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ABSTRACT 

Determinations of the thermal accommodation coefficient are 

made for helium and argon interacting with an amorphous glass surface. 

These determinations were made using a thermistor, specified as being 

coated with a Corning Type 0120 glass, as a test surface. An all-metal 

stainless steel vacuum system employing ionization pumping was used. 

A model was synthesized from existing continuum accommodation theory 

to predict the thermal accommodation coefficient of inert gases inter

acting with amorphous surfaces. The experimental value of 0.2 for 

helium interacting with Corning Type 0120 glass was found to be consis

tent with four accommodation coefficient theories which collectively 

yielded an accommodation coefficient value of 0.184. The experimental 

value of 0.65 for argon interacting with Corning Type 0120 glass was 

not consistent with the theoretical value of 0.902. In the process of 

theoretical verification, the mechanical interaction parameters were 

determined. For the interaction of helium with Corning Type 0120 glass, 

â  the Morse range parameter was found to be 1.67 A and the Morse 

potential well depth was found to be 0.198 kcal/mole. The Debye temper

ature of the Corning Type 0120 glass was found to be 332°K. The helium 

experimental data correlated well with existing helium on glass accom

modation coefficient data. 

viii 



CHAPTER 1 

INTRODUCTION AND BACKGROUND 

This thesis is concerned with an area of investigation which 

is known as rarefied gas dynamics. Rarefied gas dynamics is con

cerned with the phenomena which occur in a gas or in the vicinity of a 

surface in contact with a gas when the gas density becomes suffi

ciently low that the mean free path (average distance a gas molecule 

travels between adjacent encounters with other gas molecules) is no 

longer negligibly small compared to a characteristic dimension of the 

flow geometry. A phenomenon of great recent interest concerns the 

exchanges of momentum and energy between a solid surface and contigu

ous neutral gas which are caused by collisions of individual molecules 

of the gas with the molecules making up the solid state of the body. 

Next to the body surface within a layer of space having a 

thickness equal to the mean free path of the gas molecules (sometimes 

called a "Knudsen layer" because of the pioneering experimental work 

conducted by M. Knudsen (1911) on rarefied gases interacting with 

solid surfaces) lies the origin of aerodynamic force and heat trans

fer effects on the body. Within this region, if the classical 

"no-slip" approximations (namely the gas temperature assuming the 

wall temperature value at the wall and the gas velocity being zero at 

the wall) are valid, the aerodynamic force and heat transfer effects 

1 
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can be determined by proper application of the equations of continuum 

gas dynamics. If the "no-slip" approximations are not valid, kinetic 

theory must be utilized to solve for the aerodynamic force and heat 

transfer effects on the body. While the "no-slip" approximations are 

quite valid at sea level pressure and density, at the lower gas den

sities, which are the concern of this investigation, experimentally-

determined gas-surface conditions must be used. In particular this 

thesis deals with the efficiency of energy transfer between a solid 

surface and a contiguous inert gas which is at a temperature differ

ent from that of the solid. 

1.1 The Accommodation Coefficient 

When molecules in a gas at temperature T interact with a 
s 

solid surface at temperature T , where T t T , the ratio of the rate 
s s g 

at which energy is transferred between the surface and the gas mole

cules to the maximum energy which could be transferred as a result of 

diffuse interaction is known as the thermal accommodation coefficient 

(henceforth called A.C. in this thesis). Consider the process of 

incomplete energy exchange between a gas at temperature T and a solid 
8 

surface at T as shown in Fig. 1. The average energy flux across the 
s 

gas-surface interface is the difference between the rate at which 

energy is transported by the incoming molecular stream (from all direc

tions) and the rate at which energy is carried away by the receding 

molecular stream. If the gas density is sufficiently low, the two 

streams may be assumed independent of one another. If the average 

energy per molecule in the incoming stream is e (corresponding to 
8 
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Fig. 1. The Gas-surface Model 



temperature T ) and N is the number of such molecules striking the 
s 

solid surface per unit area per unit time, then the incident flux of 

energy Ne = E . Since the interaction between the gas molecules and 
g g 

the solid surface is incomplete, the average energy of a molecule in 

the receding stream, £r, may be considered as the average energy of a 

molecule issued from a gas at some temperature, Tr, such that < Tr 

< T . The energy transported away from the surface per unit area per 
s 

unit time is given by = Nê  (since there is no net accumulation of 

gas at the surface, = N̂ )̂, and the energy flux through 

the surface of the solid is given by Er - Ê . If the energy exchange 

were complete, i.e., if the receding gas stream were to possess the 

same average energy per molecule, £ , as would a stream issuing from a 
s 

gas in equilibrium at the surface temperature, T , then the energy flux 
s 

through the surface would be E - E , where E = Ne . The ratio of 
s g s s 

these energy differences describes the average efficiency of the energy 

exchange per collision between the solid surface and impinging gas 

molecules and leads to the A.C. defined by 

E - E 
A.C. - (1) 

S g 

The above expression for the energy or thermal A.C. was intro

duced origionally by M. Smoluchowski (1898) and named "accommodation 

coefficient" by Knudsen (1911) who did pioneering work in this field. 

Knudsen (1911) himself defined the A.C. in terms of the temperatures 

of the molecular streams as a measure of the extent to which gas mole

cules which strike and rebound from the solid surface accommodate 
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themselves to the surface temperature. His formula 

T - T 
A.C. = Tr _ Tfi (2) 

s g 

can be obtained from Equation (1) by setting E = N (2kT) where k is 

the Boltzmann constant and e = 2kT represents the average transla-

tional energy of molecules which actually collide with the solid sur

face. This energy is greater by 1/2 kT than the average translational 

energy of the molecules in the bulk of the gas; for discussion of 

this phenomenon, see, for example, Loeb (1961). In many of the early 

theoretical papers on energy accommodation, the A.C. is defined as the 

limit of Equation (2) as AT = T - T approaches zero. This gives T 
s g r 

full status as a temperature and gives final expressions for A.C. as a 

function of a single temperature, T . Many experiments have shown, 
g 

however, that the value of the A.C. is insensitive to the magnitude 

AT, even when AT is varied over a considerable range and that the 

value of the A.C. depends only on T , the gas temperature. The only 
S 

exceptions in this behavior of the A.C. which has been reported 

occured when Tg, the surface temperature, was less than 50°K; see, for 

example, Menzel and Kouptsidis (1967). Thomas (1967) claims that this 

dependence on T at low temperatures is caused by the adsorption of 
s 

the gas molecules on the surface. 

Any practical theory of the energy exchange across the solid-

gas interface is necessarily very complex. Included must be the 

dynamics of the lattice surface atoms, which are coupled to the under

lying atoms and to each other. The interaction potential between the 
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approaching or receding gas molecules and the lattice atoms must be 

known. Impinging gas molecules of all energy distributions and all 

angles of approach must be considered for all the areas making up the 

surface. As yet unresolved is the extent to which classical mechan

ics can be applied in the treatment of the problem. The theoretical 

problem is indeed a challenging one, and many investigators have pur

sued the problem based on models greatly simplified from reality. 

These simplifications are necessary, however, if any results are to 

be obtained. 

Unfortunately there is a lack of a single unified theory of 

gas-surface collisions which deals in a reasonable way with all the 

features of interest. In fact, there is a great abundance of theories 

in current use, ranging from very simple to complex, some using clas -

sical mechanics and some using quantum mechanics. This vast array of 

theories is a source of some confusion to people working in the field, 

not to mention outsiders. Some of these theories are approximately 

valid, or at least useful, in certain regimes; some of them are not. 

In order to assess the validity of these theories or to determine the 

regime of their validity, reliable experimental data to which the 

theoretical results may be applied are essential. 

The primary objective of the present investigation is the 

experimental determination of the A.C. values of inert gases contigu

ous with amorphous glass surfaces. This differs from most previous 

studies in that amorphous rather than ordered crystalline surfaces are 

investigated. An amorphous surface differs from a crystalline surface 

in that there is a lack of periodicity in the atomic structure. This 
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is shown in Fig. 2 which portrays crystalline SiĈ  (quartz) on the left 

and amorphous SiĈ  (fused silica) on the right. The diagram on the 

right of Fig. 2 may be considered as a prototype of an amorphous sur

face. Glass was chosen for this investigation since it is the most com

mon amorphous surface. One possible practical application of A.C. data 

for glass surfaces is aptly described by Oman and Calia (1969, p. A5): 

More and more we find that glassy surfaces are used on 
vehicles (satellites): solar cells, windows, and surfaces 
for long-term thermal control (Optical Surface Reflector). 
No one knows a way to characterize the surface structure 
of glass, nor is there even a way to determine the surface 
composition of a given glass. By directing our experi
ments to glassy surfaces, we can learn how solar cells 
surfaces will "look" to incident atmospheric species. 

The increased interest in the field of gas-surface inter

actions over the last ten years can be traced to its relevance to the 

motion of bodies such as earth satellites under rarefied gas condi

tions. In addition there are other more general, and in the long run 

perhaps more important, reasons for studying gas-surface collisions. 

Many processes such as surface chemical reactions, catalysis and 

growth of crystals from vapor involve the adsorption of the gas 

species at the surface, and in these cases it is important to know 

whether the gas molecule will be trapped at the surface or reflected 

upon its initial encounter with the solid surface. The determination 

of these trapping probabilities, and also the finer details of the 

interaction, is one of the aims of gas-surface collision theory. At 

present, calculations of trapping probabilities have only been made 

for very simple systems, such as inert gases on crystalline surfaces, 

and even these calculations are not very reliable. 



Crystalline SiÔ  (Quartz) 

b. Amorphous SiC>2 (Fused Silica) 

Fig. 2. Crystalline versus Amorphous Atomic Structure 
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Another important reason for studying gas-surface inter

actions is that with the aibility to understand and interpret the scat

tering of atoms from surfaces, one is provided with a powerful tool 

for the study of the surfaces themselves. An impinging neutral gas 

atom possessing thermal energy of the magnitude of only a few electron 

volts does not ordinarily penetrate the outer atomic layer of the 

solid. This represents an important advantage of low energy neutral 

"gas-surface interaction studies over techniques such as LEED or HEED 

(low energy electron diffraction and high energy electron diffraction), 

where, even at the lowest energy levels, the electrons penetrate to 

some extent into the solid. The study of neutral low energy gas-

surface interactions should, therefore, provide information about the 

topography, structure and degree of impurity coverage on the surface. 

It was with these potential advantages in mind that the present inves

tigation was undertaken. 

1.2 Historical Background 

Kundt and Warburg (1875), in an attempt to verify Maxwell's 

(1860) hypothesis that viscosity is independent of gas density, 

investigated the effect of varying gas density on the damping of a 

vibrating disk. The gas behaved as predicted over a wide range of gas 

densities, but at low densities viscosity appeared to decrease with 

decreasing density. Kundt and Warburg proposed that the interaction 

between a low density gas and the solid surface is incomplete and sug

gested that a gas at low density slides or slips over the surface 

which is transmitting shear to it. Maxwell (1890) accounted for the 



slip phenomenon by assuming in the treatment of viscous flow a portion 

f of every unit area of solid surface "absorbs all the incident mole

cules, and afterwards allows them to evaporate with velocities corre

sponding to those in still gas at the temperature of the solid, while 

a portion (1-f) perfectly reflects all the molecules incident upon 

it." Maxwell's hypothesis implies that the energy of the molecules 

reflected by the (1-f) portion is not changed during interaction with 

the surface and suggests a thermal analog to the phenomenon of vis

cous slip, i.e., a temperature discontinuity at the interface of a 

solid surface and a contiguous low density gas at a different temper

ature. Smoluchowski (1898) verified the existence of the thermal 

phenomenon by measuring the heat conducted by hydrogen from a heated 

glass thermometer bulb and found that the energy exchange between the 

gas and the solid glass surface to be incomplete. 

Soddy and Berry (1910) and Knudsen (1911) began to consider in 

detail the phenomena of molecular rather than molar heat conduction. 

As mentioned previously, it was Knudsen who introduced the term 

"accommodation" to connote the efficiency of the energy transferring 

process between gas molecules and the solid surface. For the next 

twenty years many investigations were undertaken by various investiga

tors for many gases mostly on platinum, nickel, and tungsten. The work 

of Keesom and Schmidt (1936a, 1936b) will be singled out from this 

group as they represent one of the few experimental results for inert 

gases on glass surfaces. In general the above mentioned early investi

gations were of little significance except to show that the A.C. of 

gases on the various surfaces differed little, that there was poor 



agreement among investigators, that the lighter weight gases showed 

lower A.C. values and that the A.C. tended generally to increase as 

the gas temperature was increased. 

Modern interest in A.C. studies began with the work of J. K. 

Roberts (1930, 1932, 1933) who made the following statement in his 

1930 paper concerning experimental procedures (p. 147): 

Any attempt to develop a theory of the interaction between 
the gas and solid atoms necessarily involves a knowledge of 
the nature of the atoms which make up the solid surface. 
This means that the experimental data must be obtained from 
experiments carried out under such conditions that the sur
face of the solid is clean and free from films of adsorbed 
gas. The present experiments with helium and tungsten and 
nickel wires were carried out with this object in view. 

To maintain clean surfaces, Roberts took care to use the best vacuum 

technology available at the time and chose tungsten as the test sur

face which, having such a high melting point, would allow flashing 

(heating to very high temperatures) and removal of any gas sorbed on 

the surface. Additionally, he circulated the inert gas under study 

continuously through charcoal traps in liquid nitrogen to further 

filter out any unwanted gas molecules. Even with these precautions, 

Roberts observed a rapid rise in the observed A.C. values with time. 

This was attributed to the sorbtion of contamination gases on the sur

face. To obtain the "clean surface values" it was necessary to 

extrapolate the curve of the A.C. vs. time back to the time of flash 

cessation. The results Roberts obtained were considerably lower than 

any obtained for an uncontrolled surface and his results spurred high 

interest in developing the theory of thermal accommodation. 
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The most reliable A.C. data to date are those of Thomas (1967) 

and with co-workers, (Thomas and Olmer, 1943, Thomas and Brown, 1950, 

Thomas and Golike, 1954, Thomas and Schofield, 1961, Thomas and Roach, 

1967, and Thomas, Krueger and Harris, 1969) which stretches over a 

period of approximately 25 years. Beginning with the work of Faust 

(1954), workers in his laboratory began observing A.C. values for helium 

on tungsten which were very much lower than those of Roberts. The 

improved results can be attributed to two reasons. First, by 1950 

vacuum technology had advanced to the point where extremely high vacuums 

(10 torr) could be obtained. This reduced surface contamination by 

decreasing the amount of gas available to contaminate the surface. Second 

was the use of a "getter" in the vacuum system. A getter, as the name 

implies, is a substance which has an affinity for reactive (and poten

tially contaminating) gas molecules but which has no effect on inert gas 

molecules. The gettering effect is twofold. First, while initial evac

uation of the chamber is under way, the getter adds pumping speed to the 

system and lowers the absolute pressure of the system. Second, after 

evacuation is complete the getter continues to purge the system of any 

contaminating gas that may work its way into the system. Using this 

technique, A.C. data for virtually clean"surfaces nearly independent of 

time were obtained by Thomas and co-workers. 

