphere are 

water vapor, nitrogen or carbon monoxide and diffusion pump 

oil vapor, all of which will undoubtedly adsorb on the target 

surface at %hese te;qi.ra"cures. Thus the layer of adso.cbate 

on the surface consists, in part, of a combination of all these 
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coxs t i t uen t s  ss well  as "' ,fie nrgm a t o a s ,  I n so fa r  as t h e i r  

7;otal o r  i n d i v i d - ~ a l  coverage is scae appreciable  f r a c t i o n  

03 a monolayer, thes5 s-l-?-- u ~ ~ ~ I  gases w i l l  a f f e c t  the  argon 

XeJcurning i low t o  the  time-dependent e f f  c c t  rncntiored 

above, the  following a l t e r n ~ t e  p o s s i b i l i t i e s  a r e  advanced: 

a )  A t  h igher  tcageratirces in 'che range of experimeatal 

measureme;its, che noa.-argon a6sorbaJl;e rernains 

r e l a t i v e l y  cons-Lant f o r  t he  more permaneatly 

adsorbed gases ,  This would be the  case f o r  

sa-burabed cover2ge of chemisorbed consJi;i t t lents 

aad physisor5ed gases s.ac21 as water vapor. Below 

about 85OK, ho~veverr, the  iiature ox" t h i s  sa~'CuraJ~ion 

wi th  respec t  t o  one o r  more background atmospheric 

cons t i t uen t s  i s  a l t e r e d  and a new higher  sa tu ra -  
-X 

t i o n  l e v e l  i s  &pproached. However, s i nce  the  

coverage i s  time dependent, t h i s  implies5 t h a t  the  

mean s t a y  time corresponding t o  t h i s  new l e v e l  i s  

, l a r g e  compared 'GO t he  time of t he  experiment. 

b )  Below 85OK, the  f r a c t i o n a l  monolayer coverage o f  

some of the  background cons t i t uen t s  ( m o s t  l i k e l y  

those lower molecular weight p w p  o i l  vapors which 

a r e  no t  e f f i c i e n t l y  t rapped i n  t h i s  range) becomes 

%- 
For  example, t h i s  might correspond t o  a phase change o f  
sone adsorbed  const i tuen- i ,  o r  the  beginning of mul t i i ayer  
adsorpt ion.  



suff icienL~lg lzrgc -;o >.sve a significant 

effect on t:hz n , t c r e  ol che argon adsorp- 

tion. Again, J~he ti~e dependence must imply 

that these ci;j1stiJi;uen"i;s have mean stay "cimes 

which are larg,.: com2ared to the tLme of 

A? bne experixent, 

In order to by2ass this time-dependence effect zt 

,o, the lollowing experiment lower s.urface tempera";;*d~.'~=~ 

was carried oir-t. Carboil dioxide was bled into "the test 

chamber in sufficient qv.an-iity 'GO raise the total back- 

& pound pressure from to 10- borr. This insured thgt 

the flux of CO:, roolecules onto -cLe target snrfaoe was an 

order of magnitude greater ihaa the total flux of all 

other backgroilnd gases. Since C02 should contimally 

condense on the surface at these temperatures, the coaposi- 

tion of the surface Layer seen by the argon beam should 

be almost totally C02 and should be independent of time. 

This then should eliminate the time dependence due to 

the adsorption of baclcground gai~es. Of course, this 

method completely changes the nature of the surface, 

and the stay-time results should not'be expected to 

correlate with those f o r  the steel surface. In fact, %he 

heat of adsorption of argon on C02 proved too small to 

be measurable within the resolution of these experimants. 



