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DIFFUSION OF GASES IN GLASS 

Joseph S. Masaryk 

Inorganic Materials Research Division, Lawrence Berkeley Laboratory, 
and Department of Materials Science and Engineering~ 

College of Engineering; University of California, 
Berkeley, California 94720 

ABSTRACT 

A statistical mechanical model of diffUsion is applied to monatomic 

gas diffusion in fused silica. The number of gas atoms moving between 

solubility sites is related to the number of atoms in those sites. The 

number of atoms in the excited state, between two adjacent solubility 

sites, relative to the number occupying solubility sites can be described 

by their partition functions. In the solubility site the atom contains 

three vfbYational degrees of freedom and in the excited state it con-

tains two vibrational degrees of freedom and one translational degree 

of freedom. The process of diffusion is treated as a random walk process 

which results in a diffusion equation in terms of the temperature, funda-

mental constants, and materiaJ. parameters. The model is compared to 

data reported in the literature and obtained in this study on He, Ne and 

Ar diffusion in fused silica in order to determine the unknown para-

meters. The model shows that the pre-exponential factor, D , in the 
0 

Arrhenius-type expression for diffusion is independent of temperature 

and that absolute rate theory is not able to account for the small non-

linearity observed in log D vs 1/T plots for this system. The model 

has also been extended to diatomic molecules. H2 and D2 .were studied 

and yielded the same results as the monatomic gases. The entropy of 

activation was calculated from the partition functions of the diffusing 
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species 13.Ild was shown to d~creas'e with increasing temperature. 

The helium diffusivity through very thin fused silica diffusion 

membranes was studied as a function ·of, hydroxyl ion content and fictive 

temperature. The results indicate that the OH content and fictive 

temperature, which affect .. other properties significantly, do not 

appreciably affect the diffusion of He in fused silica. 

··It has been shown that a combination of specimen geometry and 

vacuum system arrangement can affect the measurement of the activation 

energy for diffusion by as much'as 10%. 

....... 

• 
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I. INTRODUCTION 

Advances in scientific technology frequently require the use of 

ceramics as either vacuum or pressure envelopes; consequently, gas per-

meabU.i ty in these types of materi a.ls is of interest.. Gas permeability 

has been studied extensively over the past half century with the major 

emphasis on the movement of non-reactive gases in glasses. This has 

occurred be<::ause glasses are transparent, stable, and easily fabricated 

into complex shapes. The two most common glasses studied are fused 

silica and the borosilicates because of their simple structure and wide 

use, respectively. Their properties in terms of gas permeability and 

those of many other glasses have been appropriately reviewed in recent 

. bl. t• l-3 pu 1ca 1ons. 

At moderate pressures and temperatures, the physical solution of 

the gas in the glass is reasonably dilute, e.g., the mole fraction of He 

in Si02 at room temperature and l atm pressure is ~10-5 . If Henry's Law 

is applied to the physical solution of a gas in a solid, it can be shown 

that for the movemen-t? of gases through a membrane the Permeability = 

Diffusivity x Solubility. A statistical mechanical model describing the 

gas solubility has been derived by Studt, Shackelford and Fulrath; 4 ' 5 

however, no attempt has been made to obtain a comparable quantitative 

model for the diffusion process. It is assumed that a reasonably 

idealized diffusion model can provide a worthwhile explanation of this 

physical process. Also with solution and diffusion models, the more 

complex parameter of permeability can be described. Therefore, this 

paper proposes the application of a statistical mechanical model to 

describe the diffusion of gases in fused ·silica glass. 
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It has been well established6 that the fictive temperature and the 

hydroxyl ion content in fused silica affect the density of the glass at 

room temperature. Depending on the method of manufacture, commercial 

fused silicas can contain up to several thousand ppm of hydroxyl ion. 

The fictive temperature of diffusion membranes depends on their thermal 

histories, a property which usually has not been considered in these 

types of stuQ.ies. Since these two parameters affect almost all the 

physical properties of fused silica,7 •8 
it would be of interest to 

determine their effect on the diffusion of gases. 9-12 Various attempts 

have been made to obtain the effect of thermal histor~ and OH content on 

the diffusion; however, the experimental error in the activation energies 

for diffusion has been greater than changes due to these two parameters. 

More accurate experimental measurements of gas diffusion have been made 

in order to determine if any effect is present with respect to thermal 

history and hydroxyl ion content for He and Ne in fused silica. The 

effects of certain sample geometries, a parameter heretofore not con-

sidered, have also been studied ahd shown to sometimes influence the 

measurement of the diffusion of gases in glass. 
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II. DIFFUSION MODELS 

A. Interstitial Diffusion Models 

Generally, interstitial diffusion of impurities at iow concentra-

tions in solids has been treated as a random walk process. The diffu-

sivity, D, ;is expressed by a relation which contains a geometric con-

staht, y, a jump distance between equilibrium sltes, a
0

, and a jump 

13 14 frequency, w, ' 

The jump frequency per atom w, is usually given by the expression13 

w = v exp (- ~g ) , 

(1) 

(2) 

where v is of the order of the mean vibrational frequency of an atom 

about its equilibrium site and flG is the activation free energy for the 

movement between these equilibrium sites. These two basic relations 

yield the most frequently used expression to describe the diffusion 

13 process 

D = ya2 v exp (-flG/RT) 
0 

which can be rewritten as 

D = ya~ v exp (flS/R) exp (-6H/RT) 

D 
0 

( 3) 

(4) 



-4-

D is commonly referred to as the pre-exponential or frequency factor • 
0 

The diffusion expression is now iri its more simplified< or Arrhenius-

type ·form, 

D=D e-Llll 
o RT 

(5) 

This form has been the traditional oneused in most diffusion studies. 

D 
0 

is usually assumed to be independent of temperature so that a plot of 

log D versus 1/T ,Yields the activation energy for diffusion, flH. Fbr inter

stitial diffusion, Zener15 criticized the form of the diffusion expres-

sion (Eq. (3)) because of the lack of a physical interpretation that 

could be assigned to ilG and the disadvantage of not being able to 

estimate an entropy of activation from physical considerations. He 

assumed that the major contribution to the ilG was the free energy 

expended in straining the lattice- as the diffusing species passed between 

equilibrium positions. This.led him to propose that the temperature 

coefficient of flG/ilG will not differ greatly from the temperature coo 

efficient of ]J/]J where J-l is the shear or tensile modulus. 
. . 0 

. 15 assumption leads to the express1on 

ilS ~ - .{d{]J/J-l )dT} ilG 
0 0 

This 

(6) 

16 
Reiss and Fuller have extended Zener's analysis to include the fre-

quency in the pre-exponential term and have arrived at the expression 

•' 

... 



u 

D 
0 

l 

-5-

2a0 (lili) 1/2 . ( 
= -3- 2m exp -

lili 
R 

for interstitial diffusion in diamond cubic lattices where m = mass of 

the diffusing species. Using published values of the elastic constants, 

they found reasonable agreement for the diffusion of H and He in Si and 

He in Ge with Eq. (7). ·Anderson and Stuart17 applied Zener's concept to 

the diffusion of atoms and ions in glasses. They assumed that the acti-

vation energy for diffusion was the strain energy necessary to enlarge 

the doorway between equilibrium sites in the glassy network from a radius 

rD sufficiently to accommodate an atom of radius r. For glasses they 

modified Frenkel's expression for the dilation of a spherical cavity to 

obtain the relation 

(8) 

where G is the shear modulus. Using known values of lUI, G and r, they 
0 

obtained a value of 0.6 A for rD. However, they erroneously used the 

activation energy for permeation instead of diffusion. 1 Doremus 
0 

corrected this discrepancy and obtained a value of 0.25 A for rD; how-

ever, he questioned applicability of this type of expression to glasses 

other than fused silica because the modifier ions will break up the 

structure and because it is not clear whether well defined interstices 

exist in these glasses. For diffusion of He, D2, Ne and Ar in fused 
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18 silica, Perkins and Begal have shown that the activation energy varies 

as the square of radius, r, of the diffusing species~ a dependence which · 

would be expected from Eq. ( 8). 

Another approach to obtaining a more complete expression for the 

. . 19 20 
diffusivity has been that of absolute rate· theory. ' This theory 

assumes that in a chemical reaction the reactant molecules are in 

equilibrium with the activated complexes at the top of an energy barrier. 

This equilibrium can be expressed by an equilibrium constant which can 

be written in terms of partition functions of the reactants and activated 

complexes. If the motion over the barrier is treated as a very loose 

vibration or the translation of a particle in a box, the rate of reaction 

or Jump frequency per atom can be determined by extracting the approp- · 

. t d f f d f .th t't' f t' 20 r1.a e egree o ree om rom e par 1. 1.on unc 1ons. When this Jump 

frequency is substituted into a random walk type of equation (Eq. ( 1)), 

the diffusion coefficient is expressed by19 

D = a? kT 
0 h 

D 
0 

e 
E /kT 

- 0 (9 ) 

where F++ is the partition fUnction of the activated complex less the 

extracted degree of freedom, F is the partition !'unction of the reactant 

and E = energy of activation at 0°K. In the case of the diffusion of 
0 

gases in glass the reactants are gas atoms in the solubility sites and 

the activated complexes are the gas atoms in the doorways midway between 

sites. 
21 . 

Hill has applied a more complete treatment of absolute rate 
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theory to the motion of monatomic molecules adsorbed at localized surface 

sites. In this treatment the motion over the barrier between sites is 

considered as a particle moving in an: element of phase space. This 

approach eliminates the necessity of describing the motion of the acti-

vated complex as a particle in a box because the walls of the potential 

well in which the particle is contained are curved. Also every degree 

of freedom, not only ·that in the direction between the two sites, is 

considered. 

