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Horn-reflector antenna used at Holmdel, N. J.,
Laboratory for measurinyg sky ftemperatures.

Combination of this antenna with maser permits
tests needed in studying space communications.
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J. R. Pierce

Exotic Radio Communications

Pioneering work often seems exotic in its in-
ception. Only a very few years ago, the idea of
launching an artificial satellite seemed exotic. if
not scatterbrained. But satellites have become
almost commonplace. Today's exoticism is space
flight by human beings, and we do not know
what tomorrow’s might be.

In the early part of this century, it would
have taken an incorrigible visionary to foresee
the present Bell System direct distance dialing
network, undersea telephone cables, coaxial cable
svstems, and transcontinental microwave radio-
relay routes. These all grew out of work which
in its inception seemed far from any practical
reality. It is an important part of Bell Labora-
tories activities to look far ahead — to study
possible future communications services and thus
build a fund of knowledge to draw upon if these
services should become economically attractive.

In this article I shall deal primarily with some
of the pioneering work at Bell Laboratories
which may someday be important to the Bell
System in providing broad-band transoceanic
radio communication. And to introduce this sub-
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ject, I shall first briefly review some of our past
accomplishments. My purpose is not merely to
present a list of important radio research proj-
ects. Rather, I hope to illustrate the importance
of good scientific and engineering work and to
show the value of the Bell System pattern of
careful study. measurement and design.

Radio itself seemed exotic in an earlier day.
Before the founding of Bell Laboratories in 1925,
the A T.&T. Co. and Western Electric contrib-
uted heavily to the technology of radio broad-
asting. Even earlier, in 1915, AT &T. and West-
ern made use of newly developed power vacuum
tubes in demonstrating radio communication be-
tween Arlington, Virginia, and both Hawaii and
Paris. This showed a potentiality for trans-
oceanic communication which could not be over-
looked. One result was the first use of radio for
commercial telephone service. from the mainland
in California to Catalina Island in 1920. The work
also led directly to experiments in transatlantic
telephony as early as 1923, and to the inaugura-
tion of commercial transatlantic telephone service
in 1927.
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In this early long-wave work, accurate meas-
urements of field strengths were made. A form of
modulation was adopted — in this case the first
use on radio of the single-sideband technique —
which was best suited to the nature of the me-
dium and the needs of the system.

The value of this type of approach was again
illustrated with short-wave radio, put into com-
mercial service in 1928. A tricky sort of communi-
cation, short-wave propagation shows both long-
term variations of signal strength and rapid
fading. Careful measurements by Bell Labora-
tories workers showed that such fading has a
multipath nature — that is, radio waves in bounc-
ing different numbers of times between the earth
and the ionosphere alternately add and subtract
in the radio receiver. These measurements also
showed a rapid variation in the direction from
which signal components arrive at a receiving
antenna and especially in the vertical angle of
arrival.

Such extensive and accurate measurements
made it clear that operating frequencies should
be changed from time to time to suit the condi-
tion of the ionosphere. As a replacement for the
early narrow-band antenna arrays, the simple
rhombic antenna invented at Bell Laboratories
permitted effective operation over the required

wider band of frequencies. In following the more
rapid variations in angle of arrival, the MUSA
system — an array of rhombic antennas inter-
connected with phase-changing networks — made
it possible for a receiver to track the observed
changes in the vertical angle of arrival of the
radio signal.

As a part of the careful studies of short-wave
phenomena at Bell Laboratories from 1929
through 1931, K. G. Jansky investigated noise in
the short-wave bands at the Holmdel Laboratory.
In the course of these studies, he detected radio
noise of extra-terrestrial origin — work which
laid the basis of radio astronomy. In recognition
of Mr. Jansky’s discovery, the laboratory at the
new National Radio Observatory at Green Bank.
West Virginia, is to be named the Karl G. Jansky
Laboratory.

Besides this short-wave work, higher frequen-
cies were also explored, and much fundamental
knowledge was gained. This was applied in pro-
viding a number of over-water circuits and in
mobile radio. However, the next large-scale Bell
System application of radio was found in the
field of microwaves, which have frequencies of
thousands of megacycles. G. C. Southworth
started his microwave work as early as 1932, long
before any use for such frequencies could be
assured. H. T. Friis and his associates took up
this work in 1938.

Here again we see how early scientific and
exploratory work led to extensive measurements
and studies, and to the development of a sound
technical art. The knowledge so gained was in-
valuable to radar during World War 11, and later
made possible the experimental New York-Boston
System in 1947 and the Transcontinental TD-2
Radio-Relay System in 1951.

Reliable Microwave Service

As in previous cases, there was a lot to learn.
Studies of microwave paths proved the value of
using highly directive antennas. These studies
set a pattern in the Bell System of using very
good, narrow-beam antennas that allow the use of
low power and that minimize interference. All of
this work showed that microwaves could provide
very reliable service indeed.

We now approach more contemporary devel-
opments, and it is time to remind ourselves again
that it is largely an illusion to think of such past
achievements as commonplace. They were, and
certain aspects of them still are, as challenging
as anything we have in mind for the future.

Current thinking in radio communications
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still emphasizes the use of higher and higher
frequencies, but direction of propagation is an-
other important factor. Many intriguing prob-
lems and possibilities arise when we direct anten-
nas toward the troposphere and the ionosphere,
and toward satellites. Some of these problems
were foreshadowed at Bell Laboratories as early
as 1934, when A. M. Skellett and W. M. Goodall,
in their studies of the ionosphere, looked for re-
flections from ionized meteor trails. The frequen-
cies of 2 to 6 mc used in these studies were too
low to give a strong signal, but statistical analysis
of the data seemed to vield evidence for such
reflections.

