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Diffusion of Helium Isotopes in Vitreous Silica®

J. E. Shelby
Sandia Labovatories, Livermove, California 94550

The diffusion of He® and He? in vitreous silica was experimentally measured in the tempera~
ture range 100~760°C. The ratio of the diffusion coefficients is given by D(He®)/D (He?)

=(1.205+ 0. 003) exp[~(131+7 cal/g-at.)/RT].

These results cannot be explained by classical

diffusion theory, which does not predict an isotope effect in the activation energy for diffusion.
The quantum corrections proposed by LeClaire for the special case of low-atomic-mass isotope
diffusion satisfactorily explain the observed results.

I. INTRODUCTION

There have been several studies of the diffusion
of He* in vitreous silica, '~® but only one determin-
ation of the relative diffusivities of He® and He * in
vitreous silica has been reported.® Jones® calcu-
lated the isotopic diffusivity ratio from the corre-
sponding ratios for permeability and solubility.
However, no direct determination of the diffusiv-
ity of He? in glass has been previously reported.

The magnitude of the experimentally observed
isotope effect, when compared with theoretically
predicted values, should allow a distinction be-
tween various possible diffusion mechanisms.

Classical diffusion theory predicts that the ratio
of the isotopic diffusion coefficients should vary as
the reciprocal of the square root of the mass of the
diffusing atoms.” LeClaire® has suggested that a
quantum correction be applied to classical theory
when the diffusing species are of low atomic mass.
He has applied these corrections to hydrogen iso-
tope diffusion in metals with some success. How-
ever, this analysis has not been tested on helium
isotope diffusion because of a lack of experimen-
tal data. The relatively large values of the He*
diffusivity in vitreous silica'™® would suggest that
a helium isotope diffusion study in this material
might provide a significant test of LeClaire’s the-
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TABLE I. Thickness and chemical analysis of diffu- VACUUM VACUUM
sion specimens. (ND means not detectable.) SYSTEM SYSTEM
Thickness Concentration in ppm
Material (mm) Al Na Ca Fe OH r--.FER-Nf.C-E_.l
Spectrosil 1.56£0.03 ND 3 ND ND 1280 coto | : MASS
Infrasil 1.63£0.01 64 21 ND 11 11 CAS ™1 trar | SAMPE T SPECTROMETER
| |
L —d
ory. This work reports the results of such a study. THERMO -
PRESSURE COUPLE
Il. EXPERIMENTAL PROCEDURE GAUGE Sureor |  RECORDER
A. Materials and Preparation
The vitreous silica diffusion specimens used in TEMPERATORE
this study were disks of Spectrosil A (Thermal CONTROLLER
Syndicate, Ltd.) and Infrasil (Amersil, Inc.). The
former is produced by flame hydrolysis of SiCl,,
whereas the latter is produced by fusion of powdered FIG. 2. Mass spectrometer for diffusion and permea-

crystalline quartz. Results of an atomic absorp-
tion and infrared chemical analysis of each speci-
men are given in Table I, as is the specimen thick-
ness. Each specimen was optically ground and
polished by the supplier and had a nominal diameter
of 3.8 cm. Each disk was sealed into a vitreous
silica tube in such a manner that it formed a bound-
ary between two chambers (Fig. 1). The flame
used in sealing was applied to the other surface of
the vitreous silica tube and at no time was in direct
contact with the specimen.

B. Diffusion Measurements

The experimental procedure was similar to that
described previously by Swets, Lee, and Frank. !
The apparatus is shown schematically in Fig. 2.
One chamber of the specimen tube was connected
to the mass spectrometer system and the other
chamber to a gas manifold whereby the desired gas
could be introduced to the specimen. Three series
of measurements were made on the Spectrosil spec-
imen: the first using He* the second He?®, and
finally using an approximately equimolar mixture
of these two helium isotopes. Measurements of the
first and third type were also made using the In-
frasil specimen. The specimen was brought to
equilibrium at the desired temperature with a pres-

PYREX-QUARTZ KOVAR

TRANSITION

GAS /S~ |
TUSUPPLY T\ A
SAMPLE

THERMOCOUPLE TUBE /

FIG. 1.

