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This thesis presents a mathematical analysis of the diffusion

-of helium gas ‘through the glass walls of an evacuated (10 mm Hg.)

.

accomplished by using the ‘electron tube itself as a vacuum ionization
. gauge. The expez_;imental'resulis are in strong'.agreer'nexixt with th

. ‘developed "theOI'.Y-‘., .

-

' ABSTRACT

electron tube. The analysis is based upon Fick's model of the

- -diffusion in mechanism. The experimental measurements are
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* vacuum is a low pressure of approximately 1 x 10".'8r'nm. of Hg. and the

 CHAPTER I

INTRODUCTION

- Investigation into the effect of helium permeation of glass vacuum’
tube envelopes and its attendant effect on tube life was occasioned'by pre-
-ﬁous inve stigati‘onsl’ zaimed at determining the cause 6f erfatic ignition
of thyratrons which had been sealed in a helium atmosphere as well as
determmmg the permeatmn effect on planar triodés. The permeatmn o,f"' i
.helium into the hard vacuum ‘tube is cons1dered in this paper. A hafd

planar triode is of this type.

L PurEose

The purpose of this paper is to extend previous investigations
into the effect of helium permeation of glass vacuum tubes by providing
an analytical foundation which defines the relationship between an external

-gas pressure and its time dependent effect on the internal pressure of a

glass vacuum tube and to verify by experiment the predicted internal tube -
_pressuré rise as a result of diffusion through the glass envelope.

" Literature Research

The initial part of this investigation involved a detailed literature

" research to ascertain if there were any additional recorded instances.

‘where operation of vacuum tubes was adversely affected by permeation
of a gas through their envelopes. Two sources were used, the Cumulative

Book Index> which is a listing of all technical books published by year and

s, 7. Catalano. Investigation of Helium Permeation into the

H.F. Jordon. Helium Permeation of the [FE"X4 Electron Tube.
(Unpubhshed) The Bendix Corp. K.C.D. 1960
3Cumu1at1vc Book Index. The H. W. Wilson Company

1

o8 Hydrogen Thyratron. (Unp—ubTished) The Bendix Corp. K.G D. 1960.
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by category and the Engineering Index4 which lists technical articles

- which have been published in professional society transactions, tech-

nical periodicals, company journals, etc.

Both the Cumulative Index and the Engineering Index are divided

by categories under which are grouped all published information pertinent

to the classification, the whole of which is grouped by the year. In order

to reduce the chance of missing a reference due to its title causing it to .
be classified under an allied category, seventeen main categories were. -

examined persistently as well as 'many others which provoked the least

" interest in their possibilities,

Six references were reviewed in detail because of the interest

elicited by their titles and abstracts. None of the references yielded any

information on the effects of gas permeation through the glass envelopes

of vacuum tubes.

As a result of the literature research it should be notgii that to

list a complete bibliography on helium gas and its diffusion characte'ristif;s

w,ouid be easy today, but due to the greater usage of helium atmosphere.s,. - |

and new appiications it will be a difficult task in another decade.

Circumstances Which Originated the Problem '
The wide range of operating conditions -encountered by missiles

imposes the most severe environmental variations on electronic compon-

N

. . . . . 3 . . . . t‘ .
_ents, such'as temperature sensitive -resistors and capacitors, accelera-~ -

_tion sensitive tube electrodes, “and radiation sensitive dielectrics and .-

semiconductors. Also, special dielectric designs are needed to confine - -

and reduce corona in the vacuum of space.

4The Engineering Index, Engineering Index, Inc, New York.



()

pen

=

rom

It is necessary therefore to control or provide. an artificial
environment which will isolate the compoﬁents from those extreme
conditions which affect reliability by packaging the componénts in their
own controlled environment. Reliability is affected by many factoré;.
however, the most obvious and pertinent is environment, the aggxiegate
of all the eXternél condit'ions and influences affecting the operating life '
of the circuits. | |

Common solutions for controlling envil;onment are encapsulation,
hermetic sealing or a combination of both. The signi'ficant features of
these two methods ‘are‘:' |

A, Enéapsuié.f_ion provide‘s .good. isolation from moisture and
A . . .
gives mechanical constraint to individual components which is
: advaﬂtageous‘in enduring shock and vibration environments.
Genefally, however, encapsulants are poor thermal conductors
and provide servicing problems in component ;'eplacemén;.

.' B. Hermetic sealipg with a chemically inert, dry gas, at a
‘pressure representing a normal atmosphere pfovides moisture |
isolation and relafively constant pressure in any environment.

. This technique allows replacement of components within sub-’

- assemblies ‘without the necessity of scrapping expensi;'e' units
as would be the case for an encé.psulated éubassembiy. As

' practiced, hermetic sealing involves sealing the cir;uifs in®
an environment ‘qf helium gas with a'positive pressure. In case
of leakage; the c&ﬁtaiﬁer woula leak out\ﬁard, ﬁrgventing the.
ingress of moisture laden air. |

The quality of a hermetic seal is specified in terms of allowable

A Aleakage rate. For those items which may be unattended for years the

Y
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leakage rates are necessarily stringent and are usually given in standard
cc/sec or the larger units of micron-ft3/hr. The units are based on a

standard atmosphere (760 mm Hg.) differential.

Further discussion is limited to the case of hermetic sealing

' since the environment provided by the hermetic package originated the

problem covered by this paper,

Use of Helium

To insure the quality of hermetic electronic packages and the
satisfaction of contractual specification requirements, an inert gas is

introduced into the evacuated assembly and sealed off by normal means

. such as "O'" ring seals. The complete hermetiqally-sealed'container is

then placed into a chamber which is evacuated to a pressure of one

micron or less. Connected to the chamber is a mass spectrometer sen-

sitive to the fill gas. ‘Any fill gas ,leaking out would be detected by the

mass spectrometer and 1ts leak. rate measured by comparison to ca11- '

-

. AAbrated leak rate standards.

The most favored gas is helium; it is chemically inert, non-

inflammable, and exists in low concentrations in the normal atmosphere.

As a consequence of its low mass and small molecular diameter, helium

‘exhibits a diffusion cap,ability of 2.6 times that of air.. This relative .

d1ffus1on factor is obtamed by tak1ng the ratio of the square root of the .

.molecular we1ght of air, 28 (N to the square root of the molecular we1ght
'~ of helium, 4.00. > The high diffusivity of hehum over air gives it an

‘advantage in passing through molecular sized'apertures. It is because

of this property that helium gas is used to check tightness of enclosures |

: A Guthrie and R, Wakerling. Vacuum Equipment and Techniques.
McGraw-Hill, 1949 p8. r .

s
[
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' physical and chemicalfactors influencing permeation. °

which are required to be hermetic; viz. relay cans, 'dry'" switch con-
tacts and mechanical assemblies which are to operate in a dust and
moisture free environment. It followed naturally that helium would be

used in permeation studies wherever the leak rate requirements were

. sufficiently low that the mass spectrometer technique could be used.

Since this equipment was readily available it was economically wise to '
utilize the same instrumentation for all leak rate measurements..

Workers in hermetm sealing learned of the permeation ab111ty
of hehum through experience obtained from the large amount of rework

necessary in ach1ev1ng "txght” seals.. Many of these workers not well

) acquamted w1th 1ts physmal‘ characteAmsucs were relat1ng the permeatmn o

of he11um'to its ability to flow through metal. No consideration was ngen

to the permeab111ty of glass to hehum when electromc circuits containing

glass vacuum tubes were stored in hermet1c containers under a pure

“helium gas pressure of several atmospheres,

However, experimental measurements of the permeation of gas

Athrough glass are quite old and the significance of this type of permeation

is now generally recognized, The permeation of glass by various gases

‘has been measured experimentally over the past fifty years for a wide

variety of glasses. In 1924, C. C. van Voorhis reported a study in which

attention was centered on the relation of permeability to chemical compo-

N

sition of the glass. His work appears to be the beginning of a series of '

similar investigations aimed at the understanding of the fundamental

6

6w, Rogers, R. Buritz and D. Alpert. Diffusion Coefficient,

' Sulubxht and Pcrmeability for Helium in Glass. Journal of Applied -
PHysms. 4 ‘ '

N? JuIy 1554
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-Succeeding chapters will develop a unique method for both.

through séaled vacuum tube envelopes where the use of mass spectrom-

B : .

etry is impractical because it results in the destruction of the test

sample in order to connect the spectrometer. L e

oot
.

“theoretical and expefimental analysis of the effect of helium ‘pérmeatio'n .

s




CHAPTER II

ANALYSIS OF GAS DIFFUSION .