In order to provide a new (and more stringent) test of theory, 

Kruger and Thomas (1970) modified the experimental procedure. Instead 

of calculating the absolute A-C. values, they calculated the ratio of 

the A.C. for helium [4] and helium [3]. Their reasoning for using 

this procedure was that systematic errors that must be corrected for 
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in an absolute A.C. determination would cancel out in the determination 

of the A.C. ratio for helium [4] and helium [3], The degree of surface 

roughness is one of these errors. A microscopically rough surface would 

permit an impinging gas molecule to make more than one interaction 

before leaving the surface. The A.C. resulting from these multiple 

interactions will be greater than if the gas molecule interacted only 

once with the surface. If a significant fraction of the gas molecules 

undergo multiple collisions, the apparent A.C. value would be greater 

than if the gas molecules interacted only once with the surface. 

Other systematic errors that the procedure of Kruger and Thomas 

(1970) is intended to nullify are end-loss corrections, McLeod gauge 

errors, filament resistance error and surface cleanliness uncertain

ties. Kruger and Thomas (1970) also reasoned that all the parameters 

for both cases would be identical except for the increased mass of 

helium [4] over helium [3]. The merits of this procedure as an excel

lent test of theory are presented by Goodman (1969, p. 3856): 

Suffice it to say now that the only relevant theoretical 
parameter which changes as one passes from Ĥe-W to 3He-w 
is the gas atomic mass; the other relevant quantities, 
for example the gas-solid interaction potential param
eters, are the same for both systems. 

Schafer and Gerstacker (1956) conducted the most extensive 

investigation, at least to this author's knowledge, of the interaction 

of gases, both inert and reactive, on amorphous glass surfaces. Their 

results covered a temperature range from 260 to 380°K and included 

eight different gases. Since important experimental details, such as 

surface cleanliness and end losses, were carefully scrutinized, 

Schafer and Gerstacker's results are considered the best available 
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data to date of the thermal A.C. of gases on amorphous glass sur

faces. 

1.3 A.C. Theoretical Analysis 

The first and probably best-known closed form formula for the 

A.C. was proposed by Baule (1914), whose model of the gas-surface 

interaction phenomena entailed collisions of hard spheres. The A.C. 

resulting from the impact of two hard spheres, one representing an 

incident gas atom of mass m and the other an initially stationary 
S 

solid surface atom of mass m , is 
s 

(A.C.) = E4y/(1+y)2] cos2 n • (3) 

where r| is the angle formed by a line joining the centers of the 

spheres at impact and the velocity vector of the incident gas atom 

and y is the mass ratio defined by 

m 
X - 5® <« 

S 

2 
If Equation (3) is averaged over all r)» the (cos r))AVERAGE assumes 

the value of 1/2 which reduces Equation (3) to 

(A.C.)R (5) 
B d+y)2 

where the subscript B in Equation (5) denotes the Baule formula. 

Following the initial attempt by Baule (1914) the theoretical 

problem of determining the A.C. has had two periods of intense inter

est. The first of these from 1930 to 1938 was encouraged by the 

"clean surface" experiments of Roberts (1930, 1932, 1933) and by their 

possible use as a test of the quantum theory. The theoretical approach 
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taken during the thirties employed quantum mechanics which allowed the 

calculation of transition probabilities between translational energies 

of gas, the gas atom and atoms of the solid regarded as oscillators 

with discrete energy levels. In the second period, 1960 to present, 

the approach taken was largely one of classical mechanics applied to 

a lattice of atoms held in an equilibrium position and their response 

to the interaction of the gas molecules. These interactions would 

cause the lattice atoms to displace from their original mass centers 

and in so doing to displace the other molecules to which they were 

coupled. In each treatment the mechanical interaction parameters 

between surface and gas molecules must be assumed. In the two periods 

mentioned there are perhaps 30 to 50 papers involving attempts to 

develop an adequate A.C. theory. See the review paper of Logan (1973) 

for a more complete critique of these theories. 

As will be demonstrated in Chapter 5, only continuum models 

of the surface in an A.C. theory can reasonably be employed to 

describe the interaction of gas molecules with an amorphous glass sur

face. The following paragraphs will review the continuum A.C. 

theories which were found useful and were employed to compare with the 

experimental results in Chapter 5. 

The original continuum theory due to Landau (1935) assumed 

that disturbances generated in the solid by gas molecule interactions 

can be treated as ordinary acoustical waves in a continuum, which are 

assumed to behave according to the linearized equation of motion for a 

fluid, 
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(6) 

where v is the particle velocity, p is the pressure, and p is the 
s 

density. The gas molecules interact with the surface by means of a 

purely repulsive potential of the form, 

U = const • exp[-2az] (7) 

where z is the distance of the gas atom from the surface of the 

solid and a is the range parameter of the repulsive potential. The 

analysis used a perturbation procedure which has become a standard 

analytical tool in gas-surface interaction theory. The equation of 

motion of the gas atom is solved with the solid kept rigid. This 

solution is converted into a time-dependent force exerted by the gas 

atom at a point on the surface. The analysis eventually leads to the 

formula 

3/2 

(A.C.), 8tt 

3p VnT" 
s 8 

— 2 ~ 
2ir a k T 

_ c 
(8) 

where c is the speed of sound in the body and the subscript L in 

Equation (8) denotes the A.C. value according to Landau's theory. 

Equation (8) may be written in terms of the Debye temperature, 0̂ , as 

(A.C.)L = 
m v/m~ 
s g 

2ir2 a2-fi2 T 

_ K 6 D  

3/2 

(9) 

since 

4ir m k 0. . 
3 $rr> s 3 

The Landau formula in Equation (9) has been corrected by Devonshire 

(1937) and Gilbey (1962) to 

(10) 
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m m JST k 0 2 
s g D 

where the subscript ML In Equation (11) denotes the A.C. value 

according to the modified Landau formula. 

Scott and Karamcheti (1967, 1968) represented the solid surface 

as a continuous one-dimensional medium ("bar") of uniform cross sec

tion as shown in Fig. 3. For simplicity, it was assumed that the 

motion of the bar could be represented by the classical-mechanical 

one-dimensional wave equation 

2 2 
3 zs _ ,2-1 9 zs) z > 0 (12) 

9 = (C ) ( s— 

3zZ 3tz 

where 

e = l 
P 
(!-)1/2 (13) 
s 

is the speed of propagation or wave speed of elastic disturbances in 

the bar, E is the modulus of elasticity, zg is the displacement in 

the direction n of a cross-sectional element of the bar from its 

equilibrium position, z, below the surface (see Fig. 3). By assum

ing a standard Morse-type potential of the form 

UM = °M texPt-2aM(r-rQ)] - 2 expl-â r-r̂ ]} (14) 

where r represents the distance of separation between centers of 

gas molecules and surface atoms, represents the minimum poten

tial value and rQ represents the separation distance at this mini

mum value- Scott and Karamcheti (1967) found that the variation of 

the A.C. with temperature for such a model was qualitatively correct 
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for the continuum solid model, but that the A.C. values appear to be 

larger by a factor of 4 to 5 than those predicted by Trilling (1966) 

for a discrete lattice. 

For a much simpler (but less realistic) truncated harmonic 

potential of the form 

k 
OCr) • / (r-ro)2 - \ r-r, < = ± 

= 0 

(15) 

1 
a 

where k represents the spring constant for the truncated harmonic 
s 

potential and D/2 represents the minimum value of this potential 

which occurs at a separation distance rQ, the analysis of Scott and 

Karamcheti yields 

(A.C. )m = 1 - exp (—-====•) (16) 

L. _ I 
By ~ 4 

as the A.C. formula corresponding to the high temperature limit where 

B = kg/kg ratio of the truncated harmonic potential spring 

constant, k̂ , to the lattice spring constant, kg. B can be expressed 

in terms of the familiar Morse interaction parameters, â  and by 

requiring the slope of the truncated harmonic potential to be the same 

as that of a Morse potential at the point where the repulsive parts 

of these potentials are zero. Following this procedure, B can be 

expressed equivalently by 

„ 8aM2°M 8aM2"M 
B k EI TeTT (17) 

s , Dv2 
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since 

k 0D 2 
k « EA - mA-$r) (18) 

S S £tl 

where £. is the lattice spacing of the surface atoms. Table 1, from 

Scott and Karamcheti (1967), shows values of typical Morse-type inter

action parameters from Goodman and Wachman (1967) along with cor

responding values of B using Equation (17). Figure 4 shows the A.C. 

values from Equation (16) plotted against BJJ. The points in Fig. 4 

represent some values of the modified Baule A.C. 

(A.C.)™ - (1» 
1,8 (Uv>2 

for different gas-solid combinations given by Goodman and Wachman 

(1967) as the high-temperature limit for the three-dimensional lat

tice theory. It is interesting that the values from Equation (16) are 

in substantial agreement with predictions of the lattice theory for a 

wide range of gas-solid combinations (0.00021 By <_ 0.27). Since B 

is related to the Morse interaction parameters, â  and DM» by Equa

tion (17), Equations (16), (17), and (19) can be utilized to check 

the validity of the assumed interaction parameter values. This is 

accomplished by substituting the assumed interaction parameters into 

Equations (17) and (16) and comparing the results with the modified 

Baule A.C. formula, Equation (19). This procedure will be discussed 

further in Chapter 5 where the experimental results of the present 

investigation are compared with theoretical results to assist in 

determining values of the gas-surface intersection parameters. 



Table 1. Some Estimated Values of the Interaction Parameters 

Mass Ratio 

Gas Solid 

•<
 & CO V A 

He Pt 0.0205 1.60 

He Ni .0682 1.64 

He W .0218 1.64 

Ne W .110 1.60 

A W .217 1.44 

Kr W .456 1.34 

Xe W .714 1.33 

Morse 
Potential 

Range Well 
Parameter Depth* „ . 

o , Dm> kcal/ Elastic Modulus 1>â  n® 
2 

E, dyne/cm 
-1 M' 

mole 

Lattice 

o 
H, A 

B = 
8â M 
Eft 

B 
y BVI 

0.10 

.18 

.21 

.50 

2.40 

4.0 

6.4 

3.36 x 10 

2.5 x. 10 

5.01 x 10 

5.01 x 10 

5.01 x 10 

5.01 x 10 

5.01 x 10 

12 

12 I 
12 

12 

12 

12 

12 

3.92 0.0103 0.503 0.00021 

3.52 .0292 .428 .00199 

3.16 .0189 .868 .000412 

3.16 .0432 .392 .00473 

3.16 .1672 .772 .0363 

3.16 .2408 .528 .110 

3.16 .3784 .530 .27 

* From Goodman and Wachman (1967) 
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The most comprehensive consideration of the continuum solid 

surface model is that of Trilling (1970) who considered the solid to be 

a 3-dimensional linear elastic solid defined by a Young's modulus and 

a Poisson ratio, or equivalently by two wave propagation velocities, 

c„ and c . A slightly different Morse-type potential of the form 
t 

UM = 4DM ̂ exPf~2(r"r0)aM]~exP["(r~r0)â  ̂ (2°) 

is used where is the minimum potential energy of and â  is range 

parameter for potential Û . The analysis uses the perturbation pro

cedure of Landau (1935) whereby the solid is assumed rigid for the 

calculation of the gas atom trajectory and the corresponding force 

pulse acting on the surface. The analysis leads to the following 

equations for the A.C.: for helium 

8 "if ni a' 2 k T 1/2 T D' 1/2 D' 
(A.C.). - —-&-J5— c—•*) [i + 4-(JL_) 

1 Ji k eD c .s 
m

g /f k t
8 

2 k T
g 

1 3/2 

+ x ^ 1 (21) 

where C is a function of the Poisson's Ratio, a, given by 

C - (22) 

and <J) is a number between 0 and ir/2; for argon, the appropriate equa

tion is given by 

( A C ) .  * < e >  ^ <»&>5/2 

T  ^ 7 ^ *  C 2 3 )  

II 1/2 Sit 4 j_ f
k \ s / 2 ,  

[1 + —— (  .  ° )  +  — ; — +  —  D 3  D  ^ n '  '  
2̂  M 3DM /if M M 3/F DM 

where ip(c) is a function of the Poisson's Ratio. 
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1.4 Statement of Problem and Purpose 
of Investigation 

The problem for this dissertation is the experimental deter

mination of the thermal accommodation coefficient of an electrically 

neutral inert gas contiguous with an amorphous glass surface. One 

purpose of the investigation is to establish values for the thermal 

A.C. for a specific glass type by studying amorphous surfaces with 

clean system parameters. Another purpose of the investigation is to 

explore "new tools" and methodologies that might be advantageous to 

the study of thermal A.C.'s for amorphous surfaces. Among these "new 

tools" are the use of a modern all-metal vacuum system and the use of 

the thermistor as an experimental test surface. In attempting to 

correlate the experimental results with theory, another purpose of 

this investigation is to investigate the various forms of thermal 

A.C. theory and to determine which, if any, might be best suited for 

application to amorphous surfaces. Since the appropriate values of 

the mechanical interaction parameters are important, it was hoped that 

by correlating the experimental results of the present investigation 

with the appropriate theoretical results, the mechanical interaction 

parameters for the particular amorphous surface could be determined. 



CHAPTER 2 

ANALYTICAL CONSIDERATIONS 

The experimental procedure employed in this research has as 

its basis certain analytical relations. This chapter is intended to 

provide the necessary background for these analytical relations. 

While there have been many experimental procedures used to 

determine A.C.'s [see for example Klett and Irey (1969), Marsden (1964), 

Devienne and Forestier (1963) and Smith and Fite (1963)], two basic 

methods predominate the literature. The first is known as the tempera

ture jump method; the second is known as the low-pressure method. The 

latter enjoys the most popularity, and is employed in approximately 

two-thirds of the reported A.C. research. The low-pressure method is 

based on a kinetic theory which becomes very accurate at sufficiently 

low pressure and, if the experimental details are adequately handled, 

seems to be without serious error. Use of the low-pressure method at 

temperatures above 300°K becomes difficult since the increased temper

ature enhances outgassing from the walls of the experimental chamber. 

Since the temperature jump method is normally run at pressures higher 

than the low-pressure method, the effect of contamination can, at 

least in principle, be minimized by use of the temperature jump method. 

The term "temperature jump" applies to an apparent disconti>-

nuity in temperature occurring at a gas-solid interface when heat is 

25 
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flowing across the boundary. This effect is characterized by the rela

tion 

vv«! (24> 
where Tg is the surface temperature, Te is what the temperature of the 

gas would be if the temperature gradient along the outward-drawn nor

mal to the surface, 3T/3r, continued without change right up to the 

surface itself, and g represents a length called the temperature 

jump distance. With Equation (24) as a starting point, basic heat 

transfer and molecular gas dynamical considerations yield an equation 

for the A.C. An excellent discussion of this procedure together with 

the derivation of the appropriate relations can be found in Thomas and 

Roach (1967). 

The low-pressure method, which is the one utilized in this 

study, is based on purely molecular considerations. The basis of this 

approach stems from the definition of the A.C., namely, the ratio of 

the actual rate at which energy is exchanged with a surface to the maxi

mum theoretical rate at which energy might be exchanged with the sur

face. To determine the energy actually transferred to or from the 

surface, an energy balance is performed on the gas-surface system. The 

first law of thermodynamics states that 

EIN = EOUT + aeSTORAGE (25) 

where is the rate at which energy is transferred into the system, 

EQUT is the rate at which energy is transferred out of the system, and 

ŜTORAGE *s t*ie rate change of energy which is stored in the system. 

