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bide, increases markedly the resistance to ion bomard-
ment. It also increases the temperature at which the
cathode may be operate(d without too rapid evaporation
of the film, and hence atugments the available electron
emission.

C. The Porous Tungsten-Barium Oxide Emitter
Very recently a successful emitter has been developed

in which the emittiing body is porous tungsten, prepared
by powder-metallurgy methods, through which barium
oxide is permitted to diffuse from inside. The emitting

surface is thought to be mainly metallic barium on
tungsten. The body is operated at temperatures up to
1,2000 C at which very large emission values are re-
ported.

Technically speaking, it seems probable that this type
of development opens an important field of application
where very high emission densities are required. It is
too early, at present, to give a final appraisal of the
evaporation problems which may be associated with
this emitter. The matter is undergoing study in several
laboratories.

Reliability in Miniature and Subminiature Tubes*
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Summary-The meaning of the term "reiiability" as applied to
electron tubes is discussed, and the thesis is developed that relia-
bility is a function not only of tube design and quality but also of the
relationship between tube ratings and the operating conditions and
requirements. Specific features of the miniature and subminiature
tubes are discussed with respect to factors affecting tube reliability,
such as mechanical ruggedness, operating temperature, emission
stability, and life. General comments are made on the over-all effect
of reduction in tube size on life and reliability.

THE MEANING OF TUBE RELIABILITY
T IS APPROPRIATE in any discus'sion of tube
reliability to consider what the term reliability
should be expected to cover. It would seem to be

axiomatic that the term has significance only wkh refer-
ence to some specified or implied standard of per-
formance and of operating conditions. This is a point
that seems to have been very much underemphasized
in recent discussions of the subject.
The electric motor has been cited as a device having

the reliability that is needed in radio tubes. It should be
pointed out that an individual motor is reliable only
when operated under the service conditions for which
it was designed and rated. Now, a radio tube is a much
more complicated device than a motor and is in-
herently more vulnerable to failure from a variety of
causes. However, reliability of the same order is a
worthwhile goal for tube designers and manufacturers
to work toward and it is one they can come close to
reaching, provided operating conditions and perform-
ance requirements are properly related to the tube
ratings. A number of instances can be cited of tube ap-
plications where tube reliability of this order has been
regularly experienced.

* Decimal classification: R331. Original manuscript received. by
the Institute, November 6, 1950. Presented, New York IRE Section
Meeting, New York, N. Y., October 4, 1950.
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In the great majority of military and commercial
applications there is a surprising dearth of reliable spe-
cific information as to the tube defects causing equip-
ment failure. In one class of application, commercial air-
lines, some fairly dependable figures obtained recently
indicate that out of the one per cent of tubes that failed
prematurely in service, three quarters developed me-
chanical faults, shorts, opens, glass faults, and one
quarter were found to have electrical faults. These were
specially designed and controlled tubes made in regular
production and they were operated under conditions
that were normal for aviation service, that is, with
wide variations in supply voltages and moderately
severe shock and vibration.

Mechanical defects are tangible and amenable to
fairly definite corrective measures. Failure due to these
defects can be reduced to a vanishingly small figure at
the expense of systematically improved techniques and
controls in manufacture. In other words, a high degree
of mechanical reliability is definitely achievable.

Reliability in electrical characteristics and per-
formance is a more elusive problem. Basic and practical
research gives promise of pointing the way to improved
materials and improved controls in materials and proc-
essing techniques. At the same time, a high degree of
reliability in electrical performance has been obtained
in many applications with existing tube types under
favorable operating conditions.