The quantitative analysis of gas diffusing through a permeable
membrane is best introduced by the second order differential associated
with the Fick Law: '"The rate of diffusion of particles across a given
area is proportional in amount and opposite in sign to the concentration '

gradient. nl For diffusion in solids, a phenomenon which occurs slowly, -

- three processes may be respcmsible;z (a) direct exchange of atoms on

the sites involved, (b) migration of interstitial atoms, e.g., an atom

squeezed between the regular lattice sites in a cérystal, and (c) diffusion .

of vacancles. A vacancy is described as a site in the crystal lattice
: *. of an lonic crystal from which the ion which should be present is miss-

'ing. From the Kirkendall3 Effect it appears that (b) and (c) are the

usual processes and in the case covered by this pziper, (b) applies although

if is later shown that glass is not a crystal. The Kirkendall Effect is

- demonstrated by placiné markers at the interface between an allaoy (Cu -
. Zn) and a metal (Cu), and the whole heated to a temperature where-

- diffusion is possible. When this temperature is reached the markers

move towards the allay region., This is explained by assuming that the
zinc diffuses more rapidly than the copper, . and thus diffuses out of the
alloy. Such a process is impossible if the diffusion is by direct exchax_mgé o

of atoms.

1D, Van Nostrand Co. The International Dictionary of Physics
and Electronics 1956. Page 238 .

T TUTImAGL, pe 239

3Dbid., p.490



Gas diffusion was first put on a quantitative basis by Fick who

. adapted the mathematical ‘equation of heat conduction derived by Fourier,

A clearer connection between heat flow and gas diffusion can be made if

4

one follows the derivation of Fick's Law™ in terms of gas concentration.

Cylindrical Solution

Two approaches were considered in analyzing the diffusion of a .

gas through the glass envelope of a vacuum tube., The first was to

‘consider the glass as a right circular cylinder, assuming the irregular'

ends to be planar. This treatment requires'the three dimensional

solution of Fick's Law in terms of cylindrical coordinates;

_B_C_'._: 'D a’-c +LB_(':_+_|_ —alo + alo
3t art T r ar vt 30* 232, ).

where c is the gas concentration, t is time, D is diffusion constant and °

r, © and & are pararﬁeters of the cylindrical coordinate system. Equa- .

tion (1) may be simplified by the observation that the diffusion of gas is

- not a function of either the © or Z parameters and thus reduces to

dr” ar

. a
- oG C
—_— = D ) +_L _B__C_,_
dt r : (2)
With the application of appropriate boundary limits and initial conditions

and proper selection of cylindrical functions the three dimensional

solution can be found; however, this method was considered 'ai diéa.dvantag,e -

because of the tediousness in working in three dimensions and the -
comparable accuracy achieved by a more approximate solution using a. . ,_

rectadgular coordinate system.

, 4Appendix A
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Rectangular Solution

The second approach, which was used, was to assume that the -

right circular cylinder could be split and rolled out into a flat sheet,

this only requiring the use of a.two coordinate rectangular system. The -
glass envelope was assumed to be a thin membrane of thickness d with a
gas concentration c2 on the inside of the tube. with a volume Vl and a

concentration ¢| on the outside. Fick's equation in terms of two

' variables was then:

Se D 3¢
- k8
dt dL (3)

~Membrane thickness is x; f, ¢, and D as in Equation (1). " T'o_de;ermine' o

the solution of Equation (3) it was necessary to apply boundary conditions

and initial conditions which were as near as practicable to conditions

'encountéred in the experiment. Using the simplified approach, a solutibf_;

to Fick"s equation is then directly obtainable in order to explain the

: mechanism of helium diffusion.

Consider a cross szction of the blass membrane as shown in Figure

v|dly,

- P

W

Figure 1, Membrane Cross Section
The proposed ekpe‘rimental conditions were to ‘assum‘e. initially
that the gas concentration in the tube volume V), was zero; the gas
éoncéntration outside the membrane would be zero initially é.nd at time
t =0 a given concer_lt-ration v;/ould be present. Also, the initial ' |

concentration within the membrane would be zero. .
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To provide a more general solution which would be applicable to -

" other conditions which might have been imposed the following conditions

were chosen:

Att =0, c = f(x) for 0 { x {d
t)O,c=c1 forx=0
t)O,c=c2 for x=d

The solution was then determined5 as
© _nr*tD

C('x.‘&) (cz-c) g+ *;Zeﬁt—S\n nTL /—F(‘x) sin mrx.d‘x. .

'd
2 = .‘. -n"ﬂ'"{D

-;- E :Cz,cos NnT=-Cy - sSih nTx e = dT _ ‘ (4)
|

The equation is al genei-al one giving the concentration of gas in
Wthe membrane at any time and fulfilling the requirements imposed by the
boundary conditioﬁs. - |
The ex_pression in (4) simpliﬁes under the conditions proposed

-for the experiment where the membrane is assumed initially devoid of '

-

gas,. or c=£(x)=0,

Gene'rally the concentration ¢ is not known but the préssure on
the surface of the membrane is known. The concentration c of dissolved
gas is then expressed as the pressure of the same concentration of gas
in the free state at the standard temperature (OOC). It is necessary
‘therefore to relate the pressure Py and P, to the boundary values of tht;

_concentration c at the surface. "
. Considering the conditions applicable to the experiment whére
there is an internal volume ‘Vl separated from an éxtefr_mal volume V' by =

a glass membrane, it is assumed that both volumes and membrane are

5Appendix B




| by comparing the internal pressure of a hard vacuum tube (1X10~

11
initially devoid of the gas, helium. It might be argued that, as a result

of the normal concentration of helium in the atmosphere, a permeable

e membrane which essentially is exposed to one atmosphere pressure .

_ differential would absorb some helium.

It has been shown6 that the most reliable absolute value of the

helium content of ground level air is 5.239 + 0.004 parts per million.

' The total gas pressure of the atmosphere is the sum of the partial

pressures of each constituent gas. Therefore, with the concentration o‘f.'
helium given, that partial pressure which may be ascribed to helium‘isb
only 3. 98 microns, |

The partial pressure of helium in V compared to the internal
pressure in V] is essentiélly zero under the experimental cdﬁditions
imposed. The validity of this assumption is realized when 'th'e glass ié’
subjected't;o several atmospheres of pure helium gas. This is explained -

8

mm of

. Hg. ) with the applied external preésure (380 cm of Hg, ). If the internal ‘

pressure of a vacuum tube is'1X10°8 mm of Hg., the applied external

" helium pressure is 3. 8X153 mm of Hg., and the normal partial pressure

is 3. 98X10'3 mm of Hg., ‘then the assumption that the membrane has

been exposed to zero pressure helium is explained by the relationship

3,98 x 10 ) 3.8x10°
| x 108 |x 108

The diffusion coefficient D is defined as the rate of transfer of = .~
the‘diffusing substance across a unit area of section divided by the spaée

gradielntAof concentration at the section. If the rate of transfer is F, ¢

éE. Gluckauf. Proceedings Royal Society, A185, 98 (1946)
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a rigid body. "

12

is the concentration of the diffusing substance, and x is the space

- coordinate normal to the section, then?

ocC

F_ Dax, - N 5
In examining the diffusion factor, D, it is necessary to ascertain 3

its linearity or non-linearity when applied to the membraneous material,

glass. If Dis linear, i.e., exhibits the same value in the x, y, or z

direction wifhin aﬁ viso.tropic' material, it can be considé'réd a constant
for a ‘given isotropic medium and must thus be considered in.the solution
of :Fick's Equation. The aiffusi.on coefficient D exhibits non-iinearity in
a crystalline structure or any non-isotfopic medium, either metallic or
ionic. This type of diffusion is said to be structure sen;sitive. 8

Glass, being the material under discussion, is considered a non- .

' crystalline isotropic medium by Kohl who says:

"In the case of a glass-forming compound the transition from the -

liquid to the solid phase is not sharply defined . . . .. While there is a

narrow ra‘ngé of temperature where a tendency towards crystallization

-'(dévitrification) exists, this range is passed quickly enough during the -
'co_olin_g of the ‘glass melt so that the rapidly increasing viscosity of the

- melt freezes the molecular aggregates as they exist in the liquid state

and maintains the disorderly array at room temperature where glass is

9

Warren and Biscoe also agree: 'Although it is a perfectly definite -

- scheme of structure there is no regular repetition in the péttern, and

73. Crank. Mathematics of Diffusion. Oxford 1956

g
‘ 9W.H. Kohl. Maferials Technology for Electron Tubes. Reinhold
Pub. ' .

R. M. Barrer. Diffusion In and Through Solids. Cambridge, 1951
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hence the structure is noncrystalline. nl0

From the forgoing then, the difference between a crystalline

' solid and a vitreous body,' such as glass, is a matter of the size of the

:egions'through which molecular aggregates of definite structure extend.