Many studies on the diffusion of gases in glass have reported 

departures from the Arrhenius form of the diffusion equation; D = D e RT. 
0 

Swets et al. 
22 

have observed that this expression did not accurately 

describe their experimental data over the entire temperature range 

studied but that the data appeared to fit into two distinct temperature 

ranges with different activation energies above and below 300°C. They 

explained this behavior in terms of changes in the residual crystallinity 

of the glass. Whether silica glass retains any residual crystallm:r\lity 

is a subject of much controversy; however, if it does, the most logical 

crystalline phase would be f3-cristobali te. 
. 23 

Beauchamp and Walters 

reported that there is no evidence for a structural transformation in 

f3-cristobalite that could change the activation energy. Other experi

menters, 1 •23·-25 have attempted to describe this apparent departure from 

linear behavior of an Arrhenius-type expression by assuming a tempera-

ture dependent pre-exponential factor, D0 . If this temperature depen

dence is corrected for, the experimental data appear to be described by 

only one activation energy (a continuous line) over the entire tempera-

1 ture range. Consequently, they have argued that the Arrhenius 
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expression should be written as D = D 
1 

~ e "":'lili/RT where N = 1/2 or 1. 
0 

The justification for the ad hoc introduction of a T112 was that the 

velocity of a particle moving in a large interstice is proportional to 

th . di. ff 0 0 t 2 3 e USJ. Vl. y. This velocity, V, from kinetic theory would be given 

by the expression V = (kT/2nm) 112 , and hence the diffUsivity would re-

. 1/2 24 . . 
quire a T in the pre-exponential. Shelby found empirically that 

N = 1 gave the best fit for He in fused silica and noted that this was 

to be expected from the theory of absolute reaction rates (Eq. ( 9)) 

which predicts a pre-exponential term proportional to T. However, the 

pre-exponential partition functions F and F in Eq. (9) contain terms . . . ++ 
. hv/2kT such as e which cause the proportionality between the pre-exponen-

tial and the temperature to be somewhat more complex than simply T. The 

diffusion model used here which is based oh statistical mechanics shows 

that D is a complicated function of temperature. The entire preo 

exponential factor, not just the first terms, must be considered when 

evaluating any temperature dependence. 

In the statistical model proposed for surface diffusion21 and 

previous solubility models' 
4 

' 26 ' 27 the vibrational motions of the dis--

solved gas atom were treated as Einstein oscillators and the trans-

lational motion over the barrier as that of a particle in an element of 

phase space. The same assumptions will be used for the diffusi vi ty 

model applied in this study. The diffusivity model will be combined 

4 
with the solubility model of Studt et al. to obtain the complete 

expression for gaseous permeability. 

v 
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B. Model for Gas Diffusion in Glass 

In order to obtain a diffusion model for gases in glass, the struc-

ture of the host material must be known. Unfortunately, the exact 

structure of fused silica is not known. 
> 28 > > 

Mozzi and Warren repeated 

earlier work on the X-ray. diffraction and radial distribution patterns 

of fused silica. They reconfirmed that the SiO~- tet~ahedra are pre

served in fused silica and that the Si-0-Si (or Sio
4- tetrahedra) bond 

angle is not 180° as in S-cristobali te but varies from 120° to 180° with 

the mode being at 144°. They concluded that this wide var:lation in the 

Si-0-Si bond angie is the distinction between vitreous and crystalline 

forms of silica and there appears to be a randbm orientation of these 

bond directions. 

The diffusion model used here will be based on the structure of 

fused silica which has been described as a disordered form of 8-cristo

balite by Hicks.29 and is consistent with Mozzi and Warrens' observa-

tions. The equilibrium solubility sites in fused silica are approxi

mately 3~ in di ameter
4 

with 11 doorways 11 made up of oxygen rings connect-

ing these sites. If one uses a hard sphere model, the doorway through 
0 

a planar six membered ring in S-cristobalite is about 2.6 A in diameter. 

It is generally thcught that these doorways in fused silica, which con-

. 29 
sist of a distribution of 5, 6 and 7 membered rings, are large enough 

to permit easy movement of small gas atoms, i.e. He and Ne, through the 

larger 6 and 7 membered rings. A planar five membered ring has a hole 
0 0 

about 1.9 A in diameter and a seven member ring, a hole about 3.6 A in 

diameter. It must be emphasized, as Hicks29 points out, that in fused 

silica, these 5, 6, 7 membered rings are nonplanar or distbrted. It has 
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1'7 been suggested that the activation energy for diffUsion is the elastic 

energy required to enlarge (dilate) a doorway sufficiently to accorninodate 

or penni t passage of an atom or ion. This may apply to motion of large 

modifier ions or inert atoms; however, dilation is not expected to be 

necessary .fer small atoms because of the relatively high permeation rates 

and low activation energies observed in silica glasses as compared to 

other solids; Perkins et al~ 18 have also stated that it is difficult tc 

apply the dilation concept because one cannot define exactly how large 

the doorway must be dilated to permit movement of any given atom. There-

fore, the concept of enlarging a small hole to permit diffusion seems 

rather difficult to justify. 

It is assumed that the process of monatomic gas molecular movement 

between sites in the glass is an interstitial random walk process with 

an equilibrium established between the number of atoms in solubility 

sites and those moving between sites (in a doorway). Therefore, at any 

temperature there is a certain fraction of atoms in the solubility sites 

and a certain fraction moving between sites. These fractions vary with 

temperature. Since a maximum of about one in 105 sites in fused silica is 

" 

occupied at l atmosphere pressure, it is highly improbable that any two ' 

neighboring sites will be occupied. Thus the diffusing species can be 

assumed to be moving in- a truly random fashion without interaction among 

each other. 
')] 

Hill'-- has shown that the number of atoms crossing a paten-

tial barrier (doorway) per unit time is 

N*(~~) l/2_ (10) 
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where N* = the number of atoms per unit length of path at the top of a 

barrier, k = Boltzmann's constant, T = temperature and m =the mass of 

the diffusing species. If N is the number of atoms in solubility sites 

and each atom spends time T in this site before jumping to a particular 

adjoining site, then N/T is the number of atoms crossing a barrier per 

unit time; therefore 

N/T = N* (~~) l/
2 

• (11) 

Since the movement of the atoms is random throughout the structure, 

then jump vectors in all directions will be equally probable and 

D = ~ fd2 ~, where D = the diffusion coefficient, d = the jump distance, 

and f = a correlation coefficient. For interstitia.;L diffusion, f = 1. 

Combining the above expressions, one obtains 

( 12) 

When an atom moves from one site to a neighboring site, it must 

pass over a potential barrier which is the result of attractive and 

repulsive forces of the solid acting upon the dissolved gas atom. This 

potential barrier will be taken as the difference in energy of the atom 

in the center of a soiubility site relative to the same atom in the 

center of the doorway, at the top of the barrier. This potential barrier 

£ , after correction for zero point energies at.the solubility site and 
0 

the barrier, is essentially the energy that the atoms must acquire to 

move between sites; the molal quantity ~' which will be referred to as 
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the activation energy for diffusion~ corresponds to the molecular 

quantity e: • For further discussions,. it will be assumed that the 
. 0 

activation energy is independent of temperature. 

Shackelford10 has shown that the motion of small gas atoms in solu-

bility sites can be described by three vibrational degrees of freedom 

with a characteristic vi[Jrational frequency. For the motion between 

sites it will be assumed that the atom has two vibrational degrees of 

~reedom and one translational degree of freedom as it moves through the 

center of a doorway at the top of the barrier. 'rhe vibrational com-

ponents will be considered as simple harmonic oscillators and the trans-

lational component will be considered as that of a particle moving in an 

21 element of phase space. 

The ratio of the number of atoms in doorways to those in solubility 

sites is equal to the ratio of the partition functions of the atom in 

th t . . t. . d b d 21 e respec 1.ve pos1. 1.ons an can e expresse as 

(13) 

where (2TimkT/h2 )
1 / 2 d~ is the translational partition function for a 

++ molecule in the element of length d~.at the top of abarrier, q and 
X 

++ qz are the vibrational partition functions associated with the motion 

of an atom at the barrier, ~' ~ and qz are the vibrational partition 

functions associated with the motion of an atom in a solubility site, 

++ M /M is the ratio of the number of activated states to the number of 

solubility sites, and e: (~) is the difference in the energy of the 
0 
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potential energy surface at the barrier and in the solubility site. For 

the diffusion of monatomic gases in. fused silica it will be assumed that 

++ ++ 
qx = qz and qx = ~ = qz · 

In S-cristobalite, the solubility sites are tetrahedrally co-

. ++ ord1nated and M /M = 2. However, in fused silica, each site has door-

ways which can consist of 5, 6 or 7 membered rings. Diffusion will be 

preferred through the larger doorways. Thus a solubility site must con

++ tain two larger doorways to contribute to atomic movement and M /M < 2 

for this case, since no diffusion occurs through the smaller ones. Since 

the structure of fused silica with respect to the specific distribution 

of these doorways is not known, 28 this ratio cannot be precisely calcu-

. . ~/ lated; therefore, it w1ll be assumed that M M '\J·l. When the proper 

partition functions are substituted into the above expression, it 

becomes 

(e 
hv 

N* 2kT - e -= 

(e 

N hv* 
2kT - e 

H 

hv ) 
3 

2kT 

hv*) 
2 

2kT 

( )

1/2 
2mnkT 

h2 

lJI 
e - RT 

which leads to the diffusivity expression 

D 
1 = 6 

( hv 
kT 2 e 2kT - e 

h d ( hv* 
e 2kT - e 

D 
0 

' 3 
hv ) 

- 2kT 

hv*) 
2 e 

2kT . 

MI --. 
RT 

(14) 

(15) 
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where d = the distance an atom moves between the sites, 

v = the vibration frequency in a solubility site, 

v* = the vibration frequency in the doorway, at the top of the 

barrier, 

lili = the activation energy for diffusion, 

D
0 

= the pre-exponential term. 

When the above diffusion model is combined with the solubility 

4 model of Studt et al. , an expression for .the permeability (K = DS) is 

obtained: 

K = 61 ~ ( h2 ) 3/2 Ns e- ( ~) 
h 2mnkT ( . hv* - hv* ) 2 

e 2kT - e 2kT 

(16) 

where K = the permeability, Ns = the number of solubility sites/cc and 

liliK is the activation energy for permeation. 