MASS
SPECTROMETER

FLANGE

Sample configuration for measurement of he-
lium diffusion in vitreous silica.

tion measurements.

sure of 2x10™" Torr on the high-vacuum surface
and a pressure of 1 %107 Torr on the surface to
be exposed to the gas. The appropriate isotope or
isotopic mixture was then admitted to the system.
The mass spectrometer continuously monitored the
permeation of the helium through the specimen.
After a constant permeation rate was attained, in-
dicating steady-state flow, the helium was evac-
uated from the higher-pressure system and the
process of helium evolution from the specimen
recorded. Measurements were made at tempera-
tures between 100 and 760 °C, with a total of 37
points for He*, 28 for He®, and 20 for the isotopic
mixture for the Spectrosil sample, and 23 points
for He * with 15 for the isotopic mixture for the In-
frasil sample. Sample temperature as indicated
by a thermocouple located within 0.3 cm of the
specimen surface was maintained within +1°C
throughout each measurement.

A thorough discussion of the mathematics utilized
to calculate the diffusion coefficient from the helium
evolution curve is readily available in the litera-
ture.! It can be shown that, although a complete
mathematical description of the evolution process
involves a converging series of exponentials, the
rapid convergence of this series allows the major
portion of the evolution curve to be described by a
single exponential. Thus the diffusion coefficient
can be determined from the equation

_L%In(ry/hy)
b= "(tz‘ltx)z ’ W

where D is the diffusion coefficient, L is the speci-
men thickness, and #; and 7, are the relative per-
meation rates at times #, and #,, respectively.
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TABLE II. Diffusion coefficients of He® and He! in
vitreous silica (Spectrosil).

Temperature D(HeY) D(He%)
C) (10" cm?/sec) (10"® em?/sec) D(He®)/D(He)
286 2.26 2.11 1.070
306 2.88 2.67 1.079
329 3.62 3.36 1.080
348 4,31 3.99 1.081
368 4.89 4.48 1.089
374 5.07 4.67 1.086
397 5.97 5.46 1,093
415 6.73 6.14 1.097
424 6.99 6.43 1.087
438 8.09 7.40 1.094
456 8.89 8.03 1.106
474 9.95 9.06 1.099
498 11.3 10.2 1.107
513 12.5 11.3 1.104
524 12.9 11.7 1.107
546 14.9 13.3 1.120
565 16.5 14.8 1.116
582 17.5 15.6 1.120
595 18.8 16.8 1.116
602 19.1 17.1 1.120

III. RESULTS
A. Diffusion Measurements

Diffusion coefficients of He® and He * in vitreous
silica were measured at random temperatures from
100 to 760 °C. The technique involved both si-
multaneous measurements utilizing an isotopic mix-
ture (method I) and sequential measurements uti-
lizing isotopically pure gases (method II). Although
no isotopic interaction effects were expected, this
procedure was adopted to ascertain the indepen-
dence of the measurements. No substantial differ-
ence was detected in the two methods. The results
of the method-I measurements on the Spectrosil
specimen are given in Table II as well as graph-
ically in Figs. 3 and 4. The data for the Infrasil
sample are essentially the same and are not in-
cluded for brevity.

Data such as those in Table II are frequently ex-
pressed mathematically by utilizing a least-mean-
squares fit to the equation”’

D=Dye™"T @

where D, is a constant pre-exponential factor, @ is
the activation energy in cal/g-at., R is the gas
constant, and T is the absolute temperature. How-
ever, it has been recently demonstrated that for
the case of helium diffusion in vitreous silica, a
more realistic representation of the data is ob-
tained if the usual expression is modified by inclu-
sion of a temperature-dependent pre-exponential
term, S i.e.,

D=DyTe¥RT 3)

where D, is now the constant portion of the pre-
exponential term and both Dy and @ have values
different from those obtained from Eq. (2). The
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FIG. 3. Temperature dependence of helium isotope
diffusion coefficients in vitreous silica (Spectrosil).

values of Dy and @ obtained from both methods I and
II are given in Table II. There is no evidence that
the results are affected by the choice of experimen-
tal technique.