Diffusivity is therefore considered constant for the glass membrane. If

the diffusion coéfﬁcient D is constant, and if the sorption isotherm is

linear, i.e., if there is a linear relationship between the external vapor

. pressure and the corresponding equilibriuxn'concentration within the

"membrane, then

F=-D < D -&)
(6)
where F is the transfer rate, ¢y and c, the concentfatio_n on either side )

of the membrane of thickness d, D as previously defined, and c is the

conceatration within the membrane, This is equivalent to

F= P(‘sz F;) ' -
d : ‘ A7)

where P is the pefmeaﬁon constant and Py p,, are boundary value
. . \

pr‘es.sure related to c; and c, through

where S, solubility, is the dimensionless ratio of concentration of.

- solute inside the glass to that outside the glass. Concentration ¢ and

pressure p have previously been defined. The subscript (n) is an

identification integer.

: 105, E. Warren and J. Biscoe. Fourier Analysis of X-Ray
Patterns of Soda-Silica Glass. J. Am. Ceram-Soc. 21, 1938.
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A relationship beiween ¢ and p may be obtained from Equation .~

(6) and (7) as - |

‘P,('Fz-‘fl)‘: D(Cz‘cl)""‘F B
- d od e

With a linear isothevrm, E'quatio.n (8) holds, where again, c is the |
éoﬁcent;ation within the membrane, p is the external pressure and Sis %
the solubility. R |
| With 'thev two pré'céding relationships establi_sh'ed and with the

p‘roper.'i'egard‘to units: |

P=DS o
In con.sidérati‘or-x of dh’nenéions‘, solﬁbility is dimensionless; t,hereforel,‘
permeabilify, which is give’n in cubic centimeters at N. T. P. /.second/.- o

cm? area/mm thickness of material/ecm Hg. pressure difféfenc‘e, has

'the same dimensions as the diffusion rate.

Referring back to the experimental initial conditions where it

' was assumed that the glass membrane was initially devoid of gas (or

c=£(x)=0); substitution in (4) yields a simpler solution n

-n27*tD
(11)

n d -

n=|

* As is described above, the concentration c¢c does not achieve a uniform .-

- value throughout the glass. Since the transfer of gas particles between .

the surface layer and the free state in the adjacent volume V, is very
rapid in comparison with the diffusion through glass, it is reasonable to
assume that the equilibrium value of c is immediately established at

the boundary. -
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To determine the pressure buildup in the tube volume the current
density of the gas diffusing through the total area of the glass membrane

into the volume will have to be evaluated at the boundary of the membrane

-

e

. w‘
aca :i- 'AD E—Ef+%‘- Z(Czcosn”-c')e d*
. S

and internal volume. The rate of flow was prevxously given as: = D(B?"

The flow of gas through'an aréa A into a volume V1 is then .

oY
VY, 13

From the previous solution given in (11) and, taking the partial

differentxal,

oxX l
i (14)

Rearranging and evaluating at the boundary x=d:

-n"n"iD '

dC 2 = '
-(%i)x:&‘- d +d E :(Cz cosnm-c,) e . (15)
_ A ' , n= 1| ' :

‘Substituting (15) in (13):
-n*7r*¢D

at -V,

(16)

where Cg denotes the concentration of the gas which has diffused through
the glass membrane into the volume at a time t. The condition that c=cy

at x=d for all t naturally makes it necessary that Cg {(¢;.

is give n by

. . w V ' . ;
<-ac) _ cz- c, | LA )]
— | = — (€2 cosnm-¢) COSNTZ o

- 2 ) g nx oo d

* Therefore the quantfty; Q, of gas which has diffused in time t
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(17)

Q=-/D(‘%%)ffd

s

Then from (17), on completing the integration and substituting in the

“limits:

-QOI"C? Vd (Ca. C){.*’ZAA Z <czcosn”-c‘> (|

‘Consider the series after the summation sign ast becomes large ort 00,

-nvrtD)

(18)

. this express1on will become

-n n”{;D ) o0

E : . E c -c
(&Cosnﬂ c') (‘ -C 2 COQNW |(19)
n.\ nl

In order to evaluate this series, the expression can be represented as

-a sum of two series:

Pla(hwn)rat®)]

it has been shown11 that _l_zcosn may be regarded as a Fouriler series

o n .
rep,resentation of the function

Z [(l_.%) -—3—] {cg-‘. O<z < evnaun%ed at 'x.=\,

N

‘and simiiarly the term (:1) may also be regarded as a half-range Fourier

n -
series representation 6f the functionZL (l-%) -5:] with the same conditions

imposed on x.

| Equation (18) can hqw be written;

11

T. Holstein. Westinghouse Research Report 411-9-D
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(21?
| C - AD (cv,_-c,).'t'-c,_dz'-y- c;cl‘
| s 'Y,'d [ 6D "3‘13']- (22)

,With Equatio'n‘ (8) éubstituted in érdér to provide a more practical
equation: | A'DS
3
| 'P% ~V.d (f,_ 1’9.) t- f:. £.4
6D 3D T (23)

~ where P_ is the internal gas pr'essure.

g :
If under the boundary conditions established, there vi_re'x_'e, no time."

lag, Pg would be ‘expressed by P ADS (P, P.’t If Pl"'o ; which’
1s‘th_e expenmental case, ‘
then - ADS
: ) .
(24)
Since there is a time lag, it is poAssible to determine the intercept
| (L) of the straight line portmn of a plot of p versus t at the time axis
from Equation (23).
Examination of Equation (23) shows, that for small values of t,
the sum of the negative terrhs; -E__Zd?: - p1_<_i_E, will exceed the value of the
: ‘ 6D 3D ‘ i
positive term, (P2~-p1) t, and result in a negative internal tube pressure

P A negative pressure is an 1mpossib111ty, therefore the value of t

.
required to cause Pg = 0, is given as t; or the intercept L on the time

axis. The value of L is determined from the following or at p; = 0, the



o~

18

yalue of ADS only determines the slope and since only an intersection

| Vid
point is wanted:

P’Z“c‘PZd2 =0 o

8D -
_tg or L = pyd?
= g% :
LT (25)

It is obvious that if the straight portion of the curve is extended B e

to the time axis, the value of t. obtained can be used in obtaining the

diffusion coef ficient, D, since
5

D= ote C e

. Similarly, solub.ility S may be determined from the time lag équatioti‘a's ..

shown;
ADS 4%}
P% v,d fz (t -é%)
or, réarranging» 'f ,
S5t-Sd* =P Vid S
» 6D ADeg. o (28)

(27)

"When t=0 the pressure axis intercept is

Y -6V, ?%,
“Adg, (29)

If it were assumed that the diffusion coefficient D was of the order of

: 7x10“9 cmZ/sec then the length of time for helium to diffuse through a

membrane 0,08 cm thick and reach a constant rate Would be

| ‘{C 2])' .52 x IO seconAs (30)
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or approximately two days to establish a linear change with time in the

internal pressure.

In those cases where there is an initial pressure in the membrane

under consideration, then steady-state conditions, or as t =00,

the accumulated concentration of gas would bel?

' _D -ézdz C—\Clz -cod"’ -
C?-dV,[(c"-c"H;- 6D 3D ¥ 2D ] (31)

where ¢ o is the initial concentration in the membrane.

It can be seen that (31) is similar to (22) except for the term

‘representing the initial membrane gas concentration, codz

2D

. however, under the boundary conditions established for the experiment, '

the initial concentration in the membrane was assumed equal to zero.
It has been shown that the quantity of gas diffusing through a .

membrane per unit timeis proportional to the area of the membrane, the

. préssure gradient across the rhex;nbrane, and the diffusion constant of the -

membrane and inversely proportional to the membrane thickness and °

" volume into which the gas-is diffusing.

In the succeeding chapters which deacribe the experiment, the

-equafions involving D, S and P will be utilized in a simplified method for '

'measuring the permeation rate of helium,

12R. M. Barrer. op._cit,
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CHAPTER III -
EXPERIMENT #1

N

By relating the"theoretical relationships of helium permeation,

diffusion constant, membrane thickness and pressure gradient to a -

practical problem, it is possible. to affirm the predicted permeation |

‘behavior with a minimum of precision instrumentation as is described

in the experiments.

Two experiments were performed to verify the permeatioﬂ

- properties of helium. The first experiment was discontinued after 71

days and considered a failure because. the data was inconclusive.
Verification of the analytical proof is supplied by the results of the

second experiment, Each experiment is described; however, the

- details of the first and discontinued experiment are not delved into as

‘much as the second effort.