I-: wzs stated 4n SecxPan 3.3.2  hat the time dura- 

tion hallwiiith &. '- oZ the incident beara pulse should be 

much less than the tlze Curation halfwid-th At of .the 

detector response. EliS is req-aired because a finite 

value of A t  distorts -the de-Lector signal from the form 
P 

predicted by the analysis of Section 3.5.1. Let the time- 

of-flight resolution ( be defined: 

In this experimenk wwi'ih %he -barge4; at room tenperature, 

f( 2 12. Purtheraore, as the -iiargeii temperature decreased, 

A t increas'ed approximately as the inverse square root 

of the temperature, while A t  was held constant. According P 
to Nagena and ~arrnal', the distortion of the signal, ' as 

measured by a percenJ~age change in At, is less than 1 per 

cent for 4 2 12. 

Due to symmetry, lor fixed ( , the percentage 
displa,cement of tm will be approximately an order of 

;~iagnitude less than the percentage increase in At. 31Phus, 

even though the measured valaes of 7 here are small compared 
A t,o x, (0.01 t, -to 0.2 $), the condition 0;)? 12 should assure 
that there is insignificant error induced in 7 due to finite 

time-of-flight resolu'ciou. That is, R ?  12 should insure 
N that the distortion o f  r is less than 0.001 tm. 



The time-of-firigl~t method described herein appezrs 

to be f edsible for ths measu:cement of adsorption stay 'ci~es, 

The resolution linitation apparent Srom the initial results, 

4-1 however, indicaJ;es b ~ i a ;  -the ~~ethoci would be more sui-table 

for the meas~rexen-t 02 sometvhat longer sJGay times, In fact, 

longer stay times weze anticipated, but the effect of the 

undetermined conbiaktLon of several riore or less permanently 

adsorbed gases on the stainless steel surface was to 

diminish the heat of adsorption, and thus the stay time, 

significantly. 

Furthermore, '~Cese initial measurements demonstrate 

the inadequacy of conducting stay-time experiments on a 

surface whose nature is dependent on time if valid estimates 

of yo and the heat of adsorption are to be deduced from the 
data. The method of deposition of C02 on the target surface 

for the elimination of time-dependence does not appear to 

be feasible for argoz on C02, at least not at the tempera- 

tures of this experiment. Possibly this method would 

produce better resultss, that is, longer stay times, at 

lower target temperctures such as might be obtained with 

some method of cooling other thzn liquid nitrogen. 



G~ided by t k L s  s k ~ v e  flncings t he  fol lowing i s  

offered ss a  posslbLe i ~ ~ r o v e r ~ e n t  on the  tirne-of-flight 

experiment. 

1. Use a c i e ~ r ~  t a r g e t  srirface such as might 

be obtained by vapor-deposili i lg a  metal  

oil a  s r ibs t ra te  i n  a vacuui.  

2 Maintain t he  c l e a z  na ture  of J ~ h e  sur face  

by ope ra t i r~g  a t  x~uch lowe: background 

-pressures A> ~ . i u , ~  .- v the  l e v e l  of th is  

experiment. 

3 Provide a r n e ~ l ~ s  of coo1 * L L ~ ,  '-rn 'che t a r g e t  t o  

much lower t e ~ ~ p e r a t u r e s  than that of 

l i q u i d  n i t rogen .  
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'3 - r-Js - C3-d (d l  "6) 

L 

.-.- To cxte3- i  gn;l, ,*,.-, zr;d gA-j a r e  sc j -Lzb ty  sr;r;al j ,  k q ,  
\r 

' G u p p o s z  r,ow J ~ h a t   ha t a r g e t  is provided wirh a 

s h u t t e r  t h a t  opens  =:c a ;  Eew p a r - t i c i e s  t o  d e p z r t  o n l y  
/ ' r.*. 

dc rZng  t h e  % n t e r v a !  Lo t o  to+ 6 b 0  . Furthermores l e t  
P 

us ss;unc - 6;; , -: :q b ( i,l .. we & r e  i n - t e r e s t c d  i n  

t h e  dciccdc.or re,~occr i o c ~  ~ F l e s  ? h e  s h u t t e r  @Issss, I t  

foi  1 o~$is f o r  t h  i z  rha4- P(I/P-L~ a/) i s  ~ S o w E y  varying 



f 6 4  4i.5 
jn'  - Eiij 

(AS * l  "i 

l A  4 . l  1 s.2 2. 
L' L -,. 