The temperature dependence of the isotopic dif-
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FIG. 4. Temperature dependence of the isotope diffu-
sion coefficient ratio for helium in vitreous silica.
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TABLE III. Activation energy and constant portion of pre-exponential term for He® and He® diffusion in vitreous silica.

Experimental
material D, (He®) Dy (He?) Q(He®) Q(He?)
and method (10" cm?/sec deg) (107 cm?/sec deg) (cal/g-at.) (cal/g-at.)
Spectrosil: method I 4.088+0.020 3.378+0.020 5082+48 4945+48
method II 4,091+ 0,020 3.313+0.019 5048+ 43 4946+ 24
Infrasil: method I 3.884+0.008 3.241+ 0.007 5018 +42 489840
method II s 3.013+0.007 ce 4844 + 35

fusion coefficient was determined by a least-mean-
squares fit of the values of D (He 3)/D (He *) given in

Table II versus reciprocal temperature. These re-
sults are expressed by
D(He®)/D(He *)
= (1.210+0. 003) exp[~ (137+6 cal/g-at.)/RT]
)

for the Spectrosil specimen,
D(He®)/D(He *)
= (1. 198+ 0. 004)exp[- (121 +12 cal/g-at. )/RT]
, )
for the Infrasil specimen, and
D(He®)/D(He *)
=(1.205+0.003)exp[- (1317 cal/g-at. )/RT]
6)

for the combined Spectrosil and Infrasil data.

In a previous study, Jones® measured the per-
meability ratio and the solubility ratio of He?® to He*
in vitreous silica. The permeability K is equal to
the rate of diffusion of individual atoms D multiplied
by the number of diffusing atoms S, i.e., K=DS.
Jones utilized this expression to calculate D(Hes)/
D(He*), obtaining the relationship

D(He ®)/D(He *)= (1. 167+ 0. 005)exp[— (51+3)/RT] .
(M)

There appears to be a discrepancy between Jones’s
results and those of the present study. It should be
noted, however, that the results of the present study
were obtained from direct measurement of the He?
and He* diffusion coefficients, whereas those of
Jones are derived indirectly from permeation and
solubility measurement, In addition, the agree-
mént B8tween the values obtained in the present
study for two vitreous silicas of considerably dif-
ferent types, coupled with the large number of data
points used in this study as compared to the seven
points measured by Jones, increases confidence in
the values reported in this paper.

B. Error Analysis

Two types of errors must be considered in the
determination of any experimental quantity: the
reproducibility of the data (the precision) and the

correctness of the absolute magnitude of the quan-
tity (the accuracy). An excellent discussion of the
analysis of these errors in isotopic diffusion studies
is found in the work of Frank, Swets, and Lee, °
whose techniques have been applied to the error
analysis of the present study.

Since the errors in the activation energies and in
the ratio of the Dy’s are dependent only upon the
relative values of the various diffusion coefficients,
they are derived entirely from the precision of the
experiment. The standard deviation of the activa-
tion energy is calculated from the expression

1-72\Y2 ¢
v R(37) o, ®)

x

where 7 is the correlation coefficient, N is the num-
ber of data points, o, is the standard deviation in
InD, and o, is the standard deviation in the recipro-
cal temperature, All quoted limits on @ are 1
standard deviation.

The standard deviation in the Dy’s is a function
of both the scatter in the data points and the uncer-
tainty of the activation energy. The expression

_[N-1 o [ N714 %2 )]

%o 0”[1\1_2 ¢ ”)(m ) 9)
where ¥ is the mean value of the reciprocal tem-
perature, can be used to calculate ¢, the standard
deviation in Dy. The only additional error contrib-
uting to the absolute accuracy of the Dy’s is that

in measuring the specimen thickness as shown in
Table I. This error is combined with the precision
of the Dy’s by the usual procedure of using the
square root of the sum of the squares of the frac-
tional errors as the over-all error. The errors ex-
pressed previously in the pre-exponential terms for
He® and for He* diffusion are of this type. How-
ever, since the thickness error affects both the He®
and He* diffusion coefficients equally, only the
standard deviation, as calculated from Eq. (9),
must be included in calculating the error in the val-
ue of Dy(He 3)/Dy(He*).