This brings up the whole question of the relation be-
tween operating conditions and tube ratings. In any
mechanical structure where reliability is required, it is
the universal practice of the designer to introduce a con-
siderable factor of safety in accordance with accepted
standards for the material and the application. In the
electrical aspects of electronic equipment this factor of
safety frequently seems to be reduced very close to
unity, or sometimes to less. It has been suggested that
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this condition results from the tendency for the radio
equipment designer to revert to his original amateur
habits when he deals with radio tubes. Actually, there
are other more reasonable causes for this situation.
One is the inherently low power efficiency of thermi-

onic tubes in terms of the ratio of output to total input
including cathode heating power plus B power. Coupled
with this is the relatively high cost of the power supply
in terms of space and weight. This is particularly the
case in many military applications.
Another factor is the frequent practice of making the

equipment performance dependent on some very critical
tube characteristic or one that has not been, or per-
haps can not be, adequately controlled in tube manu-
facture.
Now these nonconservative practices have frequently

resulted from the ingenuity of the equipment design
engineer in devising new tube functions and attributes
and operating conditions, and they have had a very
healthy influence in expanding the tube ratings and
fields of usefulness. However, during the period that
these new operating conditions are in the experimental
or pioneering stage they involve an appreciable degree of
unreliability. They do not become appropriate for
equipment with severe reliability requirements until the
tube manufacturing techniques and controls have been
developed to the point that the tubes can be conserva-
tively rated for these particular conditions anid char-
acteristics.

These comments might be summarized by saying that
so far as electrical performance is concerned, tube reli-
ability is a function not alone of tube quality but also
of operating conditions and circuit requirements and
their relation to the tube ratings. A similar statement
holds for reliability, with respect both to life and to
mechanical failures. We have reached an era of highly
specialized tubes. Reliability must be recognized as an
equally highly specialized tube attribute.

SPECIFIC FEATURES OF MINIATURE AND SUBMINIATURE
TUBES AND THEIR EFFECT ON RELIABILITY

Most of the factors affecting tube quality are en-
countered in varying degree in tubes of whatever size
and shape. Those factors that are different in impor-
tance or magnitude in the miniature and subminiature
tubes as compared to larger receiving tubes will now be
discussed.

Fig. 1 shows outlines of typical bantam, miniature,
and subminiature tubes. The diameters are roughly in
the ratios of 3 to 2 to 1. The reductions in length are
proportionately much less. They are chiefly in the elec-
trode-to-seal distance. An important difference is in the
base and lead arrangement. The bantam has a separate
base, supporting contact pins to which are connected
flexible leads from the stem. In the miniature, stiff
-contact pins are supported directly by the glass stem.
In the subminiature, the leads are supported directly by
the stem but are flexible. In the miniature and sub-

miniature the exhaust tip is exposed; in the
covered by the base.

Since the miniature and subminiature
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Fig. 1-Typical dimensions.

from other types primarily in the matter of size, we will
look first at what effects these differences in size have
on some of the major design features and the factors
affecting mechanical properties.

Table I lists comparative values of important dimen-
sions for typical tubes of the bantam, miniature, and
subminiature sizes. There are, of course, a variety of
(limensions among the many individual tube types in
each class. The figures shown are from the more com-
monly used types and are intended merely to be repre-
sentative and not inclusive of all extreme cases.

TABLE I
RELATIVE DIMENSIONS

Bulb Diameter
Ratios

Bulb Length
Ratios

_l

Spacer-to-Spacer

Cathode-to-Bulb
Ratios

Spacer-to-Seal
Ratios

T-9

1. 125'
3.0

2.4"
1.9

0.95"
. 25t- )
0.57"
4.1

0.93"
4.9

T-5-

0.687"
1.8

1.55"'
1.25

0.79"
(1.26" 0.36")

0.29"
2.2

0.31"
1.6

T-3

0.375"
1

1 .25U
1

(0 .62"0-.366)
0 13"
1

0.19"
1

It will be noted that percentagewise the reduction in
length has been less than the reduction in diameter, and
that in some of the important dimensions the subminia-
ture is closer to the miniature than the latter is to the
bantam. This is notably the case with the spacer-to-seal
dimension. This has an important effect on tube proc-
essing, as will be discussed later. Attention is also called
to the small absolute value of the cathode-to-bulb
dimension in the subminiature. Into this space of about
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one-eighth inch have to be fitted from one to three grids
and a plate, plus any shielding or other structural parts.
The spacer-to-spacer dimension is typically low in

the subminiature. There are two basic reasons for this.
The subminiature line does not include counterparts of
the high-wattage types and it is made up mainly of
tubes designed for high-frequency use where a short
structure has important electrical advantages. Similar
short structures are also used in the newer miniature
tubes for the same electrical reasons, even where there
is no mechanical need for them. The present subminia-
ture designs have resulted from two simultaneous, but
independent trends in application requirements: the
need for smaller size, and the need for improved high-
frequency performance.