The gas pressure in a vacuum tube can be ‘detected by utilizing

-

the tube itself as an ionization gauge. The pressure builds up as aAresulit

“of helium permeating from the high pressure outside of the glass envelope -

to the low pressure inside of the tube and can be detected by an increase’ -

in the ion curfent. This ion current bears the relationship to the internal -

(1)
The ionization current is the positive ion current, I+, caused by the

electron current I- colliding with gas molecules. The gauge constant, k

is complex and truly not constant but dependent on pressure and electron

. emmission current I- as well as the type of gas being measured which

involves ionization efficiency. Ionization efficiency is generally an exper-
imentally determined number dependent only on the electron energy for a

20
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~the cathode, and the grid positive with respect to the cathode. Results

21

particular gas. The typical value for nitrogen is 11 at 100 volts. ! This

.number means, according to Nottingham and Torney, '"that on the aver-

age, a 100 volt electron travelling through nitrogen at ‘1' millimeter

\

pressure and at 0°C will produce an ion in a distance of (1/11) cm. The
concentration of nitrogen atoms under this standard condition is 3. 54 x
1016 atoms per.cc. "¢ For example, the ratio of the ionization efficiency

of nitrogen to helium has been determined by Compton and Van Voorhis3

* for an electron energy of 50 volts to be approximately 9. In the practical . =~

ionization gauge, not all of the electron emission current is effective in

‘producing ionization and not all of the ions produced are collected.

A double triode tube, type 12AU7, was arbitrarily chosen in the
first experiment. It was electrically operated with like electrodes
paralleled. The glass area was calculated assuming that the tube was a

right circular cylinder; internal volume was determined by the water

. method and the average glass thickness determined by radiographic meas;,

urement. Figure I shows two radiographed views of the tube, one view"

. is with the tube rotated 90°. The estimated maximum error of measure- o
ment by this method is 12%. The glass is Corning 0080, a Soda-lime

glass., 4

Two approaches were used to detect ion production. The first

‘method operated the anode or plate at a negative potential with respect to

g,oT, Compton and C. C. Van Voorhis. Physics Review V2‘7,‘724-(.1962_).
2w, B. Nottingham and F. L. Torney, Jr. A Detailed Examination of

the Principles of Jon Gauge Calibration. American Vacuum Society, Seventh

) Natio§1a1 Symposium. ‘ .

Compton and Van Voorhis. op. cit, o
Correspondence - Sylvania Electric Products Inc., April 13, 1962,
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were unsatisfactory because the small positive ion current detected in
- the anode circuit was masked by dielectric leakage current of the

/porcelain tube socket and associated wiring. Resistance of the tube

12

socket and external wiring measured 1 x 10 ohms. - With the tube

operating in its socket the.resistance decreased to 9 x 1010 ohms,

Detected positive ion current measured in the -range of 10~ 10 amperes.

High grid current, 20 milliamperes, was necessary to produce ions in

the small sampling volume of the tube; however, this opposed the phil-

osophy of maintaining low electron current emission to limit X-radia-.
tion and secondary emission effects. Accuracy of an ionization gauge

is reduced by excessive electron emission current and since high elec-

.tron current is usually produced by high electrode potentials, X-radia-'_ ’

tion and photon emission caused by this combination of current and

voltage will prodﬁce ions ip unpredictable quantities and destroy the
ide;al_istic liﬁear relatit;n.ship between electron emisssion current énd
ion current. l | |

| The second methdd for detecting ionized gas particles utilized a --

positive anode voltage of 50 volts. The negative grid potential was

chosen down on the grid voltage-grid current curve. A typical curve for

.this tube type is hown in Figure 2. Two voltage points were chosen,

}—2.‘. 0 aha -3.2 v'olts“which gave electron emission currents of about 3 a.hd o
1 milliami)eres réspectively. Operating on the gentler slope of Ehe curve’ .
imposed a less severe stability requirement on the grid bias power sx.xpply"
and provided better repeatability in the data. Operation on the negative. .

peak of the grid voltage-grid current curve provides the most copious

.quantities of positive ions but the low negative bias allows excessive

electron current to flow, rapidly heating the tube and causing
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"unstable readings.,

The test program involving the first experiment and utilized with
few alterations in the second was this: Six vacuum tubes were split’

into a control group and a test sample group. The tubes in the test

.. sample group were inserted in a metal container which could be sealed

off, evacuated of air and then pressurized with pure. helium gas.
Immersed tubes are frequently referred to in the following discussions

as ''soaked' tubes. At intervals these tubes weré removed, inserted in

. the measuring circuit and their electron and ion currents measured with -

~always the same electrode voltages applied. The control tubes which |

were stored in normal atmospheric pressure and temperature were also .
measured for comparison with the tubes which were being soaked in -

helium. After the readings were taken the test sample tubes were

returned to their environment of pure helium. It was.predicted by

Equation 23, Chapter 'II', that after a short time interval the soaked tubes '

4 .

should show a gradual and continuing increase in ion current compared

. to the control tubes, indicating that the internal tube pressure was ri'sing

~ due to pérmeation o.f': helium through the glass envelope.

In Figure 3 are the results for five 12AU7 tubes immersed for 71

days in an atmosphere of pure helium at a pressure of 1 atmosphere.

‘absolute for 30 days. At the thirtieth day the external helium pressure

N

was doubled and remained at that pressure until the experiment was
terminatéd.

Examination of the curves for the relative pressure of the five

“tubes illustrates the rcason for discontinuing the measurements. The

apparent randomness and lack of any discernible trend are evident. Two .

reasons are advanccd for the failure of this experime;it:

4



FIGURE 3

INTERNAL PRESSURE VERSUS DAYS IMMERSED IN PURE HELIUM GAS
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| Hg. This is due to the high leakage currents and the inability to com-"

27 .

1. The use of low electrode voltages and low electron emission

.. current, 1 milliampere, in order to minimize secondary emission and -

.X-, ray effeqts, inhibited the production of ions,

" 2. The electrical circuit used in conjunction with this tube type

is not capable of measuring low pressures in the region of 10-8cm of -~

!

..pletely'éepa:ate the positive ions produced by electron collisions with, :
' gas molecules and the electrons which have sufficient. thermal velocity .. .77
to overcome the field-at the grid and neutralize some of the positive

- ‘charge .ll)y éollisioﬁ with the grid. This circuit is shown'.in Ffigure 4, -

e




: " 28
FIGURE 4 o

' PRESSURE MONITORING =

C Ty Lo

12AU7

PsS1

v —

s 1N
’. l

752

’ ) S \\s-’l . C

. .'..;/é\\ ) //;;: ;i‘

o TUBE ‘HEATERS OPERATING FROM 6.3v ac

. " SUPPLIED BY PS4
T I+
Vi

cooove
- psy

Joes

HEWLETT PACKARD 425A
WESTON MOD 931

WESTON MOD 93!

WESTON MOD 931 |
JOHN FLUKE MOD 406
JOHN FLUKE MOD 406



it was necessary to utilize a different measurement technique.

. Figure 6 diagrams the action.

" CHAPTER IV
EXPERIMENT #2

The two circuits discussed previously for the first experiment

failed to give the necessary sensitivity to ions in the low pressure

‘ra'nge for the reasons already mentioned. For the second experiment

A more sensitive gauge is the retarding field ionization gaugel
which is capable of measuring a minimum, pressure of 5x10°7 torr-z. .
The circuit used in the experiment is shown in Figure 5. Two positive

grids accelerate the electrons, a third grid with a negative charge

_repels the electrons back to the second and positive grid where the
.electrons are captured. The positive ions produced are accelerated by
. the thifd negative grid and, on passing thr‘ough the grid are captured by ‘

the plate which is at a less negative voltage than grid number three. '

-

For this experiment, five 6BN6's were used. The 6BN6 was the .

-only available tube which had approximately the desired electrode .

configuration which would allow it to be connected as described for a

' retarding field gauge.

' The operation of this experiment proceeded as follows: The five. - 4

", tubes were divided into two groups. The control group consisted of 2

tubes. Three tubes were grouped for immersion in helium. Four tubes

were Westinghouse Electric and one was a Sylvania. The Sylvania tube - .

1W E. Dahlke and H. J. Schutze. 20th Annual Conference on thsmal
Electronics M. I T., Cambridge, Mass., March 26, 1960.

‘A torr is &eﬁned as 1333.22 Microbars or essentially 1 mm of Hg.

[
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was grouped with thosc tubes to be immersed in helium because of

possible correlation problems between the two control tubes if ¢ach

~were made by a different manufacturer. As later discovered, the

Sylvania tube data was grouped with that of the Westinghouse Electric
Tubes and did not show a significant difference in pérformahce.

'The immersed tubes were stored in a square alﬁminum box which
had bee;n machined from a solid billet. The overall dimensions were .
approximately 6'"X6"'X8", Minimum wall thickness \;vas about 1 inch.
The internal storage space was circular in shape and the box was

threaded to accept a bronze cover to which was sweated a valve and a

4 foot length of 1/4'" copper tubing with adapters on its extremity to -

‘mate with a helium gas bottle regulator and two gauges. One gauge

indicated bottle pressure and the other gauge indicated the box
pressure.