In the analysis which follows it will be assumed that the test surface 
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is always maintained at a temperature greater than the contiguous gas 

temperature (although this condition is not necessary). Most previous 

investigations utilized fine metallic wire filaments as the test sur

face; however, as will be discussed in Chapter 3, a different test 

surface was selected for the present investigation. The basic theory, 

which will be discussed presently, applies both to the fine metallic 

wire filament and any system in which the energy removed from the 

system is replenished by electrical input. Each term in the above 

energy balance must be determined. is the rate of energy trans

fer to the test surface to maintain it AT above the contiguous gas 

temperature and is provided by an electrical potential applied to the 

test surface. If the system is allowed to reach steady state, which is 

achieved when the rate of energy transfer to the system exactly equals 

the rate of energy leaving the system, the ̂ e
STOrage term in Eq"ation 

(25) will be zero. The EQÛ , term has three parts: first, Eĵ , the 

rate of energy transfer due to thermal radiation heat transfer; second, 

ECOND' t*ie rate °̂  energy transfer due to conduction heat transfer down 

the test surface potential leads; and, third, E , the "molecular 
mc 

conduction" energy transfer rate due to gas-surface interactions. E 
mc 

is used to find the A.C. and is determined experimentally by measuring 

EIN' ECOND' and ERAD' and BY SUBTRACTIL>S Econd and Ê  from EIN for a 

system in a steady state condition using the following reasoning. The 

two quantities Ê  ̂and Ê  ̂are determined by exposing the surface 

to an ultra-high vacuum, for which there would be only a negligible 

amount of "molecular conduction" so that E =0 and Equation (25) 
mc 

becomes 
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EVAC = ECOND + ERAD (26) 

where = EQUT for the case of an ultra-high vacuum. Since ECQND 

and are not affected appreciably by the pressure of the gas, 

is approximated by subtracting Ê ,̂ from Ê . 

In the application of the above procedure the experimental 

system consists of a test specimen (hereafter called the "filament") 

having characteristic dimension r̂  mounted in a test chamber of char

acteristic dimension (r̂  « . The filament temperature is main

tained AT above the gas temperature by the passage of an electric cur

rent through the filament, and the tube in which the filament lies is 

maintained at a constant temperature by immersion in a bath maintained 

at the desired gas temperature. Since r̂  « a gas molecule will 

make many interactions with the outer tube walls before colliding with 

the filament and such molecules will approach the filament with a 

Maxwell velocity distribution associated with the outer tube tempera

ture. If the Knudsen number (ratio of the mean free path of the gas 

molecules to a characteristic length of the system, in this case the 

diameter of the filament) is sufficiently large (see also Chapter 4), 

a gas molecule in its approach to the solid surface will not likely be 

affected by the warmer receding stream of gas molecules and will inter

act with the test surface with a Maxwell velocity distribution at the 

assumed outer tube temperature. The Knudsen number is usually expressed 

as 

** - I <27> 
where is the Knudsen number, d is some characteristic system 
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dimension, and X is the average distance molecules travel between 

collisions which is given in Dushman and Lafferty (1962) 

2.331 x 10~20 T (°K) 
X(cm) = 2 S <28) 

p(torr) 6 (cm) 

where T is the absolute gas temperature, p is the gas pressure, 6 is 
8 

the molecular diameter, and the constant in Equation (28) has the 

appropriate magnitude and dimensions. 

To determine the maximum energy transfer rate, due to 

molecular conduction, kinetic theory is employed. The number of mole

cules which strike a surface per unit time per unit area is given by 

n v 
N (29) 

where n is the number density (number of molecules per unit volume) 

and v is the average molecular speed. Although the average energy Si 
possessed by a molecule in a monatomic gas is 3/2 k T , where k is 

8 

the Boltzmann's constant and T is the gas temperature, the inter-
S 

action process favors the more energetic molecules, such that the aver

age energy of a molecule interacting with the solid surface is 2k T 
S 

[see Loeb (1961), pp. 114-116]. The interaction of a molecule with the 

solid surface can yield a maximum energy exchange of 2k(l -T ) where 
s g 

Tg is the surface temperature. The maximum energy transferred from 

the solid surface per unit area per unit time is given by 

n v 
2k AT (30) 

where AT = (TL-TL). Multiplying Equation (27) by A , the surface area 
® o S 

of the test surface, yields 
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2k AT n v A 
EMAX 1—2-1 <31> 

as the maximum energy transfer rate due to molecular conduction. To 

make Equation (31) more workable the variables are changed from micro

scopic to macroscopic quantities. From kinetic theory 

n » ̂  (32) 

and, for a gas having a Maxwellian distribution, 

8k T 1/2 
V; = (-—̂ ) (33) 

ir m 
S 

from which Equation (31) becomes 

 ̂" [i-=V>1/2 P As «« (34> 
g g 

where m is the mass of the gas molecules, T is the gas temperature, 
g S 

and p is the thermodynamic pressure. By substituting values for the 

constants, Equation (34) becomes 

9.6996 x 10-1 p(torr) A (cm2) AT (°K) 
(watts) = — (35) 

/ T_ (°K) nig (amu) 
where the constant in Equation (35) has the units needed to make Equa

tion (35) dimensionally homogeneous. Since is solely a function 

of pressure p and gas temperature T , it can be determined solely from 
g 

observed macroscopic properties. 

Because the temperature distribution along a filament and the 

potential leads of a thermistor are altered by gas conduction, the 

power loss of a metallic filament in a high vacuum system, EyA(,» is not 

exactly equal to that due to radiation and end-conduction from that 
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same filament surrounded by a gas occupying the same vacuum system. 

This problem is handled by applying a correction factor to the data or 

by taking power loss data from only the central segment of the fila

ment where changes in gradients with gas conduction are diminished; 

see, for example, Thomas and Olmer (1943) or Thomas and Brown (1950). 

The state of the test surface is of paramount importance in 

gas-surface interaction studies. By "state" is meant any surface con

dition which may have an effect on the observed A.C. values. One 

such surface condition involves the surface roughness since a rough 

surface would allow a gas molecule to make multiple collisions with the 

surface before leaving and thereby increase the energy transfer proba

bility. Another surface condition which may affect the observed A.C. 

value is concerned with gases adsorbed or absorbed on the surface. The 

presence of the gas layer may greatly alter the observed A.C. value. 

The foreign gas results from impurities remaining in the vacuum system 

after evacuation, or from impurities admitted into the vacuum system 

with the test gas. 

In previous A.C. work, the procedure which has been used to 

obtain the so-called "clean" surface conditions where "clean" sig

nifies a surface free of unwanted sorbed gas molecules is as follows 

[see, for example, Thomas (1967)]. Surfaces are initially prepared by 

prolonged heating in an ultra-high vacuum. This may Insure a clean 

surface at the start of the experiment. To maintain the initial sur

face cleanliness, the gas supply system must be designed to prevent 

unwanted gases from being admitted into vacuum system with the test gas. 

This is usually accomplished by passing the usually inert test gas 
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through liquid nitrogen and charcoal traps. The unwanted contami

nating gases are removed by sorbtion in the trap. The inert gas is 

unaffected by passage through the trap. 

Even if the vacuum system is initially free of foreign gases 

and no foreign gases are admitted with the test gas, contaminating gas 

still finds its way into the vacuum system. Thomas (1967) traces the 

origin of this unwanted gas to outgassing from the walls of the vac

uum system. While this effect is minimized by baking the vacuum sys

tem under high vacuum conditions, the problem cannot be completely 

eliminated. "Gettering" is generally used to control the unwanted gas 

supplied by the gas supply system or any outgassed by walls of the 

vacuum system. A "getter" is a highly active substance which will 

readily form chemical compounds with the non-inert gas molecules the 

"getter" comes in contact with but has little effect on the inert gas 

molecules the "getter" comes in contact with. Once a "getter" unites 

with a gas molecule, the molecule is removed from the gaseous state. 

Titanium has become a chief gettering agent along with mischmetal (of 

composition Ce(45%), La(27%), Nd(15%), Pr(7%), other rare earths (5%), 

and smaller amounts of magnesium, alkali metal, and iron), platinum 

and cerium; see, for example, Thomas and Brown (1950), and Kruger and 

Thomas (1970). With all the above precautions, the surface still 

becomes contaminated eventually. This fact is made apparent by an 

increase of the observed A.C. with time. In a very carefully con

trolled experiment, such as that of Kruger and Thomas (1970), this 

rate of rise is approximately 2 percent per hour. By extrapolating 

the plot of the observed A.C. value with time back to zero time, some 
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investigators obtain what they call the "clean surface A.C." In the 

present investigation it was hoped to obtain the "clean surface A.C." 

values by following the procedures outlined above. 

Another factor which may affect the data is concerned with the 

pressure measurement. The only direct (not involving electrical cali

bration) means of vacuum pressure measurement is with a McLeod gauge. 

If the McLeod gauge is at a temperature other than the gas temperature 

which it is measuring, the phenomenon of thermal transpiration occurs 

whereby the pressure read on the McLeod gauge is different from the 

desired gas pressure. The actual gas pressure is determined from the 

equation 

 ̂V r (36) 

where p is the actual system pressure, p' is the McLeod gauge pres

sure, T is the gas temperature, and T' is the McLeod gauge tempera-
8 

ture. The physical basis and derivation of Equation (36) is given by 

Kennard (1938). 

In some recent work unpublished, Thomas (1976) describes some 

new errors which might result from use of the McLeod gauge for pres

sure measurement. These errors are attributed to the location and 

physical dimensions of the trap that is often used to isolate the 

McLeod gauge from the vacuum system. For the pressure range and trap 

used in the present investigation, these errors were estimated to be 

approximately one percent so that their omission from the data reduc

tion would not appreciably affect the experimental results. 



CHAPTER 3 

THE EXPERIMENTAL APPARATUS 

The experimental apparatus utilized in this investigation can 

be divided into six groups of components: the vacuum system, the 

experimental surface, the electrical system, the gas-supply system, 

the pressure measuring system, and the constant temperature bath. 

Since most of the apparatus and many of the procedures employed in 

this investigation differ significantly from those of previous inves

tigations [see, for example, Thomas and Olmer (1943), Thomas and Brown, 

(1950), Thomas and Schofield (1961), Thomas and Roach (1967), Kruger 

and Thomas (1970)], they will be described in some detail. 

3.1 The Vacuum System 

In most previous investigations, the vacuum system was composed 

of properly trapped mercury diffusion pumps and predominately glass 

components. Since vacuum technology has advanced greatly in the last 

twenty-five years, it was felt that the design of the vacuum system 

should incorporate these modern advancements. The two most significant 

modern developments in the field of vacuum technology are first, the 

use of ionization pumps to replace mercury or oil diffusion pumps, and 

second, the use of stainless steel to replace the glass system compo

nents. With the diffusion pump, back-streaming of oil or mercury is 

always a possibility. It is this back-streaming which both hinders the 

34 
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ultimate vacuum the system can reach and contributes unwanted contam

inating gases to the system. Since the ionization pump operates on an 

electrical basis, it neither hinders ultimate system vacuum nor con

tributes contamination to the system. Glass is both fragile and dif

ficult to seal, whereas a vacuum system fabricated out of stainless 

steel offers both durability and ease of modification. Taking these 

considerations into account, this investigation began with the design 

and construction of an all stainless steel vacuum system with ioniza

tion pumping. 

Figure 5 shows a sketch of the various system components. The 

test chamber shown in Fig. 6 was a stainless steel work chamber manu

factured by Granville-Phillips. In addition to the 2-1/2 inch and 8 

inch ports at each end of the chamber, two additional 2-1/2 inch 

ports were fabricated into the sides of the chamber. The various 

system components were connected using stainless steel flanges. The 

flanges utilized copper gaskets to provide a vacuum-tight seal. These 

stainless steel, copper-gasketed ports provide advantages of durabil

ity, ease of modification, and complete bakeability. The large flange 

on the test chamber was connected to the vacuum pump by means of an 

elbow fabricated from two 4-inch stainless steel tubes with appropriate 

flanges at either end. The vacuum pump shown in Fig. 7 was a Boostivac 

Ion Pump Model 10-4021 manufactured by Ultek. This unit proved 

extremely efficient as it incorporated a standard ion pump, titanium 

sublimation pump, and water-cooled sublimation chamber in one compact 

unit. The sublimation pump is actually a modern refinement of the 

gettering technique described in Chapter 1. The sublimation pump was 
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used to increase the pumping speed of the ion pump and doubled as a 

getter to maintain system cleanliness during the experimental runs. 

One of the side ports of the test chamber was fitted with a Varian 20-

pin feedthrough Model 954-5116. The feedthrough served to connect the 

test surface inside the test chamber to the electrical system. The 

feedthrough is shown installed on the test chamber in Fig. 6. The 

remaining side port had a Granville-Phillips Model 214-398 stainless 

steel cross attached. The three resulting openings to the vacuum sys

tem were utilized as follows: One was connected to the gas-supply 

system, a second was connected to the pressure measuring system, and 

the third was connected to the vacuum roughing system. 

The various system components were attached to a lattice con

structed of 3-inch slotted steel angle as shown in Fig. 8. This 

arrangement proved quite convenient as it allowed system modifications 

to be made quite easily. 

The vacuum roughing system is shown in Fig. 9. Its main com

ponents consisted of a Wfelsh Duo-Seal Model 1402-B mechanical roughing 

pump and a Veeco Model TR-101 molecular sieve foreline trap. Rubber 

tubing was used to connect the pump and the trap. Downstream from the 

trap, the roughing system was constructed of silver-soldered, copper 

tubing. The roughing system was isolated from the test chamber by a 

Varian Model 951-5063 1/2 inch Polyimide sealed, right-angle valve. 

The roughing line also contained an Alco solenoid valve which served as 

an up-to-air valve and a safeguard against system contamination in the 

event of a power failure during system roughing. An NRC Model 802-A 
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thermocouple gauge in the roughing line monitored system pressure dur

ing pumpdown. 

The second port from the stainless steel cross was connected 

to the pressure measuring system which is shown in Fig. 10. A Bendix 

Type GM-100A McLeod gauge served as the pressure measuring device 

during the experimental runs. Since the working fluid in the McLeod 

gauge was mercury, it had to be isolated from the system by VWR 

Scientific Model 55096-020 liquid nitrogen trap which prohibited mer

cury vapors from entering and contaminating the vacuum system. The 

McLeod gauge shown in Fig. 10 had to be connected to the vacuum system 

over a period of approximately 24 hours, so that the trap needed con

tinual replenishment with liquid nitrogen. This was accomplished with 

a Torr Vacuum Products Model T-11A liquid nitrogen controller. As the 

liquid nitrogen level in the VWR Scientific Model 63395-005 vacuum 

dewar-flask lowered, the controller would energize a solenoid valve 

and allow liquid nitrogen to replenish the trap. With this arrange

ment the trap could be kept cold for up to 24 hours, which was suffi

cient for an experimental run. The cold trap was connected to the 

vacuum system by means of a Granville-Phillips Model 214-424 glass-

to-metal bellows seal and an Ultek Model 251-1000 3/8-inch Viton-

sealed valve. This valve permitted the pressure measuring system to 

be isolated from the vacuum system after system pressure had been 

determined. An auxiliary mechanical vacuum pump, similar to the rough

ing pump, was used to raise and lower the mercury level in the McLeod 

gauge. 
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The remaining port of the stainless steel cross was used to 

connect the test chamber to the gas supply system. The gas-supply 

system consisted of a standard commercial high pressure steel gas 

bottle with appropriate pressure regulator, a mechanical vacuum pump, 

a molecular sieve trap, a vacuum dewar flask, and two stainless steel 

valves. The test gases were supplied by The University of Arizona 

Stores Department and were listed as High Purity grade with 99.998 per

cent purity for helium and 99.995 percent purity for argon. The vac

uum pump which was used to evacuate the line connecting the gas-supply 

system to the vacuum chamber was a Cenco Megavac Model 92003. The 

gas bottle and pump are shown in Fig. 11. The molecular sieve trap 

was fabricated out of copper and was immersed in a VWR Scientific 

Model 63395-005 vacuum dewar. The gas supply system was isolated from 

the vacuum chamber by an Ultek Model 251-1000 3/8-inch Viton sealed 

valve. A Granville-Phillips Series 203 variable leak, metal-sealed 

valve controlled the rate at which gas was admitted into test chamber. 