In other studies of the ionosphere, workers
outside the Laboratories proposed in 1951 to
use the turbulence of the ionosphere to achieve
beyond-the-horizon scatter propagation. At a fre-
quency of 50 me, a 776-mile circuit was estab-
lished between Cedar Rapids, Towa, and Sterling.
Virginia. Bell Laboratories monitored these sig-
nals, and with carefully designed antennas was
able to receive teletypewriter messages during
1951 to 1954. In the course of this work, very
high signal strengths were detected for very
short periods. These observations indicated
strong reflections from meteor trails, a verifica-
tion of Skellett’s and Goodall’s early ideas.

However, ionospheric scattering proved disap-
pointing for long-distance telephone circuits. For
both turbulence scatter and meteor-trail scatter,
the bandwidth is too narrow and transmission
is too erratic. The more important region for the
scatter technique proved to be the lower-altitude
troposphere.

Kenneth Bullington did the pioneering work
in this field. During 1950-1951, he collected data
on and tested what we now know to be tropo-
spheric scatter propagation, over paths 200 to
300 miles long. He pointed out the possibilities
of this mode of transmission in historic papers
published in the Proceedings of the I.LR.E. in 1950
and 1953,

Beginning in 1955, further studies of scatter
propagation were carried out over a path between
a 60-foot scanning antenna at the Holmdel Lab-
oratory and a transmitter on a farm in Pharsalia,
New York, 171 miles away. The effects of antenna
size, signal strength, depth and speed of fading,
and angles of arrival were investigated. These
data were compared with the predictions of a
theory worked out by H. T. Friis, A. B. Craw-
ford and D. C. Hogg. This theory supposes that
the scattering is caused by a large number of
randomly positioned but nearly horizontal dis-
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continuities in dielectric constant in the first few
miles above the earth’s surface. The measure-
ments fit the theoretical predictions very well in
many respects. The knowledge acquired in these
studies of tropospheric scatter is now widely
used in designing scatter circuits.

Scatter Circuits in Operation

Scatter circuits designed by Bell Laboratories
and installed by Western Electric are currently in
operation over the DEW line in the far north and
over the “White Alice” system in Alaska. In addi-
tion, a broad-band scatter system for commercial
telephone and television service was established
between Florida City and Havana in 1957. This
Florida-Cuba circuit handles 36 telephone chan-
nels and has the capability of hardling 120 or
more.

If we now turn our attention to the problem of
future broad-band radio transmission between
North America and Europe, scatter circuits are
an obvious suggestion. It might be possible, for
example, to set up a series of relay stations via

/30007MILES

The geometry of a passive-reflector satellite in
a polar orbit at an altitude of 3,000 miles, with
terminals located in Newfoundland and Scotland.



Greenland, various North Atlantic islands, and
Scotland. Our studies indicate, however, that
this type of communications would be very ex-
pensive. Large antennas and high-power trans-
mitters would have to be built and maintained
at remote arctic locations. Further, the multipath
nature of scatter transmission would probably
result in a poor broad-band circuit by television
standards. although several dozen telephone chan-
nels might be provided.

What, then, is another type of possible inter-
continental radio communications? As early as
1954, we considered the use of artificial earth
satellites as relays, and T published a technical
paper on the subject. At that time, however, prob-
lems of launching such satellites were unexplored.
The first Sputnik in October 1957 changed the
picture radically, and we began to look at these
possibilities much more seriously.

If satellite communication ever becomes a
reality, it will be no exception to past Bell System
experience. That is, it will necessarily be preceded
by the established pattern of meticulous study
and experimental work. At the moment, we do not
have enough knowledge or experience to describe
in detail a practicable system or to state exactly
how it might be used. We can do little more than
speculate on the various possibilities.

One proposal is to place satellites 22,400 miles
above the equator. At this height, a satellite
would rotate in step with the earth and seem
always to hang in the same position in the sky.
Such satellites would be “active” relay stations
— that is, they would be equipped with receivers
and transmitters, and probably with accurately
pointed directive antennas. This is an apparently
attractive proposal, but for the present it raises
at least two serious questions: the problems of
accurate rocketry to launch and orient such
satellites are indeed formidable, and the problems
of equipment life in such relay stations are, to
put it mildly, severe.

A second proposal is to place active satellites
in orbit only a few thousand miles above the
earth. These would not be stationary in relation to
the earth, but with a sufficient number of them,
signals could be relayed from each whenever it
is in a usable section of its orbit. With this second
proposal, rocket accuracy is somewhat eased, but
equipment life in a low-altitude relay station is as
serious a question as in the case of the 22.400-
mile satellite.

With low-altitude satellites, however, a trans-
mitter and receiver on the satellite are not essen-
tial. Instead. one may put in orbit a group of

passive reflectors, Large, high-power transmitters
would then transmit to a satellite reflector, and
signals would bounce from it and thus reach a
distant receiver. The satellites would be alum-
inized plastic spheres — “balloons” perhaps 100
feet in diameter — with a high reflectivity to
microwaves.

As an exercise to explore possibilities and prob-
lems, we have studied in some detail a theoretical
system using passive satellites for transatlantic
broad-band transmission. As shown in the illus-
tration on page 325, the terminals were con-
sidered to be in Newfoundland and on an island
in the Hebrides off Scotland. The satellites are
to be imagined as traveling in polar orbits.