1V. DISCUSSION
A. Classical Diffusion Theory

According to classical rate theory, ” the vibra-
tional frequencies, and hence the jump frequencies,
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of two isotopes of the same element at the same
temperature are inversely proportional to the
square root of their masses. In the absence of cor-
relation effects, the ratio of the diffusion coeffi-
cients for the two isotopes is equal to the ratio of
their jump frequencies and hence to the reciprocal
of the square root of the mass ratio. If the corre-
lation factor is not equal to 1, i.e., the jump prob-
ability depends on the direction of the previous
jump, the effective jump frequency is reduced.’

In this case, the ratio of the diffusion coefficients
is given by

D,/Dy-1=f,[01,/M,)2-1], (10)

where D; and D; are the diffusion coefficients of
isotopes of mass M; and M;, respectively, and f;

is the correlation factor for isotope i. [In general,
fi=f;, so Eq. (10)is usually written without the
subscript on . ] In reality, the masses used in Eq.
(10) should not be the actual masses of the diffusing
species, but rather should be “reduced masses. ”°
The use of such a reduced mass is required by the
effect of the coupling of the vibrations of the diffus-

ing atom with those of the surrounding lattice atoms.

In this case,

Dy/D;- 1= fok[(M,/M,)V2-1], (3%

where Ak is a constant < unity and defined as the
“fraction of the translational kinetic energy which
is possessed by the solute atom as it crosses the
saddle point. ”!® Since both f and Ak are always
positive and always = unity, the product f Ak is al-
ways = unity.

If Eq. (11) is applied to the special case of the
diffusion of He?® and He * in vitreous silica, the
prediction that D (He ®)/D(He *)= 1. 155 at all tem-
peratures is made. However, the present study
yields a value greater than 1.155 when extrapolated
to infinite temperature. In addition, the activation
energy for the diffusion of He® is approximately
130 cal/g-at. greater than that for the diffusion of
He*, whereas classical diffusion theory assumes
that the activation energies for the diffusion
of the two isotopes are identical. Thus classical
diffusion theory cannot adequately explain these
results. It appears that adequate explanation is
found in the quantum corrections proposed by
LeClaire.®
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TABLE IV. Expected values of Q(He®) — Q(He?) and
Dy (He®)/D,(He) associated with experimentally deter-
mined values of D(He®)/D(He?).

Temperature Q(He') —Q(He?)
cC) D(He®)/D (He') (cal/g-at.) Dy(He®)/Dy(He?)
286 1.070 163 1.240
306 1.079 151 1.231
329 1.080 155 1.230
348 1.081 158 1.229
368 1.089 146 1.221
374 1.086 154 1.224
397 1.093 143 1.217
415 1.097 137 1.213
424 1.087 163 1.223
438 1.094 149 1.216
456 1.106 123 1.204
474 1.099 144 1.211
498 1.107 127 1.203
513 1.104 138 1.206
524 1.107 132 1.203
546 1.120 99 1.190
565 1.116 112 1.194
582 1.120 103 1.190
595 1.116 116 1.194
602 1.120 105 1.190

B. Quantum Corrections to Classical Diffusion Theory

A thorough discussion of quantum effects in the
diffusion of low-atomic-mass isotopes is found in
the work of LeClaire.® Although classical diffusion
theory predicts an isotope effect only on the pre-
exponential factor, LeClaire’s results require that
both the pre-exponential factor and the activation en:
ergy for diffusion be mass dependent. LeClaire’s
analysis results in the following expressions for
the isotopic effect on the activation energy and pre-
exponential factor:

&.-(ﬂ I_Qf—Qi)
D, \M; 2RT /’

1

(12)

where @; and @; are the activation energies for iso-
topes of mass M; and M;, respectively, and

o () - ()5

D, i M;/  Dy; 17
where Dy; and Dy, are the pre-exponential factors
for isotopes of mass M; and M, respectively.
These equations allow a determination of the values
of @; - @, and Dy;/D,; which might be expected to be
associated with the experimentally determingd val-

13)

gy

TABLE V. Comparison between theoretical and experimental values of the isotope effect on activation energy and
pre-exponential factor.