The diffusivity model has been applied to monatomic gaseous diffu-

sion in fused silica glass. This model can be applied to diatomic 

molecules if the internB.l rotations and vibrations of the molecule are 

known. If it is assumed that these are the same in the doorwey and 

solubility site, then the partition functions for these terms would 

cancel, resulting in an expression identical to that derived for the 

monatomic case. This diffusivity model need net be restricted to gaseous 

diffusion in glass, but also mey be applied to problems such as the 

interstitial diffusion of gases in crystals. The solubility model can 

also be applied to crystals, thus rendering the overall permeation ex-

pression valid for the general case of interstitial diffusion in solids 

where the. gas does not react chemically with the solid or dissociate. 

... 
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III. EXPERIMENTAL PROCEDURE 

A. Diffusion Specimen Geometry 

The diffusion membranes that were used were a disc and cylindrical 

tubes of fused silica. The disc was fabricated by cere drilling a 38 mm 

* diameter disc from a 6 mm thick plate of Amersil commercial brand clear 

fused silica. This disc was ground and polished to a thickness of 1.05 

mm. It was then fused to a 34 mm diameter by 1 em thick fused silica 

plate with a 0.1 rum recessed cavity and a 1 mm hole in the center which 

was fused to a capillary tube O.D. 8 mm, I.D. 1 mm. This capillary tube 

was then enclosed in a heavy walled 25 mm O.D. tube iihich was evacuated 

after the assembly was fabricated, Fig. l. The diffusing gas surround-

ing the assembly would permeate through the disc and exit to a mass 

spectrometer via the capillary support tube. This tube within a tube 

system insured that a negligible concentration of diffusing gas would 

pass through the support tube relative to the disc. 

The cylindrical specimens were fabricated by drawing down tubing of 

the sam.e type of fused silica as used in the disc to a size approximately 

** 0.508 mm O.D. and with a wall thickness of 0.086 mm. This very fine 

tubing was wound on a mandrel during the drawing process to form a 

helix 2.54 em in diameter with approximately 10 turns per em length. 

20 turn and 100 turn coils were used in this study. One end of the 

coil was inserted in the same type of fused silica capillary support 

tube as used in the disc and sealed with a bead of sealing glass. The 

*Amersil, Inc. , Hillside, N.J. 
**Sandia Laboratories, Albuquerque, N.M. 
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other end of the coil was sealed by · flame fusion. The entire coil was 

enclosed in a fused silica supporting guide cage, Fig. 2, to protect it 

during handling. As in the disc, the diffusing gas would permeate 

through the coil and exit via the support tube to a mass spectrometer. 

Since the coil was very thin relative to the support tube, no tube with-

in a tube was necessary to reduce gas flow through the support tube. 

This diffusion me~brane provided a very large surface area to thickness 

ratio relative to the disc. The thin walled tubes also provided speci-

mens which could have their thermal history and hydroxyl ion content 

altered. 

B. Diffusion Apparatus 

The diffusion specimen was inserted in a fused silica protection 

tube, Fig. 3. Platinum strip 0.005 in. thick by 0.10 in. wide was wound 

in grooves around this protection tube, Fig. 4, to act as a resistance 

heating element. For measurements below room temperature, the heating 

strip was disconnected from the power supply and the support tube was 

inserted in a dewar containing either ice and water or dry ice and ethyl 

alcohol. The temperatures were measured by Pt-Ft 10% Rh thermocouples 

which were placed on the disc or near the coil. 

The inside of the diffusion membrane was kept under a vacuum of 

approximately 1 x 10-6 torr by a turbo molecular pumping system. The 

-~. 
sample cavity was evacuated to 1 x 10 - torr and then the diffusing gas 

would be suddenly introduced from a ballast tank. The pressure of the 

gas was measured by gages in the line. The volume of the ballast tank 

and gas line was large enough to insure a constant pressure on the diffu-

sion membrane. 
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BBC 6910-6447 

Fig. 2. Fused silica coil diffusion 
membrane. 



