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Foreword

The year 1925 marked the founding of Bell Laboratories and also the
first half century of the telephone. By that time there were 17 million
telephones in the United States, 12 million of them in the Bell System.
Alexander Graham Bell’s vision that “. . . a man in one part of the country
may communicate by word of mouth with another in a distant place” had
already become a reality.

The engineering and science that made this reality possible have been
recorded in the first volume of this series. Other volumes will describe
the succeeding contributions of Bell Laboratories to science and to tele-
communications technology. This volume tells the story of national
service by Bell Laboratories and Western Electric from pre-World War I1
to the mid-1970s. The central subject is engineering for urgent na-
tional-defense applications—how the technology of communications,
already richly endowed in the late 1930s was adapted quickly and in
manifold ways to the compelling needs of a nation at war. The United
States and its World War II allies gained decisive advantage from the cir-
cumstance that there existed this body of technology to draw from and
build upon.

During World War II, some 2,000 separate projects for the Army, Navy,
and National Defense Research Committee were pursued by Bell Labo-
ratories. These projects, in addition to major radar and gun director sys-
tems, included an encompassing range of specialized communications
equipment designed for aircraft, ground, and shipboard applications. The
systems were also designed for use in areas from battlefield to worldwide,
including global high-speed radio teletypewriter and telephone systems
having a degree of message security never before known. Greatly im-
proved sonar systems, a new magnetic airborne detector for locating
submarines, proximity fuzes, and extremely sensitive and rugged magnetic
mines were other innovations of the Bell System during the war years.
Also related in this volume are such little-known stories as the origin of
the bazooka, the development of an acoustic torpedo that during a critical
period sank 39 German U-boats and seriously damaged 18 others, and the
establishment of communications lines by paying out wire from aircraft.
In the area of materials research, important contributions were made in
the familiar fields of dielectrics, synthetic rubber, and magnetic materials,
and a most signif.cant advance was achieved in the separation of the Uzss
isotope.

Based on Bell System operations experience, it was realized early that

ix
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X Engineering and Science in the Bell System

the outpouring of new and sophisticated military equipment would be
effective only if its users were thoroughly trained. To this end, Bell
Laboratories School for War Training was established, and thousands of
officers were trained in the proper use and maintenance of communica-
tions and weapons systems. No less than 650 different instruction books
were written and published for this educational enterprise. In this level
of engineering support for work done for the Government, the Bell System
matches what the Western Electric Company, Bell Laboratories, and the
AT&T Headquarters staff provide for the Operating Companies of the
System.

The World War II history, not surprisingly, places heavy emphasis on
radar and sonar, two technologies firmly based on communications
science. Similarly based is the technology of the real-time electrical
control system. In the end, it is this technology and its related systems
that dominate the history here presented. This volume also tells about
systems engineering at Bell Laboratories and of the management at Bell
Laboratories and Western Electric that expedited the fulfiliment of wartime
needs for electronics.

In 1937, the Navy asked Bell Laboratories to investigate the possibility
of using radar for Navy fire control. To obtain the necessary sharp beams
with small antennas, a development program was initiated aiming for
much higher frequencies than those that were being investigated in the
government laboratories. From this early work, which was based on Bell
Laboratories” experience with microwaves for communications, a fire
control radar for the Navy was developed and put into production by
Western Electric before World War II—this radar was used in critical battles
in the South Pacific early in the war. Continuing its research and de-
velopment into the higher microwave bands, Bell Laboratories and
Western Electric produced all of the fire control radar used in Navy
ships—from submarines to battleships—during World WarIl. By war’s
end, over half the radars purchased by the armed services were units de-
signed at Bell Laboratories and manufactured by Western Electric. But
the design and production of radars as end products—as instruments, so
to speak—are only a part of the radar story. The M9 antiaircraft equip-
ment, designed by Bell Laboratories and built by Western Electric, used
radars as direction-finding instruments, but each M9 was more than a
radar. It was a functionally complete system: acquiring and tracking
targets by radar, computing gun positions, and issuing control signals to
the gun mounts. Late in 1943, shortly after the M9 was put into use, Lt.
Gen. L. H. Campbell, then Chief of Ordnance of the United States Army,
assessed the system:

The M9 Director, electrically operated, is, we feel in Ordnance, one of the

greatest advances in the art of fire control made during this war, and we an-
ticipate from the M9 Director very great things as the war goes on.
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And, indeed, the M9 system, which, as related in this volume, originated
in a dream of a Bell Laboratories engineer, was decisive in winning the
battle against the German buzz bombs that attacked London in 1944. And
it was critically effective at the Anzio beachhead in Italy, elsewhere on
the European continent, and at Saipan, Iwo Jima, and Okinawa in the
southwest Pacific. Adapting the best technology of its day, the M9 system
was designed not simply as a radar, but as a functionally complete entity
for target destruction. It is an example of the kind of systems work in
which Bell System people excel, being derived from our traditional
practice of devising complex telecommunications innovations.

Postwar, this history continues by tracing, from 1945 through 1975,
further activities in support of the nation’s defense that Bell Laboratories
and Western Electric were assigned—activities that were undertaken in
response to continuing needs and that were often extensions of wartime
research.

A new era in defense technology began in the early 1950s with the Bell
System development of the Nike-Ajax Air Defense System, the heart of
which was a computer-controlled guided missile. In 1953, early in the
Nike system’s service, General of the Army Omar Bradley wrote:

Perhaps the most consistently successful of our guided missiles is the
Army’s new anti-aircraft weapon, Nike, named after the Greek Goddess of
Victory . ... It can reach higher than any known bomber can fly, and out-
ward many miles beyond the range of AA guns.

Later systems—antiaircraft systems deployed in 1955, the Nike-Zeus
antimissile system demonstrated in 1962, the prototype Safeguard anti-
missile system deployed in 1974—were all similarly functionally complete.
Each design adapted the most appropriate technology of its day to the
purpose at hand. Successive designs were augmented by whole genera-
tions of new inventions.

Included here also are accounts of work by the Bellcomm and Sandia
Corporations—work done for the nation in a pattern different from that
used in Bell Labs’ conventional development of defense systems. These
activities were derived from technical-operations practices of the total Bell
System structure for research, development, manufacture, and use. In-
deed, they were reminders that an integrated industry can be a strong
national asset, to be called upon when needed. David Lilienthal, first
chairman of the Atomic Energy Commission, stated in his book Big Business:
A New Era that the Bell System was asked to manage the Sandia under-
taking for the AEC because

... capabilities of research, industrial techniques, and operation had to be
combined on the same team, with experience working together as a unit.

Bellcomm is another illustration of the Bell System’s ability to per-
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xii Engineering and Science in the Bell System

form a specialized national service. When the United States space pro-
gram was assigned the Apollo mission with its critical problems, NASA
turned to the Bell System for assistance. In response, Bellcomm was or-
ganized, under Bell Laboratories” leadership, to provide systems-engi-
neering support. Bellcomm resolved many decisive problems in the
ensuing ten years, and when the Apollo program was successfully con-
cluded, the Bell group was assimilated back into Bell Laboratories.

That the technical resources of Bell Laboratories and the large manu-
facturing capabilities of Western Electric could thus be mobilized to serve
the nation’s needs is encouraging evidence of the role of telecommuni-
cations as assumed by the Bell System. Each episode in this book illus-
trates the relationship of the broad science and technology of communi-
cations and control to national security and defense. Almost every case
further shows how Bell Laboratories in the engineering of diverse systems
has been able to assemble new, reliable resources out of novel, often un-
tried, components. And also, almost every example shows how Bell
Laboratories and Western Electric, together, manage the design, manu-
facture, installation, and continued support of complex systems and
equipment. Dean Harvey Brooks of the Harvard Engineering School,
writing in the Spring 1973 issue of Daedalus, the journal of the American
Academy of Arts and Sciences, commented on this organization of re-
search, development, and manufacture:

The Bell System represents the best example of a highly integrated techni-
cal structure in a high-technology industry and is widely regarded as the
most successful and innovative technical organization in the world.

We of the Bell System are proud of this judgment and the record it
implies. We see in it further affirmation of basic principles of technical
integration that have been built into the management of research and
development in the Bell System since the time, in 1907, that the engi-
neering forces in Western Electric and AT&T were consolidated. We are
grateful that, in 1940, Bell Laboratories was ready to take on, and was
given, tasks for the nation beyond even telecommunications services. Our
part in the preservation of freedom is a proud chapter in the historic record
of benefits that science and engineering bring to human progress.

W 0. Rl
W. O. Baker
President,

Bell Telephone Laboratories
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Chapter 1

Introduction

World War 11 was a technological war. It is not surprising, therefore, that Bell
Telephone Laboratories and its manufacturing associate, Western Electric, were
almost totally involved with a wide variety of technology-based military weapons
and defensive measures. This volume tells the story of Bell Laboratories in-
volvement in the war effort of 1937-1945 and the follow-through in the period
1945-1975 required by the postwar situation to assure a strong defense posture for
the United States. Bell Laboratories involvement was so varied that it is impractical
to relate all the facets of Bell military effort, and it has been necessary to select only
some outstanding examples. What is perhaps of greater importance than a de-
scription of the specific items produced for the military is the illustration of the
extent to which a research and development organization, well grounded in the
scientific method and using appropriate management techniques, could quickly
be adapted for technological work in completely new fields of endeavor. The
chapters which follow illustrate how this was accomplished despite the prewar
public disinterest in military preparedness and the effects of a catastrophic de-
pression prior to the war which seriously restricted the growth of United States
industry.

I. BELL SYSTEM TECHNOLOGY ENTERS ITS SECOND FIFTY YEARS

As noted in the first volume of this history, the Bell System, as it entered
the second 50 years of telephony, had every reason for anticipating great
growth both in plant and technology. By 1925, the long-desired nation-
wide communication network was being realized. Technology hacl passed
through the empirical stage, and a firm theoretical foundation was being
established based on research, analysis, and measurement. Research and
development had been consolidated in Bell Laboratories, and techniques
of management had evolved which greatly enhanced the effectiveness
of the organization through group effort and the promotion of internal
intellectual competition. Finally, an integrated organization provided
a means for efficient application of effort through close coordination of
research, development, and manufacturing, all carefully planned to meet
the needs of the user for a high-grade product under the overview of
unique quality assurance techniques.

Principal authors: W. H. C. Higgins and J. W. Emling.

3
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4 Engineering and Science in the Bell System

We shall see in other volumes of this history that the great hopes of 1925
were not only realized but exceeded in spite of two unforeseen catastrophic
events of worldwide impact. One of these was the Great Depression of
the 1930s. Even before the world economy recovered from this blow,
clouds were gathering—a forewarning of the second war that was to en-
gulf the world. Inall, nearly 15 of the second 50 years of telephony were
to be centered on these two events.

The effects of the Great Depression on the growth of telephone plant
and technology will be made apparent in other volumes. For the present,
it is only necessary to say that its impact was enormous, bringing about
the only period in telephone history with a decrease in stations and traffic.
In spite of this reversal of a 55-year trend, confidence in the soundness
of the principles on which the system was based did not falter, and despite
economic problems, research and development effort was continued at
Bell Laboratories at a productive level. As a consequence, a group of
knowledgeable people, equipped with advanced technology, was available
when the onset of war brought great demands on engineering and science
not only for a great increase in civil and military communications but also
for the development and manufacture of new, technologically based
military devices and systerns of great sophistication.

II. BELL SYSTEM’S ROLE IN MILITARY RESEARCH AND
DEVELOPMENT

The part played in serving the military needs of our country in the
second 50 years of telephony is the theme of this volume of A History of
Engineering and Science in the Bell System. Much of the volume is devoted
to the wartime years when a major part of the Bell Laboratories and
Western Electric Company effort was devoted to producing weapons and
other military hardware of many kinds. However, the military needs of
the country continued after the 1945 victories, and this volume also covers
outstanding contributions during these later years.

We should note some significant differences in the work carried out in
the two periods. During the war years, the prime objective of the Bell
System, as it was throughout the country, was winning the war, and any
task was undertaken by Bell for which there was a capability.! In the
post world war years, the major priority lay in building up the general
communications system needed by a strong nation with a prosperous and
expanding economy. An obligation to serve specific military needs of
the country was recognized and military R and D was continued in those
areas where the Bell System seemed to be particularly qualified. This
policy resulted in considerable emphasis on military communication
systems but, because of the extensive and often unique experience of

11t has been estimated that more than 70 percent of American scientists were engaged in
the war effort.
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personnel in the fields of radar and underwater sound, much work was
continued in those areas but it was very largely devoted to the design of
defensive systems.

III. EVENTS LEADING TO THE WAR EFFORT

Those who participated in the effort during the war will have a vivid
memory of the period, and the dates of the work to be described will
readily fall into a well-remembered framework of events. However, it
is roughly 40 years since the darkening skies provided the first hint of the
deluge to come. The memory of some readers may not go so far back; and
for these, Table 1-1 provides a list of some significant dates that will help
to place the work in a proper time frame. We may add, as additional
background, that in the 1920s and 1930s, World War I was remembered
as the “war to end all wars.” Expenditures for military preparedness
seemed unnecessary to the majority of people and their representatives.
The Great Depression made such expenditures even less popular, and in
many western countries, by the mid-1930s, there were strong leanings
toward isolationism and pacifism (the latter was particularly strong in
England). Under the circumstances, it is not surprising that the few fa-
cilities we had for fighting a war at this time were largely those suitable
for World War I conditions.

After World War I, there were some developments in aircraft, ship-
building, and so forth that involved private industry, but most military
development was carried out by the military organizations. Forexample,
the application of electronics to weapons was carried out almost entirely
by the U.S. Naval Research Laboratory and the U.S. Army Signal Corps
Laboratory. It was not until the late 1930s, when the German expansion
into neighboring countries caused misgiving to some farsighted people,
that a few industrial laboratories were approached for assistance in ad-
vancing research ideas from laboratory demonstrations into manufactu-
rable weapon systems. Radar, of which we shall hear much more later,
was probably the first such case involving the Bell System. The in-
volvement began in late 1937 when the Navy approached AT&T for dis-
cussions of a possible contract to expand the scope of research on this new
concept, which had been in the exploratory stage at the Naval Research
Laboratory during the previous three or four years. This ultimately led
to the major wartime project of Bell Laboratories and Western Electric:
more than half of all radars used by the United States forces in World War
Il were designed by Bell Laboratories and produced by Western
Electric. ,

However, AT&T was reluctant to enter into a formal development
contract on this project at that time. The Bell Laboratories research group
at Holmdel, New Jersey, had been working for a number of years on
projects that conceivably could be of use to radar development, but these
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Table 1-1.

Engineering and Science in the Bell System

Significant Events in the History of World War II

Date '

Event

Mar. 16, 1935

Mar. 7, 1936
Mar. 12, 1938

Sept. 29,1938

Mar. 10-16, 1939

Aug. 23,1939

Sept. 1-3, 1939

May-June 1940

July 1940-
June 1941

Sept. 2, 1940

Mar, 11, 1941
June 22, 1941

Dec. 7, 1941

May 3-8, 1942

June 4-7, 1942

Aug.7,1942

Hitler announced the institution of universal
military service and the creation of an air force.
German troops reoccupied the Rhineland zone that
had been demilitarized by the Treaty of Versailles

(1919).

Germany invaded Austria. The union of the two
countries was proclaimed a few days later.

In the Munich Agreement, which the British Prime
Minister believed would “bring peace for our
time,” Britain and France agreed to the cession of
part of Czechoslovakia to Germany.

The republic of Czechoslovakia was dissolved,
becoming a German protectorate.

Germany and Russia signed a nonaggression pact.
This startling about-face cleared the way for
Germany to attack Poland without fear of Russian

intervention and thus, in a sense, set off World
War II.

Germany invaded Poland on Sept. 1, and Britain and
France declared war on Germany on Sept. 3. Thus
began World War II.

The British were forced to retreat from France
(through Dunkirk), and France signed an
armistice with Germany on June 22.

The ““Battle of Britain” was a prolonged air-sea attack
on British cities, communications, and shipping
until the German attack on Russia.

The United States transferred 50 destroyers to
Britain in exchange for naval bases.

President Roosevelt signed the Lend-Lease Act.

Hitler’s armies invaded Russia in what became the
largest land battle in the history of warfare. The
British Prime Minister, Winston Churchill,
promised to assist Russia in every way possible.

The Japanese bombed Pearl Harbor and thus
brought the United States into the war.

In the Battle of the Coral Sea, a Japanese carrier force
suffered such heavy losses that the Japanese plan
to occupy Port Moresby on the southern coast of
New Guinea was canceled.

A Japanese naval force attempting to capture
Midway Island was heavily damaged and forced
to withdraw.

U.S. Marines began the long, bloody battle to take
Guadalcanal in the Solomon Islands northeast of
Australia.
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Table 1-1—Continued

Date Event

Nov. 8, 1942 An Anglo-American force under General
Eisenhower landed in French North Africa. The
British had been fighting in Libya and Egypt for

some time.

July 10, 1943 The Allies landed in Sicily.

Sept. 3, 1943 Italy accepted an armistice, and the campaign
against the Germans in Italy began.

Mar. 1944 General MacArthur was directed to prepare to

invade the Philippines. His forces landed on
Leyte in October.

Feb.-April 1944 U.S. forces attacked Iwo Jima on Feb. 19 and
Okinawa on April 1.

June 6, 1944 The Allied invasion of France began in Normandy.

May 7, 1945 An instrument of unconditional surrender was
signed by German representatives in Reims,
France.

Aug. 6, 1945 The first atomic bomb was dropped on the Japanese
city of Hiroshima.

Aug. 14, 1945 Japan accepted Allied terms of unconditional
surrender.

had been pursued largely to provide basic knowledge of the higher radio
frequencies, which would be of use for expanding telephone communi-
cations. In 1937, radar development seemed remote from the normal Bell
effort, and a considerable amount of exploratory work would certainly
have been required to demonstrate the technical feasibility of the system
desired by the Navy. Thus, Bell Laboratories start on radar was a modest
venture beginning with an agreement to conduct a year of exploratory
work at AT&T expense. This led to a demonstration of an advanced-model
radar in mid-1939 and to a contract for the design of a production version
to be manufactured by Western Electric, as covered in the next chapter.

Meanwhile, the signs of an impending war became more and more
evident, and the various laboratory areas began to explore other fields
where their capabilities might be useful.

Experience in World War 12 had shown the value of the Bell System’s
technical skills, and there was every indication that technology would be
of even more significance in the future. When the National Defense
Research Committee (NDRC) was established by executive order of
President Franklin D. Roosevelt on June 27, 1940, the action had been
anticipated by many persons, and the technical and manufacturing or-

2 For an account of Bell System activity and communications development during World
War |, see the first volume of this series; The Early Years, pp. 175-177, 368-385, 584585,
845-846, and 935.
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8 Engineering and Science in the Bell System

ganizations were prepared to join in the nationwide mobilization of
science and industry for technical warfare, which was the broad objective
of the National Defense Research Commiitee.3

The NDRC, which after a year came under the auspices of the newly
formed Office of Scientific Research and Development (OSRD), became
a remarkably effective organization in bringing together the scientists
from industry, academic circles, and military organizations in the United
States. Italso provided effective and highly productive liaison with their
counterparts in the Allied countries, particularly the United Kingdom.
Members of the NDRC were appointed by the President, and the com-
mittee was well financed by funds placed at the President’s disposal by
Congress. It was empowered “to correlate governmental and civil re-
search in fields of military importance outside of aeronautics.” It was to
“supplement, and not replace, activities of the military services,” and to
form a link between them and the National Academy of Sciences, leaning
on the latter for broad scientific advice and guidance. It was completely
free ““to enlist the support of scientific and educational institutions” and
“individual scientists and engineers, throughout the country.”4

The Committee itself was to consist of not more than 12 members drawn
from the Army, Navy, National Academy of Sciences, and other leading
scientific bodies. The supporting staff, drawn from industry and the ac-
ademic world, was organized into divisions having cognizance over var-
ious fields of technological warfare. The NDRC could contract for many
kinds of scientific studies but was not authorized to build and operate its
own laboratories. However, it could and did encourage academic insti-
tutions to establish laboratories that operated under contract with the
NDRC. One example was the Radiation Laboratory of The Massachusetts
Institute of Technology which, together with Bell Laboratories, designed
essentially all United States radars used in the war.

A truly remarkable degree of cooperation was achieved between the
military and civil R and D organizations, and in the latter, the industrial
and academic scientists worked together as never before in applying their
talents to the solution of problems-—not only those at the highest theo-
retical levels but also those arising in application and production.

Much of the success of the NDRC was owing to its nonbureaucratic
approach. There was little tendency toward preparation of long reports
transmitted through “channels” before action could be taken. There was

3 Frank B. Jewett, president of Bell Laboratories and of the National Academy of Sciences,
was one of those consulted by Vannevar Bush in formulating the proposal for the NDRC.
Jewett became chairman of the board of Bell Labs in 1940, a position he held until his re-
tirement in 1944. He was president of the National Academy from 1939 until 1947 and served
during the war as its representative on the NDRC.

% Bush, the first chairman of the NDRC and later director of the OSRD, thus described the
function of NDRC; see James Phinney Baxter, 3rd, Scientists Against Time (Boston: Little,
Brown, 1946), p. 15.
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much direct contact between the individuals concerned with a project,
regardless of the organization, civil or military, involved. Contracts were
made directly with the appropriate military organizations by both in-
dustrial and NDRC-promoted laboratories with only enough oversight
by the NDRC to assure that needed work was accomplished with little
duplication of effort. Emphasis was placed on getting the job done, and
this was achieved while preserving a remarkable degree of cooperation
among research groups and maintaining a very high level of security.

IV. BELL LABORATORIES MOBILIZES FOR WAR

From the very beginning of the war, work in the Bell System (and in-
deed elsewhere) was characterized by a tremendous sense of urgency—of
scientists and engineers working side by side around the clock to invent
and design against time, of preproduction shops to produce preliminary
models, of heroic efforts for mass production shops to produce early
models to meet urgent needs, of enormous efforts for mass production in
the factories of Western Electric (Fig. 1-1) and its many subcontractors, and
of rapid conversion of Bell Laboratories research and engineering staff
from peacetime activities to the application of its knowledge in developing
new instrumentalities for warfare.

The rapid conversion from Bell System communications type work to
military projects is well illustrated by Fig. 1-2. From a level of about 200
“equivalent members of technical staff”> in 1940, the number rose to well
over 2,000 by 1943. There was, however, very little increase in total sci-
entific and engineering staff. As one might expect, the research and de-
velopment expenditures followed a similar pattern, as shown in Fig. 1-3.
From the level of about 2.5 percent of the company budget in the year 1940,
work on military projects rose to nearly 85 percent of budget at the

eak.
P Even these figures do not give the full measure of Bell Labs” war effort.
Supporting the technical effort was a large staff of assistants carrying out
the clerical, secretarial, purchasing, security, and numerous other support
tasks. Since technical workers were in very short supply, their total
number did not change greatly during World War I, but their effective-
ness was greatly increased by the enlarged supporting staff, which resulted
in an increase in total employees from 4,600 early in 1941 to about 8,000
in the peak war years. But this, too, tells only part of the story. Earlyin
1942, the normal 48-hour work week was increased by nearly 40 percent,
and the actual hours worked often went far beyond, in some urgent cases
reaching 80 or 90 hours. Holidays were reduced to one or two per year.

5 An “equivalent member of technical staff” is a Bell Labs designation used to provide
a measure of number of technical people used. A scientist or engineer is a full member of
technical staff. Two supporting technicians are considered to be “equivalent to” one full
member of technical staff.
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10 Engineering and Science in the Bell System

(c)

Fig. 1-1. Western Electric production facilities in 1945. (a) Kearny, New Jersey.
(b) Hawthorne Works in Chicago. (c) Point Breeze Works in Baltimore, Mary-
land.
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12 Engineering and Science in the Bell System

The standard two-week vacation was retained for health reasons, but few
realized the full allotment.

Of the technical staff not actively assigned to military effort, practically
all were devoting their effort to the immense expansion in communica-
tions required to support the increased military and industrial mobiliza-
tion. This was an unglamorous and consequently somewhat unpopular
job, but those doing it were among the many unsung heroes of the war
and should not go unmentioned. Fortunately, development of carrier
systems during the depression years provided facilities for much of this
expansion with only minor additions to plant and minimal use of critical
materials. The capacity of main routes was often expanded manyfold by
the addition of a small cable and sometimes with no additional use of
copper at all. As the need for circuits increased and copper became in even
shorter supply, electronics technology developed means for multiplying
the available circuits by two through a frequency-translation and filtering
process that divided a normal circuit of nominal 3-kHz bandwidth into
two half-band circuits. This degraded quality of transmission somewhat,
but such circuits were still usable and indeed preferable to the long delays
which would have resulted from a lack of circuits. At the peak use of this
device,b essentially all circuits over 1,000 miles in length were of the
split-band type, and shorter ones were also used in critical situations.

Another facet of Bell Labs’ effort may not adequately be covered by the
expenditure and other data mentioned previously. Under normal con-
ditions, the support of Bell Laboratories was divided between AT&T and
Western Electric. Broadly speaking, AT&T paid for research, exploratory
development, and other items likely to be of use to any part of the Bell
System, the specific part being unpredictable in advance. Development
for manufacture was paid for by Western Electric and recovered through
the sale of products to its users. During the war years most Bell Labs
military work was done under contract with Western Electric (on a cost-
plus-fixed-fee basis),” with Bell Labs being a Western Electric subcon-
tractor. Under this arrangement, Bell Labs’ costs on a project were a part
of the Western Electric contract cost. This was a fair way to handle a
project for a military weapon, but AT&T was reluctant to have Western
Electric accept a contract for a research project which might ultimately
benefit the Bell System more than the military. For this reason, AT&T
bore the cost of a number of exploratory jobs until such time as it became
apparent that a contract would be appropriate because the specific work
covered could be aimed at developing a useful and producible military
device or system. Some of this reasoning was responsible for the AT&T

6 This was known as an “EB Bank.” Its conceptior has been attributed to C. W, Carter,
who had the substantial assistance of K. G. Van Wynen. The latter liked to refer to it as the
“amoeba,” since it multiplied by division.

7 All contracts were subject to renegotiation each year.
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payment for early radar exploration and also for research on a digital type
of communications system together with many other exploratory projects
of a fundamental nature.

V. SCOPE OF THE WARTIME EFFORT

The Bell System contributions to the successes of World War Il were as
varied as they were massive. They ran the gamut from the deeply scien-
tific at Bell Laboratories to expedited production of hundreds of millions
of dollars worth of highly sophisticated electronic equipment by Western
Electric; from research on materials for the atom bomb to training pro-
grams for the armed forces; from the development of radar for land, sea,
and air to the sending of trained field engineers to every theater of war;
from inventions conceived through necessity to the application of modern
quality control methods in the manufacture of shell cases; from high-speed
cameras capable of “stopping” a bullet in flight to hundreds of instruction
manuals; from maintaining the nation’s communications system in the
face of shortages in men and material to producing special radio and
wire-line communications systems for the front lines; from aircraft training
simulators to proximity fuses for shells; from sonar systems and homing
torpedoes to high-power loudspeakers for battle announcing aboard ship
and battle direction on newly won beachheads; from aircraft- and
blimp-mounted magnetic detection equipment for submarine location
to the electronic computers for gunfire control; from the development of
new magnetic materials to high-volume production of frequency stabi-
lizing crystals; from the bazooka and control of rocket launchers to in-
tercommunication systems for noisy aircraft; from electronic counter-
measure equipment to highly complex secrecy systems for communication
among the highest levels of the Allied governments.

Space limitations prevent the complete coverage of this varied list of
activities. We are obliged to be selective and have limited this history to
the coverage of a few of the activities which illustrate both the wide scope
of the work and the engineering and scientific capabilities which fitted
Bell Laboratories and its associated organizations for their extensive
contributions to the war effort. Therefore, this volume covers only four
areas of wartime effort which not only meet these criteria but also include
projects which rank among those having the greatest impact on the
prosecution of the war. Those chosen for a detailed account are radar in
its various forms, electrical computers, communications (both radio and
wire line), and acoustics in a wide variety of air- and water-transmitted
applications. Much additional work has been documented elsewhere,
and titles of these papers are included in the list of references.

The chapters on wartime applications of engineering and science are
followed by coverage of some of the postwar projects carried out between
1945 and 1975, a period when defense of the country against submarines
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14 Engineering and Science in the Bell System

and atomic weapons was the prime concern of the country. Since the Bell
System was very active in these fields, the later chapters of this volume
illustrate the effort by covering work on the following: submarine-de-
tection systems, systems for providing early warning of air attack, de-
fensive systems for countering attack of aircraft and ballistic missiles,
communications systems and networks for command and control, com-
puters for military application, millimeter waves, and sophisticated radar
modulation techniques.