Experimental results

Theoretical results

QHe®) — Q(HeY) Q—-Qy
Material (cal/g-at.) Dy (He®)/D,(He) (cal/g-at.) Dy3/Dyy
Spectrosil 137+6 1.210+0.003 136+ 19 1.211+0.015
Infrasil 121+12 1.198+0.004 128+ 19 1.205+0.014
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ues of D;/D; (see Table IV).

If one now considers the case of He® and He *
diffusion, Eq. (12) can be solved for Q; — @, (the
subscripts i =3 for He® and j= 4 for He* are used)
to yield

1.155 (14)
Thus, unless Dy/D,=1.155 at all temperatures (which
has been shown experimentally not to be the case),
there must be a difference in the activation energy
for the diffusion of these two helium isotopes. In
addition, unless the variations in Dy/D, with tem-
perature exactly offset the 2RT term, the value of
Q3 — Q4 will be temperature dependent and an Ar-
rhenius plot of In (Dy/D,) vs 1/T will be curved.
Similarly, Eq. (13) can be solved for Dy3/Dg, to
yield

Dgy/Dyy=2(1.155) - Dy/D, ,

Q3— Q4=2RT (I—M).

(15)
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which shows that Dy3/Dg, also varies as a function
of Dy/D, (which, of course, it must if Q;- @, var-
ies). Unfortunately, the scatter in the data of the
present study, coupled with the small variations
expected in @3 — @, and Dy3/Dy,, prevents such a
detailed analysis of the results. However, the data
have been analyzed by a linear least-mean-squares
technique, which effectively averages the slope and
intercept values. Thus, the experimental values
for Q(He®)- Q(He *) and Dy(He *)/D,(He *) as shown
in Eqs. (4) and (5) can be compared with the mean
values of @3~ Q4 and Dy3/Dy, as calculated from
Eqgs. (14) and (15), respectively. These values are
given in Table V. In view of the various approxima-
tions made and the accuracy of the experimental
data, there appears to be excellent agreement be-
tween the theoretical and experimental values.
These results strongly support the validity of the
quantum corrections proposed by LeClaire.
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The electronic structure and optical behavior of materials of the amorphous series SiO,
with 0 <x <2 are calculated using a quantum chemical cluster approach. These materials
are both compositionally and structurally disordered, and exhibit energy gaps ranging from

~1 eV for Si to ~ 9 eV for SiO,.

Each composition, i.e., value of x, is represented here by

a number of topologically distinct clusters each containing 8 silicon atoms and 8x oxygen at-

oms.

Each silicon is tetrahedrally coordinated with y oxygens and 4-y silicons with 0 <y <4

and (y)=2x. We saturate peripheral bonds by a generalization of the periodic boundary con-
ditions appropriate for a regular array. A simple molecular-orbital scheme, the extended
Hiickel theory, is applied to obtain electronic energy levels for each cluster. Using the in-
direct constant-matrix-element approximation and taking a weighted average over the various
configurations, we obtain the imaginary part of the dielectric constant for a given composition
x. The calculated results are in rather good semiquantitative agreement with the experimen-
tal results of Philipp, including the variation of the energy gap with composition and the gen-

eral shape of the €;-vs-frequency curves.

I. INTRODUCTION

Silicon and oxygen may be combined to form
amorphous materials of composition SiO, with x
varying from 0 to 2. The optical properties of

amorphous 8i, ! Si0, 2 5i0,_;, % and SiO,° have been
studied by many investigators. Recently, Philipp*
reported systematic measurements of the absorption
coefficient and reflectance of SiO, SiO,.; 5, and
SiO,. These materials exhibit a wide spectrum of