Regions of Visibility

On the polar projection shown below, closed con-
tour lines are drawn for various heights of orbit.
These define areas in which a single satellite would
be simultaneously visible to both the Newfound-
land and Scotland terminals. At a height of 2,000
miles, for example, a satellite would be visible
to both terminals anywhere within the 2,000-
mile contour, even along the outer edges of the
area,

The first of the accompanying tables (next
page) shows calculations relating to the orbit

Oval-shaped areas define regious in which polar-
orbit satellites at vartous helghts would Dbe
stmultaneously risible to both terminals at New-
foundland and Scotland. The usable areas iwwould
be somewhat smaller, however, since transmission
is difficult when satellite is near the horizon.
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A

Visibility Times at Various Heights of Orbit

Height of Satellite Above Surface of Earth in Miles

500 1000
Time of one
revolution
(minutes) 100.4 118.0

Shortest
visibility
(minutes) 0 0

Longest
visibility
(minutes) 14.7 20.0
Average
visibility
(per cent) 3.5 6.9

1500 2000 2500 3000

136.6 155.0 175.2 195.2
8.0 12.5 23.8 31.4
29.6 36.6 46.2 ab.1
12.9 17.7 19.6 22.0

Assumptions: Terminals in Newfoundland and Hebrides; polar orbits; refraction effects
ignored; and visibility from horizon to horizon.

heights. The shortest and longest visibility times
in the second and third horizontal rows are of
particular interest. For the 1,000-mile height,
as an example, the zero for shortest visibility
time indicates that for some passes, a satellite
would not be visible at all at both of the two
terminals. A 3,000-mile satellite, however, would
be visible at least 31.4 minutes, and as long as
55.4 minutes, for every revolution around the
earth. On the average it would be visible 22 per
cent of the time. Thus, even with only one satel-
lite, one might get quite long stretches of broad-
band communication.

This view is somewhat optimisti¢, however,
since we have so far ignored three sources of
noise that could restrict the range of this type
of communications: (1) The noise added by the
receiving amplifier, (2) Cosmic noise, and (3) At-
mospheric noise. Fortunately, the maser (RECORD,
July, 1958) provides us with a microwave receiver
that adds practically no noise to the received
signal. Thus we can largely neglect the first of
these three noise sources.

Another illustration (page 324) gives some
pertinent data on the other two sources. In this
graph, noise is described in terms of absolute
temperature, ranging upward from 1° Kelvin on
the ordinate, as related to frequency on the ab-
scissa. The color region describes the range of
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the cosmic noise discovered by Jansky, and as
we see from the graph, it becomes negligible at
the higher frequencies.

The third source — atmospheric noise —is a
more serious limitation. Even ecold air at high
altitudes is hot compared to absolute zero, so it
radiates electromagnetic noise just as hot iron
radiates light and heat. The radiation is small
because the atmosphere is almost transparent.
To evaluate the noise, we must consider how
transparent the atmosphere is at a given frequen-
cv and also how much atmosphere an antenna
“sees” as it follows a satellite.

In the graph, the bottom curve labelled 90
degrees illustrates that an antenna pointed
straight up sees a minimum of atmosphere and
therefore receives a minimum of atmospheric
noise. From about 2 to 10 kilomegacycles this
noise is fairly constant and corresponds to only
about 2.5°K. As the antenna is rotated farther
and farther toward the horizon, however, it must
look through more and more atmosphere and re-
ceive correspondingly more roise. The zero curve
at the top is the case where the antenna points
horizontally ; here it sees a very long atmospheric
path, and the noise actually approaches the as-
sumed atmospheric temperatinre ¢290°K) at very
short wavelengths for which air is not very trans-
parent to microwaves.



Note, however, that the curves for the various
angles are displaced downward toward the lower
noise values as the angle above the horizon is
increased. Even as close as 10 degrees above the
horizon, an antenna will see only about 13°K
of atmospheric noise. These curves make us feel
that we can realize the advantages of the maser
if we use signals from a satellite reflector only
when it is 7 degrees or more above the horizon.
This limitation in effect contracts the contour
areas in the polar-projection map, which were
drawn with the assumption that signals would be
received right down to the horizon.

How serious is this limitation? Suppose we
consider satellites 3,000 miles high and use them
only when they are at least 7 degrees above the
horizon. Average visibility per rotation will thus
be less than the 22 per cent listed in the first
table, but if we put more and more satellites up,
the result is an increase in the percentage of time
that at least one satellite is visible. For 24 satel-
lites, at least one satellite would be available to
both Newfoundland and Scotland for 99 per cent
of the time. The interruptions would occur at
predictable intervals, and would therefore be less
serious than if they were random in time. The
second table (see below) lists some other possibil-
ities for different minimum angles and percent-
ages of service interruptions.

The next obvious question is whether trans-
mitters and antennas are available for such
communication. Assuming an operating frequen-
¢y of 2 kilomegacycles, a 40 db signal-to-noise
ratio, and 100-foot spherical reflectors at 3,000

miles, we have calculated that we would need
antennas 150 feet in diameter and transmitter
power of 100 kilowatts. Antennas of this size
have been used, and the required power could
be obtained by paralleling ten commercially
available tubes. At present, however, we cannot
be sure that the required type of satellite reflector
would withstand the conditions of space and
maintain its shape in orbit.