VI. THE HUMAN SIDE

The main concern of this volume is with the design and production of
military weapons and other systems used ir. warfare. This approach tends
to emphasize hardware and to neglect the people who produced it and
made it work. In many cases it is possible to mention by name a few of
the people who participated, but it is hopec! that the reader will appreciate
that for each person named there were dozens more involved, working
long hours, traveling all over the world, and often sharing the risks of
those in active military service.

In addition to those engaged in design and production, there were two
groups that deserve special note, since they played such a large part in
making the development projects effective. These were the Western
Electric Field Engineering Force (FEF) and the Bell Labs School for War
Training.

The FEF was established first. It was obvious that the radar systems used
very complicated gear and that if they were shipped to the field without
special provision for training the operators and checking the equipment,
the chances of long and successful use were nil. This was particularly true
under the conditions of accelerated production necessary to make the
systems available at the earliest possible moment, and with the need for
frequent retrofitting to keep up with the rapidly advancing technology.
With some of these ideas in mind, the Navy, in mid-1941, asked Western
Electric if it would establish a field force to handle some of the technical
problems that were bound to arise. Western Electric chose J. S. Ward to
recruit, organize, and lead the FEF. He quickly gathered about a dozen
engineers who started training in Bell Laboratories. In September 1941
some of these first FEFs were receiving final “hands-on” experience in
testing the first Mark 3 radar aboard the cruiser U.S.S. Philadelphia on its
way to Norfolk, Virginia. Working long hours, often with the simplest
of tools (Fig. 1-4), these men tackled any problem which might arise with
Bell equipment (or any other critical situation which might arise). In the
first five days after the Japanese attack on December 7, one of the FEFs at
Pearl Harbor spent 85 hours repairing damaged radars and making new
installations.

This group, originally intended to number 20, grew to a force of 431 on
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Fig. 1-4. Typical Western Electric field engineer’s tool kit.

V-] Day. While Western Electric engineers formed the nucleus of the
FEFs, the large number and the special skills required made it necessary
in the long run for the FEF to recruit personnel from Bell System Operating
Telephone Companies, universities, and broadcasting stations—indeed,
from wherever men could be found who had both the proper technical
background and a taste for adventure under dangerous circumstances.
Three members of the group lost their lives in line of duty.

The original concept of the FEF called for a small force to assist in getting
the radar project started in the field, but the organization soon expanded
to include all Western Electric war products and all sorts of services.
Stated briefly, the FEFs were a sort of “emergency squad” handling all
kinds of jobs required to assure that Bell Laboratories designs and Western
Electric products would give high-quality field performance. In 1945,
for example, their job was carried out at some 119 different places in the
United States and at 80 locations overseas. About 40 percent of the force
received overseas assignments during some portion of 1945. There is
every reason to believe that without these men the complex electronic
weapons used in World War II would have proved far less effective than
they actually were.®

While the FEF could assure that the Bell System military equipment was

8 In October 1943, the Office of Scientific Research and Development established an Office
of Field Service similar to the FEF but with somewhat broader responsibilities.
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16 Engineering and Science in the Bell System

delivered and installed as a high-grade product, it could give o assurance
that it would be operated correctly. Operation was in the hands of the
military, and there was small prospect that an adequate number of skilled
men could be obtained through recruitment or selective service. Suc-
cessful operation required the training of large numbers of military per-
sonnel in basic electronic techniques and the use of military equipment
employing highly sophisticated electronic circuitry. The training had
to be supported by a highly informative set of training manuals, which
served not only as texts for training but as reference materials for solving
problems arising when the operator was on his own far from the original
source of instruction.

Shortly after the attack on Pearl Harbor, the armed services requested
Bell Laboratories to set up a school called the School for War Training in
which key men could be prepared to train others in military schools. A
faculty was quickly assembled from the Bell Laboratories staff. Most had
no prior experience with military electronics, but they had the ability to
absorb new technical concepts and impart them to others. The first class
began in April 1942. Before the end of the war some 125 courses were
given to a total of over 4,000 students, who varied in background from
radio repairmen fresh from their workbenches to graduate engineering
officers with months of training at M.LLT. All Naval officers training for
fire-control assignments attended the school, and a graduate of the school
was required aboard each major combat vessel. At its maximum enroll-
ment, the school, headed by R. K. Honaman as director, had a staff of about
75 instructors, mostly members of the Bell Laboratories technical staff or
engineers lent by the various Operating Telephone Companies.
These instructors were supported by a staff of clerks, guards, and labora-
tory technicians.

The school provided instruction on every major piece of equipment or
system developed by the Bell System. For each equipment there was a
special textbook. The development department had basic responsibility
for the technical details of each book, but the school faculty often wrote
the manuals and textbooks. To care for the rapidly expanding load of
publications writing, editing, and preparation, an editorial department
was established which worked closely with the training school and
technical departments involved in book preparation and publication. In
1944, 366 separate instruction books and manuals were prepared, aggre-
gating nearly 60,000 pages of text and 17,000 illustrations. In that year,
Bell Laboratories became the country’s largest publisher of new books.
A few of the books are shown in Fig. 1-5.

The members of the training school staff and the book editors were truly
among the unsung heroes of the war. They worked long hours in new
fields. They trained thousands of people and anonymously wrote hun-
dreds of books, yet they published no papers to give them personal fame.
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Fig. 1-5. Sample of instruction books and technical manuals produced by Bell
Laboratories for the armed services.

The FEFs were also part of this large anonymous group, working as they
did in remote parts of the world often in positions of great danger. For
all these people the chief satisfaction was the knowledge that without them
the sophisticated weapons produced for the Allied forces might well have
ended as piles of deteriorating electronics that had mastered their users
instead of being used to promote a successful conclusion to the war.

In retrospect, it is clear that much of the secret of the Allied success in
applying electronics to weaponry lay in the cooperation among the or-
ganizations involved and the close liaison among all members of the
production team from invention to installation and use of the firished
products. It was a truly remarkable example of what could be accom-
plished by a team of highly dissimilar individuals working in concert. It
was integration of effort at its best. While outstanding credit for this
successful cooperation must go to the individuals involved, no small part
is owing to the integrated organization that cultivated this approach as
the basic way for solving technical problems.
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‘Chapter 2
Radar

Radar systems, used for locating objects at a distance, played a most important
part in many phases of World War I1. In a sense it was a two-edged weapon. It
served not only to enhance the effectiveness of major offensive weapons in the air,
on the sea, and below its surface, but also to increase the capabilities of defensive
weapons in the three media. To a considerable degree, World War I was a battle
waged between scientists designing radar systems for these contending roles.

Development of this new instrumentality of warfare ranks among the very
highest in its contributions to the Allied victory in World War 11, and Bell Labo-
ratories played a much larger role in the development of radar than any other in-
dustrial laboratory.

Prior to 1937, knowledge of radar was closely restricted to military organizations,
but in that year the United States Navy asked the Bell System to provide assistance
on radar development and production. Until that time, neither Bell Laboratories
nor any other industrial laboratory had any direct knowledge or experience with
radar. However, it was known to the military that Bell Labs had considerable
experience with microwave transmission, antenna design, waveguides and other
technology which the Naval Research Laboratory experts believed would be of
value. This belief was well justified, since during the war years more than half
of all radars used by the United States armed forces were designed by Bell Labs and
produced by Western Electric, including nearly all of the fire control radar aboard
naval seaborne and undersea vessels. Bell Laboratories not only contributed to
all aspects of radar but also made major contributions to the fast-developing
technology on which the radar developments were based.

I. BACKGROUND

Radar is an acronym for “radio detection and ranging.”! As the origin
of the word implies, radar is a radio system for locating objects in terms

! The acronym has been variously attributed to Commander Samuel M. Tucker, IJ.S.N.,
and to R. M. Page, of the Naval Research Laboratory. In any event, the credit goes to the
U.S. Navy. Radar was made official for nonclassified use in a directive by the Office of Naval
Operations dated November 18, 1940.

Principal authors: W. C. Tinus, W. H. C. Higgins, J. W. Emling, W. H. Doherty, and L. R.
Walker
19
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of both distance and direction from the radar equipment. Itis unique in
a number of ways. Although usually employed for detecting solid objects,
it can be used for locating clouds, rain, or any perturbation associated with
a change in the dielectric constant of the transmission medium. Unlike
visual and aural detecting methods, it is effective far beyond the range of
sight and sound, being operable day or night and through the densest
smoke or fog. With these potentialities, it is obvious that radar was of
enormous interest and value to all branches of the military, not only de-
fensively (e.g., for preventing surprise attacks) but also offensively (e.g.,
for tracking enemy targets and even directing gunfire, bombs, and tor-
pedoes toward their targets).

As with many devices, the invention of radar cannot be attributed to
any one individual. It had its beginnings with the very first researches

_on radio, and over the years the concepts behind it grew as the radio art
advanced. But in 1937, when the Navy first approached AT&T about a
cooperative effort in the field, nothing about the concept of radar as a
military instrumentality was known outside the government laboratories
of a few major powers. A review of some of the background will give the
reader a notion of the embryonic state of the art and of the many problems
requiring solutions before radar could become an effective and manu-
facturable instrumentality.

Experimental radio began with the German physicist Heinrich Hertz
in the years 1884-1888 (see the first volume of this history, pp. 349--368).
He demonstrated that high-frequency electrical oscillations could produce
electrical phenomena at a distance and also recognized that the effect was
due to electromagnetic waves conforming to the laws of geometric optics.
Hertz thus substantiated the predictions of the Scottish physicist James
Clerk Maxwell, whose electromagnetic-wave equation had been published
some 20 years earlier, in 1867.

Nikola Tesla is said to have predicted radar in 1899 and Christian
Hiilsmeyer, a German engineer, was granted a British patent in 1904 on
an apparatus using radio waves as a navigational aid to ships. Marconi
also foresaw some of the potential of radio waves beyond communication
and as early as 1922 strongly urged the use of short radio waves for de-
tecting objects.?

But the principles on which radar is based can be clearly traced to the
work of Hertz. He showed that an object “illuminated” by electromag-
netic waves reflects a portion of the incident energy. Furthermore, he
proved that radio waves travel at the constant speed of light. The in-
vention of radar involved a specific application of these two facts. If one

2 For the history of radar preceding Bell Labs’ involvement, we are indebted in large part
to L. S. Howeth, History of Communications—Electronizs in the United States Navy (Washington,
D.C.: Government Printing Office, 1963).
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sends a very short pulse of radio energy toward a target, the returned echo
can be used to determine its direction relative to the source. The time
elapsing between transmission and arrival of the reflected pulse at the
point of transmission is a measure of the distance traveled (i.e., twice the
“range,” or distance, between transmitter and target). The conversion
of time intervals to physical distance was, of course, a simple matter since
the speed of light was accurately known.?

The first use of the ranging principle appears to have been made by G.
Breit and M. A. Tuve, of the Carnegie Institution, in collaboration with
the Naval Research Laboratory, for measuring the height of the iono-
sphere. Their work, carried out in 1925, confirmed the Kennelly-Heav-
iside theory about the ionosphere (1902) and added another link in the
chain of events leading to radar.

It was a logical and obvious step from the work of Breit and Tuve to the
concept of radar for object location, but it is difficult to assign credit to an
individual for taking that step because the potential value of radio location
for military purposes was quickly recognized by many organizations.
Quite independently, and almost simultaneously, exploratory work was
undertaken by government laboratories in the United States, England,
France, Germany and, to a lesser degree, in Japan—all, of course, in great
secrecy. However, it was roughly ten years after the Breit-Tuve work
before the technological developments required for making this seemingly
obvious step were achieved. And much more sophisticated technology
was required before the concept of radar was implemented as a practical
adjunct to warfare.

It appears that the world’s first radar equipment was designed and
constructed by the Naval Research Laboratory in 1934, but with mediocre
results. One year later, however, the Navy’s pulse radar was demonstrated
to high government officials and the Chief of the Bureau of Engineering
directed that the project be given the highest possible priority. In that
same year, the Naval Research Laboratory designed and developed a du-
plexer to permit the use of the same antenna for both transmission and
reception. Credit for this early work on radar must go principally to Dr.
R. M. Page and his associates at the Naval Research Laboratory.

The U.S. Signal Corps Laboratory was also active in the field, as were
military organizations abroad, but until 1937 when the Navy first ap-
proached AT&T, nothing was known outside of government laboratories
about this evolving technology.

At the beginning of the war, radar technology was at about the same
level of development in Germany, England, and the United States,
whereas that in Japan was much less advanced. As the war continued,

3 In some cases the range computation was not quite as simple as indicated, because at-
mospheric conditions sometimes cause radio waves to bend in transit, but for small ranges
the error is not large.
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United States technology was improved at a much greater pace than that -
of the Axis powers.

The United States supplied its armed forces with a tremendous volume
of specialized equipment of ever-increasing effectiveness, and military
personnel, in turn, rapidly mastered the new tools and modified strategy
and tactics to use them to maximum advantage. One possible reason why
the United States and its Allies advanced radar technology faster than the
Axis powers is that radar in its earliest useful form was regarded as a de-
fensive device—good only to give early warning of approaching aircraft
with a rough indication of direction and range. Both Germany and Japan
apparently had little interest in defensive developments, since they
planned to fight a blitzkreig war. A little later, when radar had become
a powerful aid to offensive military operations, they found themselves
hopelessly behind.

But this is only a partial explanation of the Allies” ultimate superiority
in radar. The United States concentrated its full effort in research, de-
velopment, design, and production on means for waging war. Not only
was the expenditure on radar multiplied 40-fold between 1940 and 1945,
but the technical development and application were accomplished with
great flexibility, which expanded its use and constantly took advantage
of new developments through retrofitting.

Radar performed many functions. A first and continuing one was to
give early warning of airborne and seaborne attackers. Its capabilities
were increased so that it could track individual attackers to which de-
fenders could be guided. The tracking capability was ultimately har-
nessed to gun directors, which automatically controlled artillery fire
against targets in the air and on the sea at distances far beyond the capa-
bility of optical instruments. It was also coupled to aircraft bombsight
equipment to give an accuracy at night that was comparable to daytime
performance.

While radars came to have a wide variety of forms, all have common
basic elements. These are:

1. A transmitter to generate high-power pulses of radio-frequency
energy at hundreds or thousands of megahertz;

4 The history of the development of radar components and systems in the different
countries is a fascinating subject which cannot be covered here. Since this is a history of
Bell System technology, we shall naturally emphasize Bell System radar development and
manufacture. However, it is only proper to note that United States and British work in the
field was well coordinated and new ideas, wherever created, were quickly shared with Allied
specialists. Each developer and manufacturer was free to apply and improve on innovations
made by another. Asa consequence, it is often difficult to assign credit for initial concepts
and practical applications of the literally hundreds of contributions in this field. Deserving
of special mention, however, is the Radiation Laboratory at Massachusetts Institute of
Technology, established in 1940 under an NDRC contract with M.L.T. This organization
carried out a most important program of research and development work. The 28-volume
Radiation Laboratory Series (McGraw-Hill, 1947-53) is a compendium of this organization’s
contributions.
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Table 2-1. Radar Frequency Bands

Band Approximate Midband
designation Frequency (MHz) Wavelength (cm)
P 300 100
L 1,000 30
S 3,000 10
X 10,000 3
K 20,000 1.5
Q 40,000 0.75
30,000

Mwavelength) in cm = -
f(frequency) in MHz

2. An antenna system to accept the transmitter output, to direct it to
“illuminate” the portion of space which is of interest, and to receive the
resulting echoes, or backscattered energy, from objects in the illuminated
space;

3. A receiver to detect and greatly amplify the returning signals; and

4. A video and display system to process the signals into the form de-
sired and to present them to the operator, usually on an oscilloscope.

Thus, a radar gathers intelligence from its surroundings as distinguished
from, say, radio broadcasting, which sends intelligence to its surroundings.
It is not a single instrument but a system consisting of many pieces of
' equipment designed to work together so as to meet the requirements of
the system’s intended function.

The portion of the spectrum used for radar can be described in several
ways, the length of the wave or its frequency being the main designations;
but workers in the field often used letters to indicate the general range.
Although wavelengths are of considerable significance in indicating radar
performance, frequency designations will be used where practical, since
this usage will be more consistent with other parts of this history. Table
2-1 shows the relations between the various classifications.

The early work on radar employed transmitters and receivers operating
in the vicinity of 200 megahertz (MHz) and using rather large antennas
(about 20 feet square). Radars useful for early warning resulted from that
work. However, it was clear to the Navy that much higher frequencies
would be required to extend the potential of this new technology from
early warning applications to the accuracies needed for control of gunfire,
an important naval radar objective.> Without higher frequencies it would

5 Higher frequencies were called for because highly directional antennas, needed for ac-
curate location of targets and for good resolution between targets, must have dimensions of
the order of 50 to 100 times the length of the wave. Moreover, while longer waves were
effective for detection of airborne targets at fairly long ranges, they were at a disadvantage
against the low-flying targets even at relatively short ranges.
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by the formation of the National Defense Research Committee (NDRC),
as described previously. This organization quickly arranged for the ex-
change of technical information among the Allies; and the magnetron was
one of the disclosures made by the first British technical team visiting this
country.

Immediately after the test of October 6, Bell Labs’ vacuum-tube experts,
under the guidance of James B. Fisk, scaled the British magnetron to op-
erate at 700 MHz to match the needs of the production radars already de-
signed in all other respects for that frequency. Work was also started on
other designs for systems yet to be conceived. Many important contri-
butions to magnetron theory and design are discussed at greater length
in Section IV of this chapter.

The activities of NDRC also brought into being the Radiation Laboratory
at M.I.T,, as pointed out above (Section 1), under the direction of Lee A.
DuBridge. Its purpose was the mobilization of scientists from the nation’s
universities in behalf of the defense effort on radar. Here again, the most
complete interchange of information was established with industrial or-
ganizations engaged in the war effort. Close collaboration was main-
tained between Bell Labs and the Radiation Laboratory throughout the
war. Much of the success of the Allies in World War II can be attributed
to such fine cooperation, both within the United States and among the
Allies.

II. TECHNOLOGY

Radar refers to no single instrument. Instead it is an assemblage of
equipment designed to work together as a system to meet the desired
overall objective. To a considerable extent the various types of radar in
World War II used a common technology, but each system was designed
specifically to meet the requirements of the application at hand. Thus,
radars assumed a great variety of sizes and shapes. Some involved massive
equipment for permanent installation on land or on a battleship; others
were lightweight assemblages that could be backpacked up a mountain
by the Marines. Still others were compact units fitted into the small spaces
available on aircraft and submarines. Fig. 2-1 illustrates some varieties
of radar equipment.

Basic to the radar project was the development of a whole new tech-
nology born just before World War Il and rapidly advancing in a very few
years as it was applied to more and more complex problems. The growth
of this technology quite appropriately constitutes a major part of this
chapter. During the war Bell Labs undertook about 100 major radar de-
velopments. Some 60 of these were carried through preparation of
manufacturing information, produced in large quantities by Western
Electric, and given wide use in combat. But even more important than
the magnitude of this radar production was the scientific and engineering
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(c)

Fig. 2-1. Radar Systems in use early in World War II. (a)
Fire control radar antenna. (b) Range-measuring radars (Mark
3 and Mark 4 below-decks equipment) on USS New Jersey. (c)
Aircraft early warning radar (AN /TPS-1) on Okinawa.
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contribution to the technology necessary for system implementation, as
well as the rapidity with which the work was accomplished. This came
about to a large extent because of the solid background of research on
high-frequency circuitry, waveguides, and other pertinent technology
carried out in the prewar years.

For convenience, the material in this section on technological innova-
tion and application is organized into sections dealing with specific radar
system components. The reader should be aware, however, that the
success of the radar work was highly dependent on the close coordination
of the effort on the various components so that the result was integrated
systems rather than an assemblage of parts.

2,1 Radar Transmitter

A little work was done before the war on CW (continuous wave) types
of radio object locators. This technique found application during and after
the war in altimeters for aircraft. It was particularly suitable for this use
wherein there was only one target—the earth below. For the more
complex case of many targets, the pulse-echo method was far more suit-
able. All of the following discussion pertains to this method.

The earliest radar transmitters developed in the military laboratories
just before the war, operating in the region of 100 to 200 MHz, used two
or more triodes or tetrodes in a self-excited oscillator circuit. Bell Labo-
ratories undertook further development of this system, designated
SCR-268, for manufacture by Western Electric at Kearny, New Jersey. In
an effort to get the maximum power output, one design employed a
number of tubes in a ring circuit, the connecting bars between the tubes
comprising the resonant circuit, as shown in Fig. 2-2. Such a circuit was
several wavelengths in circumference and hence had many possible modes
of oscillation. Nevertheless, by careful empirical design the tubes were
made to “pull together,” and a power output several times that of a simpler
circuit with two tubes was obtained.

Bell Labs’ first radar transmitter, shown in Fig. 2-3, designed as part of
the CXAS radar system, also employed triodes, but at the much higher
frequency of 700 MHz. No more than two could be made to behave
properly. As mentioned earlier, the original tubes had been designed
for a CW output of about 20 watts, but by overloading the filaments to get
more electron emission and by modulating as described in the next section,
a pulse power output of about 2 kW was obtained on a highly intermittent
duty basis. A tunable Lecher-rod mechanical system permitted the
transmitter to be adjusted in frequency over a range from 500 to 700
MHz,

Triodes of special design for intermittent duty were hurriedly developed
and played a part during the war in relatively low-frequency radar
transmitters, i.e., those operating at 200 MHz. As related in the preceding
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PRy

Fig.2-2. SCR-268 radar transmitter developed by U.S. military research labo-
ratories.

section and discussed more fully in Section IV, the opportunity for higher
frequencies came with the invention of the multicavity magnetron in
England in 1940. The device, duplicated and improved at Bell Labs in a
matter of days, laid the first sound basis for practical airborne radars, which
required at least 3,000 MHz to obtain a usefully narrow beam with an
antenna small enough to mount on an airplane. An enormous develop-
ment followed at Bell Labs and later at the Radiation Laboratory, as power
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DS R ko L

Fig.2-3. CXAS radar transmitter developed by Bell Laboratories.

and frequency were pushed ever upward and refinements like tunability
were added. The magnetron was universally used in all radars during
the war at 1,000 MHz and higher; some typical designs of it are illustrated
in Fig. 2-4.

2.2 Radar Modulator, or Pulser

Some of the early transmitters developed in the military laboratories
were “keyed,” or made to produce short pulses of output in the simplest
possible manner. The circuit was proportioned to act as a blocking os-
cillator; when oscillation started, the gricl capacitor rapidly charged to a
high negative voltage and stopped the plate current in an interval of a few
microseconds. When the charge on the grid capacitor leaked off, in per-
haps 1,000 microseconds, the cycle wouldl repeat. A small trigger pulse
was introduced to get uniform firing.

In Bell Labs’ first work at 700 MHz, it was immediately found that the
little triodes could be pushed to much higher power output if they were
relieved of all strain between the pulses. This was accomplished by using
a direct-coupled pulse amplifier effectively in series with the transmitter
oscillator and the power supply. Again no tubes suitable for this kind of
duty were available, and the necessary current capability to provide the
high-power pulse was therefore obtained by paralleling a number of
available tubes. The electron tube development department hurriedly
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Fig. 2-4. Several types of multicavity magnetron high-frequency, high-power
generators.

improved the design for this intermittent high-current duty and modu-
lators of this type were used in some radar systems throughout the war.
A simplified diagram of such a modulator driving the original two-tube
700-MHz oscillator is shown in Fig. 2-5. The capacitor at the output of
the power supply was made large enough so that the voltage supplied
during the pulse dropped only slightly. Also, so that the rectangular
shape of the pulse desired to minimize frequency change could be further
preserved, the capacitance load on the modulator tubes was held to a
minimum. The RF chassis was air insulated from ground with a minimum
solid-insulator support, and the filament power to the oscillator was
supplied similarly by an air-insulated transformer. The RF output was
from a coupling loop that isolated it from high dc voltages.

The air-insulated filament transformer was later universally used with
the cavity magnetrons, which were designed to have their anode at ground

\|
]

OSCILLATOR MODULATOR
SIGNAL

T I

Fig. 2-5. Simplified schematic of CXAS modulator.
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Fig. 2-6. Air-insulated filament transformer.

potential. A picture of an early model is shown in Fig. 2-6. It was typical
of the many new devices and problems that arose and had to be quickly
solved as radio and communication engineers hurriedly transferred their
skills from the familiar world of low frequencies, low voltages, and steady
state to the new world of much higher frequencies, high voltages, and
transient waveforms.

Since the rapid development of airborne radar immediately followed
the introduction of the magnetron, much effort was applied to devise a
very light modulator, or pulser, for aircraft. The most widely used was
called the line-type pulser. In this schemne, the energy required for a
single pulse was stored in an artificial lire—a network of coils and ca-
pacitors—and then dumped into the magnetron by a switch. The re-
quirements on the switch were severe. It had to withstand very high
voltage between pulses as the network was being charged, and then had
to be able to pass very heavy current during the brief interval of the pulse.
For efficiency, it also required a low voltage across it during the current-
carrying interval. The spark gap switch of the earliest days of radio
telegraphy was resurrected and served acmirably in this role, both as a

9 The interesting story of the development of spark gap switches for radar is given in detail
in Radar Systems and Components, pp. 270-309.
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(a)

(b)

Fig.2-7. Two types of spark gap switches. (a)Rotary
spark-gap modulator. (b) Three-gap spark pulser tube.
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rotary gap operating in air and as a fixed gap sealed in a gas-filled tube (see
Fig.2-7).8

Another, entirely different type of radar modulator was developed and
was used on many shipboard and all submarine radars. It was called the
“coil pulser” and depended for its switching action on the magnetic
properties of a nonlinear coil, examples of which are pictured in Fig. 2-8a
with the circuit and its characteristic effect shown in b, ¢, and d. Such
coils, operating at low power levels, had been developed during the 1930s
for use as harmonic generators in the telephone plant. One of these
low-power coils was, in fact, used as the radar pulse generator in the first
Navy radars. The remarkable development of similar coils to handle
hundreds of kilowatts was a natural evolution at Bell Laboratories, where
advanced magnetic materials had long been under development for var-
ious telephone applications. These modulators were particularly appli-
cable to radars requiring very short pulses and needed virtually no
maintenance.1?

2.3 Antenna

The earliest radar systems used separate antennas for transmitting and
receiving, which reduced to some extent the tremendous overload on the
receiver during the transmitted pulse. From the start, however, Bell Labs
was committed to a single antenna for transmitting and receiving to fa-
cilitate installation on shipboard. The first antenna for the CXAS ex-
perimental Navy radar employed a cylindrical parabolic reflector with
a linear array of dipoles along the focal line, as shown in Fig. 2-9. The
dipoles were connected together by a coaxial transmission-line harness
containing impedance-matching sections to present a matched load to the
single line going through one or more rotary joints to the radar unit. The
transmitter and receiver were connected to this line by a duplexing
technique described in the next section.

The antenna was 6 feet square—a dimension that had been targeted by
the Navy as being practical for general use aboard ship. The beam width
was about 12 degrees, but by means of a lobe-switching technique (de-
scribed in Section 2.7 below) the angular position of a target tracked in
this manner could be determined to about one-quarter degree. From this
early start, antennas assumed many sizes and shapes to fit the various
applications. Thus, for example, the antenna for the main battery on
battleships that fired only on surface targets was only 3 feet high but 12
feet wide, as shown in Fig. 2-10. This gave a broader beam in elevation
to prevent losing the target when the ship rolled and a narrower beam in
azimuth for greater angle accuracy.

10 The operation of coil pulsers is described in detail in ““Coil Pulsers for Radar,” in Radar
Systems and Components, pp. 257-269.
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Fig.2-8. Nonlinear coil and power pulsers used in radar transmitters. (a) Three
nonlinear coils and their containers. (b) Simplified power pulser diagram; L2 is
the nonlinear coil. (c) Rectangular wave of grid voltage impressed upon tetrode
of (b). (d) Plate current wave (i) corresponding to time scale of (b).
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Fig.2-11. An SE search-radar antenna.

At the higher frequencies that rapidly came into use, antennas were
generally smaller and took on a wide variety of shapes. Search antennas
for small ships were mounted in small cylindrical housings, as in Fig. 2-11,
transparent to the radar beam. Antennas for submarines presented a very
difficult mechanical design problem because they were mounted on a
rotatable tube, as shown in Figs. 2-12 and 2-13, and had to withstand tre-
mendous force in case of a crash dive at top speed. Moreover, the “feed”
had to be capped with a thick dielectric window that would not only
withstand the water pressure at great depths, but would reasonably ter-
minate the waveguide even when submerged. In some cases—for ex-
ample, the SH antenna for surface vessels shown in Fig. 2-14—it was de-
sirable to mount much of the radar equipment close to the antenna to
minimize transmission loss. Some Navy fire control antennas were de-
signed to rapidly scan electronically without movement of the assembly
asawhole. One type used in the Mark 8 fire control radar was the polyrod
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Fig.2-13. SJ radar antenna used on a submarine.
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Fig. 2-14. Radar equipment mounted adjacent to SH antenna.

antenna shown in Fig. 2-15. Each element of this array consisted of a fixed
vertical array of three polyrods. Fourteen of these elements were arranged
in a horizontal pattern with a spacing of about two wavelengths between
elements. Energy was distributed to the system through rotary phase
changers, which produced a beam that swept repeatedly from left to right
across the 30-degree scanning sector.