The three tubes were i'nser’ted in the aluminum box and sealed with

. the cover., The valve was opened and the complete system, box and

copper line, evacuated with a Qacuum pump. After pump down the valve
was _;loéed with the 'pump still running and then the copper line discon-
nected after shutting down the vacuum pump. The chamber was con-
r;éc.ted to the. helium ,sﬁpply, the bottle valve cracked, pressure adjuéted
with the regulator and then the valve on the aluminum box opénesl. This

provided essentially a pure helium environment for the tubes at the

. pressure indicated by the gauge on the regulator. Since there was v,e'ry .

little gas loss in the -all metal system, one helium bottle sufficed for

"this éntire experiment,.

For the readings, the tubes were removed from their container

for a period sufficient to read and record data on all 5 tubes which
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amounted to 'less than onec hour for all tubes‘;' and then the immersed |
tubes were.i-mmedi;';ltely reinserted in their container.

Upon insertion of the tube in 'the circuit, a stabilization period of R

5 minutes was allowed. At the end of this.'period a reading of the elec- -
tron current and ion current was made and the tube immediately |
removed from the circuit. All of these readings are givén in Table I
Appendix C. It should be noted that Tube A, the Sy;lvania tube, was
accidentiy;dropped_on the 115th day and broken. It was 're:movéd from .. .' A
th-e tests and the plot pf itsldata has been omitted from the curves since . '
the data used in computation was obtained from the curves which'
occurred after 122 days. .

- For the first 1;2 ‘days the storage pressure was 15 pounds per

square inch, gauge. A graph of the ratio of ionization current to elcc- T

- tron current versus days immersion is shown. in Figure 7. The same

parameter is also plotted for the two control tubes so their internal

pressures can be compared to those tubes which were exposed to helium

" gas. It will be observed that all four tubes have an initial high preésure:» -

.which during the succeeding ten days falls rapidly and the slope gradu-

ally decreases out to 70 days where the curves are essentially level.
This rapidly decreasing pressure is explained as follows: "All of these |
tubes were selected from new stock. Itis characféristic of vacuum
tubes to outgas slightly - when out of service and lying on the she;lf. A
Operation of the tubes provides ion pumping and a gettéringA action which
traps the occluded gases. This action was not anticipated and any
slight pressuré build-;up due fo helium permeation was masked b)vr the

greater degassing effect indicated in Figure 7 by the rapid decreaée in"
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pressure. However; this did not effect the experiment because the
tubes were outgassed by the 122nd day.

The total operating time for any one tube for the 73 day interval
was 80 minutes since each tube was only operated five minutes for each
reading. If the tubes had been previously ''aged' for several hours the
initial readings would have been at minimum pressure. This is veri-
fied by Tube A which was used previous to the experiment for two
hours in determining optimum electrode voltages in the retarding field
circuit. A plot of values obtained from Table I will show this.

Since permeation rate is proportional to pressure difference, the
experiment was accelerated by increasing the helium pressure to 5
atmosphereé differential after the reading on the 122nd day. This day
is considered zero time for all succeeding calculations and initial tube
pressure‘is based on the internal pressure at this time.

Figure 8 shows a plot of the raw data taken for the last 92 days of
the experiment. The gradual decline of the control tubes' pressure
can be compared to the reverse slope pressure rise taken by the t;ubes
subjected to the helium environment.

To obtain a trué picture of the pressure increase in the tubes sub-
jected to the helium gas and to account for instrumentation vagaries
the avérage of the control tube curves was used as a basis for obtaining
correction factors to add or subtract from the values for the soaked
tubes. The starting reference points are the values obtained for the
122nd day. Examination of the curves in Figure 7 show that the heavy
outgassing had leveled off and, following these readings, the external
pressure on the soaked tubes was raised to 60 psig or essentially a 5

atmospheres differential pressure applicd across the glass walls of
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FIGURE 8

RELATIVE INTERNAL TUBE PRESSURE
VS TIME IN DAYS
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the tubes.

For every interval of measurement when the average value of con-
trol tube pressure decreased, it can be assumed with some degree of
confidence that the internal pressure of the tubes exposed to helium
would also have decreased except for the permeation of helium through
the glass at a sufficient rate to offset the pressure decrease occurring
in the unexposed tubes. Moreover, the rate was sufficiently great to
increase the internal tube pressure. For every decrease in the control
tube readings during one measurement interval, this difference was
added to the values obtained for the tubes under gas pressure. Simi-
larly, for every increase in the average control tube readings, the
difference for the measurement interval was subtracted.

The curves of tubes (B) and (C) have been corrected and smoqthed
as shown in Figure 9. In addition, the linear part of each curve has

been extended down to the p=0 axis. The reason for this will be devel-

oped later.

.CALCULATIONS

The physical data for the 6BN6 vacuum tube is as follows:
Glass wall thickness - 0.0635 cm + 0.007 cm
Internal Volume - 9,258 cubic centimeters

Glass area - 30 cm2

Tube diam., Av. O.D. - 1.78 cm

PROCEDURE

First, convert the I+ values into pressure. After pressure is
§
determined, the pressure rise per unit time can be measured from the

slope of the linear part of the curve in Figure 9. From

O VAP
76t (2)
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FIGURE 8
RELATIVE INTERNAL PRESSURE OF TUBES
VS TIME IN DAYS
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- the flow rate Q (cc/sec) will be known.

( ' 39 .
where "V = Internal Tube Volume (cm3)

AP = Pressure risc per unit time (cm/sec)

—— —

T .

76 = converts Q to N. T. P. {(cm)

The total quantity, Q, in terms of the Permeation Velocity, K,

‘ is given by3

 q=Katlpap1) e

where K = permeation velocity constant. Units
~ commonly used are: cm3 gas (N.T.P.)
/second/ cm? area/mm thickness /unit
difference in partial pressure (cm of Hg).

A = glass area in cm?,

t = seconds

p2 = External gas pressure in cm.

P Internal gas pressure in cm.
d = glass thickness in mm.

The quantity, q, is in cubic centimeters. For the experiment where p’z L :

is 5 atmospheres, the internal pressure p;) £ 0. It is obvious that if E

the internal pressure Py is 1X10-® cm. then the difference p2-pp will

.. be essentially equivalent to Py-

It was previously noted that the straight portion of the two immersed

© tube curves had been projected back to intercept the time axis and the

 p=0 axis as seen in Figure 9. This was done as equations (25), through

(29) Chapter II explained. From Figure 9, tube B intercept at the time

axis is 26 days, tube C at 24 days. The p=0 intercept occur.s at -.33

. and -.22 for B and C respectively.

3G. 7. VonAmerongen. Permeability of of Rubbers to Gasses. Journal ‘
of Apphed Physxcs 17, 972 -85 1946. '
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The Diffusion Coefficient, D, is not dependent on pressure. Altemose”

40

The time lag t, is .s'ometimes referred to as the characteristic
time, 4 the characteristic time being a measure of the time required to
establish a constant fll.ow. Frem (26) | ,

D=4d%-= 3X10~ -10 cmz/sec Tube B
Bt, 3.2X10-10 cm?/sec Tube C

vwhere' d=0.0635cm

tc = 2. 24X102 sec for B,
2.07X10% sec for C.

5
gives a value for Corning 0080 glass at 394°C of 7. 6)‘[10.7 cm?/sec.
6

Correcting for temperature from

D D e RT ' v (4)_‘» :

where Q = activation energy (cal/mole); Corning 0080
: is 11000 for helium gas7

R =gas constant (1. 986 cal/moleOC)
T = absolute temperature

= 3,12X10"3 cm?/sec’ determined from solu-
tion of (Eq 4) at 394°C,

the ve.lue of D at 21°C is calculated.to be 2.2X1 0-11. ‘For compariéoh
of calculated and ob_serv‘ed values of D at T = 21°C, .

-11 cm?/sec

Altemose 2.2X10
Experiment: Tube B 3X10-10 cm?/sec
Experiment: Tube C 3.2X10-10 cmz/se\c

From [Eq (3)] the Permeation Velocity K may be determined by. ‘

'solving for K:

L

4Rogers, Buritz and Alpert. Diffusion Coefficient, Solubility, and °
Permeability for Helium in Glass. Journal of App'd Phys1cs. V25 N7,

July, 1954, Page 870.

5v.0O. Altemose. op. cit. | "
6Rogers, et al op.cit. R
- 7v, 0. Altemose. op. cit.
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o - - \t/) Al - (5)

The quantity (q) is measured in cubic centimeters/sccond and is
the flow rate whicl: was measured directly by Nortovn8 and Al’t:e‘mose9 ’
usilng the meés spectrometer. The mass spectroz;neter is very accur-
.ate for this purpo.se‘ because it can be made to respond to only the
- | . permeating gas excleding all other gases, and it can l;)e calibrated with -
- known quantities of a specific gas.

Since ﬁ:ass spectrometry was n'o't used in this.experiment, resort.
“was made to determining the q leakage rate from [Eq (2)]1 . |

t o
- This approach is not as accurate as the mass spectrometer because.