Need for Knowledge

At this stage the reader may feel that this
i1s exoticism with a vengeance. We have perhaps
raised more questions than those we have tried
to answer. Aside from the problem of costs,
which can hardly be handled definitively at this
early date, the technical problems are extensive.
But herein lies the point of this discussion —
we need more fundamental knowledge of the
possibilities before we can begin to think realis-
tically of actual systems. And the only way we
know of to get this knowledge is to continue our
traditions of careful search, study of the prob-
lems, and measurement.

On March 19, T. Keith Glennan, Administrator
of the National Aeronautics and Space Admin-
istration (NASA), announced plans to launch
several satellite spheres next vear. These experi-
mental spheres, fabricated from an aluminized
plastic, are to be 100 feet in diameter. The an-
nouncement also mentioned the plan to establish
communications between an 85-foot tracking an-
tenna at Goldstone, California, and communica-
tions facilities on the East Coast, including

Number of Randomly Spaced Satellites Needed for Various
Minimum Elevation Angles and Percentages of Interruption

. Percentage of Interruption
Minimum Elevation
Angle in Degrees
10% 5% 1%
0 9 12 19
3.25 11 14 21
7.25 12 15 24
12.60 17 22 33

Assumptions: Terminals in Newfoundland and Hebrides; Polar

orbits at 3000-mile height.
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Plastic sphere, 100 feet in diameter, of type to be
used in satellite transmission experiments. In or-

Bell Laboratories equipment at Holmdel. The
Goldstone antenna is operated by the Jet Propul-
sion Laboratory of Pasadena, California, which
is owned by NASA and operated under contract
to the NASA by the California Institute of
Technology.

In connection with this type of work, then,
what are some of the specific problems on which
we have worked, and what are some of the
problems concerning which we need additional
knowledge?

While we have a very good maser in the
6,000 me range, there is still some room for im-
provement. and we need masers for other fre-
quencies. A related problem is that some types
of antennas tend to pick up noise from all di-
rections, so we are adapting the horn-reflector
type antenna, which does not have this defect.
With such equipment, we have already made
measurements of sky temperatures which check
the theoretical curves shown on page 324. We
believe that these antennas may also have many
uses in radio astronompy.
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hit, thin plastic with aluminized surface will re-
fleet wicrowaves. (Photo courtesy of the NASA.)

We have made some studies of the effect of
ultraviolet light on the properties of aluminized
Mylar, and for this material we have investigated
absorption at various wavelengths to tell us
the temperature a satellite might attain in space.

Other obvious fields for additional work are
those of propagation measurements, guidance,
and the many components besides masers and
antennas that must go into any experimental
system, A very important need is highly reliable
components for experiments with active satellite
repeaters. We have inaugurated work on such
components.

This need for further study should emphasize
that today we have no proven answers to the
problem of overseas broad-band radio communi-
cations. If we ever turn on our television sets
and view a European event beamed by radio
across the Atlantic, it may come to us over a
system no one has even thought of vet. But in
the meantime, to assure the possibility we must
continue to pursue a vigorous and effective re-
search program.
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R. L. Batdorf and F. M. Smits

The Diffusion of Impurities

Into Evaporating Silicon

The use of silicon as a semiconductor material
is rapidly expanding. Many diodes, solar batteries,
and transistors made from silicon are now
commercially available, and more refined and
improved devices are under development at Bell
Telephone Laboratories and in other companies.

A piece of single-crystal semiconductor ma-
terial is the heart of all these devices. After ex-
tensive purifications, these materials are “doped”
with special impurities in controlled amounts.
Depending on our choice of impurities, we can
form n-tyvpe or p-tvpe semiconductors. In these
two types. electric current is carried by different
carriers — namely, electrons in n-type and “holes”
(vacant electron states) in p-type material.

The fact that it is possible to form regions
of electron conduction and regions of hole con-
duction within a piece of single-crystal semi-
conductor material is the basis for the operation
of most semiconductor junction devices. The
transition from n-type material to p-tvpe ma-

terial is called a p-n junction, and it usually has
rectifying properties. Diodes and solar batteries
contain just a single p-n junction, while tran-
sistors require at least two p-n junctions in a
precise geometrical relationship.

The introduction of necessary impurities is
therefore very important in the production of
device structures. A key method by which such
impurities can be introduced is the technique
of solid-state diffusion (RECORD, December,
1956), which allows accurate control of the
depth to which an impurity is introduced. Our
chief concern here is a new Bell Laboratories
technique for solid-state diffusion of impuri-
ties into wafers of silicon.

The process of diffusion is based on the ran-
dom thermal migration of atoms. In solid ma-
terials, such migration is generally negligible
at room temperature. With increasing tempera-
ture, however, this motion becomes more and
more significant. An impurity brought into con-
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tact with a silicon surface will be mixed — on
an atomic scale — with the solid silicon at a
rate mainly determined by the thermal motion.
It is this process which is called diffusion. At the
surface, the impurity will have its maximum con-
centration and the concentration will decrease
with increasing depth. As time progresses, the
point at which the concentration decreases to a
certain fraction of the surface concentration will
move deeper into the solid. The velocity of this
point decreases as the depth increases.

Diffusion and Evaporation

In silicon, doping elements of the group boron,
aluminum, gallium, indium (Group III of the
periodic table) produce p-type material, whereas
the group phosphorus, arsenic, antimony, bis-
muth (Group V of the perioedic table) produce
n-type material. In practice, most diffusions of
these elements into silicon must be carried out
at temperatures above 1000°C and certainly be-
low the silicon melting point at 1412°C. In this
temperature range, silicon is extremely reactive,
making a clean surface difficult to maintain. Yet
a clean surface is very important for further
processing of the material.