Fig.2-15. Polyrod antenna used with Mark 8 fire control radar.

TCI Library: www.telephonecollectors.info



40 Engineering and Science in the Bell System

Fig. 2-16. SCR-520 airborne radar antenna.

Airborne antennas usually consisted of sheet metal parabolas excited
by a feed horn or dipole at the focus. On large aircraft, they were usually
mounted on the belly of the airframe in a {ransparent radome for protec-
tion from the elements. A typical early design of this kind of antenna is
shown in Fig. 2-16. It was mounted on a two-axis mount and could be
rotated through 360 degrees to scan the entire horizon. Later designs were
made more efficient by using a wide aperture horizontally to increase the
horizontal resolution and a specially shaped surface in the vertical plane.
This arrangement directed most of the energy horizontally toward the
distant horizon and a lesser amount downward, where the distance re-
quired did not exceed the altitude of the aircraft. Similar shaping of an-
tenna fan beams was applied to ground-based antiaircraft search raclars
to illuminate more efficiently only the space in the vertical fan beam up
to the maximum altitude aircraft could fly.

The mounting of radar antennas on the unstable platforms of ships and
planes presented many complex problems caused by roll and pitch. For
the radar data to be useful in fire control, the effects of such motions had
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to be removed. InBell Labs’ first Navy radars, this was accomplished by
using the existing servo systems, which, in Navy parlance, “levelled and
cross-levelled” the older optical telescopes and optical range finders. In
these radars, the antenna was provided with atwo-axis mount atop the
optical gun director housing, with which it turned in azimuth and thus
provided the required three axes. Mechanical linkages were provided
between the optical devices and the antenna mount to remove roll and
pitch motions from the antenna itself. The basic data for controlling these
servos came from the ship’s stable vertical and gyro compasses.

In aircraft, it was usually not practical to use a three-axis mount for the
antenna. However, it was necessary to remove yaw and roll, which
tended to smear the radar picture on the oscilloscope. Yaw was corrected
by a servo controlled by the heading gyro, and roll was controlled by the
attitude gyro. In some cases, information from the radar was corrected
by data processing techniques rather than by stabilizing the antenna itself.
Thus, radar antenna mounts rapidly became a challenging object of study
full of difficult mechanical and electrical problems.

2.4 Duplexing

In radio communication, a common antenna is frequently used for
transmitting and receiving alternately, a mechanical switch providing
the transfer. In radar, transmitting and receiving is also an alternating
process, but the switching must be so rapid.that electronic rather than
mechanical means must be employed. In the first experimental radar,
this was accomplished as follows: A mechanically adjustable length of
coaxial line was used to connect the transmitter and the receiver to a
common junction leading to the antenna. For a particular operating
frequency, the lengths were adjusted so that during transmission the
overloaded receiver appeared at the junction as a high impedance and
absorbed little power, while during reception the transmitter appeared
at the junction as a high impedance and absorbed little of the weak re-
turning echoes. This operation depended on the fact that the transmitter
impedance was very different with power on and off, and the receiver
input (a “doorknob” vacuum tube) was a very low impedance under heavy
overload.

With the introduction of the much-higher-power magnetron trans-
mitters and with extremely delicate silicon crystal mixers as the only
practical input stage of the high-frequency receivers, which were rapidly
coming into use, much better protection of the receiver was required. The
Navy laboratory in the United States and the British organizations had
used crude gas-filled tubes to provide the switching function. Since this
appeared to be the best approach, a Bell Labs team was assigned to clevelop
improved transmit-receive (TR) tubes and to extend the technique to
higher frequencies. There were many problems to be solved. Ittooka
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(a) (b) (¢)

Fig. 2-17. Gas vacuum tubes used in radar trans-
mission and receiving components. (a)721A tube. (b)
1B23 tube. (c)724B tube.

gas tube a small but finite time to ionize and become a low impedance.
During this time a “spike” might get through which could damage crystal
mixers. This problem was solved by adding an igniter or “keep-alive”
electrode to provide some ionization before the transmitter came on.
There were also problems in obtaining a rapid recovery to high impedance
after the transmitted pulse, which were solved by proper gas filling.

As radar moved up to 3,000, 10,000, and finally 24,000 MHz, the “TR
box” became a major area of developing radar technology. It was no
longer practical to use adjustable lengths of coaxial line to obtain the im-
pedance transforming function. The gas tube became an integral part of
a high Q resonant cavity. Both the tube and the cavity had to be designed
with negligible or compensating temperature coefficients. Another gas
tube was added—dubbed the anti-transmit-receive (ATR) tube—to further
remove the effect of transmitter impedance. These precision assemblies
were designed to minimize or eliminate tedious adjustment during field
service.

Typical gas tubes for use in TR box assemblies are shown in Fig. 2-17.
These and other Bell Labs designs were made by Western Electric by the
hundreds of thousands, and they were used in nearly all United States
radars.

2.5 Radar Receiver

Since returning radar echoes are exceedingly weak, a very sensitive
receiver is required. Superheterodyne radio receivers of very high gain
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Fig. 2-18. Three generations of IF amplifier designs for military radar appli-
cations.

and stability had been used in communications long before the radar age.
However, when the first Bell Labs radar receiver was builtin 1938, it was
immediately apparent that some new tricks had to be learned fast. The
first new problem encountered was that a radar receiver is inevitably se-
verely overloaded during the transmitted pulse and is expected to be back
in business with high sensitivity a very few microseconds later. An or-
dinary intermediate-frequency (IF) amplifier, such as that used in radio
communications receivers, would, after such an overload, be completely
dead for many milliseconds. The reason is, of course, that the capacitors
in the isolation filters used to prevent feedback between stages, and
therefore obtain stability, would charge up during the overload and would
require a relatively long time to discharge. It was apparent that the time
constant of these isolation filters would have to be reduced by orders of
magnitude while still maintaining the required stability. This problem
was solved by careful mechanical design with very short connections.
As the radar program rapidly accelerated during the following years,
a great deal of effort was devoted to improving the IF amplifiers for use
in radar systems. Three successive generations are shown in Fig. 2-18.
The one on the right in the figure is notable in that it weighed only 9
ounces, had 100-dB gain with a 2-MHz bandwidth, and was completely
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stable with no adjustments. The amplifiers shown in the figure and the
vacuum tubes they used were developed at Bell Labs, each generation
incorporating improvements as the state of the art advanced. Of particular
importance was the low-noise 6AKS5 tube used in the smallest amplifier.
This tube was manufactured by the millions at Western Electric and several
other manufacturers, and became standard in all American and British
radars.

At radar frequencies there is no appreciable atmospheric static or
man-made interference. Thus the noise generated in the front end of the
receiver determines how weak a signal can be detected. In 1938, the best
available tube for either a radio-frequency (RF) amplifier or a mixer as
the first part of a 700-MHz receiver was a smaller version of the doorknob
tube used in the transmitter. The first experimental system used one of
these as an RF amplifier and another as the mixer. The noise figure of this
combination was about 24 dB!!—very bad by later standards. However,
before the first Navy fire control radars went into production, a two-stage
RF amplifier using the just-developed General Electric “Lighthouse” tube
was designed, which reduced the noise figure to about 9 dB. The im-
portance of this improvement can be appreciated by considering the basic
radar range equations, which are discussed in some detail in Section 2.10
below. Briefly, these equations show that the range can be doubled by
improving the receiver by 12 dB; to obtain an equivalent improvement
in range by increasing transmitter power would require an increase by
a factor of 16.

At frequencies of 1,000 MHz and higher the only device suitable for the
mixer as the first element in a radar receiver was the silicon crystal with
a “cat-whisker” contact—a throwback to the earliest days of radio, when
such detectors were commonplace. These crystal mixers, or converters,
had been used at the Holmdel Laboratory all during the 1930s in research
on microwave communications, in which much effort had been expended
on improving them. The noise figure was not too bad, but the mixers were
very easily damaged by the overload from the transmitter. This is un-
derstandable, since the leakage power from the transmitter had to be
dissipated at the tiny spot where the pointed cat-whisker touched the
crystal. The mixers were also easily damaged by shock or vibration, which
moved the point from the sensitive spot to which it had been adjusted.

With the advent of the magnetron, which solved the transmitter power
problem at 3,000 MHz, a major development effort was started to improve

11 The term noise figure is the ratio of the equivalent noise power at the input of the receiver
to the theoretical noise power (Johnson noise) attributable to the input resistance of the re-
ceiver. Itis given by the expression:

o Qutput ?ower/KTAf
gain

where T is temperature in degrees Kelvin, Af is the bandwidth of receiver, and K is
Boltzmann’s constant.
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Fig. 2-19. Silicon crystal rectifier for microwave radar receiver.

the crystal mixers in receivers. The availability of the necessary talent
in metallurgy, chemistry, and other fields made rapid progress possible.
Improved silicon with proper surface treatment made it unnecessary to
search for a sensitive spot; better structure, with a gel filling, greatly im-
proved resistance to shock and the effects of humidity. Better under-
standing of the material led to p- and n-type units—the beginnings of the
semiconductor revolution that occurred after the war. After the NDRC
was set up there was intimate cooperation with the British and with the
Radiation Lab at M.I.T. Crystal-mixer units were standardized, as shown
in Fig. 2-19, and made in very large quantities by Western Electric and
others. Thus, the critical “front-end” problem for radar receivers during
the war was solved by the simultaneous development of the TR tubes,
previously discussed, and more rugged crystal mixers.

Another essential part of a radar receiver is the beating oscillator. It
must provide a small amount of power which is offset from the transmitter
frequency by the IF frequency. Very fortunately for radar, the velocity-
modulated, or klystron, type of tube had been invented shortly before the
war. This was fully capable of oscillating at frequencies up to 3,000 MHz
and had been used at Holmdel as a low-power transmitter and in test
equipment for microwave transmission research for several years. A di-
ligent, sometimes almost desperate, attempt had been made at Bell Labs
during the first years of radar to push such tubes up to high power for use
in microwave transmitters—a completely abortive effort since the highest
pulse power obtained at 3,000 MHz was about 50 watts at the time the
British magnetron arrived on the scene and produced 10 kW. But, for the
beating oscillator supply in radar receivers, they proved to be a very good
answer. A large effort was started in Bell Labs to improve the early types
and to extend them to 10,000 MHz. Eventually, near the end of the war,
they reached 24,000 MHz. An enormous development effort was in-
volved as they were pushed upward in frequency and the refinements of
electronic tuning were added.!? Suffice it to say here that by the end of

12 Radar Systems and Components, pp. 578-581, 648-649.
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Fig. 2-20. Reflex oscillator with 3-cm range.

the war 11 general types (each usually including several varieties for
specific frequencies) were standardized by the United States and British
armed forces and produced in very large quantities by Western Electric
and others. Nine of the 11 were designed bty Bell Labs for production (one
is shown in Fig. 2-20) involving very tiny parts where millionths of an inch
were important. Some were designed cocperatively with the Radiation
Lab at M.I.T. after it was set up to contribute to this important field.
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35dB

~ Fig.2-21. Return signal from a B-26 aircraft at 10-cm wavelength as a function
of azimuth angle. (From Ridenour 1947, p. 76.)

Thus, the most critical problems in pushing radar up to the microwave
part of the spectrum were solved by the timely invention of the multicavity
magnetron for the transmitter, the improved crystal detector, and the re-
flex klystron for the beating oscillator in the receiver.

One other point regarding early radar receivers should be mentioned
here. Radar returning signals, like all other radio signals, fade up and
down with time—often over a very large range. A radar target behaves
much like a piece of tinsel illuminated by a flashlight. An aircraft, for
example, scatters energy received in all directions, with the “graininess”
of the scattered energy dependent on the wavelength of the incident en-
ergy. Fig. 2-21 shows the scattering pattern of a B-26. Since an aircraft
continually changes slightly in aspect in relation to the radar beam, the
received echo rapidly changes in strength over a very wide range.
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Fig. 2-22. Display of a cathode-ray oscilloscope supplied with a saw-tooth
wave—known as an A-scope presentation. Range increases from left to right.
(From Ridenour 1947, p. 165.)

The use of automatic gain control (AGC) in radio receivers to hold a
received signal constant as it faded had been standard practice for years
before the radar age. Butradar was different. The many echoes received
did not fade synchronously. What was required was means for holding
constant the amplitude of the particular target being tracked by a fire
control radar. This involved gating the particular echo being tracked and
causing it alone to adjust the receiver gain. This type of AGC, operating
on a signal that is present only during a tiny fraction of the total time, was
first accomplished in the initial fire control radars for the U.S. Navy, which

went into production in 1940. This problem is discussed further in Section
2.8 below.

2.6 Video and Indicator Systems

The output of the second detector of a radar receiver is a sequence of
video pulses resulting from the outgoing transmitter pulse, followed by
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Fig. 2-23. Range marks displayed on CXAS radar A-scope. (a) Normal. (b)
Expanded.

a train of pulses due to echoes from objects in the beam of the antenna. In
the early radars, these signals were amplified and applied to the vertical
deflection plates of a cathode-ray oscilloscope being supplied with a
sawtooth wave that started synchronously with the outgoing transmitter
pulse. Such a display became known as an “A-scope’ and appears as
shown in Fig. 2-22. A calibrated mask placed along the horizontal was
used to estimate range. This arrangement had served fairly well in radars
intended for early warning, in which accurate measurement of range was
not required.

Since Bell Labs’ first radar work was directed toward helping the Navy
realize its ambition of making radar a fire control instrument, better range
accuracy was essential. The first radar design of this type, manufactured
and demonstrated to the Navy in 1940, incorporated electronic range
marks displayed together with the radar signals as sharp vertical deflec-
tions on the A-scope, thus eliminating errors due to parallax, nonlinearity
in the sweep, etc. The sweep circuits also provided for expanding any
desired portion of the range scale for closer examination. This equipment
probably was the first to use electronic range marks, shown in the scope
display of Fig. 2-23.

The Navy Mark 3 and Mark 4 fire control radars which went into op-
erational use in the fleet in 1941 for main batteries (against surface targets)
and secondary batteries (against both aircraft and surface targets), re-
spectively, used a more complex electronic range mark system, which is
discussed in Section 2.7 below.

Many other types of radar indicators were devised to meet the needs
of particular applications during 1941 and 1942. One indicator widely
used in both ground- and air-based radars for search, early warning, and
air navigation was the plan position indicator (PPI). In this, the range
sweep on the oscilloscope is radial from the center of the tube, and the
sweep is rotated synchronously with the turning of the antenna. The
video signals are applied to the grid of the cathode-ray tube to modulate

TCI Library: www.telephonecollectors.info



50 Engineering and Science in the Bell System

Fig.2-24. PPl scope display of Cape Cod area scanned by 3-cm airborne radar.
(From Ridenour 1947, p. 277.)

the brightness of the spot on the screen. Thus, the tube presents a picture
of the surroundings as if they were illuminated by a powerful light at the
radar location and viewed from a point far above. The clarity of such a
presentation is shown in Fig. 2-24, which makes it apparent that radar was
indeed a major blessing for air navigation. In this picture, the radar data
have been arranged to portray a true maplike picture. This involved
delaying the start of the sweep until the first echoes arrived from directly
below the aircraft (otherwise there would be an open circle—the altitude
circle—in the center) and making the sweep nonlinear in order to present
true ground range.

The origin of the PPI idea is in doubt, since it apparently came to the
fore almost simultaneously among early radar workers in several labora-
tories in the United States and England. The credit for it is usually given
to R. M. Page of the Naval Research Laboratory.

Other types of indicators were devised. One, called the “B-scope,” was
a rectangular display with the range sweep vertical, the horizontal sweep
oscillating back and forth, or linearly from left to right as in the Navy Mark
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8, in synchronism with the antenna beam, and the signals again applied
to control the brightness of the display. It was widely used in air-to-
surface bombing radars and was applied in Bell Laboratories designs for
the SCR-517 and SCR-520 radars in 1941 and 1942.

Another widely used type of radar presentation was the C-scope, in
which horizontal deflection was again azimuth, and vertical deflection
was elevation; the signals were applied to brighten the spot. This pre-
sentation could only be used after a target had been selected from an A-
scope or other presentation and was gated out for presentation on the
C-scope. Otherwise, the noise from all ranges would pile up on the C-
scope and seriously reduce performance. Radars for aircraft intercept were
usually arranged so that the target could be selected and tracked in range
on a B-type presentation and then closed upon with the C-type presenta-
tion. These presentation methods were applied in the design of the
SCR-720 and APS-4 radars in 1942,

2.7 Measurement of Angles: the Field-of-View Problem

The angular resolving power of a radar is grossly inferior to that of the
eye or an optical instrument. Although a radar beam can provide useful
search or early warning information simply by scanning continuously
around the horizon, it is necessary to use more sophisticated methods to
obtain the angular accuracy of a small fraction of the beam width, which
is required for fire control. The initial solution for this problem was called
“lobe switching.” Itinvolved electronically causing the antehna beam to
shift rapidly between two positions, each slightly displaced from the an-
tenna mechanical axis, and synchronously causing the scope display to
shift back and forth by a small amount. Thus two signals from a single
target were seen side by side. They were of equal height only when the
target was precisely on the antenna axis. This scheme capitalizes on the
fact that the rate of change of signal with angle is zero on the nose of the
lobe, but quite rapid on the sides. It also gives “direction of error,” i.e.,
the operator knows which way to move his control to keep the two equal,
and thus can furnish smooth, slowly changing target angle to the com-
puter—an essential requirement for fire control. The process is illustrated
in Fig. 2-25. The signals, shown side by side on a scope, would be of equal
magnitude (as shown at the left in Fig. 2-25) only if the target was midway
between the extreme positions of the lobes, as shown by target A in the
figure. If the target, as shown by B, is at one side of the mid position, one
lobe will give a much stronger signal, as shown by the right-hand display.
This scheme was first applied by the Signal Corps Laboratory in the
SCR-268, a 200-MHz radar developed in 1938 and put into production by
Bell Labs and Western Electric in 1941. A picture of this equipment is
shown in Fig. 2-26. It employed three antennas on a common mount—
one for the transmitter, one for the elevation receiver, and one for the
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Fig. 2-25. Diagram of radar antenna lobe-switching principle.

azimuth receiver. Atangles well above the horizon an accuracy of about
1 degree was obtained. The SCR-268 radar was widely used throughout
the war for surveillance and for pointing searchlights but was hardly ac-
curate enough for fire control.

r—--r—'\“;'v-"v«“"f“ —— - j 4
| ﬁ §

J ¥ ! e
_= [

e

Fig.2-26. The 200 MHz SCR-268 radar.
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Fig. 2-27. Antenna lobe-switching system for Mark 2 and 3 radars.

The challenge posed to technical people by the U.S. Navy in 1940 was
to improve the accuracy of angle (and range, as discussed later) by a sub-
stantial factor, and to arrange the radar to fit the Navy’s existing optical
system and its associated data transmitting system so that the same oper-
ators could use both by simply moving their eyes from telescope to oscil-
loscope without hiatus in the smooth flow of data to the guns. This had
to be accomplished on a single antenna mechanically boresighted with-
the existing gyro-stabilized optics, and the development had to be carried
out on a very short schedule.’® Figure 2-27 shows how lobe switching
in azimuth was accomplished by a mechanical phase shifter in the antenna
feed system for the Radar Mark 3, used against surface targets, and Fig.
2-28 shows how the same principle was extended to both azimuth and
elevation in the Radar Mark 4, used against both surface and aircraft tar-
gets. The Mark 4 was probably the first radar anywhere to obtain accurate
information in all three coordinates with a single antenna. Tests were
carried out in 1943 on a destroyer firing against drones and towed sleeves

13 How this was accomplished is discussed in detail in Radar Systems and Components, pp.
26-55.
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at Cape May, New Jersey. This was the first time complete radar infor-
mation was used in firing against aircraft.

As radar frequencies moved up to 3,000 and 10,000 MHz, lobe switching
was accomplished in different ways. In some antiaircraft systems using
a parabolic dish reflector type of antenna, the dipole at the focal point was
rotated to cause the beam to sweep in a conical fashion about the axis of
the dish. This system caused the polarization of the signal to rotate also.
In other systems the point feed was made to nutate in a circle, which
maintained constant direction of polarization as the beam rotated. One
Bell Labs aircraft radar accomplished the same result by leaving the feed
fixed and rotating the dish, which was mounted slightly off axis. This
was thought to be advantageous because some targets had different ef-
fective areas for different polarizations, and rotating polarization could
introduce. synchronous ‘fading, which. would then put a bias into the
measurement.

One might suppose that to measure angles accurately the narrowest
possible beam should be used. While this is generally true, problems arise.
As with a high-power telescope, a narrow-beam radar has a small field of
view. Before one can track a target one must acquire it, and a broad field
of view is essential if this is to be done quickly. Many different ways to
reconcile these conflicting requirements were implemented during the
war and debate continued endlessly concerning their relative merits.
Some arrangements involved separate surveillance radars which trans-
mitted acquisition data in the form of rough azimuth and range to the fire
control radars. This was not acceptable to many experienced military
people, because the fire control radar was helpless if acquisition infor-
mation was unavailable for some reason, e.g., because of battle damage.
In other systems, the narrow-beam radar was switched to a different mode
for scanning a substantial field of view before being used to track. Vari-
ations of this scheme were used in most aircraft radars and in the radars
for the smaller automatic weapons on shipboard.

The first Bell Labs radars to be used in combat were the Navy’s Mark
3 with a 6-degree beam for surface targets directing the main battery, and
the Mark 4 with a 12-degree beam for aircraft targets directing the sec-
ondary battery. These systems were so successful in the initial clashes
with the Japanese in the Pacific that the fire control officers involved were
convinced the compromise between angle accuracy and field of view was
about optimum. They therefore wanted no part of the later, more modern
designs with narrower beams. The range operator could see all the targets
in the general direction of the one being fired upon, and could switch to
the next most threatening one in a very few seconds after the first had been
hit (which he could observe on the radar). This scheme worked well
against the tactics used by the Japanese in attacking a ship. The usual plan
was to send in a group of planes almost simultaneously from about the
same direction in an effort to overload both the fire control equipment
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and the guns on the ship in that quadrant. In spite of such tactics the
battleship South Dakota shot down an even 38 out of 38 attackers on October
16, 1942. A score like this made it difficult to sell the people involved a
better mousetrap as more modern radars were developed. Although later
designs were being installed on all new ships for several years, there were
still over 300 Mark 3’s and Mark 4’s in the fleet on V-] Day.

The convenience of relatively broad beams for easy acquisition is ac-
companied by some limitations, which the enemy in World War II was
quick to exploit. The Japanese learned to hide their ships in bays and
coves to take advantage of the limitation of our initial, relatively broad
beamed radars for control of the ship’s main battery. In this case, the beam
produced ground clutter over a wide angle, obscuring the return from the
target. Shortly after the magnetron made 3,000-MHz radar possible,
Commander Samuel M. Tucker, of the Bureau of Ships, pointedly posed
the problem to W. H. Doherty. Doherty’s recollection in his own words
is interesting:

Tucker’s concept on the FH (later called Mark 8) was that we should use
the narrow beam—2 degrees—that a 10-foot aperture at 10 cm would sup-
posedly give us, and somehow cover a wider field at the same time (he sug-
gested 30 degrees) so that other targets, as well as possibly shell splashes,
could be observed in combat. As well as I can remember, this was the first
time anyone had proposed a track-while-scan operation.

Feldman [Bell Labs’ C. B. Feldman] and I pondered this for some weeks.
He said a waveguide version of the MUSA'*] might be worked up for doing
the scan as fast as I thought necessary without having to wigwag the anten-
na. I'was much concerned with the presentation problem, and it seemed to
me that we couldn’t use slow scans and smudgy long-persistence screens.
From primitive television theory (and movie practice) we knew that 20
scans per second would be almost flickerless; so, for a weapon, as contrasted
with entertainment, I decided we should go half that fast. This meant that
with a pulse rate of around 1,600 and scanning 30 degrees, we should get
about 10 good hits on the target on each sweep, with some weaker trailing-
off ones on each end. The dots would be about ¥ degree apart.

Over a period of a few weeks I made a lot of crude pencil attempts to try
to depict what targets would look like, both with good signal-to-noise ratio
and when submerged in noise. Feldman (who knew a lot more about sig-
nal to noise than I) was very pessimistic: “No, Bill, you'll never do it.”
Tucker had said we had to try for Yjo-degree accuracy. [ reasoned that by
brightening one (range) sweep from a pip generator on the antenna phase
shifters and using it as the centerline marker, a Ys-degree spacing of the dots
should give me an accuracy of Y;o degree when viewed and averaged by the
eye for a second or two.

The Mark 8 was implemented on the basis of Doherty’s reasoning.
The scan was produced by a tapered phase shift over 14 fixed elements in

14 H. T. Friis and C. B. Feldman, A Multiple Unit Steerable Antenna for Short-Wave Re-
ception,” Bell System Technical |. 16 (July 1937), pp. 337-419.
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Fig. 2-29. Experimental “rocking horse” antenna—Mark 13 proto-
type.

a horizontal array. The shift was produced by high-speed rotating ele-
ments in round waveguide invented by A. G. Fox (U.S. Patent No.
2,438,119). The individual radiating elements were tapered polystyrene
rods. The “polyrod,” developed by Feldman and his colleagues, was an
extremely rugged radiator that gave the blunt-nosed pattern associated
with the end-fire radiators, plus freedom from side lobes as required by
the element spacing of the array. The difficult mechanical design was
carried out under A. K. Bohren. The assembly, necessarily heavy (as can
be seen in Fig. 2-15), found wide use on battleships and cruisers and played
a key role in many Pacific battles and in shore bombardment. The Navy
credited it with an accuracy of 1 mil—1;7 of a degree.

A third-generation fire control radar for main batteries of ships followed
the Mark 8. It was the Mark 13 at 10,000 MHz. At this shorter wavelength
it was possible to obtain a 0.9-degree beam with an 8-foot snowshoe-
shaped reflector, which was then wigwagged over a total angle of 10 de-
grees at 5 cycles (10 scans) per second by a very ingenious mechanical
design conceived by H. T. Friis of the Holmdel Laboratory. The antenna,
shown in Fig. 2-29, and dubbed the “rocking horse,” was almost perfectly
reaction-balanced to avoid vibration on the mount.

As indicated below in the discussion of microwave propagation (Section
2.10), when a radar beam is directed horizontally over a reflecting surface
(e.g., the ocean), the beam pattern in elevation breaks up into a many-lobed
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Fig. 2-30. Mark 4 antenna (right) and Mark 22

antenna (left) mounted above gun director on ship-
board.

interference pattern. In other words, at low elevation angles the broad-
beam radar sees both the real target and its image in the water. As the
signals fade, the elevation data wander up and down between the true and
false targets. Japanese flyers soon learned to come in very low. The
Navy’s first reaction was to fire into the water in front of the target and
depend on the splash to down the aircraft, and to use optical elevation
angle data if possible. Something had to be done quickly to improve the
elevation accuracy at low angles of the Mark 4.

A solution which could be carried out quickly was proposed by Ralph
Bown. Itinvolved adding asmall 10,000-MHz radar as an auxiliary facility
for the sole purpose of improving elevation data at low angles. The RF
unit from a current airborne system development was mounted on the
Mark 4 antenna and connected to a scanning snowshoe antenna supported
outboard on the Mark 4 antenna’s elevation axle, as shown in Fig. 2-30.
The snowshoe thus turned with the larger antenna in azimuth and ele-
vation but had a separate drive which caused it to scan up and down a few
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Fig.2-31. SCR-545 antiaircraft radar.

degrees, about twice per second, with respect to the larger antenna. An
additional small intensity-modulated indicator was provided for the ele-
vation operator. In it the operator could see the target and its image
separately and could thus provide good data. This auxiliary system was
called Mark 22. It was rushed through development and production and
delivered to the fleet within ten months of being proposed. It was re-
trofitted on all Mark 4’s and became an integral part of the second-gen-
eration Mark 12 Navy antiaircraft system.

Still other solutions were sought for the right compromise between
angular tracking accuracy and field of view. A bull-by-the-horns solution
was used by Bell Labs in the SCR-545, an antiaircraft radar for the Army.
In this system, both a 200-MHz radar with a wide field of view and a pre-
cision-tracking 3,000-MHz radar were on the same mount with interleaved
antennas, as shown in Fig. 2-31. The data from both were available to the
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operators. This radar was unique in that automatic tracking was provided
in all three coordinates. It was the world’s first radar with such capability.
It served the Army well in the Anzio beachhead area and in the Pacific
during the war. Its design was started under a Signal Corps contract late
in 1941. Just one year later a complete prototype was towed to Camp
Davis, North Carolina, for testing with 90-mm antiaircraft guns and the
T-15 electronic gun computer, discussed in Chapter 3. By overlapping
production with development, it was possible to deliver the first systems
in time for the Anzio beachhead operation.