It is a well-known rule that the basic electrical con-
stants of a tube are maintained if the electrode dimen-
sions are all scaled down in size proportionately. In a
general sense, the same applies to the mechanical char-
actertstics affecting ability to withstand shock and
vibration. The ruggedness characteristics are apt to be
improved by the scaling-down process. The ratios of
strength to mass and moment in the grids and other
parts of the structure are greater in the miniature and
subminiature tubes than in the larger tubes. This was
found to be the case in the early development of the
proximity fuze tubes where the basic parts of the com-
mercial subminiature hearing aid tubes were found to
have adequate strength to withstand the extreme ac-
celerations of that application. The low center of grav-
ity of the mount, the short spacer-to-spacer distance,
and the short space between grid rods are all inherently
favorable for ruggedness with respect to shock. Even
with the fine grid wire and close spacings of the high
Gm types typical of the later miniature and the sub-
miniature tubes, this inherent ability of the parts to
withstand shock is still retained.

In the scaling-down operation one is apt to run into
some dimensions that can not be scaled proportionately,
and some that can be reduced below certain mini-
mum values only with great difficulty. The distance
between electrode supports, the dimensional tolerances
of the holes in the mica spacers and of other parts, the
length of rods extending beyond the spacers, and the
space required between rods and tabs for welding are
examples of these. These are items that add to the diffi-
culty and cost of design, assembly, and control.
However, it has been found possible to obtain adequate
control and general freedom from mechanical troubles in
the field in well-established types, such as hearing aid
tubes, where millions in daily use bear witness to this.

In respect to the mechanical aspects of the glass
structure, the miniature and particularly the subminia-
ture tubes, because of small absolute size and mass, are
inherently less subject to such defects as breakage by
impact or handling and cracks due to glass strain. Here
again, field experience with millions of tubes is notably
favorable.

There is one feature of the external structure in which
the miniature and the subminiature differ distinctly
from the bantam. This is the type of lead. In the ban-
tam tube flexible leads are soldered to base pins that
are rigidly attached to the bulb by means of the base
shell. This means that the lead is protected from han-
dling and bending and can exert no strain on the glass
structure. Of course, there are offsetting chances of
basing and soldering defects. In the miniature tube the
contact pins are rigid and supported only by the glass
button. Any distortion or bending of the pin results in
strain on the glass and, because of the rigid nature of
glass, this will result in glass breakage if carried beyond
a certain point. Serious field trouble from this source
was encountered in the early years of miniature produc-
tion. Careful control of the glass-working operations at
stem making and sealing and careful control of the
stiffness of the pins and proper design of the sockets
have combined to reduce the glass breakage from this
source to a low level.
The subminiature differs from the miniature in hav-

ing small-diameter flexible leads rather than stiff pins.
This is inherently a much safer combination. Here again,
field experience of many years with millions of hearing
aids with both solder-in and plug-in connections has
demonstrated that there need be no serious trouble from
this source. The button stem that permits a sharp
right-angled bend of the lead at the point where it is
sealed into the glass may represent a more severe con-
dition than is present in the pinch-press seal, such as is
used in most hearing aid tubes. Any weakening of the
wire by overheating in stem making or sealing or by
corrosion in the cleaning and tinning operation will, of
course, aggravate the situation, but these conditions
can be controlled so as to leave the wire in good con-
dition. The composition of the lead wire itself is favor-
able to resistance to breakage by flexure and only re-
peated extreme flexure of the wire at a very sharp
radius will cause breakage. This is apparently another
situation in which recognition by the user of the in-
herent limitations of the tube in this respect and the ad-
herence to suitable and practical techniques in connect-
ing the tube in the equipment will minimize this type of
failure.
A major reduction in tube size obviously introduces

many problems in connection with wattage rating, bulb
temperature, and quality factors involving emission,
gas, and life. Table II lists comparative figures pertinent
to these problems. Two items stand out conspicuously:
the large percentage reduction in bulb surface area in
the smaller tubes, and the large increase in permitted
wattage per square inch of bulb area or, in other words,
permitted bulb temperature.
There are some absolute limits on the permissible

glass temperature, one being the softening point of the
glass and another the point at which appreciable con-
ductivity begins. Below these limits is an indefinite
region in which varying kinds and degrees of trouble
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TABLE II
BULB TEMPERATURE FACTORS