The new diffusion technique utilizes a vac-
uum system where the only vapors present
are those of a diffusing impurity and of silicon.
The impurity vapor is in contact with the silicon
surface and thus diffuses into the silicon. Under
these experimental conditions, the rate of evap-
oration of the silicon becomes comparable to the
rate of diffusion of these elements. This evap-
oration affects the distribution of impurities in
the solid and assures a surface of sufficient clean-
liness for device application.

Because of evaporation, the surface of the sili-
con is constantly receding with a given velocity.
Since, as we pointed out before, the penetration
rate of the diffusing impurity decreases with
increasing depth, there will thus be a certain
depth at which the rate of diffusion is equal to
the velocity at which the surface is evaporating.
Therefore, only a finite penetration is possible
under an evaporating surface,

If an impurity is diffused into material which
is uniformly doped with an impurity of the op-
posite conductivity type, a p-n junction occurs
where the concentration of the diffused distribu-
tion equals the concentration of the body doping.
To fabricate, for example, an n-type layer on
p-type material, we would use any one of the
elements of Group V as the diffusing impurity.
The different elements, however, diffuse with
different rates, which are measured by the dif-
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The difinsion bucket and system used for the si-
multaneons diffusion of phosphorus and gallivm
into stlicon. Bucket consists of a tantalum cylin-
der suspended from a liquid nitrogen trap in a
quartz vacuum station. An RF cotl around the
quartz envelope heats diffusion bucket by induc-
Hon, Individual silicon samples are held in jig.



fusion coefficients. Phosphorus, for instance, has
a higher diffusion coeflicient (at a given tem-
perature) than arsenic. It is clear, therefore,
that a steady-state layer produced by phospho-
rus diffusion would be thicker than one pro-
duced by arsenic diffusion.

The rate of evaporation of silicon from the
silicon sample is an additional parameter con-
trolling the thickness of a diffused layer. This
rate also increases strongly with temperature.
But even at a given temperature, it can be
changed. It will have a maximum value if the
silicon is heated in a nearly perfect vacuum —
that is, if all atoms leaving the silicon are re-
moved without colliding with the surface. Sili-
con heated in an all-silicon container would have
zero evaporation rate. Generally, rate of evapora-
tion will depend on the geometry and material of
the container and on amount of silicon present.

Clearly, with no evaporation taking place, we
cannot achieve a steady-state layer, and the layer
thickness will continue to increase for longer
and longer diffusion times. On the other hand,
with the highest rate of evaporation, the steady-
state layer would have a minimum thickness.
We see, therefore, that an increase in the rate
of evaporation of silicon decreases the layer
thickness, while we showed previously that an
increase in the rate of diffusion of the impurity
restlts in an increase of the layer thickness.
Joth rates, however, increase with increasing
temperature. Thus the steady-state layer thick-
ness would be temperature insensitive if the two

B 2 e ]
F. M. Smits (top) and R. L. Batdorf viewing the

heated diffusion bucket inside the quartz enve-
lope, which is civeled by the RF indiction coll,

effects just cancel each other. For the diffusion
of Group III and Group V elements, it turns
out that their rates of diffusion increase some-
what more slowly with temperature than the
rate of silicon evaporation, with the result that
the layer thickness decreases somewhat with in-
creasing temperature.

The diffusion chamber must be constantly
evacuated to maintain the partial pressure of
undesired impurity-vapors and gases Dbelow a
minimum value. At the same time, the partial
pressure of the desired impurity must be main-
tained within this chamber. The only way this
can be done is to have a constant flow of doping
vapor through the chamber.

Sometimes we would prefer to diffuse two im-
purities simultaneously — one to produce p-type
semiconductor material, and one to produce n-type
semiconductor material. Under the proper con-
ditions, we then can produce double-diffused
n-p-n structures for transistors.

Diffusion Apparatus

A diffusion syvstem used for the simultaneous
diffusion of phosphorus and gallium into silicon
is shown in the drawing on the preceding page.
The diffusion “bucket” consists of a tantalum
evlinder suspended from a liquid nitrogen “trap”
in a quartz vacuum station. Such a trap freezes
certain undesirable gases and thus aids in cre-
ating a good vacuum. The vacuum line is opened
with a standard taper joint located well above
the lower end of the liquid nitrogen trap. This
location is necessary to assure that all of the
hydrocarbons from the stop-cock grease are con-
densed to prevent the formation of silicon car-
bide on the surface of the samples. An RF coil
around the quartz envelope heats the diffusion
bucket by induction. The photograph on this page
shows the laboratory arrangement for this diffu-
sion system.

The diffusion bucket contains radiation shields
to assure a uniform temperature in the diffusion
chamber. The interior of the bucket is pumped
through an opening in the lid, and the base is
fitted with two smaller tantalum tubes, one of
which fits closely into an extension of the quartz
envelope. Phosphorus vapor is supplied from a
gquantity of red phosphorus placed in this ex-
tension tube (bottom of the first drawing),
which is heated by a heating bath. The second
tantalum tube contains a graphite crucible which
holds metallic gallium. A temperature gradient
of several hundred degrees exists along this sec-
ond tube when the bucket is heated to the dif-
fusion temperature. Consequently the tempera-
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ture. and hence the vapor pressure, of the galli-
um may be varied by moving the crucible within
this tube. The temperature of the diffusion cham-
ber itself was measured by taking a pyrometer
reading on the outside surface of the bucket.