2.8 Range Measurement

In Section 2.6 above, on indicator systems for radars, mention was made
of the stationary electronic range marks used on Bell Labs’ first experi-
mental radar. The production design required a much more sophisticated
arrangement, since it was necessary to provide an accurate and contin-
uously changing range signal to the gun computer.

The system developed to meet this requirement can be briefly described
as follows: It was decided that the maximum range scale should be several
times maximum gun range; hence, 100,000 yards was chosen. A radio
wave goes out to this distance and back to the source in the time corre-
sponding to one cycle of a 1.639-kHz oscillator. A master oscillator at this
frequency drove the transmitter through a nonlinear coil pulser that
caused the transmitter to fire at precisely the same point in each cycle. The
master oscillator signal and its 18th harmonic (29.5 kHz) were separately
put through two phase shifters which were geared together with precision
gears in the ratio of 18 to 1. The output of the low-speed phase shifter
produced a gate which selected a particular cycle of the 18th harmonic.
This was the input to the high-speed phase shifter, which in turn could
shift the phase of the range notch to be presented on the range oscillo-
scope. A diagram of this range-measuring system is shown in
Fig.2-32.15

The phase shifter was a specially shaped variable capacitor which, in
a suitable circuit, permitted continuously shifting phase through 360 de-
grees. It was the same as the shifter in a phase-measuring bridge that had
been designed by L. A. Meacham for use in measurements on communi-
cations circuits. It had an accuracy of about 1 part in 300, but by the use
of the two-speed scheme this improved to 1 part in 5,400 (300 X 18), which
met the accuracy requirements of the early radar: 100,000 yards divided
by 5,400, or about 18 yards.

The first Bell Labs airborne system used the range system described
above, but a new problem arose when the airborne systems were soon

15 A more complete description of the system is given in Radar Systems and Components,
pp. 39-43.
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changed to use spark gap pulsers to reduce system weight. There is sub-
stantial jitter in the firing time of a spark gap, which precludes the use of
a stable master oscillator as the range-measuring reference. This problem
was quickly solved by S. C. Hight, of the Whippany Lab, who substituted
for the master source a tuned circuit shock-excited directly from the spark
gap and quenched at the end of each range-measuring interval. A little
later Hight and Meacham collaborated in designing an improved system
of higher accuracy, smaller and lighter but using the same principles. It
was widely used on many different radar systems and became known as
the Hight-Meacham range unit.

An entirely different type of range unit was also developed at Whippany
by W. Shockley. It employed two piezoelectric crystals in a tempera-
ture-controlled column of liquid. One crystal was fixed at the end of the
column'and connected to launch a very short pulse of sonic waves down
the column synchronously with the outgoing pulse from the radar
transmitter. The second crystal was driven along the column by a preci-
sion lead s¢rew and connected so as to receive the sonic pulse that was
made to produce the range mark for the indicator. The velocity of the
sound wave in the liquid was accurately known; hence, the position of
the second crystal could be calibrated in terms of radar range. The ratio
of this velocity to that of radio waves in space was of the order of 1 to
1,000,000, so the unit was of convenient size. The Shockley range unit
was used in several Bell Labs submarine radars.

Shockley, along with J. Bardeen and W. H. Brattain, was later awarded
the Nobel Prize in Physics for the invention of the transistor a few years
after the war. He was typical of the many research scientists in Bell Labs
who laid agide their fundamental work for the duration of the war and
devoted themselves to helping with the pressing wartime engineering
problems.

2.9 Radar Data Transmission

The data obtained from radar were used for much more than providing
a simple display on a scope. The data gathered on range, azimuth, and
elevation are often transmitted to additional points where they are put
to use. Forexample, on shipboard, the radar data are combined with data
from a gyro system that continuously measures the roll and pitch of the
ship, and ate further combined with data from a gyro compass that con-
tinuously determines true north. The corrected data are then fed to a
computer that generates gun-pointing orders allowing for wind, air
density, gun ballistics, etc. Different but in many ways similar systems
are involved in airborne systems. Within the radar assembly itself, data
transmission takes place, for example, between the antenna mount, range
unit, and indicators in order to put the various electronic marks in the
proper position on the scope.
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In many radar systems of the war period, the data take-offs were de-
signed to fit existing external facilities which had previously accepted data
from optical sensors. In some all-new systems, Bell Labs pioneered in
developing dc data transmission systems of very high accuracy. They
employed specially shaped potentiometers of exquisite precision gener-
ating—for example, an output dc voltage representing the sine or cosine
of the angles of the antenna mount. These dc voltages were used in
military dc computer units, which are discussed in Chapter 3. This same
chapter also deals at some length with Bell Labs’ contributions to military
computers and requires no detailed discussion here. However, for com-
pleteness brief mention should be made of a few of the approaches used
in the early systems. The radars on shipboard for the big guns firing on
surface targets and for the 5-inch heavy antiaircraft guns were teamed with
the existing electromechanical computers that had been used with optical
input data. Although these computers had not been designed particularly
to capitalize on the precise range information the radars produced, the
combination worked well and was kept throughout the war. But as radar
was progressively extended to the smaller guns aboard ship, it usually
became necessary to design new computer facilities, as part of the radar
system, to generate the gun orders directly.

As radars were put into aircraft early in the war, an effort was made to
use them with the existing optical bombsight and its associated mechanical
computer. The objective was to take advantage of the fact that optical
systems were already in large production and that many men were being
trained in their use. This effort was less than completely successful,
however, and a little later new, more suitable computer facilities were
designed as integral parts of the bombing and gun control systems used
in aircraft.

2.10 Microwave Propagation and System Design Equations

Harald T. Friis and his group at the Holmdel, N.]J., Laboratory had been
exploring the possible usefulness of microwaves for broadband commu-
nications throughout the 1930s. They had made a number of propagation
tests by the laborious method of choosing a particular path, setting up
attended equipment at both ends, and making measurements over a period
of time. The basic phenomena up to about 3,000 MHz were at least par-
tially understood by the time radar development began.

Shortly after the first experimental 700-MHz radar was operating at
Whippany, a test site was rented at Atlantic Highlands, New Jersey, to
explore in a more realistic way the Navy’s interest in higher frequencies.
The site selected was on a bluff about 80 feet high (representing a typical
height above water for an installation on a Navy ship) and overlooked
Sandy Hook and lower New York Bay. A constant stream of shipping
entering and leaving New York harbor provided a variety of radar targets.
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Fig.2-33. Bell Laboratories radar antenna test site in Atlantic Highlands, New
Jersey.

When this first radar was turned on, the buildings of lower Manhattan,
20 miles to the north, were immediately apparent on the radar, as were
the buildings and large gas tanks in Brooklyn and many so-called fixed
targets in all directions where a line of sight was available. The little ferry
boat which plied between Staten Island and the nearby dock at Atlantic
Highlands several times each day became a familiar and reliable test object.
Thus, the radar provided a very convenient means of observing the
anomalies of radio propagation over paths in all directions without having
an attended station at the other end. Many facts were quickly learned.
The experimenters learned first that weather conditions substantially
affect transmission. When there was a light surface fog and temperature
inversion, the radio waves were obviously refracted downward, and tar-
gets far beyond the optical horizon came up strong on the radar. A
principal target for these observations was the Fire Island Lightship some
40 miles away, which on normal days could not be seen at all.

As the radar development program at Bell Labs rapidly accelerated,
many designs operating in different frequency bands were taken in their
experimental form to the Atlantic Highlands laboratory for tests. A
photograph of the test deck at the laboratory is shown in Fig. 2-33. At this
site both the Army and the Navy witnessed the performance of Bell Labs’
700-MHz radar in 1939 and noted that in spite of its relatively low-power

TCI Library: www.telephonecollectors.info



Radar 65

2-kW transmitter, it outperformed their much-higher-power 200-MHz
transmitters for surface targets. The reason for this deserves a word of
explanation. When a radio beam having a single lobe in free space is di-
rected along the horizontal over a highly reflecting surface (e.g., the
ocean), it breaks up into an interference pattern of maxima and nulls in
the vertical plane. The angle above the horizontal at which the first
maximum appears depends solely upon the height of the antenna above
the surface in wavelengths. Thus, the shorter waves at higher frequencies
have a decided advantage for surface targets, which were the Navy’s first
concern in their effort to make radar a fire control instrument for battle-
ships against surface targets.

Radar is inherently two-way radio. Thus, the radar transmitter “illu-
minates” a distant target. The target reflects or scatters the received en-
ergy more or less in all directions and in so doing becomes a second,
reradiating transmitter. Thus, the radar signal has two spherical expan-
sions during its round trip instead of the one expansion that occurs in radio
communication.

As far as the author knows, the radar equation relating the above facts
mathematically was first produced in this country by the Holmdel radio
research group under Harald Friis at the request of the Whippany radar
group. Inits early form, it related the echo power received at the radar
to the power transmitted, the effective area of the transmitting antenna,
the effective area of the receiving antenna, the effective scattering area
of the target, the wavelength, and the distance. The formula for Pg, the
power received by an antenna after reflection, is:

P
K TATARAS

p
R 4w\244

’

where

Pr = power radiated from the antenna,
Ar = effective area of transmitting antenna,
Ag = effective area of receiving antenna,
Ag = area of reflecting object at distance d,
A = wavelength, and
K = factor >1, which allows for the fact that the average
reradiation from the target to the receiving antenna is
greater than if it were reradiated equally in all directions.

This equation merits careful scrutiny. At first glance it is observed that
wavelength squared is in the denominator, which would seem to indicate
that decreasing the length of the waves employed would increase the
power of the echo returned to the receiver. However, the numerator
contains two antenna areas, each of which involves the dimensions of
wavelengths squared. Thus, one of these cancels the wavelength squared
in the denominator. This leaves another wavelength squared in the nu-
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merator, which indicates, when all factors are considered, that the longer
the wavelength used, the more echo power enters the receiver. These
statements assume that the sensitivity of the receiver and the power
transmitted are the same at any wavelength. They also assume that the
effective area of the target is unchanged. In the early days of radar, these
assumptions were far from true. Quite generally, the transmitter power
available went down as the wavelength decreased and the sensitivity of
the receiver decreased. The effective area of the target at different
wavelengths was completely unknown until empirical data was accu-
mulated over the next few years.

Later the radar equation was rearranged and put in the form of the
maximum range which can be expected of a radar, assuming all other
pertinent quantities are known.!¢ Suppose the minimum power required
for satisfactory detection, Syin, is known. The maximum range of detec-
tion, R pmayx, 18

4/ PgA2f2
47rsmin)\2 ’

Rmax =

where

P = peak pulse power (in watts),

A = wavelength (in feet),

A = area of antenna aperture (in square feet),

o = target cross section (in square feet), and

f = fraction denoting effective aperture of antenna.

The Radiation Laboratory at M.I.T. was dedicated from its inception in
late 1940 to pushing microwave radar to the shortest possible wavelengths.
In most applications, this proved to be a wise course, but in the enthusiastic
pursuit of the original goal, it was found that the objective could be pushed
too far. Frequencies eventually reached 24,000 MHz, where atmospheric
attenuation made them wholly unsuitable for most of the wartime prob-
lems. Throughout the war there was intimate and constructive collabo-
ration between Bell Labs and the Radiation Lab, although differing
opinions and spirited debate often occurred. Although Bell Labs played
a major part in the development of so-called microwave radar (2,000 MHz
and higher), work was continued on lower-frequency radar when lower
frequencies might provide a better solution to the problem at hand.

III. RADAR SYSTEMS

A number of the radars designed by Bell Laboratories and manufactured
by Western Electric have already been mentioned in Section II in con-

16 Louis N. Ridenour (ed.), Radar System Engineering, 1st ed., M.L.T. Radiation Laboratory
Series, Vol. 1 (New York and Lonclon: McGraw-Hill, 1947), p. 22.
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nection with the technological development which helped to bring them
into existence. The present section briefly discusses the more important
systems, which are grouped functionally and chronologically so that the
reader will be able to obtain an overall view. The variety of radars was
so great that all cannot be adequately covered here, but Table 2-2 lists all
the radars worked on by Bell Labs for which major development (i.e.,
construction of the model) had been completed by the end of 1945.
Omitted are a number of systems started before 1945 but completed later.
Some of these will be mentioned in Part II of this volume, which covers
the postwar years.

3.1 Shipboard Systems

The first radar systems Bell Labs developed were shipboard systems
(some of the early Navy fire control radars are discussed above). The
experimental CXAS was, of course, the precursor of all the early systems
and this, in improved form with a magnetron, became the Mark 1, which
was the first fire control radar in the United States fleet. While 10 of the
Mark 1 systems were being produced, development began on the Mark
2, which was designed to meet shipboard conditions better and to integrate
with existing optical fire control equipment. Before Mark 2 was com-
pleted, a higher-power transmitter tube—the magnetron-—became
available; on its addition to the system, the designation was changed to
Mark 3. The latter system was used in heavy ships for controlling the
main batteries, which were used for surface fire only. A further expansion
of the system, designated Mark 4, provided a means for measuring target
elevation as well as range and direction, and thus provided a capability
for antiaircraft fire control. It was used with the 5-inch guns making up
the secondary battery of heavy ships and the main battery of the lighter
ships. The Mark 3 and 4, as well as their predecessors, operated at 700
MHz; both were in production before the Pearl Harbor attack. More than
900 were delivered in the next two years for installation in the fast-
growing fleet. They gave the Navy a tremendous advantage over the
Japanese in the many naval battles of that period.

When enemy air attacks in the Pacific showed that the accuracy of the
Mark 4 system was not sufficient at low elevation angles to meet the Jap-
anese low-altitude attack tactics, the Bown proposal described in Section
2.7 was adopted. This involved adding to the existing equipment a special
elevation-measuring system operating in the X band (10,000 MHz). The
design of the supplementary system, designated Mark 22, was rapidly
undertaken by using a number of X-band subsystem components then
being manufactured at Western Electric for an Air Force radar system. The
Mark 22 proved highly successful in closing the gap in the Navy air de-
fense in the Pacific. The combined antenna systems are shown in
Fig.2-30.
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Table 2-2. Radar Systems Designed by Bell Laboratories—1937-1945

Fre- Devel- Model WE
Service and Designation quency opment Com- Produc-
Function {Code No.} Band Initiated plete tion*
SHIPBORNE
Fire Control, Surface R&D Models 200 MHz 1938-40 Jun 1939
CXAS L Jan 1940  Feb 1941 .
MK1 L Tul 1940 Jul 1941 1941
MK 3 L Dec 1940  Oct 1941 1941
MK 2 L Feb 1941 Jul 1941 .
MK 8 S jul 1940 Oct 1942 1942
MK 8, Mod 1,2 S Jan 1943  Nov 1943 1943
MK 8, Mod 3 S Feb1944  Dec 1945 1945
MK 13, Mod 1 X Jul 1942 Oct 1944 1944-45
MK 13, Mod 2 X Nov 1944 (Feb 1947)
Fire Control, MK 4 L Oct 1940  Sep 1941 1941
Antiaircraft MK 4 Auto L Nov 1941 Jul 1942
MK7 5 Aug 1941 Feb 1942
MK 7, Mod 1 X Jul 1942  Mar 1943 -
MK 9 S Oct 1941  Sep 1942 1942
MK 10 S Aug 1941 Nov 1942 1942
MK 12 L Apr 1942 Jul 1943 1943
MK 12 Auto L Mar 1944  Feb 1945 e
MK 19 S Sep 1942  Sep 1943 1943
MK 19, Mod 1 X Jun 1943  Sep 1944 e
MK 18 S Mar 1943  Feb 1944 1944
MK 25 X, K Mar 1944  Aug 1945
MK 34 X Apr 1944  Feb 1945

TCI Library: www.telephonecollectors.info

89

wapsAs [13g 3 ur udg pue SurrssurSug



MK 34, Mod 1 X Jul 1944 Oct 1945 .
MK 34, Mod 3, 4 X Aug 1944  Sep 1945 Postwar
MK 34, Mod 2 X Jul 1945 Postwar Postwar
MK 28 S Nov 1943  Apr 1944 1944
MK 28, Mod 2 S Jul 1944 Postwar Postwar
MK 28, Mod 3 S Nov 1944  Postwar Postwar
MK 22 X Jun 1943  Dec 1943 1943
MK 22, Mod 1 X Jul 1945 Postwar Postwar
MK 25, Mod 2 X Nov 1945 Postwar Postwar
Search SH S Jul 1940  Nov 1941 1941-43
SLX X Sep 1941 Sep 1943 .
SE S Apr 1942 Dec1942 1942
SL S Jun 1942  Dec 1942 1942
SL-1 S Aug 1943 Dec 1943 1943
MK 27 S Jul 1943 Feb 1944 1944
MK 27, Mod 1 S Jul 1944 Jan 1945 1945
SUBMARINE
Surface Search & SJ S Jul 1940 Dec 1941 1942
Torpedo Control SJ-1 S Nov 1942  Sep 1943 1943
SS X Apr 1943 Jul 1944 1944
ST X Feb 1944  Dec 1944 1944
Aircraft Warning SV,SVv-1 S Feb 1944  Jan 1945 1944-45
GROUND BASED
Search—Early Warning SCR-268 P Jul 1940  Jun 1941 1941
Searchlight Control SCR-668-T2 L Sep 1942 Jun 1943 .
MK 20, Mod 0 L Jul 1943 Jun 1944 1944
MK 20, Mod 1 L Oct 1943 Nov 1944 1944
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Table 2-2—Continued

Fre- Devel- Model WE
Service and Designation quency opment Com- Produc-
Function (Code No.) Band  Initiated pleted tion*
Search—Early Warning SCR-602-T3 L Jun 1942  Feb 1943 o
AN/TPS-1 L Mar 1943  Sep 1943 1943
AN/TPS-1B L Oct 1943  Sep 1944 1944
Search—Ground AN/CPS-5 L Jan 1944 Nov 1945 1944-45
Control Intercept
Gunfire Control— CXAS (Adaption) L Jul 1940 Jun 1941 A
Surface SCR-296 L Nov 1941 May 1942 1942
MK 16 L Jul 1942 Sep 1943 1943
Gunfire Control— AN/TPQ-2 L Dec 1944 May 1945 Postwar
Mortar Locating
Gunfire Control— SCR-545 P,S  Jan1942  Jan 1943 1942
Antiaircraft SCR-547 S Scp 1941 Sep 1942 1942
T33 & M33 S. X Dec 1944  Postwar Postwar
AIRBORNE
Aircraft Intercept SCR-520-A S Mar 1941 Nov 1941 1941
SCR-520 S Apr1942 Dec 1942 1942
SCR-520-T3 S Jul 1941  Mar 1943 o
SCR-540 P Apr1941  Feb 1942 1942
SCR-720-A S Apri1942  Jul 1943 1943
SCR-720-B S Jun 1942  Dec 1942 1942
SCR-720-T2 X Apr1942 Feb 1944 .-
AN/APS-4 X Jul 1942 Sep 1943 1943-44
AN/APS-4A X Nov 1945 (Feb 1947) Postwar
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Aircraft Gunlaying SCR-523-T1 S Apr 1941 May 1942
SCR-523-T2 S Feb 1941 Sep 1941
SCR-523-T3 S Apr 1941 Nov 1941 ..
AN/APG-1 S Jan 1943 Jan 1944 1944-45
Aircraft Search SCR-517-A S Oct 1941  Mar 1942 1942
SCR-517-B S Oct 1941 Mar 1942 1942
SCR-517-C S Jul 1942 Feb 1943 1943-45
ASC S Jan 1942  Apr 1942 1942-44
SCR-717-A S Apr 1942  Dec 1942 1943
SCR-717-B S Apr1942 Dec1942 1943
SCR-717-T3 X Feb 1942 Jan 1943 ..
AN/APS-1A & 1B X Jul 1943 Apr 1944 1944-45
AN/APS-1A & 1B K Jul 1943 Apr 1944 1944-45
AN/APQ-34 K Nov 1944 (Nov 1947) Postwar
AN/APS-23 X Sep 1945 Postwar Postwar
High-Altitude Bombing SCR-519-T3 S Sep 1940  Apr 1942
SCR-519-T5 S Jun 1942 Jul 1943
MK 15 X Jul 1942 Feb 1944 e
AN/APQ-7 (Eagle) X Apr 1943 Jul 1944 1944-45
AN/APQ-10 X Feb 1943 May 1944 ...
AN/APQ-13 X Jul 1943 Aug 1944 1944-45
AN/APQ-16 X Nov 1944 Postwar .
AN/APS-1K K Apr1944  Jun 1945 1945
Low-Altitude Bombing AN/APQ-5 X Jul 1942 Jun 1943 1943
AN/APQ-5A & 5B X Jul 1942 Jun 1943 1943-45
MK 31 X Jul 1943 Jun 1944 1944
Aircraft Missile Control MK 15, Mod 2 (Bat) S Feb 1943 Mar 1944 1944-45
MK 31, SWOD (MK 2) S Dec 1943  Dec 1944 Postwar

* Western Electric production, in many cases, was concurrent with Bell Labs model testing, and invariably started ahead

of model completion.
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Fig. 2-34. Components of the Mark 8 fire control radar.

The second-generation radar for the main battery was the Mark 8, also
previously mentioned. The complete equipment is shown in Fig. 2-34.
The antennas were mounted atop the two main battery gun directors, the

Fig. 2-35. Mark 12 and Mark 22 radar antennas mounted on a
Mark 37 director.
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Fig. 2-36. Mark 28 fire control radar on antiaircraft gun mount.

operator’s units were located within the director alongside the corre-
sponding optics, and the other units were below deck. It was undoubtedly
the world's first “track-while-scan” radar—i.e., one that furnished precise
data on one target while it also kept a close eye on a wide field of view. It
operated in S band (roughly 3,000 MHz) and served with spectacular
success in many Pacific battles. It was followed by the Mark 13 operating
in X band (10,000 MHz) with a much lighter antenna that made it suitable
for wider application for the same function. An important feature of this
type of radar with its “B” scope was the ability to see at one time the
splashes from all the shells and thus “spot” (in Naval gunnery parlance)
for the next salvo.

Figure 2-35 shows the Mark 12-22, which was the second-generation
radar for the secondary battery, replacing the Mark 4-22 shown in Fig. 2-30.
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equipment on large warship.

Fig. 2-37.
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SL ANTENNA

Fig.2-38. SL search radar antenna aboard a destroyer escort.

It was an extremely useful dual-purpose arrangement, providing accurate
fire control data for use against both surface and aircraft targets.

As the more difficult problems of providing radar fire control for heavy
machine guns in a practical manner were resolved, several Bell Labs de-
signs for fire control of such guns were also put into production. Typical
of these was the Mark 28 shown in Fig. 2-36.

The proliferation of fire control radars—all designed by Bell Labs—on
a typical heavy ship by 1944 is illustrated Fig. 2-37.

While Bell Labs and Western Electric did not develop heavy search ra-
dars for the Navy, they did design and produce a number of small search
radars for use on landing barges and small vessels. One of these was the
SL shown in Fig. 2-38.

3.2 Submarine Radars

Bell Laboratories began to study radar for submarines in 1940. It was
obvious that the antenna would have to be small and not much above
water; hence, the highest possible frequency would have to be used. Early
in 1941 the Navy outlined the urgent need for submarine radar to detect
low-flying enemy planes, locate enemy ships, and provide fire control for
torpedoes. Thus began a program which resulted in Bell Labs and
Western Electric designing and supplying all the Navy’s submarine fire
control radars throughout the war.

With the magnetron in hand for generating frequencies of 3,000 MHz
or more, it appeared that a useful design was possible, but many difficult
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problems lay ahead, probably more mechanical than electrical. There was
no appreciable design information available regarding the environment.
There was a large submarine construction program under way with no
room left for radar equipment. Where could it be squeezed in? How
much vibration? How much shock would be felt on board if an enemy
scored a near miss with a depth charge? How to geta waveguide and cable
through the hull to the antenna? (An extra hull penetration in a subma-
rine is not a simple matter.)

The mechanical design of submarine radars was worked out by A. K.
Bohren’s mechanical design group at Whippany after countless confer-
ences with the Naval Research Laboratory and the appropriate Navy bu-
reaus and yards. The first submarine radar, the 5], is pictured in Fig. 2-39.
It was the first microwave radar designed for submarines. In an improved
model called the SJ-1, it was used throughout the war. It operated at S
band (3,000 MHz) and was followed by the SS and SSa models, which
operated in the 10,000-MHz region and included many new features.
These radars were used primarily for surface search and torpedo fire
control. They were tremendously successful in enabling our submarines
to destroy enemy ships in night as well as day attacks. The first 5] was
delivered by Western Electric in April 1942, and was followed by hundreds
of this and later models, some for special purposes, as will be discussed
below.

The Navy had equipped some of its submarines just before the war with
200-MHz air search radars (not produced by the Bell System) to give early
warning of nearby enemy aircraft. It is fundamental that the transmitted
radar pulse can be received at a far greater distance than that at which the
much weaker echo from a target can be detected. Enemy patrol aircraft
learned early in the war how to receive the 200-MHz pulses and thus to
detect the presence of a United States sub and to home toward it before
the sub had detected the aircraft. This situation resulted in a crash pro-
gram at Bell Labs to produce an early warning microwave radar for subs
which, for a time at least, the enemy could not monitor. The result was
the 5V and later the SV-1, which was in production about the end of
1944.

The story of the SV system is worth telling in some detail, since it il-
lustrates some of the techniques frequently used in conducting crash
programs. When the problem of Japanese detection of United States
submarines from the 200-MHz radars became serious, the Navy asked Bell
Laboratories if a higher-power, 3,000- to 3,500-MHz, aircraft search radar
then in development could be expedited so that the first system would
be available for installation in six months! The Whippany, New Jersey,
Laboratory was assigned design responsibility and a group of people at
West Street, New York City, previously working on commercial electro-
mechanical switching problems under E. J. Kane, was recruited to do the
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Fig. 2-39.  Components of the S] submarine radar system.
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Fig. 2-40. SV submarine antenna in operating position.

engineering for manufacture. To save tooling time, 30 initial units were
produced by a special laboratory model shop at Chambers Street,!” New
York City, before Western Electric took over manufacture at a rented plant
in Passaic, New Jersey, and continued production without a break.

The large rotating microwave antenna had to be installed on a separate
mast to permit the aircraft search before a submarine surfaced. Since Bell
Labs had no mechanical group available at the time, the machine shop of
General Mills, used in peacetime for food-packaging machinery, was asked
by Bell Labs for assistance in the design and manufacture of the periscope
rotating system. The Holmdel, N. J., Laboratory under H. T. Friis solved
the critical antenna feedhorn problem. With the high peak power of 500
kW, the waveguide system had to maintain a low standing-wave match
under all operating conditions. This meant that the antenna feedhorn
impedance had to be matched to air, to water as the antenna broke through
the surface, and to part air and part water as waves broke over the surface.
It also had to withstand the high pressures and other requirements im-
posed by crash dives. Engineers at Holmdel solved the problem with a
horn system that proved satisfactory.

In carrying out this crash job, the peacetime switching engineers were
converted almost overnight into microwave designers. The first system
model tested on the roof of the Chambers Street building was shipped six

17 The Bell Labs model shop at Chambers Street was used for other projects requiring ex-
pedited production of small-quantity items or high-priority system modifications.
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Fig. 2-42. SJ-1/Mark 27 submarine radar antenna.

months after the Navy’s urgent request for it and installed by the Electric
Boat Company at New London, Connecticut, on the latest submarine for
testing off Long Island against United States aircraft. With only the an-
tenna breaking above the surface, as shown in Fig. 2-40, the Navy objec-
tives for detecting any aircraft flying within 15 to 20 miles and up to 15,000
feet in altitude were met in these tests, as shown in Fig. 2-41.

The antenna of a submarine radar presented a substantial visual target
above water during use. This was an important problem during the later
war years, and the Navy, in order to reduce target size, requested devel-
opment of an accurate range-only radar that could be used with azimuth
data provided by the optical periscope. A very small antenna on the re-
tractible periscope would provide the necessary information and yet ex-
pose to enemy observation only the very small periscope tube. The dif-
ficult problem of getting a 10,000-MHz connection through the optical
tube was resolved by the Naval Research Laboratory working closely with
Bohren'’s group. The result was the ST radar system produced in 1944 and
widely applied.