The trap, dewar flask and two valves are pictured in Fig. 12. 

In order to maintain the test chamber at a uniform tempera

ture, it was immersed in a constant temperature water bath. The bath 

was fabricated in the Aerospace and Mechanical Engineering Department 

shop. The bath temperature was kept constant by a Precision Scientific 

Company Porta-Temp bath heater Model 66590 which is shown in Fig. 10. 

3.2 The Experimental Surface 

Of prime importance for this investigation was the selection 

of an appropriate test surface. In most previously reported 
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investigations, the test surfaces consisted of thin metallic filaments 

through which an electric current could be passed to determine the 

energy input to the system. Since it was the purpose of this inves

tigation to initiate experimental studies of gas-surface interactions 

of inert gas molecules with an amorphous, non-metallic surface, a new 

test surface had to be devised. 

After a considerable study of likely candidates for the first 

such amorphous surface, the thermistor was selected as a test object. 

Thermistors are thermally-sensitive resistors whose primary function 

is to exhibit a change in electrical resistance with a change in the 

thermistor's temperature. They are hard, ceramic-like, electronic 

semi-conductors which exhibit a relatively large negative temperature 

coefficient of resistance. Figure 13 demonstrates this character

istic where the specific resistance versus temperature curves are 

plotted for two typical thermistor materials and compared with that 

for a platinum wire. This illustration demonstrates two important 

characteristics of the thermistor: first, the high sensitivity of the 

thermistor to temperature changes, and second, the non-linear nature 

of the thermistor's resistance versus temperature curve. The primary 

thermistor materials are metallic oxides, but to protect them against 

harsh environments, they are usually glass coated. 

Glass was selected as the amorphous surface for this investi

gation because it is an important amorphous surface and because, as 

was mentioned in Chapter 1, A.C. data for glass have important direct 

applications. The chief constituent in the molecular structure of 

glass is SiĈ . The percentage of Sit̂  in the glass sample varies 
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according to the physical properties desired in the glass. The com

positions of some typical glasses are shown in Table 2. Vycor which 

is over 96% SiĈ  has the ability to withstand sudden temperature 

changes and is used extensively for chemical glassware. Soda-lead 

glasses have a substantial percentage of PbO in their molecular 

structure which gives them valuable electrical and optical properties. 

For the present investigation the thermistors used were specified as 

being covered with Corning Type 0120 glass, the composition of which 

is given in Table 2. 

Figure 14 shows the bead-type thermistor which was chosen for 

this investigation installed in the test chamber. Bead thermistors 

are available in diameters from 0.006 to 0.1 inches. The thermistor 

diameter is important because this is the characteristic dimension 

upon which the Knudsen number is based [see Equation (27)]. A small 

diameter allows free molecular flow conditions to exist at higher 

pressures than are possible with larger diameters. The thermistors 

are available in a wide range of resistances and can be factory cal

ibrated to yield a given electrical resistance at a given temperature. 

This property is important to the experimental accuracy since it is 

the thermistor's resistance which is used to determine its temperature, 

just as in the case of the traditional thin wire metallic filament. 

In previous investigations [see, for example, Thomas (1967), 

Kruger and Thomas (1970)] the electrical resistance of the metallic 

wire filament is used to determine its temperature in the following 

manner. Figure 13 demonstrates that although the resistance of the 

platinum is non-linear over a large temperature span, the linear 



Table 2. Atomic Composition of Several Glasses 

No. Designation Si02 NaO 1̂ 0 

1 Silica glass (fused 
silica) 99.5 

2 Pyrex glass 80.8 4.1 0.1 

3 Heavy silicate flint 
glass 40.6 7.5 

4 Light borate crown 
glass 8.0 

5 * Potash soda lead glass 57.0 4.0 8.0 

6 K20-Si02 glass I 90.0 10.0 

7 K20-Si02 glass II 60.0 40.0 

8 Thuringian glass 68.8 15.0 3.0 

* Corning Type 0120 

CaO BaO PbO Al̂  Other 

0.3 12.0 2.2 

0.2 51.5 0.2 

4.7 69.1 18.0 

30.0 1.0 

7.5 4.8 .52 
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approximation would be valid over a temperature span of 20° to 30° C. 

If the resistance of the wire is known at two closely adjacent temper

atures separated by a small increment AT, then 

AR = SAT (37) 

where AR is the change of electrical resistance resulting from the 

change AT and S is a constant which may be interpreted as the slope 

of the electrical resistance versus temperature curve. With S deter

mined for a particular temperature span, AT can be determined from 

AR. The resistance of the filament is determined by measuring the 

voltage drop across a precision 1-ohm standard resistor in series with 

the filament. If this procedure were applied to the thermistor, error 

would be introduced into the experiment due to the grossly non-linear 

character of the thermistor's electrical resistance versus tempera

ture curve even over small temperature spans. To circumvent this 

problem, the experimental procedure was modified to always maintain 

the thermistor at a particular temperature (and hence electrical 

resistance) throughout the course -of the entire experimental run. 

This was accomplished by adjusting the electrical potential across 

the thermistor to achieve the desired surface temperature. 

The current investigation used thermistors with diameters 

equal to 0.043 inches as shown in Fig. 14. In computing the experi

mental A.C. values, the observed A.C. values must be modified 

because the temperature distribution along the potential leads of a 

thermistor is altered by gas conduction. The power loss of the 

thermistor's potential leads in a high vacuum system is not exactly 

equal to that due to radiation and end-conduction from the same 
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potential leads surrounded by a gas occupying the same vacuum system. 

The end loss effect reduces the observed A.C. values and results in 

what shall be termed the corrected A.C. values; see, for example, 

Thomas (1967). Appendix 1 has a derivation of the end loss correc

tion procedure which would be applicable to the thermistors used in 

the present investigation. 

In previous investigations the initial cleanliness of the 

test surface was achieved by desorption using high temperature baking 

during ultra high vacuum conditions. This procedure was utilized 

with the thermistor with the exception that the baking temperature of 

the thermistor was limited to 350°C [this is considerably less than 

that used for tungsten, which can withstand a baking (sometimes 

referred to as "flashing") temperature of 2000°cJ The baking temper

ature was achieved by passing sufficient electrical current through 

the thermistor to heat it to the desired temperature. The baking 

temperature of the thermistor was approximately determined from the 

thermistor's electrical resistance. It was hoped that this procedure 

would be sufficient to achieve the desired clean surface conditions; 

however, as will be shown in Chapter 4, the A.C. values obtained do 

not conclusively indicate initial clean surface conditions (no doubt 

some contaminants were not removed at these low baking temperatures, 

and it is likely that any amorphous glass surface will always have 

molecules of various kinds adsorbed on it, even under ultra-high 

vacuum conditions). 
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3.3 The Electrical System 

It is the function of the electrical system to supply power 

input to the thermistor and accurately to measure the thermistor's 

electrical resistance so that its temperature may be determined. As 

discussed above, the thermistor was maintained at a constant tempera

ture throughout an experimental run. This likewise required that the 

electrical resistance of the thermistor be accurately known and main

tained throughout the experimental run. To accomplish this, the 

Wheatstone bridge circuit shown in Fig. 15 was utilized where R̂  and 

R2 are the resistances of standard, wire-wound resistors of equal 

value, is the resistance of a variable resistor adjusted to the 

desired thermistor resistance, G is a galvanometer and R̂  is the 

thermistor resistance. R̂  was provided by a Biddle-Gray Model 6011-

44-1 substitute resistor. The galvanometer was a Weston Model 699. 

The thermistors were provided by Victory Engineering Corporation and 

carried Part Number F18A17/1. The /I at the end of the number sig

nifies that the thermistor has been calibrated at the factory to a 

tolerance of 0.01 ohms at a temperature of 0.01°C. The power for the 

system was provided by a Power Design Model 4005 power supply. This 

proved adequate both for thermistor baking and experimental runs. The 

voltage drop across the thermistor was measured using a Hewlett-Packard 

Model 3450-A digital voltmeter. This provided an automatic readout of 

thermistor voltage accurate to five significant figures. The 

Wheatstone bridge circuit was used as follows: first, the resistance 

corresponding to the desired surface temperature was set on the vari

able resistor; next, the voltage across nodes (1) and (2) were 
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gradually increased. This increased the current flowing through the 

thermistor which increased its temperature due to the self-heating 

effect. Now the bridge circuit was checked for balance. The circuit 

was balanced when the current flowing through galvanometer G read 

zero. When this occurs 

RJ + R3 - R2 + ^ (38) 

therefore 

R„ = since R, = R„ 
3 TH 1 2 

With the bridge circuit balanced, the power input to the thermistor, 

E_„, is determined from 
IN 

where V is the measured voltage across the thermistor and R̂  is 

the thermistor's electrical resistance which equals the resistance of 

R3. Ey, the energy input to system during high-vacuum conditions 

was determined from 

2 
(V') 

•W - <«> 

where V' is the voltage required to achieve the desired surface tem

perature under high-vacuum conditions. Using these relations, Emc» 

the energy carried away from the thermistor due to molecular conduc

tion (neglecting end losses), is given by 

mC *TH 

The ratio of the energy carried away from the surface due to molecular 
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conduction to the maximum energy which may be carried away from 

the surface, EWAW, yields the A.C. value. The relation for E„.v MAX MAX 

was derived in Chapter 2 and is given by Equation (35). By use of 

Equation (36), Equation (35) can be written in terms of the McLeod 

gauge pressure and temperature as 

9.6996 x 10"1 p' A AT 
eMAX = — (42) 

/ T' mg 
where p' and T' are the McLeod gauge pressure and temperature 

respectively. Combining Equations (42) and (41) gives 

(V2 - (V')2)/ R_, 
A.C. = ; — (43) 

9.6996 x 10 p' A AT 

T' mg 

as the basic relation from which uncorrected experimental A.C. values 

are computed, using experimentally measured values of p', T', Ag, AT, 

V, V', and The various measurements conducted to determine p', 

T1, Ag, AT, V, V', and are described in the following section. 

3.4 Experimental Procedure 

The following procedure was used to make a typical run. The 

liquid nitrogen trap between the McLeod gauge and vacuum system was 

filled. This prevented mercury vapor from the McLeod gauge from dif

fusing into the system when isolation valve V2 was opened (see Fig. 5 

and Fig. 10). The up-to-air solenoid valve VI was energized and the 

mechanical roughing pump was started. When the pressure in the rough

ing line had fallen, as observed by thermocouple gauge TCI, isolation 
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valve V3 was opened and the entire vacuum system was pumped down. 

-2 
When the system pressure was down to about 10 torr, the ion pump was 

turned on. It generally took a few tries to start the ion pump, since 

with initial starting attempts gas liberated by the ion pump pushed 

the system pressure to a level where the ion pump was completely 

ineffective. In this case the ion pump was switched off and the 

roughing pump was allowed to exhaust the gas produced by the ion pump. 

-2  
When the system pressure again reached 10 torr, the ion pump was 

again switched on. This procedure was repeated until the ion pump 

"started up", which was indicated by a rapid drop in ion pump current. 

The ion pump current was a measure of the rate at which gas molecules 

were being ionized and collected on the anode of the ion pump, and was 

proportional to the system pressure since the greater the number of 

gas molecules present in the vacuum system the greater would be the 

number ionized and collected. The vacuum system pressure could be 

determined from a calibration curve which related system pressure to 

ion pump current. 

The rate at which the ion pump "started up" could be enhanced 

by using the sublimation pump. The speed of the sublimation pump is 

much greater than that of the ion pump (for reactive gases) and the 

task of eliminating the initially desorbed gas molecules of the pump 

chamber walls is handled more effectively by the sublimation pump than 

by the ion pump. Following this procedure, the mechanical roughing 

pump was employed to pump the system pressure down to approximately 

-2  
10 torr, and after cooling water was circulating properly around the 

jacket of the sublimation pump, the sublimation pump was energized. 



The water cooling the walls of the sublimation pump helped to increase 

its pumping speed since the speed of a sublimation pump is a function 

of wall temperature. The system pressure jumped up upon this initial 

pump energization but then decreased; this initial rise in pressure 

was caused by the desorption of gas molecules loosely attached to the 

-2  
walls of the sublimation chamber. When system pressure reached 10 

torr, the mechanical roughing pump was isolated from the vacuum system 

and the ion pump was switched on. In most instances the ion pump 

would start immediately, the exception occurring when the system had 

become contaminated with water vapor. 

Once the ion pump was started, the system pressure dropped 

steadily. When the system pressure reached approximately 10 ® torr, 

electrical strip heaters were installed around the vacuum system and 

-4 energized. The system pressure then rose to about 10 torr due to 

outgassing from vacuum chamber walls. After about eight hours of 

baking, the system was allowed to cool and the system pressure 

-9 
decreased to about 10 torr. When the syst'em had completely cooled 

down, the electrical strip heaters were removed and the water bath 

was installed. The temperature controller was energized and when the 

bath reached the desired temperature, the voltage drop in vacuum, V', 

was determined. V' represents the voltage across the thermistor 

needed to maintain desired surface temperature under high-vacuum con

ditions. This was accomplished by setting the correct resistance on 

the substitute resistor and applying sufficient current across the 

bridge circuit to achieve a zero reading on the galvanometer. The 

voltage across the thermistor, V', was noted and recorded. With this 
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voltage and the thermistor resistance, could now be calculated 

from Equation (40). The substitute resistor was now set at the resis

tance corresponding to the thermistor baking temperature and again the 

bridge circuit was balanced by applying the correct voltage. The 

thermistor was baked out for approximately five hours at the end of 

which the system was presumed ready to produce data. Because of the 

preliminary nature of the present investigation, the five hours ini

tial thermistor baking time was arbitrarily selected. 

Liquid nitrogen was then placed in the gas supply system dewar 

trap. The lines of the gas supply system were purged by a mechanical 

roughing pump. The pressure regulator from the gas supply was opened 

and the test gas filled the lines of the gas supply system. Using 

this technique it was believed that the lines of the gas supply system 

would contain only the test gas. When this was accomplished the meter

ing valve was opened and the test gas was admitted into the system. 

Experience dictated the metering valve opening and the duration of the 

opening to yield desired vacuum chamber pressure. The metering valve 

opening marked zero time. 

Next, the bakeout current to the thermistor was cut, the sub

stitute resistor was set at a resistance corresponding to the desired 

thermistor surface temperature and the bridge circuit was zeroed. 