Individual silicon samples are held in a tan-
talum jig so that one side of each piece of silicon
is not exposed to the direct evaporation from
another silicon surface.

Surface Concentration and Evaporation

As we pointed out before, the rate of evapora-
tion depends on the particular arrangement of
the silicon sample in the container and on the
container itself. For this reason the rate of
evaporation under actual experimental condi-
tions has been determined by observing the loss
in weight of silicon samples. The only modifica-
tion necessary for these experiments was the
elimination of the sample holder. In some ex-
periments our samples were suspended from a
thin tantalum wire, thus exposing essentially
the entire sample surface to evaporation. In
other experiments the samples rested on another
silicon piece, thus exposing only one surface to
evaporation. The graph shows the rates of evapo-
ration for the two configurations are in close
agreement.

Most diffusions were performed with phospho-
rus and gallium as the diffusants, and some ex-
periments were also carried out with arsenic
and indium. Single n-type layers on p-type ma-
terial were produced with phosphorus as the dif-
fusant. The bucket used in these experiments
contained only one extension tube, and surface
concentrations for the n-type diffused layers
have been varied over several orders of magni-
tude. The upper limit of surface concentration
is about 7 x 10" atoms per cu cm; excellent control
is possible from this limit down to 5 x 10' and
probably lower. We performed similar experi-
ments with gallium to obtain single p-type layers
on n-type material, but these were done in the
bucket designed for double diffusion.

By changing the gallium temperature, the sur-
face concentration could be varied from approx-
imately 10 to less than 10" atoms per cu em by
moving the graphite holder from the top to the
bottom of the extension tube.

Since the rate of diffusion of gallium is some-
what higher than that of phosphorus, n-p-n
structures can be obtained on n-type material
by properly choosing the surface concentrations
of phosphorus and gallium respectively. The ra-
tio of the surface concentration of the two dif-
fused layers essentially determines the thick-
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A graph te show the evaporation iceight of sili-
con samples during a typical phosphorus dif-
Ffuston. The evaporation data are plotted on the
left ordinate as silicon vapor pressure in milli-
meters of mercury; on the right the evapora-
tion rate ts shown in angstroms per second.

ness of the first (emitter) layer, while the thick-
ness of the second (base) layver can be adjusted
by the impurity concentration in the parent n-
type material. This method gave n-p-n struc-
tures for transistors with an alpha cutoff fre-
quency of 70 megacycles per second.

For device applications, the diffusion of im-
purities into an evaporating silicon surface is
very desirable since the resulting samples pos-
sess extremely clean curfaces. The steady-state
layers that form beneath this clean surface have
a small temperature dependence so that repro-
ducible results are obtained without an elabo-
rate temperature control of the diffusion chamber.
Single or double diffused structures can now be
produced by these techniques, and layer thickness
can be increased by restricting the evaporation
of silicon.

Because the transients at the start of the
process are unimportant, this process will have
a natural advantage for diffusions requiring low
surface concentrations. The vacuum diffusion
process might conceivably be used as a first step,
followed by diffusion in an oxidizing atmosphere
(eliminating evaporation) to obtain thicker dif-
fused layvers with low surface concentrations.



A new transeribed announcement machine
has a longer maximum message lime, and it
establishes a length of cycle to match
each new announcement. These features
should help to introduce new transcribed
message services in the Bell System.

C. R. Keith

A Variable=Cycle

Announcement Machine

Magnetic recording and reproducing machines
have been used for weather announcements in
the Bell System for more than twenty years. In
addition transcribed announcement machines
have recently been used for other types of an-
nouncements, such as “intercept” (“The number
vou have reached is not a working number...."”),
stock exchange, and call-delay quotation (See
RECORD, September, 1952, and September, 1955).
Sponsored weather reports and other recorded
announcements over the telephone are also be-
coming increasingly important. In the course
of a year, these machines may repeat announce-
ments more than a million times.

Each of these machines uses magnetic record-
ing, so the announcement may easily be changed
at any time. But in the first machines, all an-
nouncements had to be the same length (approxi-
mately 30 seconds) unless an appreciable “silent
time” was left between repetitions. In later ma-
chines, the announcement time could be changed,
but only by stopping the machine and manually
shifting gears or changing pulleys. In either case,

the announcement must be carefully composed so
that it justs fits the available time for which
the machine is set.

Such “tailoring™ of the announcement is elimi-
nated in a new recorder-reproducer. This heavy-

The drive mechanisms (left), the recording drum,
and (right) the brake arrangement and erase coil.
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duty announcing machine. made by Automatic
Electric Co. and designed to meet Bell System
requirements, automatically adjusts its playing
time to the length of the particular announce-
ment being recorded. While this variable-cycle
feature has been used in telephone answering
machines (RECORD, November, 1953), it has not
previously been made available in heavy-duty cen-
tral office equipment. Other valuable features in-
corporated in the new machine are a longer max-
imum announcement time (4 minutes), improved
gearless drive, and start-stop operation.