-· 

Water outlet 

To vacuum pump+-

0- Ring~-~~~~~~~/ 
seal 

-19-

To residual gas analyzer 
t and turbo vacuum 

system 

seal 

leads 

seal 

____,.To gas source 

0-Ring seal 

To cooling 
channel 

cover 

Si0 2 Protection tube 

quor tz support tube 

~~~~Sftft-- Fused quartz permeating 
hel ix 

XtiL b ~':l -4 !)11- A 

Fi g . . 3. Sampl e cavity . 



-20-

, 

BBC 6910-6424 

Fig . 4. Fused silica protection tub e. 



.. 

,.., 
lJ u 0 

_, 

9 I. I ,,) d 0 "l ":.<• 
&:f ~' .) 

-21-

The flow of gas through the fused silica membrane was measured on a 

Veeco GA-4 Residual Gas Analyzer. The gas analyzer was mounted on a 

stainless steel tank in the line between the· turbo pump and sample 

support tube. Flow rates from the sample were converted into absolute 

values by ca.librating the 3 decade logarithmic recorder of the analyzer. 

with standard leaks which were also located in the gas flow line before 

the analyzer. 

C. Thermal History Apparatus 

Figure 5 illustrates the apparatus used to establish given equilib-

rium temperatures and hydroxyl ion contents in the coil sample. The 

Kanthal wound alumina core furnace was used to keep the coil membrane 

at various temperatures. The isothermal bath kept the lower half of the 

saturation assembly above l00°C so that water would not condense on its 

walls. The water vapor pressure was controlled b:y varying the tempera-

ture of the hot plate and was monitored on a compound gage. For desatura-

tion, the water w·as removed from the lower finger and the system was run 

:..2 
under a vacuum of 10 torr. The oil in the isothermal bath was used to 

keep the ball joint .';0" ring cool. 

D. Test Procedure 

In order to prevent devi trification, the diffusion membrane was 

handled carefully. When it was received from fabrication, it was 

thoroughly ws.shed in acetone to remove any dust, grease, or fingerprints. 

After cleaning the sample was then immediately inserted in the sample 

cavity. 'l'he cavity was also cleaned with acetone bef~re the sample was 

placed in it. No devitrification was noticed on any of the samples. 
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Prior to each diffusion coefficient determination, the mass spectra.., 

meter was calibrated. For diffusion coefficient measurement, one atmo-

sphere of.diffusing gas was suddenly introduced into the sample cavity. 

The sigmoidal increase in the flow rate of gas across the membrane was 

monitored as a function of time until the steady state was achieved. 

After monitoring the steady state for a period of time to insure con-

stancy, the diffusing gas was suddenly removed and the exponential decay 

in the flow rate was monitored (for disc sample only). 

The output of the gas analyzer was recorded in two different ways. 

The mass spectrometer could be set on the peak maximum or the peak could 

be scanned by rapidly sweeping back and forth over it. For short times 

( <20 min) to reach the steady state flow rate the peak was monitored 

continuously. However, for longer steady state times, the peak was 

scanned to prevent drift off the peak and to monitor background changes. 

The spectrometer is stable for about 1 hour with respect to these 

effects. The scanning was accomplished by impressing a ramp function on 

the accelerating voltage of the spectrometer. This output was displayed 

as a continuous series of peaks, instead of a continuous line, whose 

separation depended on scanning rate. The diffusivity, permeability, 

and solubility of the gas in the glass could then be determined by 

analyzing the flow rate as a function of time curves; see Appendices 

I and II. 

·E. Thermal History Procedure 

For the introduction of OH ions (water) into the diffUsion membrane 

(100 turn coil only), the sa.mple was placed into the saturation chamber. 
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'Ibe chamber was evacuated while the water iri the finger was frozen·. by .. · 

liquid rii trogen. . When the pressure was b~Iow l x 10-2 torr, the speci,;.;. 

men chamber wae isolated from the vacuum pump. The oil in the iso-

.thermal bath was then heated above 100°C to prevent condensation during _,~ 

the saturation peribd. The furnace was h~ated· to the· treatment tempera-

ture. The water in the finger was melted and then heated to 100°C which 

produced one atmosphere absolute of IhO vapor pressure in the chamber. 

This pressure was monitored by the compound gage in the isothermal bath. 

The system was held at one atmosphere pressure, for the desired length of 

time to achi.eve the equilibrium OH concentration and fictive temperature. · 

When the treatment was completed, the sample was quenched to room 

temperature by lifting the furnace while still hot to a position above 

the envelope tube. 

For the removal of OH ions (water) the apparatus was run without 

:-2 
any water in the finger and under a vacuum of 10 torr. The sample 

was quenched at the end of the run by opening the system to air and . 

lifting the furnace. 

The equilibrium OH ion concentration and density of fused silica 

has been determined at various fictive temperatures by Shackelford, 

Masaryk and Fulrath.
6 

Douglas and Isard30 have measured, for fused 

silica, the. times to reach thermal equilibrium for fictive temperatures 

in the range of 900 to 1500°C. Mocl.soh and Roberts
31 

have determined 

the diffusion coefficients of water in fused silica in the range 600 

to 1200°C. With knowledge of the diffusion coefficients, the length of 

time required to reach the saturated or .desaturated states can be calcu

lated by the use of the relations discussed by Kingery. 32 Thus the OH 

/ 
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ion content, fictive temperature, and density were controlled by sub

jecting the 100 turn fused silica coils to a series of prescribed treat

ments • 
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IV. DISCUSSION AND RESULTS 

A. Effect of Thermal History and Hydroxyl Content· 

The first attempts to obtain systematic information on the effects 

of thermal history (fictive temperatUre) and hydroXyl ion content on the 
' . ~ . ,-. 

movement of non-reactive gases was ac~omplished by Masaryk. 9 Systematic 

trends appeared to be present as to the effect of OH on the permeation 

of He in fused silica; however, definite conclusions as to these effects 

were not possible because the changes were smaller than the experimental 

·.. . 10 
error. Shackelford also encountered the same problem in his attempt 

to characterize the solubility in terms of these variables. He concluded 

that even though small ·changes in density due to thermal treatment and 

OH affect other properties of fused silica, the solubility is relatively 

insensitive to these parameters because the site density, N , activation 
s 

energy for solution and vibration frequency, v, is varied by less than 

1%. 
12 

Srivastava and Roberts, on their study of the effect of thermal 

history on the diffusion of He and Ne in a fused siiica containing a . 

moderate amount of OH, reported that little effect was noticeable on He 

diffusion but noticeable effects were present in the activation ene:rgy 

for the diffusion of Ne. They obtained a 30% change in the aeti vation . 

energy by increasing the fictive temperature from l040°C to 1215°C. The 

activation energy at the. stabilization temperature of 1215°C is somewhat 

questionable because only three data points were used to calculate it. 

These results led them to conclude that it is to be expected that all 

gases with molecular size greater.than neon would show this effect. 

Shelby
11 

subsequently attempted to determine the effect of OH content on 

.~ 

~: 

•· 
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the diffusi vi ty, solubility and permeability of He in fused silica. He 

fabricated optical quality discs from various commercial brands· of 

synthetic and natural fused silicas which have different reported OH 

concentrations. The samples were not characterized according to thermal 

treatment. Shelby encountered the same problems as the previous experi-

menters; the experimental error was as large as the increase in the 

activation energy for diffusion with OH content. 

The effect of the fictive temperature and OH content on the density 

fused silica is shown in Fig. 6. The very thin 100 tern fused silica 

coil shown in Fig. 2 provided an excellent sample with which to perform 

changes in OH concentration because of the reasonable times to reach the 

saturated ~1d desaturated conditions. Therefore, these thin membranes 

were subjected to a series of treatments designed to independently vary 

the water ccntent and the fictive temperature. After each treatment the 

He and Ne diffusivity was measured as a function of temperature. The 
Llli 

activation energies, D = D e 
0 

RT, for the diffusion of He in fused 

silica between -78°C and 165°C as a function of treatment are summarized 

in Table I end Fig. 7. 

Llli 

Table I. He diffusion in fused silica as a function 
of sample treatment_arid density 

(Diffusion) cal/mole Sample Treatment Silica Density, g/cc 

4885 ±52.2 l000°C, vacuum 2.2017 ±.0002 

5109 ±27 .5 l000°C, 1 atm H20 2.2009 ± .0'002 

4966 ±27.4 1200°C, vacuum 2.2034 ±.0002 

5143 ±54.3 1200°C, 1 atm H2 0 2.2028 ±.0002 
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The results for Ne resulted in experimental error much larger than any 

changes due to treatment; however, changes of the magnitude reported by 

. 12 . 
Srivastava and Roberts were not observed. These He results indicate 

that OH content and stabilization temperature, which affect other proper-

ties significantly, do not appreciably affect the diffusion of He in 

fused silica. The small increase in activation energy with increasLng 

fictive temperature is probably due to the increasing density which 

decreases the size of the interstice (doorway) through which the He atom 

must move. Even though increasing OH content decreases the density, the 

activation energy for diffusion is increased perhaps because the addition 

of OH to the structure causes a strain which decreases the average door-

way size or because the· aq.di tiori of the hydrogen changes the binding 

energy of He to the structure. 

B. Effect of Sample Geometry 

An interesting observation was noted on the diffusion of He through 

these thin' walled helical membranes. Diffusivi ty data obtained by using 

the short time technique, Appendix II-B, on the 100 turn membranes has 

consistently exhibited activation energies about 10% lower than those 

22 * reported by Swets et al. ' for He diffusion below 300°C in membranes . 

about l rom thick; however, permeabili ties were not affected. Spectre-

graphic analyses·, Appendix III-A, showed that the quality of the fused 

silica was within reported commercial limits. It has been generally 

* ·Temperature Range, °C 6H(Diffusion) cal/mole, for.He in Silica (22) 

24 to 300 5580 ±56 

300 to 1034 6613 ±40 
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assumed that surface adsorption is not the rate limiting step and thus 