8' 
....- .;, L<$ c s s  8 $ &. - (A4  .1 2) 

1 3  

Substi C u x i  ng f o r  -7 ( v =  L/C-2' o ) Croro E q .  ( A ?  .T ) 

and the approximate equality n o t a t i o n ;  



E q ,  ( A , ?  .?k:-) S s C;L : ~ i  l ,i;T X G  ELi, (3,3,1 ) s f  t h e  t e x t  i, 



, * ~ l h e r e  a l ' f  2  as ;%:-$ :-,5;",i;ik :r',2;-;r; 3cna f j zci: v j i t h  fea '~c- .c-L t o  
, - ,  . . /U 

p L  vA* i3;$spi 'LG --". ' .*, 
-.*' , , ,,, e/ajce 0.; -t f-07 w h i c h  I L 

d3" iec"coi  r e s p o i ; ~ ;  ;,: G ,  r ; t ~ ; ; , l r ; , , ~ ; ; " ; e   sene^ -;;he d?-tec{;o;* 

response is mere: u ,:: eo,*s~,-<nn.i r ; ~ j . i . ; p i  j e r  0-r G .i - t h $ ~ .  ., i s .  

-$- C=' 

/v 

v & :  I;? (A? ) f o r  h a ~ h i ~ h  G $;? equiva j s f i " c . ~ O  * ; fid i n p  
. " "  - >  

J n? 

Eq + (n2.7 ) a , ~ 9 %  if i a iauch 1 c ~ s  t i - -  1 . 2 . 8  - i 
N 4 n the & nik9ra-t  j o ; ? ~  

'=-I P 

e x P ( M  ) a;,Bi*OS;cfi ,31; i‘."3'.'m i i & ~ ; i  more rapid1 y thaiq t h e  

&-LC 5 - 2  --, 
i s  essenticf : y  eqd;: -Lo C X P ( - = L  i n i s  means t h a t 9  

KJ /" f o r  a 3 4 4  e s  t h e  i n - t c c r a $  G may b z  evaluated u s i n g  

@ 
To o b t z i n  - t h e  v z E ~ c  of t f o r  w h i c h  G I s  a m a x i m u m *  

N & 

*cake  ;G u s i n g  L c . b f i j - i z '  rui c 9  and set -- d(; =O a t  t = ?,(Ti'): 
*f d'f 

fi' 
b, ," 

& - " 2  6. -it 
dG - ~ Z # J ~ J  (eyp(-$)~3i3r-(-k--c) 1 (-&--bf) 
dFL L 

J 
0 

e 



/", . . F o r  - % ,kr, -tc:r-;r.; 5ri :he I i r t t e g r a n d  can be  

n c y  i e c t  i r , ~  t z r , ' nu  of o ; ~ ~ r -  ($ / /6 )22  we o b 5 j j n 2  a - f t r i  

Lq,  ( ~ 2 ~ 4 )  esn b e  P C G L  Z l y integrated Lo obSt& in :  

0 

w h e r e 9  c o n s f  stzn.2 i v ; " i  o w  rsira'gi f ial  assurnptfun o f  1 r 

A4 6 F j i c &  rcpri.sc2,t3 f i e  obi -t-S: i .i e ,  d u e  "L o i!.rl H Z be  

smaE t compared t o  ons, U s l i q g  Eq, ( ~ 2 ~ 6 )  'in E q e  ( ~ 2 r 5 )  and 





/v 
It is required to 9ind the value of t for which the 

in-t egral 
/V 

is a maximum. To do this, let -the interval of integration 
P 

(0 to 7)  be broken up into n eqdal intervals At i. Let 
/ "  