"1

(773

the actual tube internal pressure is not known with any cerfainty but

:“" o must be assumed for the initial value and the gauge constant k then
determined from this assumption. It was also assum‘ed‘fror'n the first
day that any pressure change was due only to helium gas and that the
gauge constant (k) which was aetermined from the straight line inter-

. cepts remained constant over the pressure range measured."

" - The tube B inter'cept on the pressure axis is af (-; 33) as shown in'i ,

.F:"Lgure 9. The straight line extension from the curve back toward the

t = 0 axis would represent the helium pressure increase from the be-

‘ginning of the expeijiment if there were no time lag. The intercept,

therefere, at;the t=20 axis represents the.tqbes" initial inter’nal heliuri; '

preSSulre and.Athel'-efore point P;; should eqliéil the pressure felpresented '

b . By,Po for other- gases sincé the helium, due to the time lag had not

. 8F. J. Norton. op. cit.
P : - " 9v. 0. Altemose. op. cit.

—
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started to permeate the envelope. The two points, Po and PH’ are
identified in Figure 9.

P for tube B is 54 units above Ppy. PH is also affected by the.

‘ratio of ionization efﬁ.ciencylo of N which is 9 for an electron energy

‘ He
. of 50 volts. For P, to equal Py
o Pgy= 1 P
H
C25<) N
Py = . 00206 P_ . (6)

or = . 00206 Tube B’
and similarly k= 'oozs'z Tube C

From FJ.gure 9 the ratio of I+ increase per day = 0. 1?.X10'7 for-

Tube B and 0.09X10-7 increase per day for Tube C. The rate of pres-

. sure mcrease, from. [Eq. (l)] » per day is:

.12X10"7 =, 00206 P

5.84X10°° cm/day  Tube B

3.57X10-® cm/day  Tube C

Utilizing [Eq. (2)] where V=9.26cm3, t=1 day (8. 64X10%sec):

for Tube B Q= (9. 26) (5.84X10-6)
A : . (8. 64XT0%) (. 76X102)

Q = 8.26X10-12 cc/sec

- and Tube C - Q = 5.03x10-1¢ cc/sec

- Subst1tut1ng (Q) for g in Eq. (5) for Tube B:

= (8 26X10-12) (, 635)- 46X10 15 cc/sec/cm2/~_
mm/cm of Hg

Tube C: K= : '_.28X10"15 cc/sec/cm?/
: : mm/cm of Hg ‘

10Gompton and Van Voorhis. op. cit.



: Correcting for temperature again yields a K value'at 21°C of 3,2X10

- cc/sec /cmzlmm thickness/cm of Hg diff. Norton's
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Altemose'! gives K for Code 0080 glass at 291°C as 2.5x107 11,

12 value for K at

25° C, which is compared directly due to only 4°C temperature d1f£er-

ence, is 7. 5X10"15

For comparison, the permeation constants are given again:

Experiment Tube B: 0. 46x10715 cc/sec/cmzlmm/cm of
T Hg diff.

Experiment Tube C: 0.28X107}2
Altemose 3. 2X10-15
Norton . 7.sx10718

. Two methods may be used to determine S, the solubility factor.

One is to use the relationship of [Eq. (9)] | , Chapter II, where K is

now substituted for P. The other method uses [Eq. (29)] , Chapter II, .-

in conjunction with the pressure intercept at t=0 in Figure 9. Solutions

to both methods are determined and the results compared. Neither -

. ~ method will provide a greater accuracy over the other since both are

derived from the e‘mpirical data which has been plotted in Figure 9.

Rearranging [Eq. (.9)] the units of S are cc/cc-atmosphere in

order 't'o compare‘the results with those published‘ by A];tel'l-’IOSe? 13
S =K = .46X10-16 (76)=1. 16x1o 5 |
D 3XI10-T0 - T (7) .
" For Tube B: 5 =1.16X107° cc/cc-atm 3
For Tube C: S = 6.65X107° c;:/cc-atm

11V O. Altemose. op. cit.
12 7. Norton. op c1t.
. 13’Alt:emose. op. c1t..

-15

.,rr
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Using the second method a sample calculation for Tube B Solu-

bility (S):
: S = 6V.fPT = -6 (cc of gaé at NTP)
Adp; (cc of glass) (ATM)
where Vo = Tube Volume (9. 26 cm3)
P = Tube Pressure = (I+) (1) at t=0
I- k
P, = Standard Atmosphere (76 cm) .
© 7 VA =(N.T.P.)= PpVp=PypVp
| P, 76
A = Glass area (cmz)
d = Glass thickness (cm)
p, = External pressure (atm)
'S =-6(.21X10-6) (9.26)
[, 00206) (76)
{(30) (.0635) (5)
‘ ‘ S = -,79X10-5 cc/cc-atm
For Tube C: . . 8= -‘.,67}(10"5 cc/cc-atm

AThe‘negative value is a result of the method used to obtain the
equation and has no significant meaning for the solubility constant.
The calculated values of S are presented for comparison: units .

are cc/cc atmosphere.

_ Tube 'B__' ' Tube C ‘ Altemosel?
Method I~ 1.16X10-5 .66X10-5 7 1.1X10-3

Method II . 79X107° . 67X10-5
~ It should be noted that the values presented as obtained by}Altemc_Sse

and Norton have had a temperature correction factor applied. The

14 p54.




45
lowest tempeiraturc uscd by Altemose15 for determining the character- -
istics of "C‘od(—;. b080 glaSS»w;is 291°C and by Nortonlf, 25°C. Correct-
_'Aing for'ten'vxperature was dox;e to provide a compa'riSOn with values of |
K, S, and D obtained by others. |

Cdmparison of values obtained for Permeation Velocity, Diffusion

17 and

- and Solubility constants with the values obtained by Norton
Altemosel.s, can be made by reference to Table 2..
The differences in values are explained by the differences in tech-

niques used in obtaining the values. This work used the ionization of

the permeating gas to determine the permeation rate by measuring the . ~ "

pressure rise in a known volume. The gauge constant, ionization effi- - -
. ciency and ins'trumentation which was used over a period of 100 days .

were optimistically ‘assumed to behave pred1ctably and accordmg to

“-known history. At best, the graphical solution is: stlll the "poor man's

~calculus", quite effective in verifying Ficks' law of»Diffusj.on but not aé
accurate or soph'isticated as the mass spectrometer. . Alte'moée19
summed it up:

- "It is felt that the simplicity, alccuracy, and selectivity 6f the
mass spectrometer for permeation measurements again deserves
‘mention. In practically all high‘vacuum work, especially where
témpefaﬁture .vax;iations are used, there will generally be a\gért_ain .
‘amount of system outgassing.A The presence of fhese extra’ gases -~

-is not easy to account for when using an ion gauge or other pressure

- 1omid.
- 16Norton. op- cit.
171bid.
_18Norton. op. c1t.
: 19 Altemose. op. c1t
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TABLE 2

EXPERIMENTAL RESULTS FOR PERMEATION

'VELOCITY, SOLUBILITY AND DIFFUSION o

COEFFICEENTS COMPARED TO THOSE
- OBTAINED BY NORTON™ |

- AND ALTEMOSE 2

PERMEATION .
VELOCITY K

CC/CM2/SEC/MM/

- CM of Hg diff.

© SOLUBILITY S
. CC/CC-ATM -

~ DIFFUSION D
 CM2/SEC

EXPERIMENT - NORTON - . ALTEMOSE . .
046X 10715 TUBE' B 7.5x10-15" g.2xi0-15 .
10:28 % 10715 TUBE ¢

116 X105 TuBE B- SN XIo%3f-};g”"
. 0.86 %1079 TUBE C | S

.3x%10-10 TuBE B - . S 2,2 X‘IO'I--l.;-*.? "

3.2 10710 TyBE C - o

46._
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gauge to determine permeation rates--~-~----- '—_—4—-----~-"-.
The technique of employing the gluss vacuum tube as described .

in the exp'e‘riments has the advantage over the maés ,spcctfomctey '
~method in being able to determine appr‘oximately' the ,permeatidn rate
- of helium through the glass without destroying the tube, This techniqué’

-

has value in that a tube exposed to a helium atmosphere méy be con-

. nected as any ionization gage and its readings compared with those of an _' '

-

"ma”d‘e of the degradat‘ioq '6fifhe exposed -tube.

[2an]

T B unexposed tube. From the comparison of readings an estimate canbe .- . .i-~
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CHAPTER V

CONCLUSIONS

There are two main purposes to this experiment:i
A, | Vérificatidn of the analytical results stated in (23)' Chapter 1I,
which was obtained by applying apprqpriate boundary conditions
to the Fick's Dif%usion Law. This equation stateg that with a
‘pressure differéntial of a gas with a known permeation velocity
constant for a particular membraﬁe material, after a time lag
. dependent. upon the diffusion coeffiqient: of the r'nembrane,‘ the
internal pressure will increase linearly with tim'e." Tlvli.s‘ |

equation, (23), is given again:

. : 2 -
p -ADS [(p, - p)t - ppd® - p,d
vd 6D 3D

Pl

P = Internal pressure (cm)

A

Glass Area (cmz)

i »)

Diffusion coefficient (cmz/sec)
S = Solubility, dimcnsionless
V = Internal Tube Volume (cm3)

d = glass thickness (cm)

t = seconds

' p2 = External pressure (cm ofAHg.)

pl = Internal pressure (cm)

48
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~ B. Utilize these experimental results in an attempt to verify, within

-a reasonable value, the permeation constant, K, obtained by
1,2 ' '

others who have used the more exact mass spectrometric

measurements.