T-9 T-5i T-3

Bulb Area (square inches) 10.5 4.1 1.7
Ratios 6.1 2.4 1

Maximum Watts Dissipa- 18.7 16.8 7.8
tion

Ratios 2.4 2.2 1

Watts per Square Inch 1.78 3.4 4.0
(averaged over area) 0.44 0.85 1

Ratios

Maximum Bulb
temperature C0 160 255 280
(230 C ambient)

may be encountered, particularly from the evolution of
gas and deleterious products from the glass itself, or

even from the getter deposited on it. In addition, there
are the accompanying effects from the higher tem-
perature of tube parts due to high bulb temperature.
Within this region, the tube design itself and the
processing techniques employed in manufacture, par-

ticularly at exhaust, are important factors in determin-
ing what maximum figure for wattage dissipation, or

bulb temperature, is consistent with good tube quality
and life. The maximum glass temperature at any point
has commonly been taken as the crucial item. The loca-
tion and extent of the hot areas are also of importance.
In actual practice there has been a continual trend to-
ward higher bulb temperatures. However, the develop-
ment and control of manufacturing techniques and
practices have progressed in step with this trend so that,
in general, the tube quality and life have been main-
tained.
The wattage and temperature figures shown in Table

II for the T-5' class of tube apply specifically to the
6AQ5. This tube exceeds the bounds of what had
formerly been considered safe dissipation and bulb
temperature. This temperature level represents ap-

proximately the upper safe limit for the present state of
the art. The military services have sponsored several
development projects involving studies of ways and
means for increasing the permissible operating tempera-
ture. Progress in this direction is to be expected, par-

ticularly in the subminiatures, where the requirements
are most severe. It may involve major changes in ma-

terials and techniques.
In Fig. 2 are shown curves relating maximum bulb

temperature to average bulb dissipation. The data on

which these curves are based were taken on a particular
T-3 bulb and heater arrangement. As with all figures
relating to the bulb temperature of radio tubes, these
values should be used with caution. The temperature
figures obtained or applicable in any individual case are

affected to a marked degree by such factors as the details
of the method of measurement, the surroundings, the
heat loss through the leads, and the distribution of heat

over the bulb area. The values here apply only to a
particular situation, where lead conduction, for in-
stance, was relatively low, but they may be useful in
indicating approximate values likely to be encountered
and the relative effects of high ambient temperatures.

In practice we have found with the 5702 subminiature
series that life test at an ambient of 160°C and maxi-
mum bulb temperature of 250°C results in no appreci-
able deterioration of characteristics over a period of
several hundred hours at least. One manufacturer has
published ratings on a special line of subminiature tubes
indicating at 70 per cent reduction in life for a bulb
temperature of 250°C as compared to 1600C.1 As indi-
cated earlier, time and manufacturing and operating
experience are required in determining the permissible
limits and the degree of hazard involved in operating
close to these limits. In any case, operation at lower and
more conventional temperatures is to be recommended
in cases where extreme reduction of volume is not essen-
tial and long life and reliability are the prime require-
ments.
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Fig. 2-Maximum bulb temperatures.

The curves of Fig. 2 indicate that operation at a high
ambient and at a provenly permissible bulb temperature
severely limits the wattage input. However, since the
bulb temperature itself is the primary limitation, it is
obvious that suitable means for increasing the rate of
heat removal from the bulb will improve the situation.
Metallic shields or holding clamps conductively at-
tached to the chassis are effective and a variety of other
methods are applicable. The ultimate removal of the