As in the case of the intercept and delay quo-
tation machines, the announcement is recorded
on a cylindrical magnetic band which field expe-
rience has shown to be substantially free of main-
tenance troubles over extended periods of time.
This band (BELL SYSTEM TECHNICAL JOURNAL,
May, 1953) has magnetic properties quite similar
to the tape used in home tape recorders. In addi-
tion, it provides an elastic surface conforming
to the magnetic head, making the adjustment of
the head much less critical than would be the case
if the head rested on a hard magnetic surface.
It is mounted on a heavy drum approximately 9
inches in diameter and 3% inches wide. A maxi-
mum recording time of four minutes is obtained
by using a comparatively narrow sound track and
a low drum speed (10 rpm). The recording head
is mounted on a slide rod which carries it over
the width of the drum in about 40 revolutions.
This makes a continuous track 0.055 inch wide
and over 100 feet long on the drum surface.

Accurate vretracing of the magnetic sound
track is important in order to allow close spacing
of the tracks without permitting the magnetic
head to trace more than one track at a time. The
required tracing accuracy is obtained by moving
the magnetic head across the band by means
of a feed screw. Motion is transmitted to the mag-
netic head by means of a half-nut (see drawing
on this page) which may be engaged with or
disengaged from the feed screw by the opera-
tion of a solenoid. In this drawing, the view is
from the rear of the machine, looking forward
to the magnetic head and recording band (upper
right in the drawing).

The magnetic head moves across the band
through the action of the head carriage running
vertically through the center of the drawing. To
set this arm in motion, the half-nut solenoid
(lower left) is operated, and this operation pulls
the bail and the lower part of the carriage arm.
The half-nut at the bottom of the arm thus en-
gages a feed screw on the drum shaft, and the
entire arm. carriage. slide rod, and magnetic
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Bastic motion of the magnetic head: the bail pulls
the half-nut against the feed screw, which moves
the magnetic head across the recording band.

head move as a unit so that the magnetic head
travels across the recording band.

Also shown, in the lower right part of this
drawing, are three cams on the drum shaft and
their corresponding switches. One of these flashes
a signal lamp when the available recording time
is nearly used up. Another causes a “cut through”
pulse that connects a customer to the machine
at the beginning of the message. The middle cam
of the three operates a switch that energizes the
half-nut solenoid to ensure that the half-nut
engages the feed screw only when the drum and
feed screw are in the proper angular position.

The illustration on the next page shows how
the variable cycle feature is obtained. This draw-
ing can be viewed as an upward extension of the
previous illustration — that is, it shows elements
above the head carriage and carriage slide rod,
which are repeated here. The basic purpose of
this mechanism is to place a stcp at the end of
the announcement.

Establishing the variable cyvcle consists of the
following actions, beginning when a new record-
ing is to be placed on the drum. The first step
is the erasure of the old announcement. At the
start of this erasure, a clamp coperated by the
limit-switch solenoid (left in drawing) releases.
A spring (upper left) now is free to pull back
the bar, across the upper center of the drawing,
containing a “variable-limit” switch. This as-
sembly is pulled back until it comes to rest at
its starting position against the upper part of
the magnetic-head carriage. Later. as the new



announcement is recorded — that is. as the mag-
netic head moves across the recording band —
the magnetic-head carriage pushes the switch
assembly forward so that its position always
has an exact correspondence to the position of
the magnetic head. Then, at the end of the dicta-
tion, the clamp solenoid is de-energized, allowing
the variable-limit switch assembly to be clamped
in that position, Now, when the magneti¢ head
tracks the recorded announcement in a subse-
quent playback, the switch is operated within a
few seconds after the last word is spoken. and
another cyele begins. In this way, each new an-
nouncement establishes its own length of cycle
within the limit agreed upon by the customer.
This outer limit, or maximum length of announce-
ment, is established by another limit switch,
indicated in the upper right of the drawing,
whose position is adjusted manually.

Drive Mechanism

The more important details of the drive mech-
anism can be seen in the illustration shown on
page 334, and again it will be helpful to con-
sider a standard series of operations, Imagine,
therefore, that a calling telephone user has just
listened to the recorded announcement, and that
for the moment there are no further requests
for service. At the right in this drawing, a sole-
noid operates to release a spring that presses a
brake against the inside rim of the drum. This
brake is set, however, only when the drum is in
the correct angular position — that is, when the
magnetie head is at the beginning of the an-
nouncement, ready for the next call.

An erase coil is also indicated in the right part
of the drawing. This coil extends the full width
of the recording band, so that the entire mes-
sage, regardless of length, is erased during one
turn of the drum. The coil is energized with 60-
cycle current, which is controlled by ecam-oper-
ated switches. At the end of one revolution of
the drum. the alternating current is caused to
decay for half a second before it is cut off. This
prevents formation of a ‘“noise bar” that would
result from a rapid decrease in magnetic flux.

The drum is driven by the combination “'puck”
and belt drive indicated in the left part of the
drawing. Power is supplied by an 875 rpm motor
especially designed for driving audio recording
equipment. The first reduction in speed is due to
a flat, impregnated fabric belt from the motor
shaft to an intermediate pulley. A spring-pressed
idler keeps the belt tight. The intermediate pulley
is mounted on a pivoted arm to which is attached

a spring and the plunger of a solenoid. When the
solenoid is energized, a roller on the pulley shaft
is engaged with a rubber friction band (not
the magnetic band) on the drum. In this drive
the roller or puck is pressed radially against
the driven drum to prevent any build-up of
pressure between the roller and the drum due to
a change in bearing friction. This is in contrast
to the usual puck drive in home phonographs
where the intermediate drive wheel is wedged
between the drive shaft and the driven turn-
table. When the solenoid is not energized, the
puck is out of contact with the drum, preventing
deformation of the rubber friction band.