the high surface area to thickness rat:lo for the coil S8lllples should not 

be a factor. McAfee 33 studied the effect of pressure on the diffusion 

of He in a borosilicate glass. He used spherical samples which were 

about 0.005 in. thick and 2 in. in diameter and observed no effect on 

the diffusi vi ty with absolute compressive pressures of 100 psi. 

Appendix III-B shows the effect of pressure on the diffusion of He 

through the coils at 16°C. The constancy of the results can be inter-

preted as indicating that neither surface nor stress effects are sig-. 

nificant in t'he diffusion experiment. A disc sample, Fig. 1, approxi-

22 
mately the same thickness as that used by Swets et al. was fabricated 

and the permeabilities and diffusivities were measured as a function of 

temperature. The determination of the permeability is given in 

Appendix I-A. The diffusivities were determined by the short time and 

decay techniques, Appendix II-B and II-C, which yielded activation 

energies, assuming no temperature dependence of D , of 6099 ± 68 cal/mole 
0 

and 6000 ± 82 cal/inole respectively. These results are essentially the 

same as those of Swets et al. 22 The data of Swets et al. 
22 

yielded an 

activation energy over the whole temperature range, assuming no tempera-

ture dependence of D ,of 6063 ± 46 cal/mole. 
0 

Diffusion studies by the short time technique on a 20 turn coil 

then showed that the coils can produce erroneous activation energies 

because of the inability of the vacuum system to remove gases at the 

rate at which they are passing through the coil walls at high flow rates. 

This problem increases with increasing temperature, Appendix III-C. 

Figures 8 and 9 show the effects above room temperature of the 20 and 
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100 turn coil relative to the data of Swets et al. 
22 

Figure 10 shows 

these effects when a 20 turn coil is subjected to Ne ~ The· permeabili ties 

. ' 

are not affected because once the coil has reached the appropriate ba.ck 

pressure on the low pressure side, all the gases entering can be removed 

and the proper steady state values are obtained. The time to achieve the • 

steady state appears longer because the system cannot remove the gases 

to the mass spectrometer at the rate atwhich they are entering the low 

pressure side of the coil. An .insta.ntaneous gas removal is needed, 

because the slope of this transient portion of the gas flow curve is 

used in determining the diffusivity of gases in the. coils by the short 

time technique .. An inaccurate slope yields improper diffusivities. The 

diffusivities by the decay technique were not determined for the coils. 

C. Application of Diffusion Model to Gases in Glass 

In the diffusion model, d, v* and tili are unknown, while v has been 

10 determined elsewhere. Thus the ·unknown para.rileters v* and tili and the 

material parameter d, must be determined in order to test the validity 

of the application of this type of a statistical mechanical model to gas 

diffusion in glass. It is not only possible but most likely the case 

that there is a wide range of translation distances, d, in the glass 

because all solubility sites are not identical due to the amorphous· 

nature of glass. 6H might be calculated by summing the attractive and 

repulsive forces of the solid acting on the diffusing atom if the struc-

ture were precisely known. 
27 . 

Barrer and Vaughan calculated the binding 

energies of He and Ne in eristobalite and tridymite using a Lennard-Jones 

12:6 potential and dispersion energy constants evaluated for rare gas + 

• 
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oxygen pair:::;. 34 •35 They determined these energies along variou.S paths 

in the crystals. The energy contours they obtained gave activation 

energies for diffusion (e.g. Ne in S2 tridymite ""3 kcal/mole) much below 

experimental values ('Vl9.i kcal/mole). They attributed these low values 

to the assumption that the lattice ions were fixed, whereas thermal. 

vibrations would cause collisions with the diffusing atom and reflect 

it back into the cavity. This problem of calculating accurate binding 

energies, however, is more complex than described by Barrer and Vaughan. 

Their calculations contain many assumptions such as use of the hard 

sphere model. Also, there is the problem in selecting an appropriate 

26 potential function. Another author has selected a different potential 

function from that of Barrer and Vaughan. to describe the energy contour 

for He in an oxide. The effect of the cations on the diffusing species 

must also be considered. Therefore, even if the structure is well 

known, calculations of the binding energies between rare gas atoms and 

the i~ns of'a solid are only approximations. Likewise, the calculation 

of the vibration frequency in the doorway, v*, also requires knowledge 

of the exact structure and potential energy surface. Since accurate 

calculations of tili and v* are not possible and the translation distance, 

d, varies among the sites, these terms will have to be estimated by 

f'i tting the model to experimental data. The literature· contains con-

sistent values for diffusion coefficients of various gases in glasses 

over reasonably large temperature ranges. Where the temperature range 

is not large, data of various experimenters will be combined. 
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l. Monatoniic Gases in fused Silica 

Figures 11, 12, and 13 show the results of a least-squar~s analysis 

when the diffusion model, Eq. (15), was fitted to the data of Swets et 

22 36 
al. · for He, of Frank et al. for Ne and that obtained in this study 

below 452°C for Ne and of Perkins et a1.
18 

for A:r, respectively. The 

best fit (solid line) values are given in Table II. 

Table II. Estimated values of v*, d and Llli (diffusion) 
obtained from. a least-squares analysis 

v(sec -l) 
· Llli( solution) 

v.*( sec'""1 ) 
0 Llli(diffusion) 

Gas cal/mole d(A) cal/mole 

He 6.90xlo12 (10) -1500 (10) 7.8 ±.1x1012 
2.5 ±.5 6100 ±50 

20Ne 4.38xlo12 (10) -2800(10) 5.9 ±.lx1012 2.0 ±.5 10,700 ±100 

Ar 4.90 ±.lxlo12 -4200 ±100 8.4 ±.lxlo12 2.0 ±.5 28,600 ±100 

· The v and Llli (solution) values for A:r had to be estimated by fitting 

·. 4 . 18 
the model of Studt et al. to the solubility data of Perkins et al. 

The values in Table II are in good agreement with those in the litera-

t 10,27 ure. The value of the jump distance, d, is approximately the 

distance between the centers of adjacent solubility si ter:;. The vi bra-

tion frequency, v*, in a doorway would be expected to be somewhat higher 

than that in a solubility site, v, because the atom must "squeeze" 

through an opening smaller than the site, resulting in a steeper 

potential well. Activation energies have been reported in the range of 

4600-7000 cal/mole for He, 
24 

7600 to 11,400 for Ne36 •37 and 26,600 to 

28,700 for A:r18 assuming various temperature dependencies of the pre-
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exponential factor, D , of the Arrhenius equation. Figure 14 shows the 
0 

variation in D for the model with temperature for He, Ne and Ar when 
0 

the appropriate values from Table II are used. It can be seen that 

according to the model, this pre-exponential factor. is essentially 

independent of temperature over the range from room temperature to the 

highest temperature of practical interest. In most diffusion experiments 

one usually assumes that D is temperature independent over the range 
0 

of consideration. This is shown to als<J apply to the diffusion of He, 

Ne and Ar in fused silica. Table III gives the values of D and fill when 
0 

the data is subjected to a conventional Arrhenius plot (D independent of 
0 

temperature). The departure from linear behavior of the Arrhenius-type 

Table III. Comparison of model D and Arrhenius plot D 
0 0 

D (model) D (data) 
0 0 L\H (Diffusion) 

Gas ( cm2 /sec) ( cm2 /sec) (data) cal/mole 

He "-'5.63xl0 
~4 5.45xlo-4 

6063 ±46 

2~e 'Vl. 6lx.l0 - 4 
l. 59xl0 

-4 10,680 ±106 

Ar "-'l.llx.lO - 4 1.2lxl0-4(8) 28,670 ±120(18) 

expression (D = D e-f:.H/RT) for He in fused silica is shown in Fig. 15. 
0 

The small systematic deviations of the data from the model at lower and 

higher temperatures are probably a result of a slight temperature 

dependency in the activation energy. This deviation is considered small 

enough not to warrant further sophistication in trying to describe the 

complex variation of fill with temperature. 
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2. Diatomic Gases in Fused Silica 

If the internal degrees of freedom for diatomic gases are the same 

in the. solubility site and at the barrier midway between two sites, then 

the diffusion equation would be the same· as iri the monatomic f'!S:Se, 

Eq. ( 15). Figures 16 and 17 show the results of a least-squares 

below 532°C. Exact values of H2 diffusion coefficients are not avail-

. able in the literature, thus the model had to be fitted to the least 

squares line of Lee et al. 38 for H2. The best fit (solid line) values 

are given in Table IV. 

Table IV. Estimated values of v*,,d and~ (diffusion) 
obtained from a least~squares analysis 

-1 
~H(solution) 

( -1 
0 ~(diffusion) 

Gas v( sec ) cal/mole v* sec ) d(.A) cal/mole 

H2 l.22xro13(ro) -3040 ( 10). 1.89 .±.Olxlo
13 

2.5 ±.5 10,200 ±100 

~ 8 . 40 .± . lxlO 
12 

-2600 ±100 1.02 ±.Olxlo
13 

2.0 ±.5 10,300 ±roo· 

The v and ~ (solution) values for D2 had to be estimated by fitting 

4 . I 
·. the model of Studt et al. to Shelby s data. As in the monatomic case, 

reasonable values are obtained for v*, d, and~ diffusion. Figure 18 

shows the ._;.ariation in D
0 

for the model ~ith temperature f~r H2 and D2 

when the appropriate values from Table IV are used. Table V gives the 

values of D and ~H when the data is subjected to a conventional 
0 

*D2 data furnished by J. E. Shelby,· Sandia Laboratories, Livermore, Ca~. 
Data determined by heating and cooling combined for this analysis. 

-· 
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H in silica 2 

---Lee, Frank and 
Swets 

Model 

10 
T t X 10-2 empera ure 

100 

XBL 734-2774 

Fig. 17. Comparison of the linear least squares of experimental 
diffusivi ty data for H2 in sili·ca with a plot of the 
diffusion model using the parameters of d=2.5t\, 
v=l.22Xlol3sec-i, v*=L89xlol3sec-l and L1H=l0,200 cal/mole. 
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Diffusion 1n s'llico 
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H2 
~ 02 
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Temperature x I0- 2 °K 
\ 

100 

X BL 734- 2774 

Fig. 18. Variation of the value of the pre-exponential 
factor, D0 , with temperature in the Arrhenius-type 
equation for H2 and D2 diffusion in silica. 
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Arrhenius-type plot (D independent of temperature). 
0 . 

Table V, Comparison of model D
0 

and Arrhenius plot D
0 

D . (model) D (data) 
0 0 

Lili (Diffusion) 
Gas (cm2/sec) (cm2/sec) (data) cal/mole 

H2 "'5.30xl0 
-4 5. 65xl0 - 4.( 38) 10,370 ±170(38) 

D2 -4 
"'3. 80xl0. 3•63xl0 

-4 10,257 ±48 