A closing word on the mechanical problems of submarine radar: the
exposed antennas had to be extremely rugged, not only because of crash
dives but also because they might strike floating debris in a battle area.
The design which Bohren’s group produced is illustrated by the SJ-1
shown in Fig. 2-42. The feedhorn was a massive pedestal rugged enough
to take any likely abuse. The reflector was hinged and held in operating
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Fig.2-43. ST and SJ-1 radar systems installed on forward
bulkhead and left side of submarine control room.

position by a shear pin designed to take the calculable forces of a crash
dive. Thus, if debris were struck, it could fold back and not be perma-
nently damaged; and at first opportunity thereafter the reflector could be
erected, the shear pin could be replaced, and the radar would be back in
operation. This feature was completely successful and was used on all
Bell Labs designs.

An example of the problem of squeezing radar equipment into the
below-deck space is shown in Fig. 2-43. Figure 2-12 shows the super-
structure of a submarine with a full set of Bell Laboratories-Western
Electric radars.

3.3 Ground-Based Radars

Radars operated from the ground found broad application by the Army
ground forces, the Marines, and the Army Air Force in the protection of
airfields and other fixed installations against enemy air attack. They were
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also used extensively in the protection of newly won beachheads and
permanent shore installations against attacks by ships and planes.

During the 1930s the Army Signal Corps carried out a pioneering de-
velopment program on radar at its Fort Monmouth laboratories, and later
at Fort Hancock, under the direction of Col. Roger B. Colton. By 1939 the
Corps had completed two prototypes that performed usefully—one a
heavy system operating at about 100 MHz and intended for permanent
installation for early warning, and the other a mobile system operating
at about 200 MHz and intended for both early warning and searchlight
control. The transmitter of the latter employed a ring oscillator similar
to that shown in Fig. 2-2.

Bell Laboratories was brought into contact with the Signal Corps work
in 1938, and from that time there was a continuing interchange of infor-
mation between the two groups. Inmid-1939 when Bell Labs moved its
700-MHz equipment to Atlantic Highlands (near Fort Hancock) for field
testing, Col. Colton and his aids were among the first visitors, and they
continued to follow the work there.

In the spring of 1940, the Signal Corps asked Bell Labs and Western
Electric to undertake the design-for-production and manufacture of the
Signal Corps mobile radar system. The Corps wanted this system in
quantity production at the earliest possible time. Therefore, a team of
engineers and draftsmen was organized under the direction of R. E. Poole
to carry out the production design task. The Signal Corps made space
available for them at Fort Hancock so that they could work alongside the
prototype being tested. As a result, improvements were made on the
production drawings within hours after they were devised, and up-to-date
equipment was rolling out of Western Electric factories in February
1941—Iless than eight months after the effort began. More than 1,000 units
of this equipment, coded SCR-268 (Fig. 2-26), were delivered in the next
two years. Since this radar was available well before the Pearl Harbor
attack, it found very wide use in training many thousands of men, and was
the only available ground radar system in most combat areas for the first
year and a half after Pearl Harbor.

Combat experience with the SCR-268, which was heavy, soon indicated
the urgent need for a very much lighter early warning radar for use in
protecting newly won beachheads and airfields. The requirements ar-
rived at after much discussion with the Marines and Air Force were indeed
severe. The radar was to have at least twice the search range of the
SCR-268 but one-tenth the weight, use a much smaller antenna, and be
packaged in small units which could be hand-carried up a mountain if
necessary—indeed a tall order. Fortunately, the rapid progress in two
laboratory areas brought this undertaking within the realm of feasibility.
The magnetron group under J. B. Fisk had developed an efficient and
very-high-power tube at about 1200 MHz. The airborne radar group had

TCI Library: www.telephonecollectors.info



Radar 83

made great strides in reducing the size and weight of modulators and
power supplies. With these advarnces in technology, the job was under-
taken, still more Bell System work was laid aside for the duration, and a
new radar group was organized under the direction of R. W. Chesnut and
A. D. Knowlton to carry out the design of what became the TP5-1 series
of portable ground radars. Development began in July 1942 and pro-
duction deliveries in mid-1943. This radar and later improved models
rapidly became the favorite of the Marines and Air Forces; over 600 units
were produced.

When the Marines assaulted Mt. Suribachi on Iwo Jima Island, they had
several objectives. One was to wipe out the Japanese artillery which ha-
rassed their men below, another was to plant the flag to let their fellows
know they had succeeded, and still another was to get a TPS-1 on the
summit to give very early warning of the repeated attacks by enemy air-
craft. The Marines used the radar for the same purposes at Okinawa and
elsewhere. A picture of the TPS-1B at Okinawa is shown in Fig. 2-1c.

In late 1941, the Signal Corps worked out with Bell Labs a specification
for a very sophisticated, mobile antiaircraft radar. It was to perform both
the search and fire control functions for 90-mm and 120-mm gun batteries
and was to be equipped with both synchro and dc potentiometer data
outputs so that it could be used with several types of computers.!8 Further,
each of the three operators (range, azimuth, and elevation) was to be
provided, independently, with a switch to choose straight manual, aided
manual, or fully automatic tracking, as the tactical situation might demand.
Development began in December 1941, and a complete prototype was
tested with a high degree of success at Camp Davis, North Carolina, in
December 1942 with the Bell Labs T15 computer and live gun batteries.
Production units of the radar, coded SCR-545, were delivered in 1943 and
saw combat service in both the European and Pacific theaters. It was the
first radar to track automatically in all three coordinates. A close-up of
the dual-frequency antenna is shown in Fig. 2-31; the complete trailer-
mounted system is shown in Fig. 2-44.

Two aspects of the SCR-545 are worth noting here. First, in early 1943
the prototype was set up at Fort Monmouth for demonstration to a large
number of interested visitors. A test target airplane was available and
the pilot was simply instructed to fly around the area. The operators
locked the SCR-545 on the target and got out of the operator’s cab. As
visitors filed by all afternoon, the radar held on to the target continuously,
although there was occasionally no line of sight as the target passed behind
buildings or hills. This spectacular result was possible because, when
the microwave signal faded, a relay automatically transferred the tracking
circuits to a low-frequency search system, in which the longer waves could

18 Chapter 3 deals with gun control computers.
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Fig. 2-44. Trailer-mounted SCR-545 radar.

still see the target by refraction around the obstacles. Thus, the antenna
and range unit would stay on target, albeit a little sloppily, until the target
came back into view on the microwave system, when control would switch
back and tracking would immediately tighten up to fire control
quality.

The second event concerns the Allied invasion of Italy at the Anzio
beachhead in January 1944. For the first few nights, the landing groups
took a severe pounding from the Luftwaffe, and their toehold was pre-
carious. After the SCR-545 and associated guns and the Bell Labs M-9 gun
director were landed, the situation dramatically improved. The hills
around the beachhead were soon littered with the wrecks of German
bombers. The Germans were then goaded into using, and thereby re-
vealing, a radar countermeasure that both they and the Allies had devel-
oped in great secrecy but had not—to the author’s knowledge—used in
combat up to that time. Called “Chaff,” it consisted of thousands of foil
strips dropped from aircraft to clutter up the sky and make it more difficult
to track aircraft by radar. The Chaff used by the Germans would probably
have caused considerable trouble for earlier radars, such as the SCR-268,
but it had no substantial effect on the SCR-545.

In tests at the Atlantic Highlands test site Bell Labs demonstrated to the
Army that 600-MHz radar could provide data having fire control accuracy
on surface targets well beyond maximum gun range. Shortly afterwards,
the Army Coast Artillery recognized the enormous advantage radar could
give it in carrying out its responsibility. At that time the coast defense
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guns were directed by optical telescopes. The system depended on good
visibility and widely spaced stations to get accurate range by triangulation.
Radar, on the other hand, offered all-weather operation from a single
station. Bell Labs and Western Electric were asked in the fall of 1941 to
produce a modification of the Navy ship design that would be suitable for
the coast defense function. The bulk of the equipment was similar to that
used by the Navy, but the antenna was mounted on a high tower and
disguised to look like a water tank. Deliveries of the system, which was
coded the SCR-296, began in 1942. Over 200 units were produced. They
were installed along the coasts of the United States, at the Canal Zone, in
Iceland, and at other places where the Coast Artillery had defense re-
sponsibility. Although German pocket battleships and submarines were
roaming the seas and there was much fear that critical coastal installations
might be attacked, this system—as far as the author knows—never saw
combat. The Army reported an unhappy incident off the mid-Atlantic
coast. An SCR-296 was tracking a merchant ship, well beyond maximum
gun range, when it saw a smaller signal near the ship, heard the SOS, and
saw both signals shortly disappear. This was but one incident in a very
serious situation in 1942, when “our Atlantic seaboard shipping was
slaughtered at the rate of 75 ships per month by an operating group of
approximately 38 submarines, which suffered casualties amounting to only
3 per month.”1® Bell Labs played a part in the solution of this prob-
lem—both with sonar development and with a crash shift in emphasis on
airborne radar from aircraft interception (Al) to search radar, as described
in'the following section.

The Bell Labs-Western Electric team produced a number of other
ground-based radars to meet military needs in various applications. One
was a range-only set, at S band, using separate dishes for transmitting and
receiving, mounted on an army sound locator pedestal where the antennas
replaced the sound horns. This was the SCR-547, promptly dubbed
“Mickey Mouse”’* from its appearance, as shown in Fig. 2-45. Another
was the Mark 20 lightweight searchlight control radar for the Marines,
shown in Fig. 2-46. Still another was the Mark 16, an easily portable S-
band fire control radar for the Marines.

Late in the war it was obvious that L band (approximately 1,000 MHz)
was optimum for heavy early warning or search radars and that the 200-
MHz sets still in production at General Electric and other manufacturers
were becoming obsolete. Wanting to switch quickly to L band, the Army
asked Bell Labs and Western Electric to supply General Electric with the
frequency-sensitive parts to make this possible. These parts included the
transmitter, receiver front end, and antenna. The result was the CPS-5,
shown in Fig. 2-47, which set a pattern followed in the years after the war
for this kind of service.

* Registered trademark of Walt Disney Productions.
1% Howeth, pp. 471-472.
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Fig. 2-45. SCR-547 ground-based range radar.

Experience with fire control radars during the early years of the war
demonstrated that an operator could often see gun shells in flight. If the
field of view, the acquisition facilities, and the operator’s dexterity were
adequate, the radar could frequently lock onto the fast-moving target and

Fig. 2-46. Mark 20 lightweight searchlight control radar.
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Fig. 2-47. AN/CPS-5 ground radar used for air base protection.

track it with precision for considerable distances. Late in the war a serious
problem was losses from enemy mortars which produced almost no flash
or smoke and which could be moved before they were located and at-
tacked. The Army therefore asked Bell Labs to devise a small, easily
portable radar to serve as a mortar locator. The scheme developed was
to produce two wide fan beams fixed at different angles above the horizon,
as shown in the diagram of Fig. 2-48. Each fan wasto be produced by
a needle beam oscillating back and forth so rapidly that a mortar shell
could not pass through it without being hit by several radar pulses. Thus,
the radar measured two points on the shell’s trajectory where the shell
passed through the two fans. Since mortar trajectories are well known,
a built-in computer could provide the ground coordinates of the source
almost instantly. Thus, counter-fire could be directed toward it before
the enemy’s shells hit the ground. An ingenious mechanical scanner-type
antenna to produce the beams was invented by the Friis group at the
Holmdel Lab. Prototype equipments were rushed into production and
10 sets were delivered. They were coded TPQ-2.
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It is of interest to note that the SCR-545, described above, could readily
acquire and track the German V-2 rocket. At the height of the V-2 menace
in the Netherlands, this and other antiaircraft radars and many antiaircraft
guns were being mobilized by the American and British armies to try to
control this problem, but the threat ended before preparations were
complete.

3.4 Airborne Radar
3.4.1 Background

As described in previous sections, early Bell radar developments. were
concentrated on large equipment which could be accommodated in Navy
ships and Army trucks or permanently located on land. At the time, such
equipment was the only kind possible with available technology, and
fortunately it met the current urgent needs for early warning of air attacks,
for target location, and for fire control of ordnance—particularly under
conditions where optical methods were ineffective because of range in-
accuracy or limited visibility.

However, the enormous bombing raids on Britain in 1940 and the
growth of submarine attacks on shipping clearly demonstrated the need
for airborne radar. The most immediate need was for directing the fire
of night fighters against enemy bombers. Ground installations were ef-
fective in directing fighters in the general direction of bombers, but at
night the latter were practically invulnerable when the fighter was de-
pendent on optical means for the final attack. Thus, target location and
fire control provided the first urgent needs for airborne radar, but its use
was soon expanded to sea search for submarines?® and to the control of
bombing at night or through overcast. There were other applications of
airborne radar, but space limitations restrict this discussion largely to the
mainstream of development.

Many problems required solution in adapting the principle of radar to
the many special requirements of airborne use. Two requirements were
outstanding: (1) reduction in size and weight and (2) greatly improved
resolution. The latter was of particular importance for bombing, since
a fine-grain display of terrain details was essential for accurate target
location.

The key to meeting both of these requirements was the use of higher
frequencies (shorter wavelengths), since this led to both smaller compo-
nents and finer resolution. Of particular significance was the potential

20 Submarines of the time could remain practically invisible during much of the day (except
for occasional periscope exposure), but were obliged to surface at night for battery charging,
at which time they were highly vulnerable to airborne radar search systems. Ultimately,
sophisticated radar systems became available which could even locate exposed peri-
scopes.
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Table 2-3. Magnetron Frequency Band Available 1940-1944

Desig- Frequency Approx. Year
nation Band (MHz) Wavelength (cm) Available
L 1,200-1,400 25 1940/41
S 2,600-3,500 10 1942
X 8,500-9,400 3 1943
K 13,000-16,000 1.5 1944

for antennas of reasonable size. To provide good resolution, an antenna
had to be many wavelengths in size and, unless it was kept small, was a
difficult device to locate on a plane. It is not surprising, therefore, that
wavelengths that were as small as 1.25 cm became an objective for radar
designers.

The British magnetron (see Section IV), was the essential element
needed for airborne radar, since it generated high peak power at the re-
quired high frequencies. But these requirements were not achieved at
once. Not only was it necessary to develop magnetrons of very small size
and high precision, but it was required to have other matching circuitry
and components based on previously little-known techniques. Fortu-
nately, the work carried out during the 1930s at the Holmdel Laboratory
of Bell Labs, under the leadership of H. T. Friis and G. C. Southworth, on
microwave components for future Bell System communications provided
the waveguide, converter, diodes, and antenna technology for this mi-
crowave radar application.

It is probably fair to say that much of the history of airborne radar is the
story of developing techniques for using waves of ever higher frequency.
(See Table 2-3 for relation between frequency band designations and year
available.) This was ultimately pushed to 24,000 MHz, a frequency be-
yond the usable range since this so-called K, band was found to be close
to the absorption peak of water vapor, which limited transmission in the
atmosphere to impractically short distances and forced a retreat to about
15,000 MHz (K band), at which transmission losses were manageable.

The radars discussed in this section are the airborne systems in which
Bell Laboratories and Western Electric played a major role. In all cases
Western Electric was a principal manufacturer, but some systems were also
produced by other suppliers. In general, Bell Laboratories was responsible
for overall system design and the preparation of manufacturing infor-
mation. However, subcontracting of both component design and man-
ufacture was common.

Two important characteristics of much of the war effort were the ex-
treme speed with which systems were produced and the widespread co-
operative effort of technical designers and manufacturers. The former
was accomplished not only by extraordinary effort by the personnel, but
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also by overlap of design and manufacture and by the step-by-step con-
version of an existing design to one achieving advanced objectives. These
techniques resulted in occasional false starts, errors, and retrofitting. In
peacetime such procedures would have been less satisfactory than a slower
approach in which designs could have been carefully checked before being
committed to manufacture, but in wartime it was necessary to adopt all
measures that met the need for speed. The cooperation among diverse
producers was also an essential element in the success of these radar sys-
tems. For example, at one time Bell Labs began work on a bombing radar,
using elements of an earlier radar, while the components of the new
higher-frequency system were still under development at the Radiation
Laboratory. The whole, when completed, had to be fitted into the new
B-29 bomber, which was less than one year from deployment in a military
theater. This was a far cry from peacetime methods and required large
amounts of manpower, and good will, to coordinate the work in the var-
ious organizations which were constantly bringing about technical
changes. The process was not very efficient, but it worked and the
schedule was met.

Hopefully, this background will give the reader a feeling for some of
the special problems of airborne radar design and manufacture, and we
can now proceed to the specifics of the more important systems in which
the Bell Labs-Western Electric team played a major role. The sections
which follow are not intended to cover comprehensively Bell System work
on airborne radar nor do they treat any of the other systems developed
that were successfully tested but not produced because of rapidly changing
requirements and priorities as the war progressed on many fronts.

3.4.2 Early Bombing Radar: SCR-519

In Bell Laboratories, concern over the need for an airborne radar de-
veloped as early as 1940. As a consequence of the radar work started in
1938 at the request of the U.S. Navy, the Whippany laboratory had ac-
quired a sound knowledge of the current radar technology and was de-
veloping ideas on how the existing problems could be solved and how the
use of radar could be expanded to airborne applications as well as to
shipboard applications.

Thus, it happened that in July 1940 experimental work was begun at
Whippany to develop an RF power source that would operate at a short
enough wavelength (about 10 cm) to obtain suitably narrow beams from
the much smaller antennas required by aircraft. A two-cavity klystron
capable of about 10-watt continuous-wave output was developed,
whereupon effort was then applied to obtaining maximum peak power
from this device for radar purposes. By September of that year, a contract
was obtained to develop this device into an airborne bombing radar for
the Army Air Corps.
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Fig. 2-49. Components of first airborne radar designed by Bell Labs—the
SCR-519-T3 bombing radar.

By great good fortune, the award of this contract was made at nearly the
same time that the first magnetron arrived from Britain. This model,
designed for a wavelength of 10 cm, produced at least ten times the peak
power expected from the klystron. Effort was immediately shifted to use
of the magnetron power source, and resulted in construction of a bread-
board model of an S-band (10-cm) radar, which was tested at the Atlantic
Highlands site in December 1940 and successfully flown in a B-18 bomber
in January 1941. The system employed a parabolic antenna that was
manually scanned in azimuth for search. Mechanical lobe switching of
the beam provided accurate angle information on a target by a pip-
matching display. Work then began on a laboratory model and a delivery
model, which was designated SCR-519-T3 (Fig. 2-49). Engineers termed
this the BTO (bombing through overcast) radar. Flight tests of the labo-
ratory model in April 1941 produced results exceeding the specification
requirements. The radar was delivered to the Army Air Corps at Wright
Field, Dayton, Ohio, in September 1941. Tests were then conducted
during the next few months.

At the same time, work was in progress to provide an airborne version
of the electronic analog computer first developed as the M-9 antiaircraft
gunfire computer.2! The airborne design of the computer was attached
to the SCR-519 in December 1941. In January 1942 the model radar and

21 See Chapter 3 for a discussion of fire control computers.
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computer were installed in a B-18 twin-engine bomber from McDill Field,
Florida. Tests were conducted during January, February, and March 1942
against a corner reflector target in the Gulf of Mexico. A circular error
probability (CEP) of 17 mils in angle was achieved against this isolated
target from an altitude of 10,000 feet.

Intensive effort for the next year was applied to a design for production
of the SCR-519 at the Western Electric plant in Hawthorne, Illinois.
However, production work was discontinued in 1943 when the emphasis
of the Air Corps changed to the bombing of land targets. The S-band
SCR-519 radar with its lobe-switching steering system was not suitable
for resolving a complex of ground targets. The computer of the SCR-519
was then adapted for use with an X-band radar designated AN/APQ-10.
Ten of these were built by Bell Laboratories and delivered for evaluation.
in 1944,

This development work at the Whippany laboratory was closely coor-
dinated during the summer of 1941 with a new radar group that was set
up at the facility on Varick Street, in New York City, to work on intercept
radar, as related in following sections. The experience obtained through
the development of the SCR-519 system at Whippany and the cooperation
between the Whippany group and the new Varick Street organization on
the interim SCR-540 intercept radar explains to a large extent why pre-
liminary designs for transmitters, receivers, antennas, and indicator units
were available by the fall of 1941, when as explained later, formal autho-
rization was received for a completely new series of airborne systems,
coded SCR-520/517, for intercept and sea-search applications.

3.4.3 Early Intercept Radar: SCR-540

Work on intercept radar began in May 1941 when the U.S. Army Sig-
nal Corps brought a British aircraft interception (Al) radar, AT Mark IV
to Bell Laboratories for examination and testing. With this set, British
defensive night fighters were able to detect and intercept German bombers
and thereby greatly restrict the German forays. The Signal Corps asked
Bell Laboratories’ assistance in improving this earliest airborne radar and
in developing an American version.

At that period of radar development a number of technical groups at
the Whippany laboratory were already concentrating their full effort on
new or improved radar components, innovative circuits, higher power,
and other aspects of radar, as described earlier. Accordingly, this addi-
tional effort on the British intercept set was assigned to the television
transmission group in New York City, which was experienced in cath-
ode-ray tubes, video circuits, synchronizers, and amplifiers needed in
radar, but which had no previous experience in this type of system.
Starting with one or two people to flight test and study the British Al Mark
IV, this source of technical manpower was to be used for a good share of
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the development effort on airborne search and bombing radar covered
in the following paragraphs. Other groups, mainly at the Whippany
laboratory, guided this work and also subsequently developed the small,
lighter-weight radars which were built in large quantities for carrier-based
airplanes.

The British AI Mark IV radar was tested at Bell Laboratories and
flight-tested at the Army’s Aircraft Radio Laboratory at Wright Field,
Dayton, Ohio. It operated at about 100 MHz, using triode oscillators with
a Lecher-wire tuning system. The antenna system consisted of four Yagi
antennas, two mounted on each wing tip of the airplane. It employed two
cathode-ray displays using 3-inch tubes, one for giving information on
the vertical angle to the target and the other for indicating the azimuth
relative to the interceptor. The vertical-angle display used a vertical and
the other a horizontal base line. The antennas were commutated se-
quentially by a motor-driven device which also switched the cathode-ray
display so that reflections from the target generated suitable pips, the pip
from one antenna being on one side of the base line and the one from its
complementary antenna being on the other. Basically it was a pip-
matching scheme in which, by turning the airplane, one matched the two
complementary return pips (received by the antennas on the wing tips)
and thereby directed the aircraft into a collision course with the target.
The position of the pips along the base line indicated the range to the
target, and the ground reflection could be used to measure fighter altitude.
The switching commutator resembled an automobile distributor in form
and principle. The model equipment had been built by Kolster-Brandeis
in London and appeared to contain many modules which had been taken
off that company’s TV production line.

The new recruits from the TV group were able to raise the operating
frequency of the Mark IV to around 195 MHz, almost double that of the
original design, and to improve the generally unreliable commutating
switch. The British antenna system was retained in order to achieve
production in the shortest possible time, but nearly all subsequent airborne
radars used microwave frequencies and parabolic antennas to achieve
sharper beams giving an order-of-magnitude improvement in system
resolution.

A flight-test model was constructed and in September 1941 was installed
in an A-20 airplane at Mitchell Field, Long Island, New York. It was
necessary to fly at maximum altitude in order to attain a reasonable range
for closing on the target,?? but many flights, especially those at night when
the target plane was not visible, proved the effectiveness of this relatively

2 A basic fault of the Mark IV system was that there were strong ground reflections which
could obliterate the target reflection if the range to the latter exceeded the fighter’s eleva-
tion.
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simple radar. The flight tests were completed on December 5, 1941, just
before the attack on Pearl Harbor. The design, designated SCR-540, was
quickly put into production at Western Electric. Several hundred were
used in the Pacific and Mediterranean theaters during the early part of
the war, as well as for training purposes later.

3.4.4 SCR-520 and SCR-517 Intercept and Sea Search Radars

Even before the flight tests of the British AI Mark IV in the United
States and the design of the SCR-540 in mid-1941, steps had been taken
to develop the more sophisticated SCR-520 radar for the new U.S. Army
Air Corps “Black Widow” fighter. Operating at S band, this radar had a
parabolic antenna that rapidly scanned mechanically in azimuth with a
slow vertical scan. Position of the target with this radar was provided by
a rectangular B-scope in which azimuth angle was the abscissa and range
the ordinate. The target pip on the scope was then determined with ref-
erence to the azimuth center cross hair and an adjustable horizontal range
marker. In addition a C-scope, in which elevation is displayed against
azimuth, permitted the elevation of the gated range target to be deter-
mined. The technical experience gained from the development of pre-
vious radar systems made possible remarkably rapid development of the
SCR-520. Although the project was not formally authorized until August
29, 1941, development flight tests were made later that year; and the first
units of the SCR-520 were coming off the production line in May 1942,
This equipment, shown in Fig. 2-50, used a number of newer components
to improve performance, but it still weighed more than was desirable,
except as an interim step, and did not have an adequate long range against
bombers. However, it represented a large advance technically over the
SCR-540 and proved to be an effective intercept radar for fighter aid.

Under contract to the Navy, an ASC system for sea search was under
development using the S-band transmitter-receiver of the 520 radar and
a modification of the 520 antenna. German submarines severely punished
the United States merchant marine after Pearl Harbor, and by the spring
of 1942, coastwise shipping losses were critical. Vital lend-lease shipments
crossing the Atlantic, were under continual attack, and heavy losses were
experienced. Such an alarming situation required urgent action. Earlier
consideration of how best to aid in the response to the submarine menace
had led to the design of an airborne radar antenna system rotating 360
degrees and coupled to a plan position indicator (PPI) that permitted a
wide display of sea or land beneath the aircraft. Although models of the
ASC radar were delivered to the Navy, the Army Air Corps took over the
development for sea search and coded the unit 517-T4 (experimental, 5
models) and 517-B for production. Shortly thereafter a new modification
was made to add beacon (airplane homing) circuits, and the modified
system was coded 517-C. The SCR-517 system, compared with the
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Fig. 2-50. Earliest airborne radar produced in quantity by Western Electric to Bell Labs” de-
sign—the SCR-520-517.

TCI Library: www.telephonecollectors.info

96

ura)sAg [[ag ayy ur aduardg pue Surizaurfuy



Radar 97

SCR-520 intercept system, employed a relatively slow azimuth scan and
employed a 7-inch PPI display.

The conversion of the early production SCR-520 radar components to
the SCR-517-A for sea search was put on a crash basis to provide a new Air
Force antisubmarine bomber command with very effective equipment
to monitor and control large ocean areas. Bell Labs personnel were later
gratified to hear that their radar equipment had played an important role
in nearly eliminating the submarine menace along our coasts. For this
important use, together with air intercept and some other services, over
2,000 of the SCR-520/517-B series of radars were produced and used ef-
fectively throughout World War IL

One of the other applications of the SCR-517-A system was for instal-
lation on Navy subchasers, where a B scan display (517-A and -C both had
B scans only) was used in place of a PPI. But radar technology was de-
veloping rapidly. Even as the SCR-520/517 series was being designed
and produced, better and more sophisticated systems were being devised.
These are the subject of the next section.

3.4.5 SCR-720 and SCR-717: Small-Package Intercept and Sea-Search
Radars

The 500 series of radars employed some large and relatively heavy
units which had been developed on a crash basis to meet the paramount
need for radars at the earliest possible time. The weight of these units
limited the plane’s performance, but it was mainly the size of the units
(particularly the high-power RF units, modulators, and power supplies)
that made it difficult to find any location for the equipment in an already
crowded airplane. Thus, early in the war (while the 500 series was being
produced), it was realized that the development of smaller and lighter
component units was necessary, along with increased sophistication in
circuitry and higher-power operation. The term small-package was used
at that time to distinguish the desired units from the large-package units
then available.

In July 1942, a Western Electric-Bell Labs letter noted that although there
were orders for large-quantity production of SCR-517 and 520 radar
equipment, there also were development contracts for small-package AI-10
and aircraft-to-surface-vessel (ASV-10) radars and the probability was that
the large-package contracts would be renegotiated to cover the small-
package equipments whenever the latter became available. It was evident
that along with the imperative need for design and production of radars
for the war then under way, a steady improvement program had to be
carried on that would aid the users in their operations. (This continuing
development also kept the United States ahead of its enemies in the ability
to attack or bomb accurately without the likelihood of detection.) Ac-
cordingly, new small-package units with generally improved performance
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were developed from time to time. Originally these units, as well as the
520/517 series, operated in the S band. Hence, the new small units with
improved performance were integrated into the 500 series whenever ap-
propriate. Ultimately a complete small-package system became available
and was coded in the 700 series. The gradual changeover is the reason
why the records of that time do not indicate a particular period of
changeover from the SCR-520/517 large-package series to the small-
package SCR-720/717 series of advanced radars (Fig. 2-51). The con-
tinuing flow of new component units during 1942 and 1943 also made it
possible to quickly engineer systems for special purposes, such as the
AN/APQ radar bombsight and the AN/APG-1 gunlaying radar, discussed
in later sections. By mid-1943 this development of new components, as
well as the generation of innovative ideas, all of which were sought with
wartime urgency, were at a peak and directed thinking to advanced sys-
tems using th\em.