While the thermistor was reaching equilibrium, which usually took 

approximately 30 minutes, the mercury in the McLeod gauge was raised 

and the vacuum chamber pressure was measured. Once the chamber pres

sure was measured, the McLeod gauge could be isolated from the vacuum 

system since no appreciable change in chamber pressure occurred with 



time at the pressure levels used during the experimental runs. The 

ambient temperature of the air surrounding the McLeod gauge was 

recorded since this would be used to calculate the thermal transpira

tion effect described in Chapter 2. After reaching steady state, the 

voltage drop across the thermistor, V, needed to maintain the thermis

tor at the desired surface temperature was measured at various time 

intervals. To measure this voltage, the potential across the bridge 

circuit was adjusted to yield a zero reading on the galvanometer. At 

this point, the time was recorded along with the voltage drop across 

the thermistor as read from the digital voltmeter. Data were taken 

until the surface had become completely contaminated. This was indi

cated by no change in the A.C. value with time which corresponds to a 

constant value of V. Once the run was completed, the roughing pump was 

open to the vacuum system and the entire procedure was repeated. 

To summarize, the experimental procedure produced the follow

ing raw data for use in Equation (43): 

1. V1, voltage required to maintain the thermistor AT above 

ambient conditions when the thermistor was exposed to a high vacuum, 

(from PD 4005, Fig. 15). 

2. V, voltage required to maintain the thermistor AT above 

ambient conditions when the thermistor was exposed to free molecular 

flow conditions, (from PD 4005, Fig. 15). 

3. AT, the temperature difference between the impinging gas 

molecule and the thermistor surface (gas molecule temperature is 

assumed to be the same as bath temperature which is read by mercury 
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thermometer shown in Fig. 10; thermistor surface temperature is deter

mined from the thermistor resistance which will equal value of substi

tute resistance when galvanometer current reads zero, Fig. 10). 

4. T', the ambient air temperature surrounding the McLeod 

gauge (from glass bulb mercury thermometer located in close proximity 

to McLeod gauge). 

5. p1, the McLeod gauge pressure (as read directly from the 

McLeod gauge). 

6. T, time after cessation of thermistor bakeout (read from 

electric timer). 

The uncorrected A.C. values were determined by substituting 

the above quantities into Equation (43). To obtain the "clean surface" 

A.C. values, the uncorrected A.C. values are corrected for end losses 

and plotted as a function of time. It is from the plot of the cor

rected A.C. values versus time that the "clean surface" A.C. values are 

determined using Thomas' (1967) extrapolation technique. 

A complete numerical example for a typical A.C. run, including 

the end loss correction of Appendix 1, is given in Appendix 2. 



CHAPTER 4 

THE EXPERIMENTAL RESULTS 

Experimental runs were conducted by following the experimental 

procedures as outlined in Chapter 3 and yielded values of the cor

rected A.C., which varied with time as shown in Fig. 16. By "cor

rected A.C." is meant the A.C. values obtained from direct substitution 

of the experimental data from these runs into Equation (43) and making 

corrections for end losses as described in Appendix 1. The term "clean 

surface A.C." will be taken to represent the A.C. value that would 

exist just before admission of the test gas, for a glass thermistor 

surface prepared as described in Chapter 3, and it is this clean surface 

A.C. which we hope to evaluate from the corrected A.C. values. 

The present investigation yielded corrected A.C. data for 

eight experimental runs. These results are shown plotted versus time 

in Fig. 16. It should be noted that zero time in the above mentioned 

plots represents the time instant at which, simultaneously, the bake-

out current to the thermistor was cut and the test gas was admitted 

into the system. 

To determine the clean surface A.C. values from the corrected 

A.C. values, we have applied the following procedure which previously 

has been utilized by Thomas and co-workers (1950, 1961, 1967). After 

the desired surface conditions had been achieved, the filament bakeout 
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current was cut and the test gas was admitted into the system after 

which the filament was allowed to reach steady state conditions at the 

desired surface temperature. Due to the low thermal capacitance of 

the thin filament employed by Thomas et al., steady state conditions 

were achieved in a few seconds. From the corrected A.C. data in the 

present investigation, steady state conditions seemingly took 18 to 

100 minutes to be reached; this will be discussed in more detail later 

in this chapter. After the steady state was achieved, the corrected 

A.C. values were determined at various time intervals after cessation 

of filament bakeout. These values were then plotted versus time, as 

shown in Figs. 16a through 16g. In a carefully controlled experiment 

there should be only a slight increase of the corrected A.C. values 

with time—approximately 2 percent per hour as reported by Kruger and 

Thomas (1970). This increase in corrected A.C. values can be attri

buted to contaminating gas molecules adsorbing on the surface and 

thereby affecting the cleanliness of the surface. Thomas (1966) 

traced the origin of these contaminating gas molecules to outgassing 

of the system walls with time, and attributed the increase in corrected 

A.C. values to the lower molecular weight of the adsorbed gas mole

cules, compared with that of the surface atoms. This follows quali

tatively from the Baule formula, which predicts that for a particular 

impinging gas molecule the A.C. value increases with decreasing 

molecular weight of the surface atoms. For most combinations of gas, 

surface and adsorbed layers, the presence of adsorbed gas molecules 

alters the interaction process in such a way that the corrected A.C. 

values are higher than the clean surface values. If this increase in 
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the corrected A.C. values with time is slight, the curve of the 

corrected A.C. versus time can be extrapolated back to zero time and 

the zero time A.C. intercept can be hypothesized as the clean surface 

A.C. value. 

Before this procedure may be applied to our experimental data, 

two important questions must be discussed. The first concerns how 

the Knudsen number of the system might affect the corrected A.C. values 

and the second concerns the time required for the initially hot ther

mistor to reach steady state conditions at the desired surface temper

ature. As discussed in Chapter 2, the Knudsen number is the ratio of 

the mean free path of the gas molecules to some characteristic system 

dimension. For this investigation the thermistor diameter is taken 

as the critical system dimension. If the Knudsen number of the sys

tem is too low, the receding warmer stream of gas molecules from the 

test surface will interact with the oncoming gas molecules. The 

effect of this encounter is that the gas molecules that now interact 

with the surface are warmer than their assumed wall temperature value. 

This causes the corrected A.C. values to be somewhat lower than would 

otherwise be the case if the impinging gas molecules were allowed to 

come into thermal equilibrium with the walls of the test chamber and 

interact undisturbed with the test surface. 

The value of the Knudsen number needed to insure free molecu

lar flow conditions is a topic of some dispute. Dushman and Lafferty 

(1962) state that a Knudsen number greater than 1 will insure free 

molecular flow conditions. Kruger and Thomas (1970) state that the 

Knudsen number must be at least 10 to insure free molecular flow 



conditions, and Schafer and Gerstacker (1956) state that the Knudsen 

number must be at least 12. Listed in Table 3 for the eight experi

mental runs of the present investigation are the types of gas used, 

the system pressure during the run and the corresponding Knudsen num

bers. If the criterion of Kruger and Thomas (1970) is accepted, the 

helium Knudsen numbers are approximately 50 percent lower than the 

recommended value and the argon Knudsen numbers are an order of magni

tude lower. The higher pressure levels (and thereby lower Knudsen 

numbers) used in the present investigation were chosen to allow the 

energy removed from the surface due to molecular conduction to be a 

more substantial fraction of the total energy leaving the surface than 

would be the case for lower pressure levels. Since the "correct" 

Knudsen number criterion is a subject of some controversy, which the 

present dissertation does not undertake to resolve, the reader is 

advised that the A.C. data reported here should be applied only to 

cases where the geometry and Knudsen numbers are close to those of 

the present experiments. The Knudsen number dependence of the A.C. 

is the subject of a follow-on investigation by Lau (1974). 

The time required for the initially hot thermistor to reach 

steady state conditions at the desired surface temperature was esti

mated using a simple transient heat conduction analysis. The details 

of this analysis are given in Appendix 3. With no power input to the 

thermistor, thermal equilibrium to a desired surface temperature, say 

50°C, from an initial temperature of 150°C, the bakeout temperature 

used in the present investigation, requires approximately two minutes. 

From the plotted data in Fig. 16, the corrected A.C. values and hence 
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Table 3. Knudsen Numbers, for Experimental Runs 

Run Gas 
Pressure 

' torrs. 
Knudsen 
Number 

3 Helium .067 2.10 

4 Helium .035 4.00 

5 Helium .033 4.30 

11 Argon .073 0.69 

13 Argon .052 0.96 

14 Argon .066 0.81 

15 Helium .031 4.50 

16 Helium .041 3.40 

steady state operation required anywhere from 18 to 100 minutes to be 

achieved. 

Listed in Table 4 are the "clean surface" A.C. values obtained 

by rejecting the early time data and using Thomas' (1967) extrapolation 

technique. It is clear from an analysis of the results of Table 4 that 

no clear pattern of "clean surface" A.C. values are discernable. 

Because of the questions raised by the Knudsen number criterion, the 

unexplained time needed for the thermistor to reach thermal equilibrium, 

and the severe scatter of the experimental data, the results of the 

present investigation must be judged to be of a preliminary nature, 

indicating a need for further experimentation with the system improved 

as described in Chapter 6. 
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Table 4. Extrapolated A.C. Values 

Run Gas (A.C.) 

3 He 0.170 

4 He 0.080 

5 He 0.130 

11 Ar 0.220 

13 Ar 0.475 

14 Ar 0.220 

15 He 0.075 

16 He 0.300 

The work of the present investigation has been carried on by 

Lau (1974) who has made some modifications in instrumentation and pro

cedures but used the same test apparatus and thermistors. Lau's 

experimentation was conducted at pressure levels sufficiently low that 

Knudsen numbers greater than 10 existed. The zeolite trap in the gas 

supply system was relocated to reduce the danger of test gas contamina

tion. Lau's experimentation resulted in steadier values for helium 

on Corning Type 0120 glass than those found in the present investigation. 

His experiments have yielded A.C. values of 0.21 to 0.22 for helium of 

Corning Type 0120 glass for Knudsen numbers greater than 10, Lau's 

experiments being conducted for a gas temperature of 40°C and a sur

face temperature of 50°C, the same as in the present study. Taking 
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these results into consideration, along with the theoretical analysis 

of Chapter 5, an experimental result of 0.2 will be utilized in the 

remainder of this thesis which is the development of a qualitative 

theory for the A.C. of helium interacting with a glass-like amorphous 

surface. 

For argon interacting with Corning Type 0120 glass, the exper

imental results are again inconclusive. Using the results of Lau 

(1974) and the recent results of McFall (1976) both for the interac

tion of argon on the same type thermistor as used in the present inves

tigation, a value of 0.65 seems appropriate for the interaction of 

argon with Corning Type 0120 glass. Since the theoretical results of 

Chapter 5 for argon are not as conclusive as for helium, the value of 

0.65 is reported here merely for completeness. 



CHAPTER 5 

DISCUSSION OF RESULTS 

5.1 Introduction 

The purpose of this chapter is to discuss the experimental 

results of the present investigation and to synthesize, from existing 

theories, a qualitative analytical method for calculation of A.C.'s 

for inert gases interacting with amorphous surfaces. 

It should be noted from the start that comparison with theory 

can only be done with some reservations since most theoretical studies 

are based on the assumption of a perfect crystalline surface. Since 

glass has an amorphous surface, it lacks not only uniformity of compo

sition but also any periodicity in the atomic structure. Figure 2 

illustrates the basic differences between amorphous and crystalline 

surfaces. The type of atomic arrangement in crystalline materials 

possessing symmetry and periodicity is illustrated by Fig. 2a, which 

depicts crystalline quartz (SK̂ ). The form of atomic arrangement in 

a typical glass composed mostly of silicon dioxide is given diagram-

matically in Fig. 2b. It is this lack of symmetry and periodicity of 

the surface atoms which makes the application of lattice (crystalline) 

A.C. theory difficult if not impossible to apply to amorphous surfaces. 

The assumption of a uniform crystalline lattice has yielded 

good quantitative results in theoretical A.C. studies for metal 

surfaces [see, for example, Goodman (1962a, 1962b, 1963, 1965, 1966), 

81 



Goodman and Wachman (1967), Trilling (1966), Lorenzen and Raff (1968)]. 

According to the lattice theory, as described by Goodman and Wachman 

(1967), the surface molecules are assumed to be localized at fixed 

coordinate points in the surface. A quantity â (t,0,c|),x,y) is 

defined as the "effective A.C. of a single gas atom," with initial 

2 
energy characterized by an effective temperature t = m̂ Uo/2k, where Uq 

is the initial speed of the gas molecule interacting with surface 

atoms having coordinates x,y. All collisions are head-on, line-of-

center collisions between the gas molecule and a single lattice mole

cule. As the gas molecule's approach to the surface comes within the 

range of the attractive potential field generated between it and the 

surface molecules, the interaction begins. The gas molecule acceler

ates toward the surface, and the surface molecules accelerate toward 

the gas molecule. The attractive force on the gas molecule decreases, 

goes to zero, and now becomes repulsive, causing the gas molecule to 

begin to decelerate. The surface molecules immediately below the gas 

molecule are repelled into the body, where they become crowded 

against the second layer of molecules; these in turn are pushed into 

the third layer, and so on. As the interaction proceeds, the distur

bance created at the surface is propagated into the solid by wave 

motion. The waves so generated carry energy away from the interaction 

site. The gas molecule, acted on now by the repulsive force, is 

brought to rest and tends to accelerate back away from the surface. 

The amount of kinetic energy it can regain, however, will be less than 

that which it had initially, because some of the initial energy has 

been carried away by the waves generated in the solid. If the energy 
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lost to wave motion In the solid had been large enough, there would be 

a possibility of the gas molecule being "trapped" or "adsorbed" on the 

surface. If the amount of energy lost had been less than the amount 

needed for "trapping", the gas molecule will escape from the surface 

region and return back into the gas. 0 is the angle made by the 

velocity vector of the incident gas atom with the inward normal to the 

surface and <p is the incident azimuthal angle. For a 3-dimensional 

Maxwellian gas, the A.C. is given by Goodman and Wachman (1967) as 

- 1 °° CO 2IT TT/2 <» „ 
(A.C.) = (4TTATV / J f f J t a.(t,0,<j>,x,y) 

MAY -00 -oo 0 0 0 

*** (44) 

sin (20) exp(-t/T )dt d0d<|>dxdy 
S 

In the above equation, it is assumed that the gas atoms are interact

ing head-on with the surface atoms and that the mechanical gas atom-

surface atom interaction parameters which enter the analysis through 

the evaluation of ct̂ (t,0,<J>,x,y) are the same for all gas-surface 

encounters. The definition and exact role of the interaction param

eters in the interaction process will be discussed later in this chap

ter. 

Certain modifications would be necessary to extend this treat

ment to amorphous surfaces. The surface is no longer homogeneous but 

is composed of randomly spaced surface atoms. The "effective A.C.'s" 

between the incident gas atoms and the particular surface species 

will be different. Denoting A as the surface area occupied by sur-

face atoms of species x and as the "effective A.C." for an inter

action of an incident gas atom with surface atom of species x, 
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Equation (44) could be written as 

- - °° » 2ir ir/2 °° 
(A.C.) = S (4TTA T ) /////. t (t,9,<j),x,y) sin(20) 

MAV A 8 "00 -00 0 0 0 
MAX x 

(45) 
exp (-t/T )dt d0d(j)dxdy 

S 

It should be noted that Equation (45) assumes that the interaction of 

a gas atom with a particular species.of surface atom yields an unique 

result; that is, it is assumed that helium gas at temperature T inter-
6 

acting with a surface "patch" of area Â  occupied only by silicon sur

face atoms will yield an A.C. value the same for all such patches. 