-the integrand, I (t ,cf ) be evaluated at the center, % i 
w .'- 

of each interval A t I Eolding 7 constant, the integral 
is evaluated by the sun : 

ew 
This step is then repeated for another value of t and 

another, et cetera until the value of % is found for which 
G is s maxirnuui. This value is ra ( 7 ) .  This process in 

P # 

turn is repeated for a different value of . tD1 ( ? )  

can be found to any desired accuracy (given sufficient 
P 

cornputing time) simply by rnalcing the intervals A t I 

sufficiently small (n sufficiently large) and by taking 



0' t he  success ive  t r i a l  veluos 02 t s u f f i c i e n t l y  c lo se  

toget+er .  These comp~~cc"*~l;ion.s weye c a r r i e d  out  on a 

Burroughs I35500 coapu'ser "i;lcixg il .= 100,  and l a t e r ,  taking 

n = 1000. n = 1000 i s  considered t o  be a l a r g e  enough 

number f o r  "the accuracy des i red  i n  t h i s  a l ia lys is  f o r  %he 
P-L- 

fol lowing reason. The value of 4; (? )  found by tak ing  m 
n = 1000 changed s l i g h t l y  ( l e s s  than 0.3%) f r o m  those 

obtained wi th  n = 1 G O .  Purther:aoi:e, i n  the  case of n - 1000, 
rv 0- 

t he  t r i a l  increments of t were t y p i c a i l y  = .005 t, (? ) . 
Therefore t he  acc-ul-acy o f  ieJcermination of (5 ) as a 

P-. 

func t ion  of 7 a s  shosm. ill 2;?Sgure 3.3.1 i s  about; 9 9 . 5 % .  



wf ,erc  g g b s e ~ j p t s  c &,;**& [I,( dcjo-Le C O ~ ~ C C ~ G ~  zfetd m e ~ s c r c d  

v z  1 uc.s rcu2c.c-k i v C ;  ) I*  ,:;i.;,2:~~e.~ Jih--L LA Ir f o r  a g i v e n  cjeonetry zrfa 

P 

cnogpe r  m o t o r  specCs C .-- ccnelsn-c,  Raw a c c o r d i n g  elci t h e  ' 

anciyais of  i c c - i l o n  j.3*'1 ;nu Appendix I i  9 f o r  T<< tf;(T) 

( a p p ;  j e s  t o  t h e  " t 5 ! ! ,  w , 4 ,  OF k h c  d a t a  5 * 

C o m b i n i n g  E q s .  A -  ,ad (A4.2) a n d  solving f o r  Y : 



S i n c e  bo-ch v a 9 ~ i c z  o - ,~  Y,, ;n Eq, (A4-5) a r e  now 

u n b @ r s Q o a d  - io b e  mcueb,re< v;iuese 1 ~ - L  us a d o p t  a rlapc 

m 
where X --. ( -a" LA' * 

Now consider xi -~e u n c e r t a i n - t y  AT i n  t h e  mean s t a y  



-- u s j n g  k q s ,  ( ~ 4 ~ 2 ;  $,> a n d  L ~ S . ;  E wg a p p r s p r  f a t e  

A -fR c 0,s " K  ( precision t he rmor~c t e r  
mchsurement  ) 

B L. -- 5 min ( a !  i g n f i - ~ n t  s f  ' t a r g e t )  

A tm,2 = B p s e c  ( h a l f  t h e  width of one 
c d s c t o r  s t e p )  

l n f l u e n e e  - the  s i ~ n a !  n o i s e  could have i n  determining t h e  

ranged f rom 3 3 to 51 ,&see depend ing  on t h e  d a t a  szmpl c d .  

T h e  e r r o r  f l a g c  $l"t~v:ri"l In F i g .  5@1 .3 a r e  o b t a i n e d  by u s i n g  

t h e  above  e s t i r ~ ~ t c d  br,ecr-tainJcS@s 'in E q ,  (A4,3) i t  should 

b2 p o i  n y u d  $ ; + ~ - t  Q:,("T) anG ~ L L - % ~ ~ R  G C C O U R ~  f o r  most 0-f 