Previous heavy-duty announcing machines have
been made to operate continuously whether or
not any customers’ lines are connected to the
machine. However, the new muachine operates
on a start-stop basis, so that when there are no
calls, the drum is stationary, the motor is turned
off, and the magnetic head is at the beginning
of the message. This system not only reduces
wear on mechanical parts but also increases the
probability that the calling party will hear the
beginning of the message when first connected
to the machine.

Various control circuits may be used with this
announcing machine to provide remote control
from another central office or from the customer's
premises. For maintenance, complete control of
the recorder-reproducer is also possible at the
equipment location.

The variable-limit switeh (conter) establishes «
time cycle for a particlar announcement; the
fired-limit switeh (upper vight) is set manwvally

to establish  maximum annonneement length,
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J. F. Chesterman

To be successful, a business inust keep its
records in order. This often means «a
sorting job of great magnitude — the
Telephone Companies, for example, must
sort millions of toll-message slips each year.
To cut down the time recuived for such
operations, Laboratories engineers have
joined the search for ways of sorting
business data on electronic computers.

Sorting Methods in
Large Business Operations

Sorting pieces of paper into some desired
order, based on a number or other criterion re-
corded on the paper itself. is a difficult and time-
consuming operation. Most of us are unaware
of this because we rarely encounter a sorting
problem more involved than arranging the 13
cards of a bridge hand, or sorting the cancelled
checks we receive from the bank at the end of
the month. We must imagine sorting hundreds
or even thousands of paper items (such as an
entire library catalog file), before we can ap-
preciate how large and complex sorting opera-
tions can be.

Large business must sort thousands of bills,
receipts or other records every day. Their prob-
lem is so great that they must devise special,
highly efficient sorting methods. For example.
the Operating Companies in the Bell System
must process two billion toll messages annually.
And despite postwar advances in direct distance
dialing, operators currently write about 80 per
cent of these messages on toll “tickets” measur-
ing 2V by 5 inches. A typical billing office will
receive about 75,000 tickets each business day;
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their daily sorting is a substantial undertaking,
as will be evident from a specific example.

A relatively small central office serving 3,000
customers will “generate” about 15,000 toll tick-
ets each month. These toll tickets must be sorted
into order according to the four digits of each
customer’s line number; this number is called the
“sorting key.” Other data on the ticket —for
example, the date of the call — might be used
as the key in other sorting operations. But for
purposes of illustration, the calling customer’s
line number is a convenient sorting key.

Because 15,000 toll tickets make a stack of
paper a little over eight feet high, the “sorter”
evidently needs special equipment. For this pur-
pose, Bell System Companies have found a ticket-
sorting rack to be highly efficient.

This device has one hundred pockets, num-
bered from 00 through 99. In the first of two
sorting stages. a clerk places each of the 15,000
tickets into one of the pockets, according to the
value of the two right-hand (units and tens)
digits of the line number. She then removes the
tickets and stacks them in a manner that pre-
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Clerks at an Automatic Message Accounting

center of the Southern New England Telephone

serves this initial ordering. They are then redis-
tributed among the 100 pockets based on the
two left-hand (hundreds and thousands) digits
of the line number.

The clerk removes the tickets after this second
sorting stage, starting with those in the “00”
pocket and placing those from each successive
pocket underneath. When she has completed this,
all of the tickets are in ascending order. It takes
about 13 hours to sort 15,000 toll tickets in this
manner, or the equivalent of two sorting clerks
working almost a full day. And this is only a
part of the total processing required for one
relatively small central office.

Obviously, we are constantly looking for less
time-consuming methods of sorting toll tickets.
But a major stumbling block has been the im-
possibility of replacing the human operator who
reads the numbers constituting the sorting key.
One solution is to record the toll message data
in the form of holes in punched cards, and this
has been done as a by-product of Automatic Mes-
sage Accounting. More recently, engineers have
designed special cards to be “mark-sensed” by
the operator at the time the call is made.

Machine sorting of punched cards is based on
the same method of using pockets, or slots, for
distributing the cards in stages. But for prac-
tical and economic reasons, ten slots are used in-
stead of 100. This requires twice as many sort-
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Company operate electro-mechanical card sorter.
This machine can sort 15.000 cards in two hours.

ing stages — one for each digit in the key num-
ber instead of one for each pair of digits. The
punched cards would be processed by an electro-
mechanical sorter like the one pictured on this
page.

This sorter works in the following way. For
the first of four stages, it distributes the cards
among one of ten slots based on the 0 to 9 value
of the umnits digit of the line number. A clerk
then removes the cards and stacks them to pre-
serve this initial order. The machine then dis-
tributes the cards a second time based on the 0
to 9 value of the tens digit. Two similar sorting
stages, using the hundreds and thousands digits,
respectively, complete the operation.

Punched card sorting is far superior to the
manual method because it takes a little less than
2 hours, or about one-seventh of the manual
time, to sort 15,000 toll tickets. Associated costs
reduce the economic advantage of punched-card
sorting somewhat; however, other billing opera-
tions, such as toll-message rating and printing,
can also be performed by electro-mechanical ma-
chines. Therefore, accounting departments in
the Operating Companies are tryving to inerease
the percentage of toll messages recorded on
punched cards to take advantage of the com-
bined savings from sorting, rating and printing.

In large accounting centers the cost of proc-
essing toll tickets, and that of the many other

338 <« Bell Laboratories Record