Since an amorphous surface lacks periodicity, surface atoms of the same 

species might have completely different orientations in the surface 

and may interact completely differently with oncoming gas atoms; thus, 

an attempt to apply a discrete lattice theory would be very difficult. 

Application of Equation (45) would necessitate accurate determination 

of the a2x's f°r these many different surface atom orientations, 

which would entail the accurate knowledge of the interaction param

eters, between a given gas atom and a particular surface atom. Since 

the interaction parameters are known unambiguously for very few cases, 

application of Equation (45) is not possible. In fact, one goal of 

our experimental investigation is the establishment of numerical values 

for the interaction parameters. In view of these obvious limitations 

of the lattice theory, theoretical investigators as far back as 

Landau (1935) believed that some form of continuum surface A.C. theory 

might have a reasonable chance of success when applied to either crys

talline or amorphous surfaces. One of the main goals of the present 
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investigation is to study the validity of these theories, and to deter

mine whether or not future A.C. theories might best be continuum 

theories. 

In the continuum approximation, the solid surface is viewed as 

a continuous solid rather than composed of discrete lattice atoms. It 

was hoped by the theoreticians using continuum models, that the vari

ous surface effects could be averaged together and the interaction 

parameters between a particular gas species and an amorphous surface 

in general could be determined by combining experimentally-measured 

A.C.'s with continuum theory. The comparison of the experimental 

results with theory which will be made later in this chapter will be 

limited to continuum A.C. theory, with these goals in mind. 

5.2 Role of Interaction Parameters and the 
Debye Characteristic Temperature in A.C. 

Theory 

Since the gas-surface interaction parameters, â  and D̂ , and 

the Debye temperature, 0̂ , are essential parts of most modern A.C. 

theory, their role in the gas-surface interaction phenomena will be 

discussed. In its usual content, the Debye temperature, 6̂ , is a 

measure of the heat capacity of a aolid at low (approaching absolute 

zero) temperatures. According to the theory [see, for example, Kittel 

(1966)] the atoms of a solid occupy specific lattice points about 

which they are free to vibrate. It is this vibration of the atoms 

which contributes to the heat capacity. The theory has successfully 

predicted the heat capacity of solids in the range 0 < T < ̂ /10 using 

the following equation 
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3 
12 4 T 

cv= r11 R(y (46) 

where R is the universal gas constant, is the specific heat at 

constant volume and T is the absolute body temperature. The role of 

0̂  in the gas-surface interaction problem was described by Goodman 

(1963j p. 1459) who wrote: 

It is necessary to make an estimate of the natural lat
tice frequency 0)o. Although our lattice model is not a 
Debye model, we assumed that the Debye temperature 9d of 
the lattice may be related to w0; this relationship is 
somewhat arbitrary. In this paper we shall assume that 
0)o - k0D/2h where k is Boltzmann's constant and *fi is 
Planck's constant h divided by 2ir. 

The interaction parameters used in A.C. studies are related 

to the nature of the intermolecular force that an oncoming gas atom 

exerts on a surface atom. One of the most frequently used models for 

the intermolecular force potential is the Lennard-Jones 6-12 potential 

given by 

H 12 A 6 
U(r) = 4eo[(|) - (f) ] (47) 

where U(r) is the force potential of two atoms separated by a distance 

r, is the energy at the minimum of the potential energy well and 

d is the intermolecular separation when the potential is zero. Since 

Equation (47) has been found rather difficult to work with analyti

cally, an alternate form of the potential energy function, known as 

the Morse potential, is used having the form 

UM = DM[exp{~2aM(r~ro)} " 2 exP{-aM(r_ro)}] (48) 

where is the magnitude of the minimum potential energy, â  is 
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the range within which the potential varies appreciably, r is the 

distance between centers of the two interacting molecules and rQ is 

the value of r at which the value of the minimum potential, D̂ , 

occurs. Dm is often referred to as the "well depth" and â  ̂is referred 

to as the "range parameter." Figure 17 shows a plot of a typical 

Morse potential, and Table 1 gives some typical values of â  and 

for some common gas-surface interaction pairs. D_, and aw enter the MM 

theoretical A.C. problem by determining what force the surface will 

experience when interacting with a gas atom. Unfortunately, â  and 

are unknown quantities for most combinations of gas and surface, and 

their determination for a particular gas-surface interaction combina

tion is one goal of A.C. investigations. 

Before any comparison with theory could be made, some form of 

Debye temperature, ©D, of the thermistor glass coating had to be deter

mined. The thermistor was specified as being coated with a Corning 

Type 0120 glass. Table 5 lists the composition and some of the phys

ical properties of this glass. Since the Debye temperature for glass 

in general is not available in the literature, a considerable effort 

was undertaken to find methods of evaluating 0̂  from the physical 

properties available for Corning Type 0120 glass. 

Alers (1965) and Blackman (1955) have demonstrated several 

methods of evaluating 0D aside from low temperature calorimetry data. 

One of these methods relates 0̂  to the sonic velocities of the solid. 

Anderson (.1963) gives the following equation 

e„ * I O173 <51> 
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Table 5. Physical Properties of Corning Type 0120 Glass 

Mechanical 

Density (20 C) 

Young's Modulus 

Poisson's Ratio 

Shear Modulus 

Thermal 

Conductivity 

Specific Heat 

Helium Permeability 

@ 500°K 

0 313°K 

3.05 g/cm 

3 2 
6.0x10 kg/mm 

0 .22  

2.5x10"* kg/mm̂  

-4 2 o 
18x10 cal-cm/sec-cm - C 

0.14 cal/g- C 

lxl0-U 

sec-cm -cm Hg 

2.8X10-14 (=«!(s£|)2!E_) 

sec-cm -cm Hg 

where h is Planck's constant, k is the Boltzmann's constant, N is 

Avogadro's number, p is the density, M is the molecular weight of 

the solid, v is the appropriate averaged sound velocity of the solid, 
m 

and q is the number of atoms in the molecule (q = 2 for NaCl, 3 for 

CaF2) to relate Debye temperature and sonic velocities. The average 

sonic velocity, v , is given by 
m 

,1 v f 1 dfi. i-l/3 
vm " <3 A> 3 <50) 

i=l ĉ  

where the ĉ 's represent the sonic velocities in a particular direction, 
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v is an element of volume, and dfl is an element of solid angle. The 

evaluation of Equation (50) can be greatly simplified if the necessity 

for performing the integration can be eliminated. This can be done 

rigorously only in the case of an elastically isotropic medium where 

the sonic velocities are independent of crystallographic direction. 

For this case there are only two sonic velocities, ĉ  and cg, the 

longitudinal and transverse sound velocities, which are related to 

the Lame elastic moduli by 

Cl = (X p 2V/2 (51) 

cs - (ii)1/2 (52) 

where X and y are the Lame moduli and p is the density of the 

solid or to the more familiar Young's modulus, E, and rigidity (shear) 

modulus, G, by 

h -  'f <53> 

°s - <f>1/2 «« 

In this case Equation (50) reduces to 

/I r 2 , 1 1n-1/3 /re\ 
Vm ™ *3 3 3 (55) 

cs Cl 

from which Equation (49) becomes 

h ,3qpN.l/3 fl f 1 2 . .-1/3 r„n 
D k ( 4iM} [3 <— + —> J (56> 

Cl Cs 

From the properties listed in Table 5, ĉ  was found to be 4.71 x 10̂  

cm/sec and cg was found to be 2.83 x 10"* cm/sec for Corning Type 0120 



glass. From these two values, Equation (55) gives a v Of 3.14 x 
m 

10̂  cm/sec. From the composition of Corning Type 0120 glass given in 

Table 5, M was found to be 112.24 amu and q was found to be 2.72. With 

the value of p given in Table 5, 0̂  was evaluated from Equation (56) 

and found to be 332°K. Following the above procedure the Debye char

acteristic temperature was evaluated for a number of different type 

glasses. The results listed in Table 6 show that 0D varies signifi

cantly for different glass types. Since this implies that different 

type glasses have different wave propagation characteristics, care must 

be employed when comparing a set of A.C. values for a particular type 

glass to a set of A.C. values for another type glass. 

5.3 Baule's Hard Sphere Theory 

Before discussing continuum A.C. theory, the hard-sphere theory 

of Baule (1914) will be investigated. As was shown in Chapter 1, the 

interacting atoms are assumed to be hard spheres which collide head-on 

and exchange energy. In this highly simplified model, details of the 

interaction potentials are completely neglected. The Baule model is 

applicable only at very high temperatures where the gas molecules are 

moving so fast that the surface molecules do not have time to respond 

to the interaction, until after the gas molecule has rebounded from 

the surface. 

According to the Baule theory, the A.C. is given by 



Table 6. 0̂  for Various Glass Surfaces 

Type* P q M 
c 
s 

V 
m 6D 

/ 3 
g/cm atoms/ 

molecule 
amu 10̂ cm/sec 10̂ cm/sec 10̂ cm/sec deg. K 

1 2.203 3.000 60.0848 5.968 3.764 4.14 499 

2 2.320 3.260 61.8000 5.640 3.280 3.64 454 

3 3.880 2.487 147.7000 3.980 2.380 2.63 267 

4 2.240 4.689 78.4600 5.100 2.840 3.16 407 

5 3.050 2.720 112.2400 4.710 2.830 3.14 332 

6 2.301 3.000 63.4970 5.228 3.240 3.57 428 

7 2.491 3.000 80.5600 4.702 2.510 2.80 318 

* Refers to glasses listed in Table 2. 
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where u = m /m is the mass ratio. Goodman and Wachman (1967) have mod-
g s 

ified Equation (57) according to 

2'4>1, (58) 
10 (1+P)2 

where (A.C.),„, represents the modified Baule A.C., and is a better rep-
MB 

resentation of the high temperature limit given by the discrete lattice 

A.C. theory. 

For an amorphous surface, the application of the modified Baule 

formula must be done carefully. Since an amorphous surface is composed 

of different atomic species, the different gas-surface encounters must 

be taken into account. If the (A.C.)„_ is evaluated using the average 
MB 

molecular weight of the surface atoms, m , error will be introduced 
s 

into the analysis due to the non-linear nature of Equation (58). 

To illustrate this point consider a surface containing two atoms 

with masses of 4 and 40 amu respectively. Assume that gas molecules 

with a mass of 4 amu interact equally with each surface atom. The 

(A.C.).,,, found using an average surface mass, m , is 0.312, whereas the no s 

(A.C.)̂  found by allowing the gas atom to interact with each surface 

species and then averaging the results gives 0.399. 

The atomic diameter of the surface atom also affects the evalua

tion of (A.C.)-™ since an impinging gas atom has a higher probability 
Mo 

of interacting with larger surface atoms than with smaller ones. To 

incorporate the various atomic diameters into the analysis, the follow

ing model is proposed; first, the percentage of the various atomic 

constituents making up the surface was determined; next, from the 

fraction of the various atomic species and the various atomic diameters 

a quantity P(x) was determined which represents the probability that an 
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incident gas atom would interact with a surface atom of species x; next, 

a quantity (A.C.)vm was evaluated which represented the A.C. of a gas 
MB 

X 

atom interacting with a surface atom of species x; finally, the (A.C.)̂  

for gas atoms interacting with an amorphous surface was assumed to be 

given by 

(A.C.)̂  = I P(x)(A.C.)m (59) 
x x 

Using Equation (59) the (A.C.).ro was found to be 0.285 for helium HD 

interacting with Corning Type 0120 glass and 0.49 for argon interact

ing with Corning Type 0120 glass. 

Before the above results are compared to the experimental 

results, the dependence of the (A.C.) with temperature must be consid

ered. Figure 18 shows a plot of A.C. data versus temperature for 

helium interacting with tungsten. The minimum value of the data occurs 

approximately at 65°K. Listed in Table 7 from Trilling (1966) are a 

number of T̂ .̂  [temperature at which the minimum values of the (A.C.) 

data occurs] for various gas and surface combinations. From the helium 

cases, it is noted that the minimum occurs approximately at 65°K for 

all cases examined. If we consider this to be typical behavior for 

helium interacting with an arbitrary surface, the results of our exper

iment should be less than the high temperature (A.C.) since the present 

investigation occurred at 313°K which is greater than the minimum tem

perature of approximately 65°K. 

For argon on tungsten the data of Table 7 indicates that the 

minimum temperature does not occur until approximately 1400°K. For 
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Table 7. Twt„ for Various Gas-MIN 
surface Combinations 

Gas-surface 
Combination 

T (° 
MIN v 

He-W 65 

Ne-W 268 

A-W 1400 

Kr-W 3950 

He-Mo 65 

Ne-Mo 268 

He-Ni 65 

He-Pt 65 

He-Al 65 

He-Be 65 

Ne-Fe 268 

Ne-Al 268 

Ne-Be 268 

He-Cs 65 

Ne-Cs 268 

He-K 65 

A-Cs 1400 

temperatures below this temperature, the A.C. value may be greater than 

or less than the (A.C.value without inconsistency. 

5.4 Permeability of Glass to Helium 

Since the molecular arrangement and resulting physical properties 

of amorphous solids differ from those of crystalline solids, these dif

ferences were investigated to see if they might have an effect on the 

A.C. In particular, the phenomenon of a high permeability rate of 
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certain glasses by which helium molecules diffuse through the glass was 

examined. Norton (1953) states that in forming an irregular lattice of 

glass, there are many larger "gaps" formed than occur in the regular 

crystal structure. It is possible that these larger random openings in 

the glassy structure of fused silica account for the increased helium 

permeation. These "gaps" in the atomic structure of amorphous SiĈ  

glass are shown in Fig. 2b. If a glass surface were highly porous, a 

significant fraction of the impinging gas atoms would be captured by 

the surface, and would later be readmitted in a completely accommodated 

state. An approximation analysis which is given in Appendix 4 indi

cates that only a very small fraction would actually be completely 

accommodated, for Corning Type 1020 glass. Norton (1953) suggests that 

for glasses which do not exhibit high permeation rates can be attributed 

to the addition of substances other than silicone or oxygen to the glass 

composition. These added nonglass-formers plug the "gaps," reducing the 

helium permeation rate below that of pure fused silica. Schafer and 

Gerstacker (1956) have demonstrated that for a high percentage of Si02 

glass the permeability effect contributes approximately 12 percent to 

the A.C. value. This is consistent with our conclusions since fused 

silica has a permeation rate of approximately one thousand times that 

of Corning Type 0120 glass. 

5.5 Continuum Theory 

As stated previously in this chapter, the comparison of exper

imental A.C. values with theory for an amorphous surface might be 

accomplished in a practical manner through an appropriate continuum A.C. 
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theory. Chapter 1 described the contimuum theory of Landau (1935), the 

one-dimensional continuum theory of Scott and Karamcheti (1967) using 

truncated harmonic and Morse potentials and the three-dimensional con

tinuum theory of Trilling (1970). The comparison of the present helium 

experimental data with theory will be made through a series of steps 

(to be explained later) as follows: first, the appropriate equation 

from the work of Trilling (1970) is selected since this work was con

sidered the most rigorous of the existing continuum theories; second, 

an initial selection of the interaction parameters â , DM is made using 

the values that Trilling (1970) used for helium interacting with vari

ous non-alkaline metals; third, the Debye temperature is modified using 

the continuum theory of Landau (1935); fourth, the modified values of 

0jj, â  ̂and DM are again substituted into the appropriate equation from 

Trilling's (1970) work for the final A.C. value; finally, the modified 

forms of the Debye temperature, 0̂ , and interaction parameters â  and 

D̂ , are checked for compatibility using the one-dimensional continuum 

analysis of Scott and Karamcheti (1967). 