From the above results, it can be seen that the diffusion model can be 

used to explain diatomic gas diffusion in glass •. 

The essentia1ly temperature independent pre-exponential term for 

all the gases studied is not all that surprising. The diffusion model 

predicts this behavior without any knowledge of the unknown terms. In 

the limit of infinite temperature, 

D 
0 

1 
-+- -

6 

Therefore, D depends only on the vibration frequencies and the jump 
0 . . 

distance at high enough temperatures. 

D. Entropy of Activation 

l 
Doremus has attempted to estimate the entropy of activation by 

(17) 

using the relation D
0 

= ya~ v ex.P. (L\S/R),, see Eq. (4). For He, Ne and 

H2 diffusion he obtained a L\S/R from -1.8 to -3.2. He claimed.that this 

. . - 15 
negative and constant entropy was to be expected because Zener's 

analysis showed that the entropy of activation was proportional to the 



'· 

6 

negative of the temperature coefficient of the shear modulus. This 

modulus is positive for fused silica; therefore, the entropy of activa

tion should be negative. The application of the Zener15 analysis is 

based on the assumption that lattice strain is necessary for diffusion. 

However, this study shows that the concept. of lattice strain is not 

applicable to the diffusion of small atoms or molecules in fused silica. 

The entropy of activation can be calculated from statistical 

thermodynamic considerations. The entropy, S, can be written in terms 

of the partition functions of the diffusing species, 

S = kT ( () ~~ Q) + k £n Q ( 18) 
V,N 

where Q = the partition function of the atom or molecule. The entropy 

of activation, /::,S would be the difference in entropy between the atom 

or molecule at the top of the barrier (in a doorway) .and in a solubility 

site, 

where 

and 

~::,s t· t· = 8 d - 8 ·t ' ac 1va 10n oorway s1 e 

Qsite =( hv 
1 

e 2kT 
-hv 

e 2kT 
) 

3 

Qdoorway 
= (2mnkT[t/ )

1
/
2 dL; 

( 
hv* · -hv* ) 2

.· eo 
. e 2kT - e 2kT 

E:: /kT 
0 

(19) 

(20) 

( 21) 
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It w:ill be assumed that the length of path, dl;; "' d, the jtunp distance .. 

For a mole of diffusing species. 

)

. [ . hv* 

b.Sactivation = ~ R + ~· R 1il. ·(· 2mn :~. d2 + 2R _e_h...;vk;;,.*T;;;.· -
kT- l 

( 22) 

The entropy of activation as a function of temperature was calcu-

20 
lated for the dif'fusion of He, Ne, Ar, H2 and D2 in ftised silica using 

Eq. (22) and the estimated values of v*, v and d determined in this 

study, Appendix V. These results show that the entropy of activation 

decreases with increasing temperature and that the entropy can be both 

positive and negative. The variation in the activation entropy with 

temperature is· a result of the change f'rom three vibrational degrees of 

freedom to two vibrational and one translational degree of freedom of · 

the diffusing gaseous species. Since the vibrational and .translational 

partition functions do not have the same dependence on temperature, the 

entropy varies with temperature. 

E. Solubility 

The solubility expression of Studt, Shackelford and Fulrath
4•5•10 

is the 

same for monatomic and diatomic gases because the internal degrees of free-

dam in gaseous state are retained in the dissolved state. The values of v 

10 . . . 
and b.H (solution) for He, Ne and H2 determined by Shackelford and those for 

.• 
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A:r and D2 determined in this study can be used to observe the variation 

in the pre-exponential, S , of the solubility expression,
10 

0 

s 
0 

e 

L'ili s 
RT ( 23) 

where S is the solubility, Ns is the number of solubility sites/cc and 

L'ilis is the heat of solution. It appears that the S
0 

value approaches a 

1/2 dependence on temperature of T , Fig. 19. A calculation of the value 

of S in the limit of infinite temperature reveals that 
0 

s 
0 

kl/2N Tl/2 
-+ __ _..:;;;.s _ __,_ 

( 2mn~2)3/2 
(24) 

As in the diffusivity model, no prior knowledge as to the values of the 

vibration frequency and site density is necessary to predict the ultimate 

behavior of S . 
0 

F. Permeability 

Since the Permeability = Diffusivity x Solubility, it is expected 

that the permeability expression, Eq. (16), should describe the data 

reasonably well. Figures 20, 21, and 22 show the model compared •to the 

. 22 
data using Ns = 2.22xl0 sites/cc and the values of v* and ~HK 

(~HK = L'ili + ~Hs) determined in this study for the various gases. Again, 

good .agreement is obtained. 



E -c 
I 

u 
u 

......... . 
u 
Q) 

0 
E 
~ 

0 
C/) 

E 
0 -c ... 

0 
(f) 

-52-

Solubility 1n silica 

He 

1017 

Studt, Shackelford and 

Fulrath model 

Slope = I /2 
1015~----~~~~~~L---~~~~~~~----~--

i 10 100 

Temperature X 10- 2 °K 

XBL734- 2775 

Fig. 19. Variation of the value o:f the pre-exponential 
factor, 80 , with temperature in the Arrhenius-type 
equation for He, Ne , Ar, H2 and D2 solution in 
silica. 
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Fig. 20. Comparison of the experimental permeability data 
for He in silica with a plot of the permeation model, 
using parameters of d=2.5A, v*=7.8X1Ql2sec-l and 
.6Hk=46oo cal/mole. 
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Fig. 21.! Comparison of experimental permeability data for 20N e and 
Ar in silica with a ·plot of the permeation model, using the 
parameters of d=2.oA, v*=5.9XlQ12sec-1 and 6Hk=7900 cal/mole 
for 20Ne and d=2.oA, v*=8.4xlol2sec-l and 6Hk=24,4oo cal/mole 
for Ar. 
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in silica 

02 in si I ica 

Lee, Fr:ank and Swets. 
----H in silica 2 . . . 

o 5 he I by- 0 2 1n SiliCa 
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Fig. 22. Comparison of experimental permeability data for H2 and 
D2 in silica with a plot of the permeation model, using the 
parameters of d=2.5A, v*=l.89xlol3sec-l and 6Hk= 7160 cal/ 
mole for H2 and d=2.oA, v*=l.02Xl013sec-l and .6Hk=7700 cal/ 
mole for D2. . 
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G. Diffusivity iri Crystals· 

As was· mentioned previously, the diffusivity model need not be 

restricted to glasses. For interstitial diffusion in crystals, the jump 

distance can be calculated from the crystallography. The vibration 

frequenci~s a.11d activation energies can be calculated using the tech-

niques disc~ssed for fused silica or by curve fitting. Luther and 
' ·. 

Moore 39 have calculated the interaction energies for He in diamond, 

silicon arid ge rrnuni wn and have measured the He diffusion in these 

crystals. The diffusion model was applied to these systems. For these 

++ crystals M /M = 2 and thus the diffusion expression, Eq. (15), would 

have a coefficient of l/3 instead of l/6. Using the force constants 

given by Luther and Moore 39 for a He in a solubility site and assuming 

that He is a harmonic oscillator in the solubility site, v can .be calcu-

lated. The only unknown in the pre-exponential factor would be v*; 

therefore v* was varied until the model D
0 

approximately equalled the 

D they obtained in their experiments. An approximateD had to be 
0 0 

selected because of its slight variation with temperature in the experi-

mental r·ange. Figure 23 and Table VI. summarize these results. 

Table VI. He diffusion in diamond, silicon and germanium 

D (model) D (expt) 

v(sec..,..1 ) v*(sec-1 ) 
0 0 0 

He in d(A) (cm2 /sec) ( cm2 /sec) ( 39) 

Dia.tnond 2.4lxlo13 3.90xlo13 1.54 'V7 .lOxlO -3 '{.Oxl0-4 

Si 8.73xl012 l. 53xlo13 2. 35 "-'5.10xl0 -4 5.lxl0 -4 

Ge 8.60x1012 8.40xl0
12 

2.45 "-'l.82xl0 -3 . -3 
1.8xl0 
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He diffusion in crystals 

Ge 

~----------~--7 . 
--Model 

I 0- 5 
....__...,..__....__._......._ ........ .-.... __ ....___......._ ............................. _ ____._~ 
I 10 100 

Temperature x 10- 2 °K 

XBL734-2778 

Fig. 23. Variation of the value of the pre-exponential 
factor, D0 ; with temperature in the Arrhenius-type 
equation for He diffusion in diamond, silicon and 
germanium. 
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39 . 
The calculated values obtained by Luther and Moore for the interaction 

energies for He in Si and Ge are about half the experimental values while 

for diamond the values agree within experimental error. Again this 

difficulty in precisely being able to calculate these interactions might 

be the reason for observing a v*<v for He in Ge. 
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' 
V. SUMMARY AND CONCLUSIONS 

'I'he dU'fusion of gases which do not react with or dissociate in 

fused silica has been studied. A statistical thermodynamic approach has 

been used to obtain a detailed description of the mechanism of the diffu-

sian of monatomic and diatomic gases in glass. A model was applied to 

the gas diffusion process which used the characteristics of Hi1l's
21 

statistical treatment of sur;face diffusion. The model yields a diffu-

sian equation in terms of the jump distance between solubility sites, d, 

vibration frequencies of the diffusion gas species in the solubility 

site, v, and at the barrier between two sites, v*, the activation energy 

for diffusion, Llli, the temperature and fundamental constants. In order 

to test the validity of the model, the parameters d, v* and Llli had to 

be determined. Because of the inability to accurately calculate these 

parameters for amorphous solids, estimates for the values were obtained 

by a fit of the model to experimental data. The least-squares analyses 

20 
showed that reasonable values were obtained for He, Ne, Ar, H2 and D2 

diffusion in fused silica. These results indicate that this approach 

to the diffusion of gases in glass is a more complete description of 

th 'h th d 1 f . . t. t 1 ,13 ,17 ,20 e process ·.~ an e mo e s o prev1ous 1nves 1ga ors. . 

Non-linearity of log D vs 1/T plots has been observed in the diffu-

. 1 22 24 
sian of monatomic gases in fused silica by var1ous authors. ' ' 

' N used a modified form, D = D T e 
0 

- Llli/RT 
of the Arrhenius-type expres-

~>i c:m in order to be ab1e to specify on1y one activation energy over the 

entire temperature range. However, the more complete treatment of 

absolute rate theory in this study, which is similar to that proposed 

for surface diffusion,
21 

shows that the pre-exponential, D , contains 
0 



-GO-

several temperature terms. When the model in this study applied to the 

diffusio~ of He,all'E, Ar, H2 and D2 in fused silica, it shows that the 

dependenc~ of D on T in the temperature range 300-1300°K is almost non
. 0 

existent. Also, from :mathematical considerations, the model shows that 
. : .. 

in the lirrq_t of infinite temperature~ D
0 

should not be a function of 

temperature. The values of the pre-exponential factor and the activation 

energy derived from the model correspond best to the standard form of 

- tili/RT the ~rhenius expression, D = D
0 

e · . ~he application of abso-

lute rate theory does not explain the sniall non-linearity observed in 

log D vs 1/T. This may be due to the fact that this theory in its 

present form negiects the effects of temperature on the potential surface 