1 As indicated by a measurement technique that would pre-
sumably give appreciably lower values than that used in obtaining
the values of Table II and Fig. 2.
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bulb heat from the tube compartment or the chassis it-
self is still another problem. Any forced or conductive
method of bulb cooling of course introduces the hazard
of a fault in the cooling mechanism, perhaps by poor
thermal contact, and consequent tube damage or failure.
There are a variety of other factors of possible effect

on emission and life that are altered by reduction in
bulb size. Among these are such items as ratio of bulb
volume and therefore total gas content to coated
cathode area; ratio of bulb surface area, and therefore of
one source of contamination to coated cathode area;
ratio of bulb volume to exhaust tube opening, affecting
pumping rate; reduced area for getter deposit; and
possibility of higher and more uniform bulb tempera-
ture at exhaust. Some of these factors should be favor-
able to the small tubes, some unfavorable. In practice,
it has been found possible to develop techniques and
controls that make the over-all effects of these various
minor factors relatively unimportant.
One dimension that has a notably small value in the

miniature and subminiature tubes, namely, the spacer-
to-seal distance, has introduced an additional processing

problem. The close proximity of the cathode and other
elements to the bottom seal results in increased liability
to oxidation and other damaging effects from the
sealing fires. The small volume and area of glass in-
volved is a partially compensating factor. Various prac-
tical means of eliminating or minimizing these effects
have been worked out and are effective when properly
controlled.

In summary, it can be stated that the small tubes,
miniature and subminiature, are dependent for long life,
ruggedness, and reliability on the same basic design and
control factors as are the larger tubes. The reduction in
size has unavoidably resulted in some increased diffi-
culty in mount assembly, tied up with the absolute size
of parts. It has unavoidably resulted in different rela-
tionships between total bulb wattage and bulb tem-
perature and has reduced the safe limit on total bulb
wattage. It has improved, rather than harmed, tube
ruggedness. It has introduced certain new, but con-
trollable, items affecting quality, and has eliminated or
benefited others. Small size has proved to be entirely
compatible with long life and reliable performance.

Reflection and Transmission Equivalences
of Dielectric Media*

R. M. REDHEFFERt

W E DEAL WITH electric media in
which the properties are functions
of one co-ordinate: E/co = e(x),

Al/,io=m(x), tan 8=I(x), with e=m= 1+1=1
for x<0 for x>d. Hence, the medium is a

slab of thickness d. Our first purpose is to
find useful transformations of d, e, m, 1,
angle of incidence 0 and wavelength X under
which the complex transmission T and re-

flection R will be invariant. Second, we show
a differential equation from which T and

* Decimal classification: R281. Original manu-
script received by the Institute, September 7, 1950;
abstract received, January 15, 1951.

f University of Califomia at Los Angeles, Los
Angeles, Calif.

R can be computed exactly. Typical results
follow: If the polarization is perpendicular
and c = cos 0, s = sin 0, then a new dielectric
medium with parameters di = d, el
= [e(x)m(x)-s2]I/cm(x), ml=cm(x), 11
=e(x)m(x)l(x)/[e(x)m(x) -S2] will have the
same R and T at normal incidence as the
original medium had at incidence 0. Sim-
ilarly if di=cd, ej= [e(x/c)m(x/c)-S2]
/c2m(x/c), m1 =m(x/c), l1=e(x/c)m(x/c)l(x/c)
/[e(x/c)m(x/c)-S2]. Again, suppose f(x) is
any function which has at most a finite
number of discontinuities and satisfies
M>f(x) > , for some positive M, r7. Define
g(x) as the function inverse to foxdy/f(y). If
we construct a new sheet with parameters

d=fosddy/f(y), ei(x)=f[g(x)]e[g(x) ,1 mi(x)
=f[g(x)jm [g(x) ], 11 = I [g(x) ], then T, R at
normal incidence will be the same for the
new sheet as for the original one. The reflec-
tion R satisfies the differential equa-
tion dR/dx= (iriv/X) [(R+1)2a-(R-j1)2/a]
where £ is the complex dielectric constant,
=£(x) =e(1+il), v=Vm-s2, and a= ec/v

(parallel polarization), a = v/mc (perpendicu-
lar polarization). If R=(z-1)/(z+1) then
dz/dx =(2ri/X) (Vz2- 1). The boundary con-
ditions are evident. Other equivalences are
given, including parallel polarization. The
work can be used for radome design and for
dielectric measurement of nonuniform sam-
ples.
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