It was universally agreed that still shorter wavelengths (and higher
frequencies) would be necessary to achieve better resolution and even
smaller packages. Their use later formed the basis for the development
effort on one of the SCR-700 series of radars (SCR-717-T3), which operated
in the X band (3 cm) instead of the S band (10 cm). The higher-frequency
X-band components were integrated into earlier systems as they became
available.?> As an example of the overlapping progression of develop-
ment, even as the S-band sets were being readied for production, work
was authorized in early 1942 to put X-band (3-cm) components into one
flyable modél of the SCR-520-A radar. That model was coded SCR-520-T3
and delivered to Wright Field on January 26, 1943 for Army Air Force
testing of thF new components prior to production.

The SCR-720-T2 intercept radar, incorporating improved performance
and the advanced features of the smaller, lighter, higher-power X-band
transmitter, was produced in large quantities by Western Electric starting
in June 1943. As an intercept radar, the parabolic antenna was scanned
rapidly in azimuth and slowly in elevation. Improved B- and C-scope
indicators were developed for angular and range target data. The SCR-720
basic systemi was made for both British and American use, and large
numbers of ?ZO-A, S-band sets were sent to the British. In the European
theater the SCR-720 protected American and British lines, and the areas
back of the lines, from night raids by German planes. It was the one
night-fighter radar that was there in large numbers at the right time.

Like the 5}‘)0 series, the 700 series was modified for various applications.
The SCR-717-B antisubmarine search system, operating at S band, em-
ployed an antenna slewing through 360 degrees in azimuth with a slow

23 This involyed changing the transmitter-receiver modules and waveguide feeds in the
original installations.
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Fig. 2-51. SCR-720B airborne bombing radar.
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vertical nod. An X-band version, the SCR-717-T3 search radar, with its
narrower scanning beam, provided better resolution when operating over
land. Some of the other applications of the 700 series components were
those made in the AN/APQ-5 and AN/APQ-13, both X-band sets, which
are covered in the following sections.

3.4.6 AN/APQ-5 Low-Altitude Bombsight

Some early work on the development of a bombing radar, the SCR-
519, has been mentioned in a previous section (3.4.2), but the major Bell
effort on bombsight systems was the outgrowth of the SCR-517 and 717
radars.

In July 1942, as the production SCR-517 /520 radars were being modified
for sea search, the possibility of using their basic system for bombsighting
was being studied. The radars accurately gave the slant distance to the
target, and this data, together with altitude above ground and flight speed,
could be used to compute the ground range and bomb release point.
These were not simple calculations, and since this was long before the days
of miniature solid-state devices, the computer size and complexity
threatened to become unreasonable. In this predicament the former
“television people” proposed an ingenious idea in late 1942. If one bombs
at low altitude, they pointed out, the ground range is almost the same as
the slant range, in which case some computations become much simpler.
Thus, a radar bombsight could be devised with operating characteristics
similar to those of the Norden optical sight on which bomber crews had
been trained.?

Low-altitude bombing (LAB) had the advantage of allowing bombing
to be done at night or in overcast weather without much danger to the
attacking bomber because it could not be seen by the enemy target. The
Air Force wanted this system promptly because they had many trained
bombardiers who could use it effectively against the enemy in the Pacific,
whose “Tokyo Express” shipments to the expanding number of Japanese
bases in the South Pacific needed our critical attention.

Some months and considerable cooperation among many technical
groups were required to develop and construct a flight test model of what
was then coded as the RC-217 auxiliary sighting unit. In the meantime
small-package development had progressed rapidly and the components
of the X-band and 700-series radars could be adopted for use with the
bombsight.

A two-month test in Florida ending in April 1943 showed that the new
equipment was as simple to operate as a Norden bombsight and produced
high bombing accuracy. The Air Force requested the immediate outfitting

24 While the concept was simple, many circuit developments were required to reduce it
to practice. The U.S. patent covering the system, No. 2,733,436, was granted to S. Doba, Jr.
and L. W. Morrison, Jr. It was filed March 21, 1944 and issued January 31, 1956.
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Fig. 2-52. AN/APQ-5 airborne low-altitude, radar bombsight (bombardier’s
position).

of a wing of B-24 bombers with this equipment. Twenty preproduction
models were quickly constructed for this purpose in the Bell Laboratories
shops, but a further simplification was made combining three units into
one control unit. The equipment was now coded AN/APQ-5. (See Fig.
2-52 for view of operator’s controls.)

The wing of B-24s left Langley Field, Va., in great secrecy in late 1943
with a Bell Labs and a Western Electric engineer aboard, and flew to
Guadalcanal, where they set up operations. Within weeks the crews
completed training and entered combat. The Japanese were supplying
their bases with convoys of ships escorted by destroyers and light cruisers,
which usually passed through the Solomon Islands group at night. The
B-24 squadron with the AN/APQ-5 located several of these nocturnal
parades and succeeded in destroying much shipping with very little
damage to itself. One report revealed that, during the four-month period
from December 1943 to April 1944, this squadron sank 47 percent of the
total tonnage destroyed by its Bomber Command and in doing so utilized
only U5 of the planes, bombs, and personnel employed by that command
in attacks against enemy shipping. A heavily censored report of these
operations was sent on January 12, 1944, in a congratulatory telegram by
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General H. H. Arnold, Chief of Staff for the Air Force, to O. E. Buckley,
President of Bell Labs:

Directly as a result of the outstanding contribution made by your organi-
zation in the development of special electronic equipment and in the mak-
ing of preproduction models thereof it has been possible for the Army Air
Forces to take the offensive with telling effect against Japanese shipping in
the South and Southwest Pacific areas at a much earlier date than would
otherwise have been possible and under conditions which normally would
have made such operations impossible.

It is my great pleasure in behalf of the Army Air Forces to express our ap-
preciation for this contribution and to congratulate you and your people on
their achievement.?

A number of published articles described in detail the successful ex-
ploits again accomplished by cooperation.26 Over 4,000 units of the
AN/APQ-5 were produced.

3.4.7 AN/ APQ-13 High-Altitude Radar Bombsight

Another application of the 700 series radar components was a source
of inputs to systems used for high-altitude bombing. Two of these man-
ufactured by Western Electric were the AN/APQ-13 and AN/APQ-7.
Since these two systems differed rather markedly, they are described
separately.

Bell Laboratories was the prime contractor for the AN/APQ-13, which
was to be based on the SCR-717 X-band radar used in combination with
the H2X bombing unit and computer being developed by the Radiation
Laboratory. The need for it, and many of its development problems, arose
from the introduction of the B-29 bomber. A crash program was set up
by the Army Air Forces in February 1943 under a directive from General
Arnold to take whatever necessary action to commit the B-29 airplane to
combat without delay. Arnold pointed out that production experts had
worked out a schedule which promised to deliver 150 B-29s during 1943.
At this critical stage of the B-29 program, evidence was accumulating from
the European theater that poor visibility made radar bombsight equipment
a necessity, and it was anticipated that weather conditions would make
all-visual bombing even more difficult over Japan. The decision was clear
that the B-29s must be equipped with radar, particularly radar suitable for
search and homing as well as high-altitude bombing. The AN/APQ-13
development grew out of this urgent requirement.

The technical and development problems for a system operating in a
B-29 were many. The equipment was required to function properly at

25]. W. Rieke, “Low-Altitude Radar Bombsight,” Bell Laboratories Record 25 (January 1947),
p. 16.

26 “Low Altitude, High Precision,” Radar Magazine (April 1944), p. 17; and “Lab vs. Jap
Shipping,” (November 1944), p. 3.
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altitudes to 30,000 feet, far above that of previous planes. Not only did
this higher-altitude requirement mean increased problems due to voltage
breakdown and corona, but it also meant operation at still colder tem-
peratures (—50°C). Accurate ranging up to 300 miles (rather than about
100 miles) was now to be required because of the higher altitude. Also,
more detail with more uniform illumination was desired in the scope
presentation of the ground/sea area below the plane. Finally, scope
presentation fixed with respect to the ground was desired so that yawing
of the airplane would not blur the detailed presentation.

Development of the AN/APQ-13 radar system was begun in July 1943
with the imperative objective of matching the B-29 airplane schedule,
which called for production by the end of the year. Such a schedule for
the AN/APQ-13 could be contemplated only because the project came at
a time when X-band radar components light enough and compact enough
for airborne use and giving better target resolution were being developed
at Bell Labs. Moreover, the Radiation Laboratory at M.I.T. was in the
process of developing a radar bombing system known as H2X, which was
expected to be put into production in the summer of 1943.

A tentative technical outline of the proposed system was issued in
mid-August 1943. In September, an S-band SCR-717-B system was ob-
tained from Western Electric, and an H2X range unit from the Radiation
Laboratory. These units were modified to provide a laboratory model of
the AN/APQ-13 operating at X band. New X-band RF components with
an associated hard-tube modulator had been under development for an-
other system and were immediately adapted for the AN/APQ-13.

In adapting the H2X range unit, schedules limited the modifications
to those necessary for Western Electric manufacture and for the severe
environmental conditions resulting from altitudes of 30,000 feet. The
antenna design adapted from the H2X was previously used only at much
lower altitudes and required substantial redesign for use in the B-29 at the
high altitude. It was also necessary to develop several refinements, such
as attitude stabilization of the PPI display and widening of the receiver
bandwidth. These refinements in turn necessitated an extensive redesign
of the indicators.

Three preproduction systems were made by the Bell Labs model shop
and delivered by the end of October 1943. The last of the 35 preproduc-
tion systems was completed by the end of December 1943. The first two
AN/APQ-13 production systems were shipped on January 31, 1944; and
when the first B-29s took off for the CBI (China, Burma, India) theater in
March 1944, every plane was equipped with the AN/APQ-13. By V-J Day
in 1945, Western Electric had shipped 4,106 APQ-13 systems and 3,796
APQ-13A systems, the latter involving only simple modifications in the
connecting interfaces. The locations of the components of the AN/
APQ-13 in a B-29 bomber are shown in Fig. 2-53.
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The first strike of the 58th Wing, operating from the CBI theater, oc-
curred on June 15, 1944. The first strike from the Marianas, by the 73rd
Wing, occurred on, November 24, 1944. By V-J Day three more wings,
the 313th, 314th, and 315th, the latter equipped with the higher-resolution
APQ-7 (discussed in the next section), were in operation with a total of
almost 1,000 B-29’s. With the arrival of the 315th Wing on Guam in June
1945, the APQ-13 and APQ-7 stories coalesced, as far as the attack on Japan
is concerned.

Some sense of the significance of Bell Labs’ contribution in this area
seems in order. No doubt there will never be complete agreement on the
part played in the Japanese surrender by the B-29 attacks prior to the atom
bomb. But that it was not small is evidenced by a statement made by
Prince Konoye, who had been premier of Japan until mid-October 1941:
“Fundamentally the thing that brought about the determination to make
peace was the prolonged bombing by the B-29s.”” Radar bombing
equipment was essential in two types of operation: (1) nightincendiary
area bombing, and (2) mine laying. The heavily destructive night in-
cendiary attacks were almost totally radar-directed, but the less well-
known mining operations were perhaps the finest technical accom-
plishment of the APQ-13. They warranted a message of congratulations
from Admiral Chester W. Nimitz to the XXI Bomber Command about the
“phenomenal success” of the tactics.

One important aspect of the APQ-13/APQ-7 program closely resembled
Bell System peacetime development procedure. This was the participation
of technical people from Bell Labs in the field under real-life operating
conditions. Almost from the beginning of large-scale B-29 operations
from the Marianas, this participation provided direct information on
problems in equipment design. Moreover, the information flow from
the designer to the user ensured that the latter was cognizant of design
intent and system capabilities.

The relatively primitive nature of the original impact-predicting radar
bombsight for the APQ-13, taken over from the H2X system, was recog-
nized, and limitations in its accuracy were to be expected. Thus, the de-
velopment of an improved bombing computer could be anticipated.
Development of this device, originally coded the MX-344 and later the
APA-44 ground position indicator, was begun at Bell Labs in August 1944.
Among the improvements provided was the capability for accommodating
offset between the target and some favorable radar sighting point. Other
features incorporated in the design deserve mention. The first was that
a large number of precision potentiometers were designed for quantity
production. The second was that complicated gear systems were designed
to properly relate the electrical quantities in performing the computing
function and thereby minimize the skill required of the radar operator.
At that time, a high-level War Department committee, called the Stratton
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Committee, was set up to review the possibilities of high-accuracy, high-
altitude bombing systems. It was decided that production should be based
upon the use of an ac-type of analog computer? rather than the de-type
computer used on the H2X. The dc amplifiers required manual rebal-
ancing at about 30-minute intervals. While the process could have been
made automatic, as it was later done in ground systems, the weight and
volume would have been increased for a computer already substantially
heavier than the ac computing system. The use of ac computing systems
for the first time in a bombing system provided significant advantages in
stability of calibration. However, new filters and amplifiers had to be
developed.

The schedule for the APA-44 was extraordinarily short. Manufacturing
information was given to Western Electric on December 1, 1944, four
months after work on the project was initiated. The first laboratory flight
model was completed in mid-February 1945; the first flight tests, which
led to the inclusion of a few minor improvements in the production
models, were made on March 17,1945. A preproduction lot of 50 APA-
44’s was made between mid-April and mid-June 1945. The first produc-
tion equipment was delivered April 30, 1945; 503 systems were manu-
factured by the cessation of hostilities.

In summary, then, the outstanding feature of the APQ-13 development
program was the necessity of assembling a number of developed but
largely untried components that had to be fitted into an aircraft still under
development. No time was allowed for mistakes. Not only did the
production schedule keep pace with that of the B-29, but crews were
trained and an operational system was tested in the field. As arefinement
late in the production phase, a radically improved radar bombsight com-
puter based.on newly conceived principles, the APA-44, was developed
and put into production.

3.4.8 AN/ APQ-7 High-Resolution Bombing Radar

As mentioned previously, an X-band radar of the 700 series was also a
source of input for the very-high-resolution AN/APQ-7 bombing radar,
shown installed in Fig. 2-54. The latter’s resolution, greatly improved
in comparison with that of the APQ-13, was achieved by the use of an in-
genious but.complicated antenna system devised by the Radiation Labo-
ratory. The system later used the AN/AFPA-44 computer.

Improved resolution became practical as higher-power transmitters and
more sensitive receivers were adopted, thus making it possible to see small
targets at long ranges and also to differentiate them from larger targets
nearby.

The AN/APQ-7 was developed to provide the bombing precision
needed to home in on a munitions factory or an oil tank surrounded by

27 Early work on the ac computer was done by the Radiation Laboratory.
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Fig. 2-54. AN/APQ-7 high-resolution bombing radar.

nonmilitary construction—in Tokyo, for example. This meant not only
short wavelength (such as 3 cm, in the X band) but a very-large-aperture
antenna in azimuth. Compared with the parabolic dish antennas pro-
vided with all except the earliest airplane radars, the one used with the
AN/APQ-7 was unique in concept. The new antenna, devised by the
Radiation Laboratory for express use with a bombing radar, was given the
name “Eagle” to symbolize its detailed view from on high and the capa-
bility it provided for striking a particular small target once it had been
identified.

The Eagle antenna in final design was essentially an adjustable wave-
guide 16, feet long installed along the plane’s wingspread, with 250 di-
poles spaced at one-half wavelength intervals. The dipoles were ener-
gized by coupling probes extending into the variable waveguide, each of
which had to be separately adjusted during production. Scanning was
accomplished by varying the width of the waveguide along its entire
length by means of a push-rod assembly that maintained precise paral-
lelism of waveguide sidewalls throughout its length as the line was ad-
justed. It fell to Bell Labs to engineer and design this tricky device into
a usable and trouble-free entity for Western Electric production and aircraft
tactical use. The various manufacturing tolerances were in thousandths
of an inch along the 16}, foot length. It required the selection of the
highest-grade tool manufacturer for its production, and Western Electric’s
best talent to set up the electrical production and inspection tests. Some
idea of the precision required during the construction and adjustment of
the device was suggested by one of the participating engineers:
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In order to get this long waveguide antenna straight enough to meet the
electrical requirements, it was necessary to hire men who had spent years
sighting through and tweaking gun barrels straight, to do the same thing
on our antennas.
The antennas were carefully mounted in their own wing-like enclosure
and suspended under the fuselage of the plane.

The results were worth the great effort. The beamwidth (to half-power
points) was reduced to 0.4 degree in azimuth as compared to 3.0 degrees
for the standard AN/APQ-13 radar with its 29-inch-aperture parabolic
antenna, at the same 3-cm transmitting wavelength. The improvement
can be seen by comparing the resolution obtained with the AN/APQ-13,
shown in Fig. 2-55a, with that obtained with the Eagle and shown in Fig.
2-55b.

A bombardier could now select his relatively small target from its sur-
roundings. However, he still needed a precise computer to give him
bombing accuracy comparable to the precision provided by the ingenious
antenna and radar system. As indicated above, the H2X bombing system
with its computer lacked sufficient accuracy to fully capitalize on the
improved radar resolution. The development at Bell Labs of the AN/
APA-44 improved bombing computer that was to replace the H2X was not
at a stage where it would be available for use with the initial quantity of
AN/APQ-7 radars. So again, as in the case of the APQ-5 (Section 3.4.6
above), the need was met with an interim bombing system that simplified
computations with only slight loss of accuracy. This system was incor-
porated into two development models by May 1944, which made it pos-
sible for the Army Air Force to flight-test them in Florida. The tests
proved so successful that added pressure was applied to Western Electric
for an accelerated production program. Forty preproduction AN/APQ-7
sets were produced by Bell Labs by September 1944 to allow the earliest
possible use in the China, Burma, India, and Japanese theaters, as men-
tioned in the preceding section on the APQ-13 equipment. Western
Electric produced 344 more AN/APQ-7 systems by the end of 1944 and
continued to make them (1,366 systems in all) until late 1945, when the
new high-precision computer, the AN/APA-44, became available just
before V-J Day.

3.4.9 AN/ APG-1 Gun Director Radar

The account of the efforts by Bell Labs and Western Electric to aid in
the prosecution of the war would not be complete without mentioning
the AN/APG-1 airborne radar, although it did not see combat service.
This radar required a large development effort but was produced in rela-
tively small quantity.

The SCR-720 series was developed as night-fighter radar that would
bring the pursuing plane so close to the enemy bomber that even on the
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(b)

Fig. 2-55. Two radar scope displays showing difference in
quality of resolution. (a) Resolution obtained with the AN/APQ-13
radar (3-degree beamwidth). (b) Improved resolution obtained
with the AN/APQ-7 radar using the Eagle antenna (0.4-degree
beamwidth) at same radio wavelength. (From Radar Magazine 1945,
No. 10, p. 28.)
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Fig. 2-56. AN/APG-1 airborne gun-director radar.

darkest night the night-fighter pilot could see the bomber and attack it.
However, if the enemy developed a good tail gun radar, it would be pos-
sible for the enemy to fire on and possibly destroy the SCR-720-equipped
plane before it closed in. The AN/APG-1 (Fig. 2-56) used major compo-
nents of the Western Electric SCR-720 system, together with the antenna,
the handsight, the gyroscope, and a control unit from a General Electric
system. Considerable additional development and design work then
produced a radar system which, in addition to being able to locate an
enemy bomber at a distance of about 10 miles, also incorporated an auto-
matic airborne gun director that provided continuous range, azimuth, and
elevation information on the target airplane. With this director, the night
fighter was able to make a completely automatically controlled attack,
beginning at the extreme range of his guns and continuing while it was
at a safe distance from the tail gunner, rather than attacking only at
point-blank range with the SCR-720 under visual firing control.

In Florida the Air Force spent much time testing this gunlaying radar
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system mounted in a P-61 fighter plane. Hits were scored in 40 percent
of the rounds fired. This was stated to be an improvement of more than
1,000 percent over the best scores of a skilled manual gunner at the same
ranges.

The AN/APG-1 was developed in 1943 and early 1944, and the total
production of 200 units was completed in 1944. Since the Axis powers
did not produce a good tail gun radar during the war, the SCR-720’s did
not become obsolete. In fact there was no pressing need for the APG-1.
However, it was very essential insurance and pointed the way to the in-
tercept radars of the postwar era.

3.4.10 AN/ APS-4 Radar for Carrier-Based Airplanes

One of the systems different from those described so far was the AN/
APS-4 radar (originally called the “ASH") for Navy carrier-based air-
planes.

In April 1942, a Navy commander and two members of the Bell Labs
technical staff discussed the need for a lightweight radar for carrier-based
airplanes. By June, the design objectives had been established. The
system was to combine into one radar the search and homing functions
of the SCR-517/717 and the airplane intercept functions of the SCR-
520/720. The new radar had to have almost the same operational figures
of merit as the SCR-717 and SCR-720, but in addition to combining the two
functions it had a total weight objective of 135 pounds. Since each
SCR-717 or 720 weighed about 450 pounds, reduction in weight and size
was of primary importance. And since space for radar in the small
high-performance carrier-based airplane was extremely limited, it was
decided to include as much as possible of the radar system in a bomblike
enclosure under the airplane wing. This assembly had the advantages
of easier servicing and installation, but it limited the antenna size and
thereby, to some extent, the radar resolution. In addition, the aerody-
namic drag on the airplane was affected. The final design employed a
radome about 1% feet in diameter and 5 feet long, shown in Fig. 2-57, to
enclose everything except the operator’s scope and control unit and some
cabling.

Meeting the low-weight requirements while still maintaining high
performance required a design attack on every unit and component.
X-band frequency was essential to minimize the antenna size and com-
ponent weights. Even the IF amplifier, which provided most of the re-
ceiver amplification, was completely redesigned to reduce its size and
weight (from 32 to 10.5 ounces) and still maintain its full gain and im-
proved bandwidth characteristics.

By March 1943, the first laboratory model was ready for tests by the
Navy. It was estimated at that time that the first production system would
weigh about 175 pounds—a great reduction from the weight of the 700
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Fig.2-57. AN/APS-4 radar for carrier-based airplanes (housed in cylinder at-
tached to underside of wing).

series but still 40 pounds over the objective. The Navy was highly pleased
by the performance and encouraged Bell Labs to greater speed. In view
of the urgency, the first production design was ready in July 1943.

As the first laboratory model was beginning to take shape in February
1943, Bell Labs started sending information to Western Electric on those
items that seemed reasonably firm in design at that time and supplemented
or modified that information in subsequent months. This was a risky
process for production people since there were inevitable changes in de-
sign resulting from continuing testing of the model, which affected plans
for manufacture. Another aid to speedy production of the first equipment
was the Navy’s request that design refinements be introduced while
planning and production were proceeding. Thus many small changes
were introduced as the first production equipment was tested by both Bell
Labs and the Navy. A first pilot run of production equipment, totaling
39 systems, was completed in December 1943. Navy tests of these units
and continuing engineering made it possible to establish a design for
full-scale production which included plans for further weight reduction.
It is interesting to note that during this critical period in which perfor-
mance was being balanced against weight and size, the Navy accepted the
production AN/APS-4 system weighing 181 pounds because it provided
performance considerably better than that prescribed by the initial re-
quirements. Production designs were continually improved as a result
of combat use, which eventually reduced the weight of the system to about
the desired 135 pounds while increasing operating reliability without loss
in performance.
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The Western Electric Hawthorne plant in 1944 produced some 6,686
AN/APS-4 systems in record time by increasing production facilities and
subcontracting. Production continued until V-] Day, the 1945 total then
being 8,398. As one Navy pilot pointed out, these systems were used
throughout the Pacific area to

.. .perform the many jobs we [carrier-based pilots] are called upon to do.
The jobs not only include searching out Japanese targets (ships as well as
island installations), navigating in strange territory and homing to their air-
plane carrier, but also helping the pilots fly in, over, and around tropical
rain squalls, and pointing out targets through overcast.

3.4.11 SWOD — the “Bat”

The increasing sophistication of airborne radars during the war years
made it possible for Bell Labs to develop in 1943 a novel bomb termed
Special Weapons Ordnance Device (SWOD) by the Navy. This was a glide
bomb, not self-propelled, which contained a radar and associated control
circuits to keep the bomb homed-in on a selected target until impact. This
bomb was nicknamed the “Bat”’ because, like that mammal, it was able to
guide itself, even in darkness or overcast, toward an enemy ship by means
of its wings and control surfaces. It was launched from under the wing
of its host airplane. The nose of the device contained an antenna and radar
equipment, which, while the missile was attached to its launching plane,
fed information to a cross-pointer meter and range indicator in the plane.
When an enemy ship had been selected as the target, the Bat’s radar system
could be locked onto the target echo signal for homing and the missile
could then be launched while the plane was still at a safe distance outside
the range of the vessel’s guns. The circuits for this device were similar
to the homing systems of other airborne radars, but utilized many com-
ponents especially designed to meet the particular electrical and physical
requirements of this unit. Three hundred Bat devices were produced by
Western Electric in 1944 and 2,800 in 1945, together with 82 control sys-
tems for the launching planes. Three Navy patrol squadrons equipped
with the Bat systems saw successful action in the Pacific before the war
ended.

IV. MAGNETRON RESEARCH AND DEVELOPMENT

No other technological advance was integrated into Allied military
operations more thoroughly than radar. What transformed this concept
from a hopeful idea to an operational tool was the British development
of the microwave magnetron. It was the refinement, adaptation, and
massive production of this device by United States governmental and
industrial laboratories and manufacturers, under the constant spur of
systems requirements, that brought about the amazing proliferation of
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radar applications.?® Bell Laboratories and Western Electric played a major
part in this effort from the beginning.?® Because of the extreme urgency
of military demands and the constant interchange of information with
other laboratories, the normally separate activities of research, develop-
ment, and large-scale production became thoroughly intermixed, each
reacting continually on the other. The production of more than 100,000
magnetrons in Western Electric factories indicates how successful such
a sustained group effort could be.

4.1 The British Breakthrough

In September 1940, when early warning radar was making its first de-
cisive contribution in the Battle of Britain, a British mission led by Henry
Tizard arrived in Washington, D.C. Its purpose was the exchange of sci-
entific and technical information. As a sequel, on October 6 at the Bell
Labs radio laboratory in Whippany, New Jersey, a British 10-cm magnetron
invented by J. T. Randall and H. A. H. Boot, and brought by the Tizard
mission, was tested for the first time in the United States. Its peak power
output when operated at 10 kV with 1-microsecond pulses and a 1,000-
cycle/second repetition rate was estimated to be about 10 kW. This had
to be compared with the best results of about 2 kW at 40 cm which Whip-
pany was getting from triode pairs being used in a fire control radar de-
velopment. Since the prospect for appreciably improving the triodes was
dubious, whereas the potentialities of the magnetron were largely unex-
plored, it was clear that there had been a major breakthrough. Unlike
conventional vacuum tubes with their components exposed in a glass
envelope, the new tube was an inscrutable copper cylinder with cathode
leads and a coaxial line emerging from it. Since it was not expendable,
X-ray photographs were used to explore the inside. With these photo-
graphs and a drawing of a different model, it was successfully reproduced
and operated by early November 1940.

Considerable work had been done on magnetrons between the wars.
The term broadly refers to any device with a cylindrical, but not necessarily
circular, cathode and anode (which may consist of several segments) placed
in a uniform magnetic field parallel to the cylinder generators. The
electrons execute motions of considerable complexity in the crossed
electric and magnetic fields. When coupled to resonant circuits, such
arrangements can generate RF power in a variety of ways. In 1935 it was
shown that one possible mode had the electrons circulating about the

28 G. B. Collins (ed.), Microzwave Magnetrons, MLT. Radiation Laboratory Series, vol. 6 (New
York: McGraw-Hill, 1948). Discusses most of what was known about magnetrons until
January 1946.

9 Their contribution is set forth in J. B. Fisk, H. D. Hagstrum, and P. L. Hartman, “The
Magnetron as a Generator of Centimeter Waves,” The Bell System Technical |, 25 (April 1946),
pp. 167-348, which was reprinted in Radar Systems and Components, pp. 56-237.
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cathode so that on the average they kept in step with a rotating component
of RF field on a multisegment anode connected to coupled resonators.
The British used this configuration in the following manner. In a
copper block a central hole is surrounded by a set of equally spaced holes,
and each of the latter is joined to the former by a radial slot. The slot,
largely capacitive, and the hole, largely inductive, form a quarter-wave
line with a voltage maximum at the central end of the slot. Magnetic flux
linkage between neighboring holes couples the resonators together. The
entire block is now a multisegment anode. The cathode, rather than being
a simple filament, is an oxide-coated cylinder of appreciable size. Here
necessity and good fortune met. The British had discovered empirically
the factor which, above all others, made their magnetron a success. This
was that, for the tube to operate efficiently, the cathode had an optimum
dimension, relatively large; if this had not been the case, it would have
been impossible to draw the requisite high currents. The RF power was
taken out on a coaxial line fed by a loop in one of the holes, and the cathode
was mounted on radial leads. Fragile glass and glass-to-metal seals sup-
ported these elements. In the 1940 form, these seals were distressingly
breakable, dire need having left no time for mechanical refinement.