by assuming it is constant ·throughout the tempE:rature range. 

Previous investigators17 have proposed that the diffusion process 

requires sufficient enlargement of a doorway in order for an atom or 

molecule to pass from one solubility site to an adjoining one. From 

the results in this study we can conclude that the diffusion process 

does not require dilation or strain of the lattice to permit movement 

of small atoms or molecules but that the activation energy for diffusion 

is a result of the attractive and repulsive forces of the solid acting 

upon the dissolved gaseous species. The enlargement of a doorway con-

cept was also used to predict a negative. and constant entropy of acti va-

tion. However, this study shows that the entropy of activation is not 

constant and not always negative. .The entropy of activation is a result 

of statistical thermodynamic considerations. As the temperature is in-

creased, the positive activation entropy decreases, and for certain gases 

becomes negative in the temperature range of experimentation.. This 
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variation of the entropy with temperature occurs because of the change 

of a vibratiot.al degree of freedom to a translational degree of freedom 

of the gaseous species during diffusion. 

Very thin (.086 mm) cylindrical fused silica diffusion membranes 

were subjected to a series of treatments designed to independently va:ry 

the hydroxyl content and the fictive temperature. After each treatment 

the He diffusivity was measured as a function of temperature. The 

activation energies for diffusion indicate that OH content and fictive 

temperature, which affect other properties significantly, do not 

appreciably affect the diffusion properties of He in fused silica. 

The diffusion of He and Ne through the thin cylindrical tubing was 

compared to that through a l mm disc of fused silica. Activation 

energies through the tubing were approximately 10% lower than that pre-

viously repor~ed; however, the disc showed expected behavior. This 

effect was not a property of the material but of the conductance of the 

vacuum system used in this study. In certain instances, the flow rate 

of gases through these coils was so rapid that the pUm.ping system could 

not remove tbem instantaneously, resulting in an anomalously low diffu-

sivity. The magnitude of this effect increased with temperature, thus 

decreasing the observed activation energy for this process. 
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APPENDIX I 

DETERMINATION OF THE PERMEABILITY~ K · 

A. ·Permeability 

The perineabi li ty of gases in glass can be computed according t.o · 

40 
Darcy' s Law, 

d~ IffiPA 
= dt d 

where 
d~ 
dt 

= steady state flow rate, across the membrane (Fig. 24), 

atoms/sec 

K = permeation constant, atoms/ cm;;.sec-atm 

t:,p = pressure differential across membrane, 

A = effective permeating area of membrane, 

d = thickness of membrane, em 

For planar geometry, disc, 

where r = radius of the disc. 

Using Darcy's Law, the permeation constant is 

K = 

41 
For. cylindrical geometry · 

A= 
A. (k-1) 

1. . 

lnk 

atmospheres 

cm2 

(l) 

(2) 

( 3) 
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and 

k = b/a 

where a = inside radius of the. cyl:i,nder 

b = outside radius of the cylinder 

Ai = area inside the permeating section, 21Tac 

c = length of the cyl,indrical section 

Substituting into Eq. (3) gives 

A = 21Tc (b-:-a) 
·ln(b/a) 

The thickness of the cylindrical membrane is (b-a); which yields 

K = 

d~ 
dt ln(b/a), 

2TIC t::,.p 

~ 
The flow rate, dt, through the membrane is measured on a mass 

( 4) 

(5) 

(6) 

spectrometer. This flow rate is related to the spectrometer output by 

(7) 

where hs is the spectrometer output for the sample in divisions and S is 

the sensitivity of the spectrometer in atoms/sec-division. In order to 

obtain quantitative measurements, the sensitivity is 

( 8) 



dQ£ 
and is determined by use of a standard o;r calibrated leak where dt is 

the flow rate of the leak and h£ is the output of the leak in divisions. 

'I'hus the flow across the membrane is 

This expression is used to obtain absolute flow rates from the fused 

silica membrane. 

B. Specimen Dimensions 

l. Disc. r = 17 mm, d = 1.05 mm 

2. Coil. 2a = 0.336 ±0.010 mm 

2b = 0.508 ±Q.Ol3 mm 

(b-a) = 0.086 ±0.003 mm 

cl = 160 em (20 turns) 

c2 = 800 em (100 turns) 
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APPENDIX II 

DETERMINATION OF THE DIFFUSIVITY, D, AND SOLUBILITY, S 

A. Determination of the Diffusivity, D(cm2 /sec) by the 
Short -Time Analysis 

1. Short-Time Technigue 

The diffusion process is expressed by Fick's Second Law 

dC -= 
dt 

(1) 

where C is the concentration of gas molecules in the glass. The satura-

tion concentration of gas on the high pressure side of the glass membrane 

can be expressed by 

C = SP e e 
(2) 

where S = solubility, C = concentration, P = external pressure. When 
e e 

a gas at pressure P is suddenly introduced upon a gas free solid, the 
e . 

solution to Fick's Second Law for finite solids of thickness d, and 

pressure differential !J.P is
42 

dP -= 
dt ADS !J.p {l Vd 

00 

+ E 2 
m=l 

where P = pressure .at the low pressure side of the membrane with 

!J.P = P -P and P >>P, A= membrane area, S = solubility, V = volume, e e 

( 3) 

D = diffusivity. 
42 

Rogers et al. have discus"sed the. application of a 

transformation formula to the right side of the above equation which 

.. 
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00 

L exp[-(d2 /4Dt)(2m + 1) 2
]. ( 4) 

m=o 

The inverted placement of t causes the exponential to converge rapidly 

for small values of t. At small values of t all but the first term in 

the series can be neglected and Eq. (4) can alternatively be expressed 

by multiplying by t 112 and taking the natural logarithm of both sides 

(5) 

By plotting the quantity on the left hand side versus 1/t a straight line 

is obtained for small values of t, thus enabling the calculation of D, 

the diffusion coefficient. In methods where a mass spectrometer is used 

instead of monitoring the pressure change with time, Eq; (5) can be 

modified to43 

since 

dQ = ( dP) ~-dt V dt , where dt - flow rate. (7) 
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2. Characterization of the Short-Time 

For this type of analysis it will be necessary to characterize the 

"relat-ive time-frame" in which the short-time solution produces reliable 

results with respect to the diffusion coefficient. Let 

then Eq. (4) can be expressed as 

dP -= 
dt 

2AS/lP 
v 

'· ( 8) 

The problem is· to find the point in time, t, where the second term in 

the series contribution is small C<l%) c0mpared to that of the first term 

to the total flow. The limit of 1% as the tolerance.where the short time 

solution would produce a straight line was chosen arbitrarily. This 

figure of 1% was considered as a reasonable .limit because it is well 

below the level of experimental error and limit of resolution of most 

equipment in these types of experiments. In other words, it would be 

considered legitimate to truncate the series if the contribution of the 

2nd through oo terms in the series was less than 1% that of the first. 

Assume that the contribution of those terms after the 2nd is 

negligible (this will be shown valid, l~ter), thus 

-9x -x e < .Ole (10) 

.. 
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for less than 1% contribution by the 2 -+ oo terms in the series. Then 

X > .575 (11) 

substituting into Eq. (8) 

(12) 

When 

( 13) 

(time interval of experiment = t, d = sample thickness, D = diffusivity) 

the contribution of the second term in the series will be less than 1% 

that of the first. A check back on the assumption that the rest of the 

terms in the series are negligible shows (using the same type of analysis) 

that when the second term is 1% of the first, the third is • 0001% of the 

first. In. diffusion experiments of this type, one can now determine the 

range of validity of the short-time approximation. 

In applying this analysis to diffusion coefficient determinations, 

one must know, D, in order to determine the valid time range of the 

analysis. Since D and t in Eq; (13) are both unknowns, an iterative 

method has been devised in order to apply the analysis in determining 

D's. If one obtains a plot (at constant temperature) for "long times," 

the contribution of the second througb oo terms becomes noticeable and 



the lin,ear plot required by Eq. (6) becomes curved~ Fig. 25. To find 

' which data points are in the short-time range, one can fit all the data 

points to· a least-squares line and ,deter:inine D, then obtain t by using 

Eq. (13). All data points which are greater than t are discarded and 

the remaining are fit to another least -£quares line. This process is 

I_'epeated until all data points are less than t when fitted with the 

least~squares line to obtain D. This will then indicate that the proper 

D has been obtained. This analysis has beeri applied to the diffusion of 

He in Si02 (Fictive Temp. l200°C, Water (OH) Content= zero, T = 158°C). 

Flow rate measured as a function of time. 

lst Iteration 

(Fig. 26) 

2nd Iteration 

(Fig. 27) 

3rd Iteration 

(Fig. 28) 

25 data points, 9 sees to 249 sees 

4 ~7 2 ' 
D = 3. 2 x 10 em /sec, t ~ 94 sees 

14 data points (exclude those above 94 sees) , 9 sees to 

84 sees 

D = 4.37 x 10-7 cm2 /sec, t = 73 sees 

13 data points from 9 sees to 69 sees 

D = 4.54 x 10-7 em ?sec, t = 71 sees 

The D from the 3rd iteration is the correct value because t > tdata 

(69 sees) 

Thus it can be seen that care must be taken in applying the short 

time analysis because erroneous values for diffusivities are obtained 

if experimental data beyond the range of validity are included. 

B. Diffusivity, D (cm2 /sec) by the Decay Analysis 

The diffusion coefficient can also be calculated after the steady 

state has been achieved. If the gas op the high pressure (P ) side of 
e 

the membrane is suddenly removed (Fig. 24) the solution to Fick's Second 

\ 
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I /t , sec- 1 

XBL 731- 5607 
1/2 dQ 1 

Plot of the ln(t _ dt) vs t for long times ·.vhere t = tirne 

and ~~ is the flow rate in atoms/sec. 
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Fig. 26. Plot of log (t
112 ~~) vs f for He in Si0

2 
at 

158°C; first iteration .of linear least-squares 

fit to the data. 
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0 0.02 0.04 . 0.06 0.08 0.10 0.14 

I 1 t , sec·1 

XBL 731- 5609 

Fig. 27. 1/2 dQ 1 
Plot of log (t dt) vs t for He in Sio2 at 

158°C; second iteration of linear least-squares 

fit to the data. 
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L015 
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0 0.02 0.04 0.06 0.08 0.10 . 0.12 0.14 

1/t , sec-1 

XBL 731-5610 

Fig. 28. Plot of log (t
112 ~~) vs t for He in Si02 at 

l58°Cr third iteration of linear least-squares 

fit to the data. 

<. 
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38 44 Law becomes ' 

·~ _ ADSP e oo m+l ( 7T2m2 ) 