For the interaction of helium with various surfaces, Trilling 

(1970) gives the following equation 

8 -fi m a' 2k T , /9 -r D ' 1 D 1 

(A.c.K „ s-L (—£)1 /2  [1 + -±- fcV> '  + sV-
3-D AkS.ci e /F k T- 2k T-
CONT D s 

g 

+ -̂ (̂ -)3/2] (60) 
V̂ rF g 

where fi and k have the usual meaning, m is the average mass of s 

a surface atom, â  is the range parameter, is the potential well 
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depth, <J> is a parameter assumed to be 7r/2 for helium, 

C = /2 (1-0)/(1-20) where 0 is Poisson's ratio, and 9̂  is the Debye 

temperature. It should be noted that in the above equation is dif

ferent from used in most A.C. theory since Trilling (1966,1970) used 

a slightly different form of the force potential. For the interaction 

of helium the two are related by 

DM • T <61> 

which is determined by comparing the value of which yields good 

agreement in Trilling's continuum (1970) formula to the value of 

used by Goodman and Wachman (1967) to obtain good agreement for the 

same system. 

Table 8 lists some of the various interaction parameters 

utilized by Trilling (1970). From this table the nearly universal 

value of D̂ /k for helium is 50°K with the exception being for helium-

tungsten which shows a value of 55°K. 

* °-l 
The universal value for a' from Table 8 for helium was 1.67 A . 

M 
o °-l 

The values of D̂ /k = 50 K and â  = 1.67 A were selected to test the 

theory. From Table 5 the Poisson ratio of Corning Type 0120 glass was 

given as 0.22 from which C became 1.77. The value of <F> = TT/2 was 

selected since this value gave correct results in Equation (60) helium 

on tungsten. The remaining parameter values are m̂  = 4.0026 amu, mg 

= 41.26 amu, and T = 313°K. The 0D value is determined from Equation 

(56) and is found to be 332°K. Substituting these values into Equation 

(.60) yielded a value of 0.16 for the A.C. of helium interacting with 

Corning Type 0120 glass. Although this value agrees reasonably well 
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Table 8. Gas-surface Interaction Parameters According to Trilling (1970) 

System m 
g 

(amu) 

m s 
Camu) 

DM/k 
(°K) 

aM 

(A-1) 

9D 
(°K) 

He-W 4 184 55 1.67 315 

Ne-W 20 184 200 1.67 315 

A-W 40 184 1000 1.67 315 

Kr-W 84 184 1600 1.45 315 

Xe-Mo 131 184 2560 1.45 315 

He-Mo 4 96 50 1.67 380 

Ne-Mo 20 96 200 1.67 380 

A-Mo 40 96 1000 1.67 380 

Kr-Mo 84 96 1600 1.45 380 

Xe-Mo 131 96 2560 1.45 380 

He-Al 4 27 50 1.67 400 

He-Ni 4 59 50 1.67 320 

He-Pt 4 195 50 1.67 230 

Ne-Fe 20 57 200 1.67 425 

He-Be 4 9 50 1.67 1000 

Ne-Be 20 9 200 1.67 1000 

with the experimental value of 0.2, the agreement could be made better 

through use of an improved or more realistic Debye temperature. 

As discussed previously, the Debye temperature as used in A.C. 

theory is related to the natural lattice frequency, and its nature, is 

a property of the bulk of the material rather than its surface. Because 

the molecules in the surface of a substance have a different 



crystallographic surrounding from that of the molecules in the bulk of 

the material, the 9̂  values used in A.C. theory differ from the 

"literature" values of 0̂ . This phenomenon is discussed by Trilling 

(1966). Table 9 lists some "literature" values of 0̂  taken from the 

Handbook of Physics (1970) compared with the 0̂  values used by Trilling 

(1970) for the three-dimensional continuum model. Table 9 clearly 

demonstrates that the A.C. theory values of 9̂  are consistently less 

than the literature values. If a value of 9̂  = 285°K is used in Equa

tion (60) while keeping all other parameters the same, as for the 

example discussed above for helium on Corning Type 0120 glass, the 

A.C. value becomes 0.184, which is in better agreement with the experi

mental value of 0.2. This value of 9̂  = 285°K along with a range param-

°_1 
eter of 1.67A , gives an A.C. value of 0.2 using Landau's formula, 

Equation (11). 

Table 9. Some "Literature" 9̂  Values Compared with Some A.C. ©q Values 
of Trilling (1970) 

0Q (Literature) 0D (Trilling) 

Substance (°K) (°K) 

W ' 400 315 
A1 428 400 
Pt 240 230 
Ni 450 320 
Fe 467 425 
Be 1160 1000 
Mo 450 380 
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As a final check, the values of â , DM and 0D will be substi

tuted into the Scott and Karamcheti (1967) one-dimensional continuum 

model, which yields 

CA.C.) = 1 - exp[ " 71 ] (62) 
ST 1 
By " 4 

where (A.C.)̂  represents the expected A.C. value for the high temper

ature limit, B is a calibrating parameter given by 

8 aM DM 
B (63) 

s 

and k is given by Equation (18). Using the value of 0.285 obtained 
s 

by application of Equation (59) as the high temperature limit of the 

A.C., of helium interacting with Corning Type 0120 glass, Equation 

(62) yields a value for B of 0.1176. Substituting the values of â  = 
o -

1.67 A , D„ = 0.198 kcal/mole (note: D„ = 2D') and 0_ = 285°K into 
M. M M D 

Equation (63) yields a value for B of 0.1176. The above analysis 

demonstrates that the parameters selected to give good agreement with 

Trilling's (1970) continuum theory were not selected "ad hoc" but are 

consistent with four different gas-surface interaction theories, 

Landau (1935), Goodman's (1966) modified Baule, Scott and Karamcheti 

(1967), and Trilling (1970). 

The theoretical comparison of helium interacting with Corning 

Type 0120 glass is depicted in block Fig. 19 and may be summarized as 

°_1 
follows: the value of = 0.198 kcal/mole and â  = 1.67 A were 

selected since these values were almost universally used by Trilling 

(1970) for helium interacting with a variety of non-alkaline metallic 
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surfaces; the value of 0̂  = 285°K was selected to be lower than the 

"literature" 0̂  value of 332°K and because it yielded an (A.C.) value 

of 0.2 in Landau's (1935) equation; these values yielded an A.C. value 

of 0.184 in Trilling's (1970) three-dimensional continuum equation which 

was in good agreement with the experimental A.C. value of 0.2; using 

the results of Equation (59) as the high temperature limit for A.C. 

values, Equation (62) from the Scott and Karamcheti one-dimensional con

tinuum model was solved for the calibrating parameter B which was found 

to be 0.1176; finally, the interaction parameter and Debye temperature 

used in Equation (60) were used to evaluate B from Equation (63) which 

was found to be 0.1176. 

To compare the argon experimental data, Trilling (1970) gives 

the following as the correct relation for heavy gases 

384̂ 2 tf/(c) -fi3a'3 D'5/2 , k T 1/2 5k T 
(A.C.)3_D ti +-̂  (̂ ) + ̂  

CONT ms ̂  
(k V k Tg M M 

e^)3/2 +1 cV^)2 + -2- <V>5/2J (64) 

M J M 3/rr M 

where ip (C) is a function of C. The value of <̂ (C) was approximated as 

the value which yielded correct results in Equation (66) for the inter

action of argon with tungsten; ip(C) was set equal to 0.0625. The 

remaining parameters were chosen as follows: 0̂  was the value used in 

helium analysis, 285°K, and should be the same for argon; â  was chosen 
o.! 

to be 1.45 A since this was Trilling's choice for the range parameter 

for argon interacting with non-alkaline metallic surfaces; a value of 

D'/k = 900°K was selected which compares favorably with a value of 
M 
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Dj|j/k = 1000°K for argon with tungsten; was selected as the experi

mental value of 313°K. Substitution of these parameters into Equation 

(64) yielded an A.C. value of 0.902. Because of the lack of compliance 

with the Knudsen number criterion along with uncertainties of surface 

conditions, the experimental A.C. value of 0.65 for argon interacting 

with Corning Type 0120 glass is suspect and no comparison with the 

theoretical value will be made. The theoretical value of 0.902 for 

argon interacting with Corning Type 0120 glass is presented here for 

completeness of the previous analysis. The assumed parameters did not 

correlate with either the Scott and Karamcheti (1967) one-dimensional 

continuum analysis or with Landau*s (1935) continuum model. A pos

sible explanation for the lack of correlation is that in the tempera

ture range of the present investigation sorbtion of the argon on the 

surface may be a major contribution to the A.C. values. Where 

Trilling's (1970) analysis addresses itself to this problem, the sorb

tion question was not part of either the Scott and Karamcheti's (1967) 

analysis nor Landau's (1935) analysis. 

5.6 Comparison with Other 
Experimental Results 

It is of interest to compare the experimental results of the 

present investigation with other A.C. experimental data for glass. 

Keesom and Schmidt (1936a,b) determined the A.C. value of helium on 

Thuringian glass to be 0.337 at 273°K, From the composition of 

Thuringian glass as given hy Morey (1954) and listed in Table 2, the 

average molecular weight of a surface atom in Thuringian glass was 

found to be approximately 21 amu. Since this is somewhat lower than 
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the 41.26 amu value for Corning Type 0120 glass it is reasonable that 

Keesom and Schmidt's (1936a,b) A.C. value should be higher than the 0.2 

value of the present investigation. Since the cleanliness of the 

Thuringian-glass surface was probably not as good as in the present 

investigation, this would also tend to increase the A.C. values of the 

Keesom and Schmidt (1936a,b). 

The most extensive experimentation to date, at least to this 

author's knowledge, of the A.C. on glass was due to Schafer and 

Gerstacker (1956). Their experimentation covered a temperature range 

of 260°K to 380°K for eight different gases including helium and argon. 

At the temperature of the present investigation, 313°K, the A.C. 

value for helium was 0.28 and for argon was 0.88. Although the par

ticular glass type used was not specified (this is the principal 

shortcoming of their paper), there were inferences that it was a Pyrex 

type glass which is high in Si02 content. Since the average molecular 

weight of a surface atom in Pyrex is 21 amu, the A.C. values of Schafer 

and Gerstacker (1956) should be higher (Baule's modified formula gives 

0.32 for helium) than our A.C. values of 0.2 for helium on Corning 

Type 0120 glass which has an average molecular weight of 41.26 amu. 

Taking the differences in molecular weight into consideration, the 

experimental results of Schafer and Gerstacker (1956) are in good qual

itative agreement with the results of the present investigation. 



CHAPTER 6 

CONCLUSIONS AND RECOMMENDATIONS 

As stated previously the main objective of this thesis was the 

initiation of an experimental investigation of the thermal energy 

accommodation coefficient of an inert gas in contact with an. amorphous 

surface. Utilization of a glass surface in modern energy accommodation 

research is novel and most of the procedures employed in the present 

investigation had not been previously tested. The purpose of this 

chapter is to summarize the principal results of the present investiga

tion, to discuss the merits of these new procedures, and to make recom

mendations concerning future investigations. 

Determinations of the thermal accommodation coefficient were 

made for helium and argon interacting with an amorphous glass surface. 

These determinations were made using a thermistor, specified as being 

coated with a Corning Type 0120 glass, as a test surface. An all-

metal stainless steel vacuum system employing ionization pumping was 

used. A model was synthesized from existing continuum A.C. theory to 

predict the thermal A.C. of inert gases interacting with amorphous sur

faces. The experimental value of 0.2 for helium interacting with 

Corning Type 0120 glass was found to be consistent with four A.C. 

theories which collectively yielded an A.C. value of 0.184. The exper

imental value of 0.65 for argon interacting with Corning Type 0120 

107 
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glass was not consistent with the theoretical value of 0.902. In the 

process of theoretical verification, the mechanical interaction param

eters were determined. For the interaction of helium with Corning Type 

°-l 
0120 glass, â , the Morse range parameter was found to be 1.67 A and 

DJJ, the Morse potential well depth, was found to be 0.198 kcal/mole. 

The Debye temperature of the Corning Type 0120 glass was found to be 

332°K. The helium experimental data correlated well with existing 

helium on glass A.C. data. 

A primary concern of the investigation was the selection of 

the experimental surface. As was previously discussed the thermistor 

was selected because of its availability and desirable thermal proper

ties, especially the sensitivity of its resistance to temperature 

changes. Problems of not fully meeting the Knudsen number criterion 

and of maintenance of the proper degree of surface cleanliness arose 

during the experimentation. By switching to a smaller diameter ther

mistor and by modifying the surface-preparation procedures, these 

problem areas could be eliminated. However, in spite of these prob

lems, it is concluded that the thermistor can be a valuable tool in the 

study of the gas-surface interaction phenomena for glass surfaces and 

merits further use in future investigations. 

The metal vacuum system used in the present investigation was 

considerably different than those used by previous A.C. investigators, 

who concentrated mainly on glass vacuum systems. The main advantages 

of the system used here are durability, ease of modification, and lower 

ultimate pressures than are available with glass-diffusion pump sys

tems. The only real problem encountered with the vacuum system 
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concerned the entrance of the test gas into the system. This problem 

was more the fault of design compromises due to limited funds than with 

the actual vacuum system. It is the conclusion of this investigation 

that modern stainless steel vacuum systems can successfully be utilized 

in A.C. research. 

With the attempt to correlate the experimental results with 

theory, it became evident that existing continuum A.C. theory provided 

a convenient means of estimating the gas-surface interaction parameters 

for inert gases on amorphous glass surfaces. Because of the limited 

amount of experimental data generated by the present investigation, the 

validity of these analytical correlations could not be fully tested. 

Future investigations should focus on measuring the A.C. at different 

values of AT and different gas temperatures. If the same values of 

the interaction parameters correlate the data, then the validity of the 

theoretical correlations will have been demonstrated and improved val

ues of the interaction parameters can be determined. 

Based on the problems encountered in the present investiga

tion, the following recommendations seem in order. First, the experi

ments should be conducted with surfaces composed of various glass 

compositions to see how this affects both the A.C. values and the 

interaction parameters; second, the experimental procedures should be 

modified to more carefully control the admittance of the test gas into 

the vacuum system to sharply reduce the possibility of foreign gases 

being present in the test chamber. It might even be possible to run 

parallel (simultaneous) A.C. measurements on a flashed tungsten wire 

mounted in the test chamber containing the thermistor, to provide some 



proof of the quality of the vacuum system and its ability to produce 

valid A.C. measurements; third, future investigations should use ther

mistors of varying diameters operating at varying pressures to deter

mine the Knudsen number dependence of A.C. measurements in a system of 

the sort used here. If the A.C. is found insensitive to the Knudsen 

number, the experimental data can be taken at higher pressure levels, 

which will increase the contribution of molecular conduction to the 

energy exchange process and minimize any inherent system errors; 

finally, an automated and continuous reading of the experimental data 

beginning at zero time would be an improvement of the method used in 

the current investigation of taking the early data points. 