4.2 The Bell Labs and Western Electric Contribution

The first objectives of this urgent effort were to see whether a 40-cm
magnetron could be built which would replace the inadequate triodes,
and to get as much experience as possible with the 10-cm version. This
involved observing the operating characteristics, changing the number
of resonators, experimenting with the hole and slot dimensions, and
varying the cathode size. The first project, carried out essentially by trial
and error, resulted in a series of tubes (700 A-D) that gave 40-kW peak
output power at an overall efficiency of 30 to 40 percent. These tubes were
structurally very much like the 10-cm prototype but were modified to keep
the weight down. Many initial production difficulties arose in outgassing
the copper block, which weighed nearly 12 pounds, and the cathode with
its 1.5-square-inch surface. By later standards, these tubes were rather
primitive, but they were so far in advance of the triodes that they served
immediate systems needs.

Throughout the war, magnetrons in the 20- to 40-cm range were de-
signed and built only by Bell Laboratories and Western Electric. Figure
2-58(a) shows one of the later and most refined tubes, and Fig. 2-58(b) is
a section of the same tube.

Field experience and laboratory experiment had early uncovered the
distressing fact that the 10-cm tube, when pushed harder than normally,
would skip abruptly to another frequency. A remarkable solution to this
problem, devised in 1941 by J. T. Randall and J. Sayers of the University
of Birmingham, had far-reaching consequences, some of which were not
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(b)

Fig. 2-58. 5]26 tunable magnetron (600 kW, 1,220-1,350 MHz).
(a) Complete unit. (b) Sectional view.

foreseen. They tied the alternate anode segments together with short
pieces of wire straps at each end of the block. It was already known that
the efficient mode of operation was that in which alternate anode segments
were 180 degrees out of phase (wm-mode), that the links would clearly not
upset this (except to add capacitance and increase the wavelengths), and
that any other mode would in some way be disturbed. The effect of this
“strapping” was to widen the range of normal operation and to increase
its efficiency everywhere, which was a bonus. The process of strapping
opened the way for real progress at 10 cm. Strapping became standard
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on all 10-cm tubes and on the later 3-cm tubes and was incorporated into
improved long-wavelength tubes. As more experience was gathered, the
wires were replaced by two concentric rings at each end; these were usu-
ally made of flat copper strips with feet brazed to alternate segments of
the anode.

The reasons for the success of strapping began to emerge as more cold
test data were taken on the resonant properties of the anode block and as
some understanding of the electronic properties of the space charge cloud
was gained. The primary function of strapping is to increase the mode
separation between the m-mode and all the unwanted modes. Strapping
does this by increasing the coupling between the resonators. When this
was understood, the size of the straps could be used as a flexible tool for
varying this coupling. The increase in observed efficiency was a happy
accident. As a result of later, extensive studies on the properties of output
circuits, it became possible to relate systematically the efficiency of RF
power generation to the impedance seen at the slot openings. The effect
of strapping, leaving the rest of the RF circuit untouched, was to lower this
impedance, and this, for the original 10-cm tube, was in the direction of
improving its efficiency.

With strapping, several tubes were now produced in the 10-cm band
with routine outputs of 150 kW peak. These all saw extensive use and
were produced in large quantities. The finished tubes came with a heavy
glass boot over the cathode leads and had cooling fins brazed to the anode
shell. As was the rule for all military applications, all magnetrons had
to meet rigid specifications to ensure ruggedness and serviceability. At
about this time, Western Electric had worked out a very successful method
for anode fabrication. All the holes in the anode block were first drilled,
and then a broach with radial spines was pulled through the center hole
to cut all the slots simultaneously.

It is perhaps pertinent at this point to mention some of the general ideas
about magnetron operation emerging at this time. One of the most useful
of these was scaling. This rests simply upon the observation that if
Maxwell’s equations and the dynamic equations for the electrons are
written down, it can be seen that their joint solutions will not be changed
if all the variables in the problem—voltages, currents, magnetic fields,
lengths, and frequencies—are mutually adjusted in the proper way.
Practically, this means that if we have information about a magnetron at
one wavelength, we can predict the behavior of a suitably scaled version
at another wavelength. This principle was experimentally verified and
became a key tool in designing for new wavelengths.

A rigorous theory of magnetron operation was then far too difficult to
obtain. 'The intuitive concept that the electrons move around the cathode
at an average velocity equal to that of a rotating RF field was, however,
substantially confirmed by some British calculations. These showed that
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in a system of axes rotating with the RF electric field, the electrons are
phase-focused into spokes of charge. These spokes are at rest in this
system. The individual electrons execute more or less cycloidal paths
within the spokes and gradually lose energy to the RF field as they go out
to the anode. Some electrons whose initial phase is adverse gain energy
and return to the cathode. (This process of back bombardment was a
well-established experimental fact.) This picture makes it clear why the
cathode can turn out to be so large: it is not the size of the cathode that
counts, but largely its separation from the anode. There is, in fact, no
reason why one should not have a magnetron with a linear cathode and
anode. As will be seen later, this is the direction in which development
moved empirically as shorter wavelengths made bigger relative cathode
sizes important; in other words, the number of resonators was steadily
increased.

Another area upon which light was being shed was that of getting the
power out of the tube and of presenting the electron stream with the
proper impedance. Also, at this point, the armed services were beginning
to require a specified stability in frequency against definite changes in
external load. The techniques of microwave measurement had become
sufficiently routine to enable these questions to be examined on cold
magnetron models. In the earliest tubes, all impedance matching had to
be done outside the tube with consequent severe breakdown problems.
It became necessary at higher power levels to do this within the vacuum.
Thus, by hot measurements, one could determine what impedance the tube
liked to see and then, by cold test, one could design an internal transformer
to produce this, given a matched external line. To avoid current-carrying
junctions between the output and the external line, coaxial choke joints
were developed which simulated short circuits without contact. These
features were incorporated with good results in a high-power 10-cm tube
(720A-E), which gave 1,000-kW peak output, and also were incorporated
in later tubes (5]23 and subsequent tubes) at longer wavelengths.

The progress at 10-cm now whetted the military appetite for the de-
velopment of airborne radar systems, which called for smaller antennas
and shorter wavelengths. The selected band was centered at 3.2 cm.
Some work had already been done, both at Bell Laboratories and at the
M.LT. Radiation Laboratory, on magnetrons in this range, and an M.L.T.
tube, the 2J21, had been put into production. It had a peak output of 15
kW. The rather inadequate performance of this tube stemmed mainly
from the fact that it had been designed before the scaling principle had
been fully established. When an 8-resonator 10-cm tube was scaled di-
rectly to 3 cm, a much more efficient tube resulted. However, the de-
mands on the cathode were now very severe. By moving up to 12 reso-
nators and strapping heavily to restore the separation of the modes, the
problem became difficult rather than impossible to solve. The situation
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was sufficiently hopeful for a 3-cm program (725A) to be started with the
support of resident visitors from M.I.T. and the Columbia University Ra-
diation Laboratory. Because systems development with the 2J21 tube were
already advanced, it was necessary that the new tube be a mechanical and
electrical replacement for the old.

Improved techniques were not required for anode fabrication. By this
time the anode was only 0.25 inch high, and the anode hole radius 0.102
inch. Anodes were now fabricated separately, carefully deburred, and
examined before being brazed into a shell. The natural way to get power
out of the tube should have been a waveguide output, since 3-cm external
plumbing did not use coaxial line. The interchangeability requirement,
however, precluded this. It was necessary to use a coaxial output fed by
a loop over one of the holes, which was then matched into a small section
of guide that was part of the tube. To obtain satisfactory impedance
transformation was at first a very delicate problem, and the height of the
loop over the block had to be held within +£0.001 inch. The severe de-
mands on the cathode were met by a significant advance in its design.
This was the use of fine nickel mesh welded to the nickel cathode sleeve;
the mesh was then impregnated with the oxide coating. (The latter was
then somewhat protected from back bombardment, and the mesh helped
to dissipate the resultant heat.) In the 725A and its variants, as well as
other 3-cm tubes, the heater was shut off after the tube started, since the
necessary heat was supplied by back bombardment. The 725A produced
55 kW while meeting all the service requirements. It saw extensive
combat use. Having been adapted also by the Raytheon Manufacturing
Company for other methods of fabrication, its total production at Western
Electric, Northern Electric, and Raytheon was over 300,000 units. A sec-
tioned 725A is shown in Fig. 2-59.

The problem of making a magnetron tunable had arisen quite early.
Such a tube promised great advantages, one of which was eliminating the
need to stock a whole series of fixed-frequency tubes in a given band.
Naturally, any method of making a given magnetron tunable still had to
leave it interchangeable with its untuned predecessor. This problem was
satisfactorily solved in the long-wavelength tubes. For example, in
strapped tubes at such wavelength, it was possible to mount a “cookie-
cutter” on a flexible diaphragm above the straps and to vary the separation
between the cookie-cutter and the straps. This effectively changed the
coupling produced by the straps and gave the required tuning range of
a few percent. When the 725A became viable there was a demand for a
tunable version. Tampering with the strap impedance was too finicky
an operation at these wavelengths. A solution worked out at the Columbia
Radiation Laboratory was adopted in the work on a tunable 725A tube,
the 2J51. This involved using an array of pins mounted on a diaphragm;
the pins could then be inserted into the resonator holes to a variable depth.
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Fig. 2-59. 725A magnetron (55 kW, 9,375 MHz).

This gave rather smooth tuning over a +7-percent range. The output
circuit of the 725A was found to need relatively little adjustment to work
over this range.

The 2J51 incorporated two new, associated features. It had an axially
mounted cathode and its own magnets. The last feature is referred to as
“packaging.” The two ends of the tube now consisted of iron blocks of
square cross-sections and two horseshoe magnets, suitably clad to prevent
their being accidentally demagnetized, making contact with these blocks.
The overall weight reduction was considerable. The technology of
packaging the 2J51 was then used to produce packaged versions of the
untuned 725A.

Progress in understanding the magnetron and in techniques of con-
struction had now reached the point where it was always possible to
visualize a much better tube than the one being developed. One of the
few opportunities to develop a magnetron in a fairly uninhibited way came
with the attempt to increase the power available at 3 cm. Two tubes, the
4]52 and 4]50, were envisaged: the first to operate at somewhat higher
voltages than the 725A but to produce 100-kW peak output, the second
to have the same structure but large magnets so that higher voltages could
be used. About 250-kW peak output was expected. The project was again
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supported by resident collaborators who were from the M.I.T. Radiation
Laboratory.

The number of oscillators was increased to 16, with some loss of mode
separation, to ease the demands on the cathode. Also, a further advance
in cathode design was of great significance. This entailed sintering fine
nickel powder to the basic nickel sleeve to form a porous conducting
matrix for holding the oxide coating. This cathode was remarkably ef-
fective, being able to operate satisfactorily with 5-microsecond pulses,
which was a very severe test. It was supported axially by a heavy metal
cone attached to a rugged glass sleeve and Kovar-to-glass seal.®® Since
this design was packaged, the structure had to be inserted through a hole
in the pole piece. So that magnetic distortion would be avoided, the holes
were partly restored by mounting annular rings of permendur, which is
still magnetic at red heat, at each end of the cathode.

These were the first tubes built at Bell Laboratories with direct wave-
guide output. In these tubes a waveguide transition section was needed
to transform from the resonant system to the standard 3-cm guide. This
section could be brought down to the size of the tube by using a guide of
H-shape cross section. The bar of the H was a slot cut in the anode block
to the hole of one resonator. The posts of the H were formed by milling
wider slots in the anode block, which was fabricated separately; the H was
then formed when the pole pieces were put on at each end. The RF power
found access to the external waveguide through a circular glass window
in a Kovar cup isolated by choke joints. This whole section was designed
for low reflection. The final tubes were very compact, rugged designs
that easily met their performance goals. They remained in production
well into the postwar period. Figures 2-60 and 2-61 show the 4]J52 and
4]50 types.

Each time progress was made at one wavelength, the desirability of
proceeding to a shorter wavelength was emphasized. The next step was
to the band centered on 1.25cm. Some exploratory work had been done
at this wavelength in Bell Laboratories; but because of Bell Labs’ com-
mitment to the 3-cm development, the main responsibility for finding a
viable 1-cm design was assigned to the Columbia Radiation Laboratory.
The Columbia group found a very ingenious approach. After its feasibility
had been demonstrated, the group joined with Bell Laboratories in its
development. It was clear that making a strapped tube at 1-cm wave-
length out of copper would be a very tricky undertaking, the size of the
details and the mutual clearance having become so small. The Columbia
Lab resolved this problem by finding a new resonant structure that
eliminated strapping. This structure, known as the “rising sun,” had
simple wedge-shaped resonators, which were of two different, alternating

30 Kovar is a registered trademark of Carpenter Technology Corp.
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Fig. 2-60. Sectional view of the 4J52 magnetron (100 kW, 9,375 MHz).

Fig.2-61. 4J50 magnetron (280 kW, 9,375 MHz).
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Fig. 2-62. Sectional view of the 3]21 magnetron (60 kW, 24,000 MHz).

lengths. The m-mode no longer had the lowest frequency but was situated
in a large gap in the mode spectrum so that adequate mode separation was
preserved. The version developed at Columbia had 18 resonators, this
large number, as in the 3-cm development, being chosen to obtain as large
a cathode as possible. There were some quirks associated with this
structure. If one examined the RF electric field pattern in the anode-
cathode region, one would see that it had a uniform tangential component.
Such a field could interact strongly with the electron cloud at a certain
magnetic field (essentially a cyclotron mode), and the normal operation
of the tube would be badly affected. Fortunately, knowledge about the
magnetron had now been advanced to the point where these facts could
be understood and circumvented.

The cathode, which here had a diameter of only 0.096 inch, had to de-
liver about 50 amperes per square centimeter. The sintered cathode was
again used, mounted axially for mechanical rigidity and precise assembly.
Since there was no room for an adequate heater within the cathode, the
latter was made of a solid nickel rod and heated from one end like a sol-
dering iron. Such a small tube required that very close tolerances be
maintained in fabricating the anode and the output circuit. Some of the
sensitivity of the latter was decreased by incorporating what was essen-
tially a stabilizing cavity in the waveguide output. The tube, designated
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Fig. 2-63. Anode structures of the principal magnetrons designed by Bell
Laboratories at wavelengths from 40 to 1.25 cm.

as 3]21, was built in packaged form with magnets delivering 8,000 gauss
and weighed 6% pounds in all. A very satisfactory output peak of 60 kW
was achieved. A sectional view of the 3J21 is shown in Fig. 2-62. Figure
2-63, which shows the anode structures of all the Bell Laboratories tubes
from the original 40-cm tube down to the 1.25-cm, gives some idea of the
range.

The foregoing account sketches the magnitude of the contribution to
magnetron development and production made by Bell Laboratories and
Western Electric. They were the only producers responsible for pulsed
tubes at all wavelengths from 40 cm to 1 cm, which came in all varieties,
strapped and unstrapped, with tunable and fixed frequency, with coaxial
and waveguide outputs, and packaged and otherwise. In a situation
where the primary objective was to assimilate new technical information,
to use that in making a reliable manufacturable device in the minimum
time, and to see it into production, their performance was outstanding.
J. B. Fisk had the overall responsibility for the development of all types
of magnetrons and was very directly involved with the day-to-day prob-
lems. With skill and tact, he headed an unusually dedicated and coop-
erative team, each of whose members worked on a variety of tubes. Three
others in the group played major roles. P. L. Hartman contributed greatly
to the 40-cm and 10-cm tubes, H. D. Hagstrum to the 10-cm and 3-cm tubes,
and A. T. Nordsieck to the 1-cm development. Other vital contributors
were V. L. Ronci and his associates, who were responsible for mechanical
design and model building; L. A. Wooten and his group, who solved in-
numerable problems of cathode development; and P. P. Cioffi, who de-
signed magnets for each of the tubes.

The multicavity magnetrons which have been described were re-
markably successful devices. But, as has been emphasized, they were
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produced to meet emergencies and restrictive service demands; as a result,
many solutions to problems were compromises. In the postwar years,
many of the resulting deficiencies became apparent in the face of new
demands. In 1954, J. Feinstein and R. J. Collier introduced a major de-
velopment in magnetron circuit design that greatly improved perfor-
mance, frequency stability, and reliability. This is known as the coaxial
cavity magnetron3! or circular electric mode magnetron. The strapping
feature of the old magnetrons was always an untidy scheme; it was rather
irksome to build and to use it as a tuning element because of small clear-
ances and because the presence of the straps gave rise to stray RF fields
in the interaction space. To preserve the mode-separating function of the
straps, the new scheme coupled the resonators tightly together at high-
current rather than high-voltage points. Alternate resonators were
coupled, by means of slots at the back, into a coaxial cavity surrounding
the original anode block. The cavity was thus excited in the TEp;; mode.
Most of the stored energy of the tube now resided in this coaxial cavity.
Frequency stabilization was greatly improved, and the tuning was very
simply effected by changing the length of the cavity. The design thus
represented a solid advance over the earlier forms in several ways with
no attendant drawbacks. It has been implemented in a number of tubes
used by the military services.

V. RADAR TEST EQUIPMENT

The radars of World War II were highly complex devices using precise
components and circuitry based on new technology. There was little prior
experience with this technology except in a few of the laboratories of the
armed services, Bell Laboratories, and a small number of other organiza-
tions where limited work had been done in the microwave domain. A
single radar might use as many as 50 to 250 vacuum tubes. Some handled
very high transmitter power, others very low received RF inputs, and
many operated at microwave frequencies far above the range normally
used for radio communication. Radar designs and operation dealt with
a wide variety of new technical fields, such as shaped pulses of microsec-
ond duration, video data transmission, and computers of both the analog
and digital type.

Unlike some electronic systems, the radar displays gave no inherent
indication that warned the user of degraded performance. Therefore, it
was obvious from the beginning that means had to be provided for testing
radar operation and adjusting the equipment for optimum performance.
This test gear had to meet many difficult requirements. It had to be usable
by personnel with only a minimum of basic technical training and, in

31§, Feinstein and R. J. Collier, “The Circular Electric Mode Magnetron,” in E. Okress (ed.),

Crossed-Field Microwave Devices, 2 vols. (New York and London: Academic Press, 1961), vol.
2, pp. 123-134.
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addition, had to provide accurate measurements over a range of envi-
ronmental conditions covering extremes of temperature, humidity, and
altitude. Often, it had to be small and lightweight and far more portable
and rugged than normal commercial equipment.

It was evident that the provision of test gear would be a complex but
highly necessary part of radar development. However, in the hectic days
of 1940 and 1941 during the crash development of systems and their ex-
pedited production and field distribution, use got well ahead of the de-
velopment of field-test equipment-—even so far ahead of defining what
was needed that many expedients were resorted to by the designers of
early radar systems. Voltmeters, tube checkers, and portable oscilloscopes
were available from prior communications experience and were furnished
with the first systems. But radars performed many new functions and
operated in new and much higher frequency bands for which nothing was
available but unsuitable laboratory equipment. When commercial
equipment was unavailable or could not be adapted to meet the testing
requirements, the radar designers built equipment that would serve until
standardized test gear could be produced.

The first radars were usually tuned for optimum performance by ad-
justing the transmitter and receiver to maximize the range of returning
clutter or echoes from the surrounding landscape. This was not very
satisfactory because the clutter varies with weather conditions. For a
land-based radar, it was usually possible to find a hole in the ground clutter
(a shadowed spot not illuminated by the transmitter) and erect on that spot
a pole with a stable corner reflector to act as a reference target.

At sea this expedient could not be used. The sea clutter returning to
a radar from various directions depends on the magnitude and direction
of the wind, which are highly variable quantities. On a perfectly calm
sea there is a residual clutter extending perhaps a thousand yards or so
(more ahead and astern than abeam), which was correctly attributed to
the outgoing pulse bouncing back and forth in the ship’s rigging and su-
perstructure until it died out. On such a calm day, a Western Electric field
engineer at sea with one of the first Bell Labs-designed fire control radars
made an interesting observation. He found that when the antenna was
pointed in a particular direction, the clutter extended far beyond the
normal range, and that this was true only when a particular deck hatch
was open. The propped-up lid was reflecting the radar pulse “down the
hatch,” where it bounced around a large metal compartment feeding
clutter back to the radar for a time corresponding to that of a range of many
thousands of yards. It was probably the criginal echo box—an item later
developed in small-size, high-Q form for the higher frequencies and
widely used in testing radars.

Interesting as the early expedients were, they could not take the place
of a well-designed series of equipment planned specifically for installing
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and maintaining radar systems. To meet this need, a group was formed
under the direction of E. I. Green, and people with suitable qualifications
were diverted from Bell System work to staff it. Their work was closely
coordinated with that of groups in Bell Labs and the Radiation Laboratory
that were designing radar systems in an effort to give the resulting test
sets the widest possible application. The first Bell Labs designs were
delivered from Western Electric production early in 1942, and more than
a dozen of them were in production by the end of that year, mainly for
application in L and S bands (100 to 3,000 MHz). Many more sets went
into production in later years as the frequency range was extended and
as radars became ever more complicated in their functions.

As the use of radar equipment expanded during the war, it became ap-
parent that the large variety of required test gear would get out of hand
unless it was minimized by designing radars to use, as far as practical,
uniform measurement and adjustment procedures. The Bell Labs groups
involved in radar and test set design, using systems engineering tech-
niques, worked with many technical groups in the different military
services in order to make each test set efficiently serve the maximum
number of different radars. This coordination helped to make many of
the later test sets usable on a number of radars.

In spite of this effort, the nature of radar required test sets serving special
purposes, such as different signal generators for the L, S, X, and K bands,
power meters for different frequency bands, frequency meters, range
calibrators, phantom targets, echo boxes, oscillographs, dummy antennas,
computer test sets, and standing wave detectors. Table 2-4 lists the sets
designed and produced by Bell Labs and Western Electric through 1943,
and some of the sets are illustrated in Fig. 2-64. Obviously, the histories
of this large variety of equipment would be too long for presentation here.
However, a few words concerning signal generators, a very basic category
of radar test equipment, might exemplify the process of development that
test sets went through as radars became more and more sophisticated
during the war.

The signal generator of the IE30 test set, deliveries of which began in
May 1942, produced pulsed RF signals in the 10-cm range using sine wave
synchronization. A few months later the Army’s IE57A (the Navy’s LZ)
test set was developed. It covered a broad frequency band of 20 percent
in the vicinity of 10 cm and was designed to be triggered by the RF pulse
from the radar instead of by a separate synchronizing connection. This
set and a later, smaller version saw wide use with Army, Navy, and Marine
Corps radars.

Delivery of another radar test set, the TS-35/AP, including a signal
generator operating in the 3-cm band, began in the fall of 1943. It fur-
nished either a train of pulses or a train of FM signals. It covered a 9-
percent frequency band with no tuning adjustment except for the oscil-
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Table 2-4. Radar Test Equipment in Production or under

Development in 1943

Armed
Service

Nomenclature

Type of Equipment

Already in Production in 1943
IE-30A
BC-1077A
CW-60AAX
BC-1087X
RC-124A

Army
Army
Navy
A/N

Army
Navy
Army
Navy
Army
Navy
Army
A/N

Navy

CW-66ACX

BC-1167A
CW-50ADB
1-203
CW-60ABU
TS-6/AP
TS-89/AP
LW
D-150337
>-150338

Production Started in 1943

Army
Navy
Army
Navy
Army
Navy
Army

Army
A/N
Army

Army
AIN
A/N
A/N
A/N
Navy

Navy
Army

BC-1277A
CW-60ACA
BC-1287A
CW-60ACB
RC-124A
CW-60ACX
TS-19/APQ-5

TS-5/AP
TS-34/ AP
TS-3/AP

RE-4/AP
CW-60ABM
TS-33/AP
TS-35/AP
TS-36/AP
TS-45/APM-3
TS-45A/APM-3
RF-3/AP

S-Band Radar Test Set

S-Band Pulsed Signal Generator
S-Band Pulsed Signal Generator
Oscilloscope

Test Antenna

Test Antenna

Video Probe Amplifier

Video Probe Amplifier

S-Band Standard Power Meter
5-Band Standard Power Meter
S-Band Frequency Meter

Video High Voltage Divider
L-Band Radar Test Set
Heterodyne Detector and Scope
Pulsed Signal Generator and Scope

S-Band Signal Generator

$-Band. Signal Generator

Oscillescope

Oscilloscope

Test Antenna

Test Antenina

Precision Range Calibrator for AN/
APQ-5

Range Calibrator for Search Radars

Oscilloscope

S-Bancl Frequency and Power
Measuring Set

S-Band Wobble-Tuned Ring Box

S-Band Frequency Meter

X-Band Frequency Meter

- X-Band Signal Generator

X-Band Power Meter

X-Band Radar Test Set

X-Band Radar Test Set

X-Band Wobble Tuned Ring Box
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Table 2-4—Continued

Armed
Service  Nomenclature Type of Equipment
Under Development in 1943

Army TS-98/AP Video Voltage Divider

A/N T6-90/AP Video Dummy Pulser Load

AN TS-102/AP Video Precision Range Calibrator

Army TS-158 /AP Computer Test Set

Navy CW-49499 S-Band Coaxial-Waveguide
Transformer Set

Navy CW-49500 S-Band Coaxial-Waveguide
Transformer Set

Army TS-74/UPM S-Band Dummy Antenna

Army UG-78/AP S-Band Tapered Adapter

Army TS-61/AP S-Band Ring Box Test Set

Army TS-110/AP S-Band Ring Box Test Set

Navy CXGU S-Band Ring Box Test Set

Navy TS-46/AP S-Band Frequency Meter

A/N TS-108/AP X-Band Dummy Antenna

A/N X-66362-A X-Band Directional Coupler

Army X-66362-B X-Band Directional Coupler

Army TS-62/AP X-Band Ring Box Test Set

Navy X-63630-A X-Band Ring Box Test Set

Army TS-103/TPM-1  L-Band Signal Generator

A/N TS-128/UP L-Band Signal Generator

A/N TS-104/TPM-1  L-Band Connector Box

A/N TS-105/TPM-1 L-Band Dummy Antenna

A/N TS-106/TPM-1 L-Band Line Monitor

A/N TS-107/TPM-1  L-Band Frequency-Power Meter

A/N TS-130-UP L-Band Standing Wave Detector

Navy T5-91-UP L-Band Test Antenna

AIN TS-91/AP L-Band Ring Box Test Set

A/N X-66162 L-Band Ring Box Test Set

lator. A later model covered a 12-percent band. Great progress was made
in reducing the size and weight of test sets. The reduction in size can be
seen in Fig. 2-65. As for weight, the IE 30 signal generator weighed 121
pounds; the IE-57, 74 pounds; and the TS-35 and TS-35A, about 30

pounds.

The magnitude of test set development during the war is indicated by
the following data: Prior to 1944 Bell Labs had developed over 70 dif-
ferent radar test sets. During 1944, 43 new designs were developed and
standardized. In 1945, 10 more designs were nearing completion by V-]
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Fig. 2-64. Representative types of test equipment developed for use with Bell
Laboratories radars.

Day. The reduction in the number of new designs introduced as the years
passed was to a large extent an indication of the effectiveness of the
coordinated effort to make each test set serve the maximum number of
radars.

Test sets were produced by Western Electric at high rates: about 2,300
sets based on 15 Bell Labs designs were produced in 1943; about 36,000 sets
based on 27 designs in 1944; and about 27,600 sets based on 19 designs (17
of which were new) in 1945. Testing work grew throughout the war, at
the end of which Western Electric was delivering 5,000 items a month for
use on Allied radars throughout the world.

The design and production of radar test gear represented a very sub-
stantial Bell System effort superimposed on the rest of the radar devel-

(a) (b)

Fig. 2-65. Comparison of two signal generators designed by Bell Labo-
ratories for military use. (a) Model produced in 1942. (b) Improved model
produced in 1945. Size and weight were significantly reduced.
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opment and production programs. Furthermore, other Bell System war
efforts, covered in later chapters, also required test set design and thus
placed additional burdens on personnel skilled in the art of developing
highly precise electronic measuring equipment. Considering all fields
involved, including radar, some 200 different test sets were designed
during the war; production of them totaled close to 80,000 units with an
aggregate value of $48 million.

VI. SUMMARY

The realization of the hope of the military organizations that Bell System
technical and manufacturing expertise would be of value in the devel-
opment and production of radar systems exceeded all expectations. Even
though the Bell System had no specific experience with radar before the
Navy discussed their problems with AT&T in 1937, more than half of the
radars used by the U.S. armed forces had been designed by Bell Labs and
produced by Western Electric by the time World War II had ended.