- L: (-1) exp . -· -d.

2 
Dt dt d m=l 

(14) 

where A= constant which depends on the membrane geometry. 

The decrease of the flow rate after a short period of time in the 

decay region can be closely approximated by the first term in the 

. 38 44 ser1es, ' · 

ADSP 
dQ = e 
dt d 

' Taking the logarithm of both sides of Eq. (15), one obtains 

ln~-lnAD-dt - d 

(15) 

(16) 

By plotting the quantity on the left hand side versus t .a straight line 

is obtained whose slope - - n2 D/d2
, thus enabling calculation of D. 

C. Solubility, S (atow&'cc-atm) 

At moderate gas pressures the solution of gases into solids behave 

Henry's Law, Eq. (2). When t becomes large., the infinite series of 

Eq. (3) approaches zero, which yields the steady state relationship 

d~ DS.6PA 
dt = d (17) 



From Eq. ( 1) , ·Appendix I , 

d~ 
dt = 

•• K = DS 

; (18) 

(19) 

Thus the solubility can be easily c~lculated after the permeability and 

diffusi vi ty have been determined. 
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APPENDIX III 

COIL CHARACTERIZATION 

A. Spectrographic Analysis 

* Semi quantitative: Coil specimen 

Oxide of Element· Amount, wt • % 

Al .005 

Ca .001 

B <.010 

Na <.100 

Ti <.002 

Zr <.006 

B. Pressure Effects 

Diffusivity versus pressure, T = 16°C, 100 turn coil, 1000°C wet. 

Pressure of He (atm) D(cm2 Lsec) 

.330 l.59xl0 -8 

.455 6 -8 1. 4xl0 

.577 1.59xl0 -8 

.718 -8 1.67xl0 · 

.980 6 -8 1.5 xlO. 

1.32 l.62xl0 -8 

C. Flow of Gases in the Coil 

In order to be able to determine whether an erroneous flow rate 

versus time curve is being produced due to a backup of gases in the coil, 

the pumping efficiency inside the coil must be determined. The flow of 

*American Spectrographic Laboratories, San Francisco, Calif. 
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45 
gases through pipes and orifiC!=S can be ,describ~d by · 

Q '· 

where Q 
dV . · · 

= P dt = volumetric flow rate across a plane at presswe P 

F = conductance of the vacuum system 

P 2 = pressure at the entrance to the system 

P 1 = pressure at the pump inlet 

( 1) 

The resistance to flow o.f gases is analagous to electrical resistance 

1 
and can be defined as F. In order to determine the conductance at any 

point in a vacuum system, the conductances of all the elements of the 

system between the point of consideration and the vacuum pump must be 

known. Then these series elements must be added such as in electrical 

. t 45 1 = L: 1 
The conductance at both ends of the fused resJ.s ance 

F . F. 
. 

1. ]. 

silica coil was calculated for the system used in this study. It was 

assumed that molecular and not viscous flow existed in all the elements 

of vacuum system. 

For long ( 1/a > 200) cylindrical tubes the relation for conductance 
45 

a3 ( T) l/2 
liters 

F. = 30.48 -1 M. 
1 sec 

. . . 4 
was used and for short tubes the relation for conductance· 5 

F. = 
1 

3.64TI a 2 

l+ll 
8 a 

(~) 1/2. liters 
sec 

(2) 

(3) 
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was used, where 

a = tube radius, em 

l = tube length, em 

T = OK 

M = molecular weight of the gas 

In the system used here, there are 16 elements, including the valves, 

between the turbo pump and the beginning vf the coil which yield 

L 'V 3.3xl0 3 sec/liter , F. 
l 

and for tbe 100 turn coil at 250°C 

l 
F 

= 4.0xl0 5 sec/liter . 

The amount of He flowing across walls at 250°C for a 100 turn coil is 

( 4) 

( 5) 

'VL5xl0 15 atoms/sec. One em from the end of the 100 turn coil, the flow 

rate is 'VL9xl0 12 atoms/sec. Using the ideal gas law to determine P* , 
Q is found to be 8.10xl0-2 cc torr if it is assumed that all the gas 

sec 

desorbing from the walls is present at the coil outlet, which yields a 

pressure of .27 torr at the front end of the· coil. To calculate the 

pressure at the closed end of the coil is difficult because there is a 

gradient in the volumetric flow, Q, due to the gas diffusing through the 

wall. Thus only an approximation in the pressure can be made as to its 

magnitude relative to the open end. At one em from the closed end of 

Q nlxl0-4 cc-torr the coil, v and P 'V.31 torr. 
sec 
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For molecular flow to exist45 L/a > 1 where L = meati' free path of 

the molecule, arid a = radius of the coil; therefore, L > .0178 em. The 

mean free path of He at 250°C and "v, 3 mm pressure is "v,l em, thus molecu-

lar flow conditions are satisfied. These aresteady state conditions; 

however, if the conductance of the system is low, then at relatively high 
. . . .· 

initial flaw rates the gas cannot be pumped out of the coil as fast as 

it is coming ir1. .If we assume for the moment that the coil is closed off 

(no pumping), then the increase in pressure is on the order of .04 mm/sec; 

thus to reach the equilibrium pumping pressure would be about 8 sees at 

250°C. At this temperature it takes about 45 sees to reach the steady 

state flow rate. Therefore the inability of the system to remove all .. 

the gases would interfere with the flow .rate observed at the mass spectra-

meter making it appear to be longer to reach the steady state. This would 

result in an erroneously low diffusion coefficient. This problem should 

be a function of temperature since the flow rate rises exponentially with 

t t b th d t l . . . th T112 Th . f t empera ure ut e con uc ance on y r~ses w~ . ere ore a 

higher temperatures the problem should be more pronounced with a resultant 

lower activation energy for diffusion. At 25°C the pressure at the front 

end of the coil would be "~~.004 mm, with a pressure rise rate of about 

.0004 mm/sec but the time to reach equilibrium is 1800 sees in this case. 

Thus a small flow rate backing up would not be noticeable in this case. 

Another problem with gases backing up· on the low pressure side is the 

increased probability of dissolution of exolved gases back into the 

membrane.· 
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APPENDIX IV 

DATA 

A. Diffusivities 

1. 100 Turn Coil, He 2 Short-Time Technique 

a. 1000°C, Vacuum 

b. 1000°C, 1 atm H2 0 

195 

273 

300 

327 

359 

298 

437 

195 

273 

297 

325 

356 

392 

437 

D2 cm2/sec 

2.31x1o-10 

9.68x10~9 

-8 2.10x10 

8 4.28x10-

7.3lx10-8 

1.48x1o-7 

2 .52x10-7 

D, cm2 /sec 

2.06x1o-10 

9'.60x1o-9 

-8 1.97x10 

4 -8 .27:JC10 

7.91xl0-8 

1.60x10-7 

3.07x10-7 
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c. 1200°C, Vacuum 

T °K ~ D, · cm2 /sec 

195 2.01x10-10 

273 8.14x1o-9 
.... 

297 
. 8 
1.62x10-

326 -8 3.52x10 .. ... 

358 7.11x10 -8 

396 l.41x10-7 

438 2 .36x1o-7 

d. 1200°C, 1 atm H fJ 

T °K ~ D, cm2 /sec 

195 1.7lxl0-10 

273 8.62x1o-9 

297 1. 8Bx1o_;8 

326 6 -8 3.9 x10 

355 
. -8 7 .23x10 

299 l.59x10-7 

437 2.60x1o-7 

2. Disc, He .. 
a. Short-Time Technique 

• 
T °K ~ D, cm2 /sec 

403 3.00x10-7 

421 3.77x10-7 

444 6 .39.x10-7 

471 8.09x10-7 

500 1.12x10 -6 



T °K ~ D, cm2 /sec 

529 6 -6 1. 7x10 

558 2.29x10 -6 

578 2.74x10 -6 
v 

598 3.33x10 -6 

638 4.64x10~6 

661 
. 6 

5 .49x10-

685 4 -6 6. 7x10 

718 7.79x10 -6 

748 4 -6 9.2 x10 

810 1.28x10-5 

856 1.61x10-5 

924 2.20x10-5 

987 2.60x10-5 

1061 3.34x10-5 

b. Decey Technique 

T °K ~ D, cm2 /sec 

403 2.42x10-7 

. 421 4.43x10-7 

444 5 .04x10-7 

471 7.56x10-7 

500 1.00x10 -6 

529 
. -6 

1.28x10 · 

558 89 -6 1. x10 

578 4 -6 2. Ox10 
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T °K ~ D, cm2 /sec 

598 
. -6 2.71x10 

638 3. 57x10 -6 

661 4.59x1o-6 

685 4.59x1o 
..:6 

718 6 -6 · .12x10 . 

748 6 -6 7.5 x10 

810 1.07~10-5 

8~.6 1.39xio-5 

924 1.74xlo-5 

987 2.21x1o-5 

1061 2.74x1o-5 

3. 20 Turn Coil, He, Short-Time Technique 

As Received 

T °K ~ D, cm2 /sec · 

296 2.75x10 -8 

307 
. -8 

3.62xl0 

318 4 -8 .82x10 

332 6 -8 .51x10 

344 8.63x10-8 

• 
357 L21x10-7 

371 1.37x1o-7 

379 1.63x10-7 

386 1.98x10-7 

404 2.47x10 -7 

417 3 .07x10-7 
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T °K ~ 
2/ . D, .cmsec 

429 3.42xl0-7 

441 3.88xl0-7 

457 4.72xl0-7 

477 5.94xl0-7 

4. 20 Turn Coil, 20Ne, Short-Time Technique 

As received T °K 
. 2 

~ 
D, em /sec 

450 l. 40xl0-9 

462 l.61xl0-9 

475 l.46xl0-9 

492 3 .05xl0-9 

508 4.35xl0-9 

524 5.09xl0-9 

538 8.05xl0 -9 

561 l.l6xl0 -8 

584 l. 71xl0-8 

6bo 2.12xl0 -8 

617 2. 80xl0 -8 

622 2.69xl0 -8 

643 3.20xl0 
.,.8 

655 3.85xl0 -8 

673 4.93xl0 -8 

689 
. 8 

6.46xl0-

711 6 -8 .98xl0 

725 8.02xl0 -8 

744 9.35xl0 -8 
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T,°K D, cm2 /sec 

761 l.llxlb-7 

·781 1.38xlo-7 

799 1. 59xl0-7 

830 1. 78xlo""'7 

847 2.10xlo-7 

8 6 6 -7 7 2. OxlO 

896 2.88xlo-7 

921 3.15xlo~7 

944 3.44xlo-7 

967 4.05xlo-7 

995 4.43x10-7 

1021 6.05xl0-7 

B. Permeability 

403 

421 

444 

471 

500 

529 

558 

578 

598 

638 

K, atorns/cm-sec-atm 

1.47xlo11 

1.97xlo11 

3.02xlo11 

4.24xlo11 

5.33xlo11 

7.36xlo11 

8.25xlo11 

ll 9.6lx10 

1.12x1o12 

1.54xl012 
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T °K ~ K, atoms/em-sec -atm 

661 1.62x1o12 

685 2 .16xlo12 

v 718. 2.54xl012 

748 3.20xl012 

" 
4.10xl012 810 

856 4 .94xl012 

924 6.13xl012 

987 7.43xl0~2 

1061 9.49xlo12 

2. 20 Turn Coil, .He 

As received 

T °K .=...t.....:.:. K, a toms I em-sec -atm 

295 1.87x1010 

308 2. 7lxlo10 

322 3.98xlo
10 

341 5.50xlo10 

358 7~73xlo10 

380 1.08x1o11 

396 1.46xl011 

413 1.88x1011 

429 2.57x1011 

464 3.60x1o11 

482 4.29xl0
11 

487 4-.55xl0
11 

508 5.46xlo11 
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T °K .:::...z....::. K, atorns/cm-sec-atm 

519 6.34xlo11 

523 6.58x1011 

539 7.nxl.o
11 

·v 

587 1.13xl0
12 

599 1.29xlo
12 ' .. 

. 639 1.56x1o12 

643 l.63xl0
12 

698 2.33xlo
12 

720 2. 82x1012 

772 3.28xlo12 

798 3.82xl0
12 

866 4.58xlo12 

908 5.90xlo12 

1000 6 .36xlo12 

1049 7.65xl0
12 

3. 20 Turn Coil, 20Ne 

T °K .::...L.:.::. K, atoms/cm-sec-atm 

450 4.23XlQ8 .. 
462 7.55XlQ8 

... 
475 l.Q2XlQ9 

492 1.11Xl09 

508 1.49XlQ9 

524 2.1QX1Q9 

538 2.76XlQ9 

561 4.09XlQ9 
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T °K .::..L-=.::. K, atoms/cm-sec-atm 

584 5.06X109 

600 6.45X109 

.. 617 6.75X109 

622 7.65X109 
... 

643 9.27x109 

655 1.08~1010 

673 1.39X1010 

689 1.64X10lO 

711 1.94X10lO 

725 2.36X1010 

.. 
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.APPENDIX V 

ENTROPIES OF ACTIVATION 

A. Diffusion of Monatomic Gases in Fused Silica 

T °K 6S t" t" , cal/mole-deg • ac l.Va 1.on 
~ 

He 20Ne Ar 
... 

300 1.852 1.486 1.529 

4oo 1.586 1.190 1.186 

500 1.374 0.964 0.937 

600 1.198 0 .'780 0.740 

700 1.047 0.625 0.578 

8ob 0.917 0.491 0.439 

900 0.801 0.374 0.318 

1000 0.697 0.268 0.210 

1100 0.603 0.173 0.113 

1200 0.517 0.087 0.025 

1300 0.438 0.007 -0.056 

• 
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B. Diffusion of Diatomic Gases in Fused Silica 

T,°K 6.S activation' cal/mole-deg 

H2 D2 

300 1.469 I 1.552 

4oo 1.062 1.275 

500 0.765 1.057 

600 0.536 0.877 

700 O.S52 0.725 

Bod 0.198 0.592 

900 0.966 0.476 

1000 -0.049 0.371 

1100 -0.152 0.277 

1200 -0.245 0.190 

1300 -0.329 0.111 
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