It has been shown that glass vacuum tubes when exposed to an

‘environment of helium gas will undergo an internal pressure increase.
- The rate of increase is dependent on the glass material comprising

the envelope,: external helium pressure and temperature. Norton

has shown that for a Soda-lime, Code 0080 glass, the Permeation

N . . . o .
Constant K at }OOOC is 300 times the K at 25 C. This means that the .

" expected operating life of a vacuum tube made of Code 0080 glass

" . would be 1/300 of its normal life if the tube 'were sealed in a helium

atmosphere. “ ’ ,
The Soda-lime, Code 0080, glass, has a low K factor and is
used in standard commercial receiving tubes such as the type 12AU7 .

Another glass, Code 7720, a Borosilicate, is used in tubes which

ooperate at higher temperatures. This glass has a K factor greater "

than the Code 0080 glass.  The effect of helium on the operation of

1V. O. Altemose. Helium Diffusion Through Glass. Journal of

‘-Appnezd Physics. V32N7, July 1961,

- “F.J. Norton. -Helium Diffusion Through Glass. ;TournAa.l.of the
American Ceramic Society. V36N3, March 1953. :

Norton. op. cit. '
o 4~‘Correspondence-Sylvania Electric Products Inc. April 13, 1961.
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‘ 5
Hydrogen Thyratrons is shown in Figure 10. In Figure 11, the

effect of he‘liurr'x. on the pdv&er output of a planar triode6 graphically

shows the degrading of a tube as the result of sealing in a helium

environment. Continued exposure such as might be received in a

hermetically sealed electronic subassembly which has been backfilled

" with helium gas preparatory to leak detection would lead to further

degradation and ultimate functional failure.
Elimination of the problem of tube degradation can be obtained:

A. In low power applications, semiconductors can replace

. vacuum tubes. Semiconductors are not influenced by inert gas
~ permeation since their operation does not depend on free electron
- - flow through space. There is also the bonus feature of heat elimination,

. since semiconductors are devoid of filaments.

B. For th<’>se designs employing vacuum tubes, the disad.vantages‘
en'countefed with helium gas can be avoided by the simple exped'ien't.
of using another inert gas; Argon, for example is; éne choice‘.
However, since Argéﬁ doesn't have the iﬁgh diffusive properties of
helium relative to air, .87 for Argon and 2. 64 for Helium, greater

¥

concentrations will be needed to achieve reasonable leak detecti‘on.'

‘ sénsitivity.

5S. J. Catalano. InQestiggtion_g_fz Helium Permeation into the
S sd Thyratron. Unpublished, Bendix K.C.D. Dec. 28, 1959. .
6H. F. Jordon.. Helium Permeation of the R Electron Tube,_ .

Unpublished, Bendix K. G, D, Fcbruary 11, 1960,
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~ Although not as accurate a method as the mass spectrometer
technique, the method described herein has the aavantage in “tha.,t the
sample under investigation can remain intact to make the permeation’
measurements.
The accuracy of measurements are within one order of

magnitude for the accepted value of K. This in considered a reasonable

~accuracy for this technique because the internal tube pressure was

assumed; the internal pressure exerts the greatest influence on the
uiltir‘nate ‘accuracy of the measurements.

Finally, .the method which has been developeciin. this Lhesis
provides a convenien£ techriique for determining the ﬁelium permeability A

characteristics of electron tubes without employing external leak

detection devices. ' .
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. APPENDIX A

* 'DERIVATION OF FICK'S EQUATION



t3 02 '3 ¢v3 U3

{32

[

58

It is required that the Continuity Equation hold, or as it is some-

times stated, that mass be conserved (1). The Continuity Equation is

“ ‘developed below.

Consider an ¢lemental parallelepiped volume with surface X in -

" the X-pblane, a surface y in the Y-plane, and a surface 2 in the 2 plane.

" The storage of fluid due to flow into the volume throlugh Xis

(Qv-x) c{'t AY Jz ’

-3
)4 (1)

through y - ,

-9 (QVY) dx cly.ciz 3

-9

S (2)
and for 2 is B

‘A(sz) J'x A\/ Al

oz
(3)

where ¢ is the density and V is vélocity.

The total amount of fluid stored in the volume would then be the

-

. sum of these storages or’

(4)

. Lox. .ay | Sz A

and the rate of increase of mass of the parallelepiped is

d¢Q Az ciy c‘z o " _(5)
3t '

The rate of increase of mass will equal the amount of fluid

‘ étored in the volume,

1A.B. Cambel and B. H. Jennings. Gas Dynamics, McGraw-
Hill, 1958 : -
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-[_?’_‘"(Q\;/x) F2 ), (sz)]z do (6)
'l ’BX : ay , oz S5t | .

diveV= - d¢
ot -

(7)

For a steady flow with no increase in mass; %%‘ =0 and the

continuity equation becomes Q div Q V=C or
edivV+V:Vo =0 (8)

and if the flow is incompressible, @ =k, and div V=0. Therefore there

is no gain or loss of mass in the elemental volume and the fluid that

_enters the parallelepiped, under steady state condifions,' will also leave

the. volume. Fick's Equation can now be developed (2),

Tw;) assurﬁptions are made relative to the material through which

the gas is.diffusing:

I. Permeability does not vary.

II. The material is an iso’tropic medium, or a medium whose A
structure and properties in the neighborhood of any point are
the same relative to all directions through the point. ‘

Because of the assumed symmetry, the current of gas flow at a

point must be along the hormal to the surface of constant concentr;tiqn |
through the point and in the direction of decreasing or falling éressure.

‘The quantity (q) of gas which flows through a surface -(AS) in (t)

N

seconds is for a medium of permeability k and thickness d:

| g IR

' 2Carslav;'/ and Jaeger. Conduction of Heat in Solids, Clarendon

-Press, Oxford 1947.
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Consider two surfaces of different constant concentrations sep-

arated by an incremental distance Axas in Figure L.

Flow / N /c.+ Ac
b L > /.

FIGURE I. FLOW BETWEEN TWO SURFACES

¢

The rate of flow per urut time per unit area in the direction of

. x increasing for a ‘concentration c is = _——_—_]C' (c+ae

[(x +Ax) -x]

= - kA
dr= ke

jx =-Xkdc
o%
Limit ax—o (10)
To reiterate; the rate at which gas parti‘cles cross from the
inside to the outside of a surféce’of constant particle concentration or
an isoba.ric surface, per unit time per unit area’ at a point, is equal tc;' -
g-' where (k) is the diffusion factor axfxd -58-‘;\ denotes differentiation

along the outward drawn normal to the surface.

‘Therefore to find'the flow rate at a point (P) across any surface

for a three dimensional system with an isobaric plane through the point

~ (P) and parallel ”to, one of three mutually perpendicular planes, e.g. the

XY plane:

32 | | ~oan
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b=k

Similarly for the other two planes: Y
. 12
Jy = -k oc “e .
. | oy (13)
or - ' | J, = - Rve (14)

‘The flow rate has bean defined as has the concentratio'n {(c) at a
_ ‘point' P(x,y, s) = c(x;y. , t)-'
Consider an elemental volume as in Figure II where the flow rate
per unit time per L;nit area into the plane ABCD is compared to the flow |
rate. out of thé plane A'B'C'D!'. |

] ’ C
¢ L dx e ——

- o A z A
FIGURE II. FLOW THROUGH ELEMENTAL VOLUME

— o A piahe with point (P) is atx. The flow Jx 18 normal to blane' K T
e ~ ABCD and parallel to the X axis. The area of plane.ABCD‘is (2dy) (Zdia).' -
and is located at (X- AX). . - o S

| The rate of particle flow into ABCD is equal to the rate of ﬂow
at a point P minus the éhange of flow rate over the surface at ABCD times

— " the areq of the surface times the distance through which it flows, . (dx):

S dlx-ax]

AX~—0

or

Cadyds [ dx]
. A
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Similarly, the particle flow out of the face A'B'C'D! is

4 + -
dydz p- a“ dz| |  e)
x? .
The rate of gain of flux entering ABCD and leaving A'B'C'D' is

-8dxdyda 3fx

9%

equation (15) - (16):

(17)