APPENDIX 1 

ESTIMATION OF END LOSS EFFECTS 

Before the A.C. can be evaluated, the uncorrected A.C. data 

must be corrected for end loss effects. The correction is necessitated 

by the fact that the energy conducted down the thermistor leads, 

during ultra-high vacuum conditions is not the same as the energy con

ducted down the thermistor leads, E' , when the test gas is present 
vUNlJ 

in the chamber. In each case the conduction loss will be calculated 

by assuming the thermistor leads to be extended surfaces (also referred 

to as fins) in the classical heat transfer sense [see, for example, 

Kreith (1973), pp. 56-67], The energy flow down the thermistor leads 

by conduction is dissipated to the environment by some appropriate heat 

transfer mechanism. In the case of an ultra-high vacuum, the energy is 

dissipated to the environment solely by thermal radiation. If we 

assume the thermistor leads to be small "gray" bodies entirely enclosed 

by a much larger body, we may define 

h = £ [O — ] (Al.l) 
(T"TJ 

where ĥ  is the radiant-heat-transfer coefficient, e is the emissivity 

of the thermistor leads, a is the Stefan-Boltzmann constant, T is the 

appropriate average temperature of the thermistor leads, and T̂  is the 

appropriate temperature to which the leads are radiating. Since the 

111 
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temperature down the thermistor leads is almost linear, it will be 

assumed that the temperature at the end of the thermistor leads equals 

the gas temperature, T̂ , and that T = (Tg + Tg)/2 where Tg is the ther

mistor temperature. With T = 323°K, = 313°K and assuming £ for the 

platinum-irridium leads to be 0.14, the radiation-heat-transfer coeffi

cient, ĥ , from Equation (Al.l) assumes the value of 1.02 watts/m̂ -°K. 

The general solution to the extended surface heat transfer 

problem, neglecting heat generation in the leads, is given in Kreith 

(1973) as 

_ m _ mx _ **IDX 
T_Too = C1 e + c2 e (A1.2) 

where x is the distance measured down the thermistor lead, T is the 

temperature at the x position, is the environmental temperature sur

rounding the thermistor leads, and C2 are constants to be determined 

from the boundary conditions of the problem, m = ZhP/kA, h is the 

appropriate film coefficient, P is the perimeter of the leads, A is the 

cross-sectional area of the leads, and k is the thermal conductivity of 

the leads. The boundary conditions for this problem are as follows 

T = T @ x = 0 
s 

T = T2 @ x = L (A1.3) 

where Tg is the thermistor temperature and T2 is the temperature at the 

end of the thermistor leads (x = L) . Substituting the boundary condi

tions of Equation (A1.3) into Equation (A1.2) yields, after some alge

braic manipulation, 

(T.-T ) sinh (mx) + (T -T ) sinh [m(L-x)] 
/ oo S 00 

T~Tco sinh (mL) (A1-4> 
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Once the temperature distribution is known, the heat transfer down the 

leads can be found by application of Fourier's Law which can be written 

as 

q = - kA £ (A1.5) 

x=0 

Substitution of Equation (A1.4) into Equation (A1.5) yields 

(T̂ Tjm - m(T -Tj cosh (mL) 

1 " " t sl-h (ml) 1 <A1-6> 

as the energy conducted down the thermistor leads. Equation (A1.6) can 

be simplified by noting that in the present example T̂ t the temperature 

at the end of the leads equals T the environmental temperature, which 

reduces Equation (A1.6) to 

kA m(T -T̂ ) 

 ̂ tanh (mL) (A1.7) 

ĈOND an(* ECOND 3re evâ -uateĉ  from Equation (Al.7) by using the appro

priate values of h. For the case of an ultra-high vacuum, h = hr« 

For the case when the test gas surrounds the thermistor leads, h = hf 

+ h where h is the effective film coefficient for molecular conduc-
mc mc 

tion. h is found using the following reasoning. When the test gas is 
mc 

admitted into the vacuum chamber, the energy conducted down the lead 

will be dissipated to the surroundings by thermal radiation and molecular 

conduction. The energy leaving the thermistor lead by molecular con

duction is given by 

9.6896K10-1 p- AT(A.C.)pLAIINm 

V (A1.8) 
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where A is the surface area of the thermistor leads. If we equate 
s£, 

Equation (A1.8) to 

q = h A (AT) ... nN Mmc mc ŝ  (A1.9) 

where h is the effective film coefficient for molecular conduction, 
mc 

h can be determined. 
mc 

To demonstrate the use of the above analysis, the end loss 

correction for the sample calculation of Appendix 2 will be evaluated. 

The following data were taken for a typical data point of Run 15: 

p' = 0.031 torrs 

AT = 20°K 

m = 4.0026 amu 
g 

T' = 27.78°C = 300.78°K 

The physical properties of the thermistor leads are as follows: 

A = 8.107x1O-9 m2 

k = 31.0 watts/m-°K 

P = 3.19xl0~4 m 

L = 3.81xl0~3 m 

Using the above values and an. A.C. of 0.2 for helium on "dirty" 

2 
platinum yields a value of 1.73 watts/m - K for hmc» 

ĈOND *S eva*uated by substituting the run data and h = hr = 

1.02 watts/m2-°K into Equation (A1.7) which results in a value of 

_3 
1.328x10 watts as the energy dissipated down one lead during ultra

high vacuum conditions. EQQND is evaluated by substituting the run 

data and h = h + h =2.75 watts/m2-°K into Equation (A1.7) which 
r mc 
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—3 
results in a value of 1.341x10 watts. The difference between Eqqjjjj 

and the value per lead which must be subtracted from the numera

tor of Equation (43) to yield the corrected A.C. values. For the pres

ent example the total correction for both leads amounts to 2.6x10 ̂  

watts. 



APPENDIX 2 

NUMERICAL EXAMPLE OF A.C. CALCULATION 

The formula to calculate the uncorrected A.C. values was given 

by Equation (43) as 

_ [v2 - (V')2]/RTH 
A.C. -

9.699x10 p' A AT r s 

•T* m g 

2 
Note: A in above formula is in cm , whereas dimensions on s 

pp. Ill through 115 are in m. 

The following data were taken for a typical data point of 

Run 15: 

V' = 0.3516 volts 

V • 0.35658 volts 

p' = .031 torrs 

R̂ JJ =» 38.87 ohms 

2 
A • 0.048 cm 
s 

AT - 20°K 

Tf - 27.78°C - 300.78°K 

m = 4.0026 amu 
g 

Substituting the values for V, V' and R̂  ̂into the top terms of the 

above equations yield a value of 9.073 x 10 ̂  watts. As described in 

116 
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Appendix 1, however, this term must be modified by an appropriate end 

loss correction factor. For the run in question, Appendix 1 evaluated 

the end loss correction to be 2.6 x 10 watts. Hence, the top term of 

the above equation should be 6.47 x 10 ̂  watts. Substituting the 

values for p', A , AT, T', and m into the bottom term of the above 
 ̂ s' g 

~4 equation yields a value of 8.32 x 10 watts. The ratio of these two 

quantities yields an A.C. value of 0.078. Following the above proce

dure all the data points shown on Figure 16 were evaluated. 



APPENDIX 3 

ESTIMATION OF TIME REQUIRED FOR THERMISTOR TO 

REACH EQUILIBRIUM AT DESIRED SURFACE TEMPERATURE 

The time required for the thermistor to reach thermal equili

brium at the desired surface temperature can be determined by appli

cation of the first law of thermodynamics. The first law is merely a 

statement of the law of conservation of energy and is expressed as 

E = F + AE (A3.1) 
IN OUT STORED 

where EIN is the energy entering the system, EQUT is the energy leav

ing the system, and Ae
Sjqred is the change of energy being stored in 

the system. While the thermistor is reaching equilibrium, the bakeout 

current is zero and hence the Ê  term of Equation (A3.1) is zero. 

The term will be comprised of radiation heat transfer between the 

initially hot thermistor and cool chamber walls, heat conduction down 

the potential leads of the thermistor, and molecular conduction if the 

gas was admitted at the cessation of thermistor bakeout. 

For the time being, let's assume that the heat conduction down 

the potential leads and the molecular conduction are negligible com

pared to the thermal radiation. 

In order to approximate the radiation heat transfer, the "gray-

body" analysis will be utilized; see, for example, Holman (1976, 
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pp. 294-302). The radiation heat exchange between two concentric long 

cylinders is given by 

4 4 a A (T -T ) 

ql-2 = l/e1 + (A1/A2)(l/e2-l) (A3*2) 

where is the temperature of the warmer body of area Â  and emis

sivity T2 is the temperature of the colder body of area and 

emissivity and O is the Stefan-Boltzmann constant. Since A2» 

'.he area of the test chamber walls is much greater than Â , the ther

mistor surface area, Equation (A3.2) reduces to: 

ql_2 = CJ Ax ex (T14 - T,4) (A3.3) 

The rate of change of energy stored in the system is given by 

ŜTOKED (A3"4> 

where C is the heat capacity of the thermistor, p is its density, 

V is its volume, and T represents time. 

Substituting into Equation (A3.1) yields the following differ

ential equation 

a e A d T 

-so1 dT"" 7x71 <*»•» 
1  " 2  

Integrating the left-hand side of Equation (A3.5) from zero to T and 

the right-hand side from the initial thermistor temperature, Tq, to 

the desired thermistor temperature, T, yields 

"eiAl ,T dT, 

CpV T" " T 777T 

o Li ~ 2 
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The right-hand side of the above equation can be evaluated by 

numerical Integration using Simpson's rule. For T̂  = 40°C, Tq = 150°C, 

O 
and T = 50 C, the numerical integration yields a value of 1.73x10 

o 3 
( K) . To solve for T, numerical values are needed for the left-hand 

side of Equation (A3.6). Although the thermistor is a composite of 

glass and metallic oxides, its physical properties will be approxi

mated to be the properties of Corning Type 0120 glass entirely. For 

glass, Table A-10 in Holman (1976) gives a value for of 0.90. 

From Table 5 the values for Corning Type 0120 glass, of the heat capac

ity C was 0.14 cal/g-°C and of the density p was 3.05g/cm̂ . From the 

physical dimensions of the thermistor its surface area A and volume V 

2 ~X0 3 
were found to be 4.8x10 m and 9.5x10 m , respectively. Substi

tuting these values into Equation (A3.6) and solving for T yields a 

value of 1.99 minutes for the time required for the thermistor to come 

to an equilibrium temperature of 50°C from an initial equilibrium 

temperature of 150°C. 

The above analysis assumes that the thermistor thermally inter

acts only with the chamber walls which are maintained at a constant 

temperature of 40°C. In close proximity to the thermistor is the post 

to which the thermistor is mounted. Due to this close proximity, it 

becomes entirely possible that during the bakeout period, the posts 

are also heated to 15Q°C. When the bakeout current is cut, the ther

mistor seeks to reach, thermal equilibrium but is hindered by "seeing" 

the warm adjacent post. Until the post reaches thermal equilibrium 

with the rest of the test chamber, the thermistor cannot produce mean

ingful data. 
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To determine the time needed for the post to reach thermal 

equilibrium, an analysis similar to the above will be made. Assuming 

-2' -4 
the post to have a length of 1.27x10 m and a diameter of 7.62x10 m, 

-5 2 
the surface area and volume of the post become 3.04x10 m and 5.79x 

-9 3 
10 m , respectively. Since the pos:t was specified as being gold 

plated kovar, the density and heat capacity values were assumed to be 

those of kovar while the emissivity was assumed to be that of gold. 

3 
Hence, the density p equals 8137kg/m , the heat capacity C equals 0.11 

cal/gm-°K, and the emissivity equals 0.035. The right-hand side 

of Equation (A3.6) will assume the same value as above, namely, 1.73x 

—A o - ̂ 
10 ( K) . Substituting the above quantities into Equation (A3.6) 

and solving for T yields a value of 1.72 hours. The long time the 

post takes to reach thermal equilibrium with the chamber can account 

for the long time needed to obtain initial A.C. data. 



APPENDIX 4 

ESTIMATION OF THE NUMBER OF MOLECULES 

TRAPPED BY VOIDS IN CORNING 0120 GLASS SURFACE 

The permeation of helium through glass is a known phenomenon; 

see, for example, Altemose (1961). It is traced to the voids in the 

atomic structure of many glass surfaces as is shown in Fig. 2. These 

voids freely allow the smaller helium molecules to "drift" through the 

atomic structure and eventually out of the system. 

In formulating a model for the interaction of helium with 

glass, the voids in the atomic structure were hypothesized as affecting 

the A.C. value if a substantial fraction of the helium molecules would 

be trapped by the surface voids and eventually re-admitted in a com

pletely accommodated state. To test this hypothesis an estimation of 

the fraction of helium molecules interacting with a Corning Type 0120 

glass surface and trapped is required. 

For the case of nondissociation and the rare gases, Norton 

(1953) gives as the total amount of material, Q, permeating a membrane 

KAT (Ft-P,) 
Q (A4.1) 

where 

K = permeation velocity constant 

A = area of membrane exposed 

• gas pressure on high side 
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P2 = gas pressure on low side 

T = time 

d = thickness of membrane 

3 

For Corning Type 0120 glass at 313°K-, K equals 3x10 cm 111111— 
sec-cm -cm Hg 

3 
As given above, the dimensions of Q are expressed as cm (STP). 

If we multiply Q by the Loschmidt number, nQ, equal to 

14 molecules 
2.69x10 —̂  , the number of molecules permeating through the 

cm (STP) 

solid will be found. If Q nQ is divided by T and A the resulting 

quantity, Q1, will represent the number of molecules permeating the 

surface per unit area per unit time, hence 

, K no (Pl"P2) (A4.2) 
d 

d will be assumed to be on the order of the molecular thickness of a 

molecule, therefore assume 

° —8 —7 
d = 1A = 1x10 cm = 1x10 mm 

The quantity estimated by assuming ̂  = 0 and using 

for p̂  a typical experimental value of .05 torr which is equivalent to 

0.005 cm-Hg. Substituting these quantities into Equation (A4.2) yields 

a value of Q' equal to 4.035x10"̂  m°J-ecû es for tjie estimated number of 
sec - cm 

molecules which may be trapped and re-admitted in a completely accom

modated state. This number should now be compared to the total number 

of molecules incident on the surface per unit area per unit time to 

ascertain whether or not it is significant. 
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Equation (29) gave the expression for N, the number of mole

cules incident on a solid surface per unit area per unit time as 

N = -7 n v (A4.3) 
4 a 

where n equals the number density and v equals the average molecu-
cl 

lar velocity. The average molecular velocity for a gas having a 

Maxwellian distribution was given by' Equation (33) to be 

8k T 1/2 
v = (——&) (A4.5) 
a irm 

g 

o -24 
With T equal to 313 K and m equal to 6.64x10 grams, v equals 

S 8 

1.29x10̂  cm/sec. The number density was given by Equation (32) to be 

n = (A4.5) 
g 

2 
With p equal to .05 torr which is equivalent to 66.66 dynes/cm and T 

g 
o 13 3 

equal to 313 K, n equals 1.54x10 molecules/cm . Using the above 

19 2 
results, N was found to be 4.96x10 molecules/cm -sec. The ratio of 

the molecules trapped, Q', to the number of molecules incident on the 

surface, N, yields a value of 8.1x10 This very low value follows 

quantitatively from the extremely low value of K when compared with 

other glasses. While the above analysis is qualitative at best, it was 

concluded that the permeability of glass did not appreciably affect the 

A.C. values at least for the case of Corning Type 0120 glass. 
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