For the other planes of the elemental v'olume:'
- 8cl'x.dydz aé'y
oy
~8dx clyc]z B}a

for the Y and & d1rect10ns respectxvely

and

" Since the elemental volume is gaining particle concentration at

thedrate Fg
' 8dx dydz— oC
-_ D ot (18)
and since the Continuity Equations hold it may be stated: v
| —8dwzdyda[aa’% A N
- 0% 3y 32 D at a
~ and from (11), (12), (13),
(2e) Qe (e o
Bax+aay+aaa+_l_§£=o ‘ - '
% dy = od= | D 3t I T I
For g'homogeneous isotropic solid:
A de . e ¢ Te, Fe

D ot Y dy? Y A (.21)':'

or Fick's Law?

oc _ : | o )
St DV o (22)
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Equation (22) states that the rate of diffusion of particles across
a given area is proportional to the diffusion constant, D, and the concen-

tration gradient.
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' 'SOLUTION OF FICK'S EQUATION
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Under the conditions imposed in the experiment, the glass eavel-
ope of the vacuum tube was considered as the membrane of d thickness
with volumes V and V| on adjacent sides of the membrane. The follow-

in.g'conditions‘ were appl;ed: o
At £=0, c=f(x) for O0<x<d

£>0, c=¢c, for x=0

150, c=c, for x=d

It is then rieéessary to solve the partial differential equation

oc - p e
dt o=t ' '
' (1)
which is called Fick's Equation. One approach is by the separation of :
'variables’tecﬁni'que. (1 .). As a working hypothesis it is assumed that . L
solutions of the gas concentration exist as products of‘a function of X
. alone and a function of t alone or
¢ (x,t)= X()T®) . |
’ (2)
. If this is the case, then partial differentiation of ¢ amounts to total

differentiation of one or the other of the factors of ¢ and

Le-xXT (3)

ot |
kS .
Te=X"T. B
By substitution into (1): XT'= DTX" , " (5)

and further

TI = DX”-‘—‘oC . I :_' ' (6)
T X S

| | | (7)
T'=TcD if >0 or € = A

‘ 1('J'. R. Wylie,. Jr. Advanced Engineering Mathematics. McGraw;
-Hill, 1951 o - . . )
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or, substituting T T = T}xz D . T (8)

Lo e M#tD A =
and the‘solution-is . - ZT= Ae . . . (9)“

 As-stated in (9), as t increases, the concentration wouid exceed P

the bOundary condition. This is not an acceptable solutlon o

‘.-However, 1f oC O T O Rnd T= cons{:nnﬁ

'x”-ocx =0

'Ar“'so" | L C(‘X'-,{:)-‘- XT=A[B%+C] = B"L*‘C'.ﬁ | : (11)2-:.". .

When ‘ 70 O C C RND X = A B d+ C| JC "

A T ey o LT g

oC(Oor'OC‘ _)"2'

T'=<\*TD

T = Ae}\tD

Now if: - '

and  ‘
B x A X |
X Bcos A'x.+c sin A%

In this instance'

. S e . e
C(‘Xﬂh) Ae (Bcos A‘x.+Csm AL) = ex (Bcoskzé-(_’sm)\%)gﬁ

(13)



' When .

. ¥ " .

o so e [C'h nsm }\x] . 5 4 . . [c‘.l-‘c’nsm _15_%&]

Now

Y

@)

>

|

0y
o0

]

LMD
Thercfore €° BCOS AL =C,
, . C‘.
I
e tDcos}\x,

(14)

"As x=d, there is already one solution so all others must vanish

-A2¢D ¢ - .
c=e [ _pé-'p (cosrx) +,C’.sm)\‘)6
e

T e

a2
e A tD [c,"’CSmAA] O ancl C'= O 15 *‘nvua‘

C smAcl O O -H'\en sin )\c\ 0 mne\ Ans.%-
-n n‘&D'

-}\‘ntl)

n® ‘-&.D S an

o f) <c,_ D% ee +Ze Chsinnre

4

c(')L t) ‘F('x.) wlnen t 0

_ ,-  | (18)
IRICE Camen g e zc,.sm Mt M

The(c h)S are coeff1c1ents in the half range sine expansmn as -

e 5

::‘ c(d t)= ¢, 49— o >, Csm)\x,(e . ,U)) 0 . ’A.(.“’)f

C:’\ =%/": (t) sin n7t A{; " - (19). |
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\‘Nberé‘ ‘F(‘t) ['F('x.) (Cz C|)I ]
- - P dyt== S

'~>.then C -—/ 3‘F(x) [(c;_—cl) +chl]} sin % Avr. . |

d
. (20)
' Expand and. integrate: .
y) L
' Cn ‘\C(‘X-)Sln nmrx d'x. + [Czcl sin nmx +sz cos mrx] +
' . . d nermr d ‘ nﬂ' . a o ’
[ Sih nmx _ ¢, % cos hmx| 4 "¢, d cosnm- ¢, d 21y
) n*sr? ‘ —d hr o N o nmw ). (21) ..
,‘Evaluate'C'n in (22) from thé fact that for n=1, 2, 3. . . .,$ih nwr=0
'F(’JL) Sln n7r'x. dxi- 2c, cosnm -Zc, o “'(22),_ :
d . Tan nmw
" Substituting in (18). The general solution for Fick's Equati&n with t.he-" e
o ~assumed boundary conditions is -
Vs ] —nzﬂ':k‘D ' - K
- 2 o R
('x_{:) (cz C,)d +c‘ E e 4 Sin “_7.2‘_"3
o e S e
S - 2" : L '-snfr-!:'Dv‘.-.'
(_3_[{(1) Sin hT . d%’-) T C, cosnm~-C, - Smnry e - d" A
\4) ’: —.A' S E,\, - o d . . .
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! N 14 3 T .
{ , . A , { ! { i { H i 3 { 3 | i ! { H ' 4 ¢ 4 {
-TABLE | )
' 3
ION AND ELECTRON CURRENT READINGS TAKEN DURING EXPERIMENT WITH 6BNé6’s
(%)
x=
a
-
wi
-3
w =
- : : .
% g 4 1Y 18 . 3l 38 4s 52 66 73 108 115 122 " 128 136 153 150 187 164 17 178 185 192 139 DdAYS
A I.l0.9 0.80 0.61 0.68 0.69 O. .85 0.74 0.81 0.87 0.75 O0.64 1,09 0.83 0.55 0.63 0.61 SAMPLE DESTROYED
[_{y.58 4.53 y.58 4.58 U4.59 .69 4,58 4.60 Y4.62 .65 U.62 4.65 4.6l 4.65 4.56
T, 2.78 2.16 .80 1.65 M9 1,29 1,32 1.3% 1.20 .21 .49 1.25 0.94 1.05 0.97 1.03 0.92 0.%98 .02 1.1l | 1.29 1,51 1,701 2,34 2.33 3,25
L. 4.69 4.70 4.70 #.7! 4 4.72 4.75 ®.78 4.78 4,76 4.79 4.78 4.80 4.79 4.70 4.82 4.71 G.70 4.7l 4.7) 4.80 4.79 4.78 4.79 4,77 4.79 u.g7
~ I, .5 .6 45 A8 .8 l.6% 1.52 1,46 1.42 1.35 1.72 1.31 1.05 (.13 .08 {.1 0.96 .00 .13 .00 1, 1,21 t.42 1.60 1.99 2.02 2.64
iy 4%.86 4.89 .89 4.90 .92 4.90 4.9y .92 4,97 4,95 4.98 4.92 4,98.4.95 4.88 5.00 4.89 4.89 4.89 u4.89 4. 4.95 4.92 4.95 4,94 4.39 5.02
I. 2.32 1.65 .52 1.26 .20 1,018 .01 .1l 0.97 0.83 1.20 0.89 0.8! 0.84 0.68 0.69 0.62 0.57 0.56 0.53 0.49 0.4l 0.42 0.43 0.5% .39 0.44
1. 4.10 4.47 A7 4,19 L9 4,19 4,24 .25 4.22 .26 .27 4,20 4,26 4.28 4.20 4.30 4.19 4.20 4,22 4.20 . 4.21 4,18 Y.24 4.25 4.28 4.32
I, 7 .91 .82 1.82 .70 1.51 A2 0,20 121 .31 L4 1,17 0,95 0,94 0.78 0.75 0.72 0.78 0.75 0.61 O. 0.52 0.51 0.48 0.55 0.41 0.48
| O 4.00 4.00 4.00 4.00 .02 4.02 4.04 4.08 4.07 4.07 4.08 4.06 4.06 4.09 3.99 Uu4.12 4.0l 4.00' 4.00 4.0l N, 4.10 4.08 4.02 4.09 §.!0 4.8
P = 15 psig P = 60 psig [

A,8,C
0,€

1

L —

T= 219

IMMERSED IN PURE HELIUM

CONTROL TUBES, AMBIENT ENV!RONMENT
10N CURRENT X 10-9 aMpeaes

ELECRON CURRENT X i0-3 audIa€s

s

0L