A number of factors contributed to this commendable performance.
First, it resulted in no small part from the skill, devotion, and hard work .
of the many individuals involved, only a few of whom have been men-
tioned in this chapter. But of equal importance were the skills possessed
by the Bell System in the management of R and D and in the manufacture
of complex and reliable electronic and mechanical equipment. These
skills had been built up by over 50 years of experience with an integrated
organization set up to promote the effective cooperation of technically
oriented people in maximizing their capabilities in research, development,
and production. This background had provided a highly knowledgeable,
loyal, and flexible group of technicians who could quickly adapt to the
new circumstances required by the war effort.

Also important was the wisdom of maintaining a high level of R and
D effort during the prewar years in spite of an acute economic depression.
During these years, much technical knowledge had been acquired that
proved immediately applicable to radar—knowledge covering the fields
of microwave transmission, the use of waveguides, the design of antennas,
and the design and application of vacuum tubes.

The multitude of equipment designed and put to work for the military
exemplifies the success of the radar program. What is not so obvious is
the tremendous advance in technology that was made during the war
years. With practically all scientific personnel mobilized for the war ef-
fort, no single organization can claim a monopoly of the advances made
in technology. It was truly a cooperative effort of scientists working
throughout the Allied nations. However, the Bell System can certainly
look with pride upon its technical position, which allowed its early entry
into the design and production of radar, and its many achievements in
technology, which made it the major designer and producer of radar.
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Chapter 3

Electrical Computers
for Fire Control

Improved fire-control systems developed during World War I1 used computers
to translate radar data on the existence and location of a target into gun orders
designed to direct artillery shells to, and cause them to burst at, a point where the
target and its hostile mission are most apt to be adversely affected. Bell Laboratories
entered this field because a few members of its staff became interested in the problem
of using radar data for gun control. These people had broad scientific backgrounds
and broad familiarity with a wide range of telephone and electronics technology,
although the extensive available experience with existing fire control systems was
well beyond their knowledge or indeed that of Bell Laboratories. Their proposals
evolved into a series of gun directors, developed by Bell Labs and manufactured
by Western Electric, which were highly effective in controlling antiaircraft guns.
These directors could be manufactured mainly by mass production methods, since
they did not depend for their accuracy, as did previous directors, on a variety of
high-precision mechanical components requiring many highly skilled mechanics
for their production.

Bell Laboratories digital computers were used during World War 11 principally
in the design and testing of electrical analog gun directors. These computers
evolved from the pioneer work of George R. Stibitz (in the period from 1937 to
1940), who designed and put to work at Bell Laboratories the first electromechanical
digital computer. ‘

I. ELECTRICAL ANALOG COMPUTERS

As we have seen in the previous chapter, radar is basically a system for
detecting and locating targets in the air, on the ground, or on the sea;
airborne targets, because of their much greater speed and maneuverability,
were by far the most important ones. It has many uses by itself, but its
major military value depended on its integration with fire control
equipment—that is, with devices using present position data to control
the accurate aiming of suitable ordnance so that the projectiles will have
maximum probability of seriously damaging the object under attack.

Principal authors: W. H. C. Higgins, B. D. Holbrook, and J. W. Emling.
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Before the development of radar, the detection and location of targets
to be countered by antiaircraft artillery required the use of optical tracking
equipment. Basically, this equipment consisted of an optical range finder
and a transit-type instrument to determine angles. The optical equipment
was of very high quality, and when skillfully used under favorable con-
ditions provided accurate information concerning the present position
of the target. This information was fed into mechanical analog computing
gear, which used it to predict the course of the target during the flight of
the projectile and from this to determine the gun orders and the fuze set-
ting to cause a shell burst at or very close to the target.

Unfortunately, favorable conditions for use of such equipment were
not in fact very common. Dark of night, obscuring fog, broken field of
view caused by storms, patchy clouds, or smoke of battle, and other effects
all contributed to degrade more or less seriously the effectiveness of this
system of fire control.

Effective radar equipment greatly altered the situation for the better:
radar data could almost always be obtained, and unlike optical data, it was
usually available continuously during action. In World War II, effective
radar equipment could be manufactured and maintained with no more
trouble than that needed for optical tracking equipment, though the
manufacture of either type in wartime required many sacrifices in product
lines less critical for national defense.

The mechanical analog computers, or directors, as many of them were
designated, could often be modified to use radar rather than optical inputs,
but they presented problerns to the armed services for two reasons. In
the first place some of them had been designed before the capabilities of
World War Il aircraft were foreseen and would require extensive redesign
to be really useful. Secondly, and more importantly, these devices were
built from a variety of very-high-precision mechanical components. Thus,
their manufacture in the quantities needed for World War Il would require
more precision machine tools and more precision craftsmen to operate
them than were apt to be available. And in this area there were no “less
critical fields” whose needs could be sacrificed for the war effort.

At the beginning of the war it was evident that new computer tech-
niques might also be required. The mechanical devices then available
performed admirably but required precise machinery and highly skilled
personnel for their construction, but neither appeared likely to be available
in sufficient quantity to meet the contemplated large war program. As
it turned out, the technology of telephone systems was in many respects
just what was needed for the next generation of fire control systems.

1.1 The Dream

Usually the initial impetus for the application of new technology de-
pends on someone familiar with the available tools recognizing a class of
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new problems that it might be very worthwhile solving. Frequently the
discovery of the application comes about through a meeting between a
man with a problem and a man with a possible solution to it; but in the case
at hand, the meeting happened to be one between two states of con-
sciousness of a single person. In the spring of 1940, a group at Bell Lab-
oratories was developing an improved automatic level recorder. D. B.
Parkinson, a young engineer unaware of the technology of fire control,
was a member of the group. To quote Parkinson, the level recorder
was

... asort of recording voltmeter. Applied voltage caused an inking pen to
move across the width of a strip of paper, the paper being driven at uniform
velocity along its length. It was basically a strip chart recorder, but the pen
motion was not linear with applied voltage, but rather with the log of the
voltage. The logarithmic function was obtained by using a wire-wound
card of the proper shape as the control element of a small potentiometer as-
sociated with the pen drive. The pen and its linked potentiometer arm
were driven continuously in such fashion that the voltage picked off the
potentiometer card matched exactly the applied (and rapidly varying) volt-
age that was to be recorded.! The system was, for its day, very fast. The
control potentiometer was approximately 1%, inches in diameter and con-
sisted of a distinctively shaped wire-wound card wrapped around a cylin-
der of black rubber. There was a very small and light contact arm. To all
intents and purposes this small potentiometer could be said to control the
motion of the pen.

In the spring of 1940 everyone was of course much concerned by the rapid
drive of the German Army through Holland, Belgium and France. It was
much discussed and it preyed on everyone’s mind-—mine included. I had
been working on the level recorder for several weeks when one night I had
this most vivid and peculiar dream.[?]

I found myself in a gun pit or revetment with an anti-aircraft gun crew. I
don’t know how I got there—I was just there. The men were Dutch or Bel-
gian by their uniforms—the helmets were neither German, French nor En-
glish. There was a gun there which looked to me-—I had never had any
close association with anti-aircraft guns, but possessed some general infor-
mation on artillery—like a 3”. It was firing occasionally, and the impres-
sive thing was that every shot brought down an airplane! After three or four
shots one of the men in the crew smiled at me and beckoned me to come
closer to the gun. When I drew near he pointed to the exposed end of the
left trunnion. Mounted there was the control potentiometer of my level
recorder! There was no mistaking it—it was the identical item.

1 Previous level recorders had used, in place of the wire-wound cards, commutators with
appropriate resistors between the bars to approximate the logarithmic function. The de-
velopment of means for winding cards of suitable shape promised a useful improvement
in the accuracy of measurements in telephone transmission.

2 The evacuation of Dunkirk, under heavy continuous attack by Stuka bombers, extended
from May 26 to June 4, 1940, and was extensively reported on American radio and in the press.
The dream seems to have occurred over a weekend, but in the succeeding rush of events the
date does not seem to have been recorded. The first sketch is dated June 18; this suggests
that Parkinson’s dream was inspired by the events of Dunkirk since June 2 was a Sunday.
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Fig. 3-1. Early sketch depicting electrical control system for directing an-
tiaircraft guns.

The whole scene then faded out, and some time later I woke up, still retain-
ing a remarkably clear memory of the details. It didn't take long to make
the necessary translatior—if the potentiometer could control the high-
speed motion of a recording pen with great accuracy, why couldn’t a suit-
ably engineered device do the same thing for an anti-aircraft gun!

I discussed this with my friend and supervisor, Dr. C. A. Lovell, and we
both pitched head over heels into a study of the possibilities. The first
written material on it was called ““Electrical Mathematics”; this was a series
of dissertations on how the tools we now imagined could be used to add,
subtract, multiply, divide, integrate, differentiate, and make use of tabulat-
ed data—the very operations needed to make a gun director.’1 We soon
had to report to Dr. Lovell’s supervisor, and. to those above him, on what we
were doing. I made a hurried sketch of the proposal (signed and dated
June 18, 1940) [shown in Fig. 3-1] to use in a meeting scheduled for this pur-
pose. On this sketch, altitude and azimuth were inadvertently inter-
changed, but it still served its purpose.[4]

3 C. A. Lovell, D. B. Parkinson, and B. T. Weber; U.S. Fatent No. 2,404,387; filed May 1, 1941;
issued July 23, 1946. See also C. A. Lovell, “Continuous Electrical Computation,” Bell Lab-
oratories Record 25 (March 1947), pp. 114-118.

4 Account written by D, B. Parkinson on January 5, 1975, at the request of his son
David.
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1.2 Early Planning for an Antiaircraft Director

The salient features of this proposal were as follows:

1. Distance was to be represented in the machine by a scaled dc voltage.
The primary measured quantity, converted to a voltage, was the range
to the target’s present position.

2. The target’s azimuth and elevation angles were used to derive from
the measured range the three Cartesian coordinates of present po-
sition. This required sinusoidal potentiometers and the provision
of both positive and negative signal voltages of precisely equal
magnitude.

3. Electrical differentiation of the dc voltages® representing present
position gave the rectangular components of target speed. Multi-
plying these by the time of flight of the projectile and adding the
results to the components of present position gave the future position
of the target at the time a projectile, fired at the present instant, would
arrive.

4. Given the future position, the firing tables for the gun, which were
also stored on suitably shaped potentiometers, provided the time of
flight required in step (3) above, the superelevation of the gun barrel
needed because of the gravitational fall of the projectile, and other
corrections requisite for accurate firing. With this information, the
necessary gun orders and fuze setter orders could be derived. These
could then be transmitted directly to thegun mount and fuze setter
mechanism.®

Some of the “electro-mathematical systems” are shown in Fig. 3-2.

Neither Parkinson nor Lovell had any experience in fire control; they
did not even know of the existence of mechanical gun directors. But it
was clear to the management of Bell Laboratories that the importance of
their proposal required that the Army be immediately apprised of it, and
that development work be started at once. Lovell was therefore told to
organize a task force, draft the needed expertise from other departments,
and get on with the task.

Since Bell Laboratories was primarily in the communications business,
it first notified the Army Signal Corps, which was in any event fully
cognizant of radar development. The Corps, informed of the proposal
before the end of June 1940, immediately recognized its importance and
arranged a conference of ordnance and artillery officers and Bell Labo-
ratories personnel to consider the matter. This turned out to be a very
timely move, as Army Ordnance was greatly concerned about the avail-

5 This was done by observing that the response of a suitable resistance-capacitance network
measures the rate of change of the applied dc voltage.

6 C. A. Lovell, D. B. Parkinson, K. D. Swartzel, and B. T. Weber; U.S. Patent No. 2,408,081;
filed May 1, 1941; issued September 24, 1946.
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Fig.3-2. Examples of “electro-mathematical” systems utilized in electrical gun

directors.

ability of mechanical directors in the event the United States was forced
into the war. The available mechanical directors were beautiful mecha-
nisms, but there were not enough of them to go around, and unfortunately
their procurement depended on making large numbers of a variety of
high-precision mechanical components, such as angle resolvers, ball-
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and-disc integrators, and highly accurate three-dimensional cams, all of
which depended on the availability of precision-grade machine tools
worked slowly and carefully by precision-grade mechanics. It was very
clear that, in the event of war, precision-grade machine tools and people
with the skills needed to use them effectively would be extremely scarce,
and that in the circumstances the modification of directors to take care of
improved projectiles or to utilize new sources of data (such as radars)
would further constrict the bottleneck. Thus, Army Ordnance was already
considering the possible use of electrical computing methods, even though
such methods represented a radical departure from existing practice. The
Bell Laboratories proposal offered a means of testing electrical methods,
and at the same time envisioned a type of equipment that could be man-
ufactured by people with skills very different from those required for the
mechanical directors.

At about the same time (in the summer of 1940), the National Defense
Research Committee was organized; Bell Laboratories therefore also
brought the idea to the attention of the NDRC section (D-2) on fire control,
which consulted the Coast Artillery Board on the subject. Bell Labora-
tories engineers presented a detailed description of the idea to the full
membership of the NDRC fire control section in late October, and, on
November 4, a conference with Army Ordnance, the Coast Artillery Board,
and the NDRC agreed that development should be continued under
NDRC funding, with the collaboration of Army Ordnance for such data
and assistance as might be needed.

Just two days later a contract was awarded to Western Electric (which
handled such contractual matters for Bell Laboratories), and an officer of
the Fire Control Division of Frankford Arsenal was designated for liaison.
This contract called for the development and construction of a model of
the first electrical gun director, the T-10. This was to be designed as an
antiaircraft director for use with a standard 90-mm gun and with the ex-
isting M-1 optical height finder or, alternatively, with radar range data.
Fortunately, the basic system design of the new proposal and its assump-
tion that the aircraft target would continue in nonaccelerated linear flight
were substantially the same as the plan prediction method used in existing
mechanical directors, although the means of implementation were radi-
cally different. Following a similar system plan would provide an op-
portunity for direct comparison of the performance of the two types.

1.3 Development of the T-10 Director

A development program begun at the end of 1940 had to allow for a
number of things that could not then be foretold. In the first place, no
one had yet shot down an aircraft target with a gun using radar data alone.
Thus, it was necessary to provide capability for working with the existing
M-1 optical height finder and its associated optical goniometric equipment,
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as well as with radar range and angular data. These circumstances put
somewhat unusual requirements on the design of the input channels and
the data-smoothing characteristics of the director; in addition, since the
relative accuracy of angular and distance measurements from a radar might
turn out to be quite different from those obtained from optical devices,
it was necessary to provide a good deal of flexibility in the early design
until more experience was acquired with the actual performance of
tracking radars.

Another problem was posed by the time fuzes used to control the point
in its trajectory at which the projectile would detonate. At the beginning
of the war, the time fuze was the only mechanism for causing detonation
close enough to the target to do any good, and throughout the war it was
often the only practicable means. The fuze was essentially an alarm clock,
or more precisely an interval timer, mounted in the nose of the shell,
which exploded the shell after expiration of a time (measured from the
instant of firing the gun) that had been set by a device called a fuze setter
as it had been ordered by the director. The time fuze was in some cases
a powder train, but more usually it was a rugged mechanical clock.

Unfortunately, while the other gun orders could be kept up to date until
the gun was actually fired, the fuze setting had to be done before the shell
could be loaded into the breech of the gun. Thus, the fuze-setting order
had to be calculated on the basis of a prediction time that was increased
by the “dead time,” that is, the total time recuired to remove the shell from
the fuze setter, insert it into the gun breech, close the breech, and fire the
gun. While gun crews were of course trained to work to constant dead
time, there was always some variation, particularly when the gun elevation
was high. Inaddition, the fuze-setting order involved predicting farther
ahead than the other gun orders, and even the best time fuzes were subject
to some inaccuracies.

Meanwhile, the development work on this program proceeded under
forced draft: Lovell’s task force began working a full six-day week during
the summer of 1940, and its membership increased steadily, partly to ex-
pedite the pace, but often to add people with the additional skills needed
to solve unexpected but crucial problems as they turned up. Here only
a few of the developments that turned out to be important can be cited—to
indicate the range of talents that had to be provided.

As previously noted, the T-10 used dc voltages of both positive and
negative polarity to represent the target’s present and future positions,
its velocity components, and the like. Since the signal voltages had to be
accurate measures of distance, it was necessary that the amplifiers handling
them should be highly accurate. Such amplifiers had been available for
about a decade—in fact, ever since Harold $. Black” invented the feedback

7 H. S. Black, ““Stabilized Feedback Amplifiexs,” Bell System Technical J. 13 (January 1934),
pp. 1-18.
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amplifier and Hendrik W. Bode® provided mathematical methods of de-
signing it to known tolerances. Before their day, the vacuum tube am-
plifier had gain, but that was about all you could guarantee about its per-
" formance. The amplifier’s output was very like its input in form, but
rarely exactly like it; the amplifier gain enlarged the output, which was
usually about what the designer had in mind but which in practice varied
from hour to hour and sometimes from minute to minute. After Black
and Bode, the vacuum tube amplifier, when properly designed, became
a high-precision instrument.

The amplifiers for fire control applications were usually designed to
have very low input impedance; this permitted them to add or subtract
signal voltages applied in parallel to the amplifier input, each through
its own very-high-resistance path. If one of the inputs was derived from
a linear potentiometer card, fed by a constant voltage, and subtracted from
one or more inputs from other sources, the resulting voltage measured
the discrepancy between the potentiometer setting and the value indicated
by the other sources. The amplifier output could thus be used, by a ser-
vomechanism, to move the potentiometer brush until the difference be-
came zero. By putting other suitable potentiometer cards on the same’
shaft, an exact copy of the source voltage, or other desired functions of it,
could be continuously derived as required.

The design of suitable servomechanisms depended on the observation
that a servomechanism is basically a feedback system. The fact that it may
include a potentiometer card, an electric motor, and suitable gearing, in
addition to vacuum tubes, is interesting in that it permits it to do things
beyond the capacity of pure electronic equipment, but its design presents
the same mathematical problem.?

By feeding a potentiometer with a voltage representing a quantity, A,
and moving its brush to a shaft position, B, multiplication is achieved: for
the output voltage at the brush is then A X B, or (if the potentiometer is
shaped to a nonlinear form) A X f(B).

In the present case, this required the development of operational am-
plifiers, These were feedback amplifiers built to handle dc signal voltages,
which had very accurately controlled characteristics. The amplifiers could
handle both positive and negative signal voltages, and could often provide
both signs in the output. The design also had to minimize zero drift and
provide means to adjust this as needed; this was often necessary when the
machine was first turned on. These features required novel design of the
feedback networks as well as the use of input stages with two triodes in
asingle envelope. The triodes were set up as a differential amplifier, with
the signal applied to only one of the triodes. The other triode, which had

8 Hendrik W. Bode, Network Analysis and Feedback Amplifier Design (New York: D, Van
Nostrand, 1945).

9 LeRoy A. MacColl, Fundamental Theory of Servomechanisms (New York: D. Van Nostrand,
1945).
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the same temperature and other conditions, compensated for the varying
ambient.

Thus, an important step in the development of these amplifiers was the
procurement of suitable feedback, adding, and differentiating networks.
These in turn required high accuracy and stability of the resistors and
capacitors used in them. In both cases obtaining them presented problems
for quite different reasons.

Suitable capacitors for differentiating the signal voltages were not easily
found. The difficulty was that the solid-film dielectrics then used for
precision capacitors for ac circuits unfortunately polarized when subjected
to dc voltages, and thus retained a bound charge that vitiated the accurate
differentiation of dc signals. Fortunately, members of the Chemical Re-
search Department knew of a polyester film, just then becoming available,
that could solve this problem because it was free of polarization effects
and could be conveniently used in standard dry-electric capacitor manu-
facture. This material had been developed by Du Pont, which apparently
hoped it would prove to be a suitable packaging material, competing, for
example, with cellophane. Its manufacture for use as dielectric film was
undertaken by Du Pont at the urging of the NDRC; under the name of
Mylar0, it has since been widely used for this purpose, even when po-
larization is no problem. As it turned out, the utility of Mylar for pack-
aging was very limited, since it is so tough that getting the package open
might be very difficult.

The feedback and adding resistors were initially precision wire-wound
resistors made of small-gauge alloy wire. This material was also essential
to the manufacture of the numerous potentiometer cards required in the
T-10 and similar directors. (It may be noted that a single large card might
require as much as one-third of a mile of such wire.) Studies made during
early planning of director development indicated that the country’s fa-
cilities for drawing alloy resistance wire would have been just about ad-
equate to meet the demand for wound resistors for directors of the type
envisioned. Since similar wire was also crucial to the manufacture of
potentiometers for the same directors as well as many other critical ap-
plications, it became essential to develop a suitable substitute requiring
only noncritical materials.

The resistors developed for this purpose by the Transmission Apparatus
Development Department!! were deposited carbon resistors. These were
similar to products available in Europe before the war, but were improved
to obtain the new properties needed in this application. Deposited carbon
resistors are made by laying down very thin films of pyrolytic carbon on
suitable ceramic cores. This is done by carefully controlled decomposition

10 Trademark of E. I. Du Pont de Nemours.
1 Gee A. C. Pfister, “Precision Carbon Resistors,” Bell Laboratories Record, 26 (October 1948),
pp- 401-406.
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of gaseous hydrocarbons at high temperatures. The process, as Pfister
noted, is “like that by which the undesired carbon deposits in internal
combustion engines are formed.” 12

Resistors with values up to tens of thousands of ohms could be produced
by making uniform thin films on ceramic rods. Values into the megohms,
needed for many purposes in the directors, were “obtained by grinding
a helical groove through the carbon film making, in effect, a carbon ribbon
wound around a ceramic core.” 13 This process made it possible to increase
the resistance by a factor of a thousand or more. Both the resistors and
the capacitors had, of course, to be measured and padded out to precise
values and then properly packaged to protect them from humidity and
from differential temperature effects.14

The techniques of making the shaped potentiometers (Fig. 3-3) that were
the heart of the director also posed many problems. The potentiometer
of Parkinson’s dream was less than 2 inches in diameter, but some po-
tentiometers had to be ten times that size. Cutting the potentiometer cards
to the requisite shapes was fairly easy; but it must be remembered that the
functions represented by the voltages picked off the potentiometers had
to represent not only sinusoids but also some fairly arbitrary-looking
functions required to represent the ballistic properties of the gun, such
as time of flight, superelevation, etc. Winding resistance wire to lie tight
on a card so shaped, and at the same time to maintain accurately a constant
pitch along the card, required both hard work and ingenuity. The
winding machines that solved this problem were initially developed by
Parkinson, but Muller and a number of others also contributed to their
success.!5

The characteristics of resistance wire also caused a great deal of diffi-
culty. The diameter of such wire can be held to very close tolerances, but
its specific resistivity along its length is subject to a good deal of variation,
depending on the mechanical working to which it has been subjected.
Since winding the wire on a nonuniform card necessarily works some parts
of the wire more than others, it is difficult to make a potentiometer that
will accurately deliver the desired function at its brush pick-off. In the
initial model of the director (the T-10) accuracy was obtained by using only
fully hard wire and winding it on the potentiometers with extreme care.
This technique worked for the model, but something better was needed
for manufacturing purposes.

121bid., 402.

13 Tbid., 403.

1 gee E. C. Hagemann, “Precision Resistance Networks for Computer Circuits,” Bell Lab-
oratories Record 24 (December 1946), pp. 445-449.

15 . B. Parkinson; U.S. Patent No. 2,406,397; filed November 19, 1942; issued August 27,
1946. A. H. Muller; U.S. Patent No. 2,406,846; filed June 28, 1940; issued September 3,
1946.
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Fig. 3-3. Potentiometers developed for use in gun directors. (a)
Typical styles and shapes of potentiometer cards. (b) Use of potenti-
ometer for generating sine and cosine functions.

An improved procedure was devised by J. J. Kuhn and his co-workers.!¢
The cards were purposely made longer than the circumference of the
sturdy drums provided for mounting them. After each card had been
wound with ordinary care, an operator used a Wheatstone bridge to locate

16 H. L. Coyne, S.S. Kuhn, and J. E. Ross; U.S. Patent No. 2,408,046; filed October 2, 1943;

issued September 24, 1946. See also D. G. Blattner, “Precision Potentiometers for Analog
Computers,” Bell Laboratories Record 32 (May 1954), pp. 171-177.

TCI Library: www.telephonecollectors.info



Electrical Computers for Fire Control 145

and mark distinctively the winding turns corresponding to specified
fractions of the total resistance of the card. When this had been done, the
potentiometer was held in a suitable fixture around, but not initially
touching, the drum it was intended for. Another operator adjusted each
marked turn to exact agreement with the corresponding angular mark on
the mandrel and then used a permanent ring-and-wedge arrangement
to clamp the two members mark by mark. This insured that the potenti-
ometer voltage ratio and the angular position of the brush would agree
at n positions around the drum. With suitable design of the process, this
procedure made it possible to keep the maximum error effectively under
control. It was used not only for the M-9 but also for all subsequent Bell
Labs fire control developments.

Such a controlled method of mounting cards on drums did, in fact, do
much more than take care of variations in the wire’s specific resistivity.
Once a good deal of careful setup engineering had been done, it was
possible to manufacture precision potentiometers with relatively little
dependence on highly skilled mechanics for making the individual parts.
The potentiometer cards could be cut, and the drums made, to less exacting
tolerances than were required for the final product. Winding the wire
on the cards no longer had to be done with precise control of the winding
tension. Though they had to be done with great care and under close
supervision, marking potentiometer turns with a suitable bridge and the
mark-to-mark matching of potentiometers to their drums were jobs that
could be learned quickly by people who had little previous mechanical
experience.

In addition to mechanical and materials problems such as these, there
were design problems that required theoretical developments. The T-10
was the first fire control equipment for which the methods of network
design theory were adapted to provide gun orders representing a least-
squares fit to the less-than-perfect target position data provided by the
radar or optical sources used to feed the director. Three different networks
were provided, giving smoothing times of 5, 10, and 20 seconds, to be used
as tactical conditions required. It was also necessary to provide for vari-
ations in ambient conditions, such as wind, temperature, and the like.

1.4 First Tests and Standardization: M-9 and Its Companions

Development and construction of the T-10 engineering model pro-
ceeded apace, and on December 1, 1941, it arrived at Fortress Monroe,
Virginia, to be set up for firing tests. The first tracking of an aircraft target
on December 4 revealed the need for further adjustments. Tests com-
paring the T-10 to mechanical computers were therefore delayed until
December 15. In the meantime Pearl Harbor was bombed and the United
States entered the war on December 7.

The performance of the T-10 in the early tests revealed that there were
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Fig. 3-4. Amplifier bay of the T-10 gun director computer.

still changes needed in data-smoothing methods and in correcting contact
problems at the potentiometer brushes; even so, the results were quite
comparable with those of the mechanical computers, which had been
continuously refined for many years. It was clear that the electrical di-
rector could be substantially improved and that it had notable advantages
from the point of view of procurement. As previously noted, much of
the manufacturing could be done by people with quite different skills
(requiring, on the whole, less training) from those involved in making
mechanical directors. And while some of the needed components, such
as the potentiometers, had hardly been seen before, the amplifiers, net-
works, and the like were of types for which manufacturing methods were
very well known.

It was therefore recommended on February 12, 1942, that the electrical
director be made a standard of procurement to supplement the limited
number of mechanical directors that could be obtained. The T-10 (Figs.
3-4 and 3-5) accordingly became the prototype of a series of directors for
use with various guns, including the British 4.5-inch antiaircraft gun.
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Fig. 3-5. Tracking unit of the T-10 gun director.

Production versions of United States directors, all derived from the orig-
inal T-10, were known as the M-8, M-9, M-10, M-12, M-13, and M-14. The
British version, known as the T-24, was completed in prototype form in
May 1942 and was tested in Wales and at Woodyates near Salisbury,
England. The report on the British tests noted that although complete
data were not yet available, it appeared that “the over-all performance of
the predictor system using the Bell Labs computer is better than any pre-
dicting equipment heretofore tested by the United Kingdom.”

1.5 Defense Against the Buzz Bomb

The selection of the M-9 for standardization turned out to be a happy
one. With design improvements and production planning both well
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Fig.3-6. Typical installation of the M-9 electrical gun director. The tracking
unit with its two operators is in the foreground. Other units of the system are
installed in the truck and on the antiaircraft gun mount.

under way, the first M-9 director was delivered on December 23, 1942. It
appeared in the field early in 1943 (Fig. 3-6) and did yeoman service on
many fronts. Its finest achievements, however, were in the so-called
Second Battle of Britain. In the one month of August 1944 nine out of ten
German V-1 buzz bombs originally destined for London were shot down
over the cliffs of Dover. (The first V-1 was launched on June 12.) Ina
single week in August, the Germans launched 91 V-1's from the Antwerp
area, and heavy guns controlled by M-9’s destroyed 89 of them.

The M-9 was an essential part of the spectacularly successful defense
effort, but a great deal of credit must be given to other elements of the
defense, notably the SCR-584 radar, the VT fuze, and the admirable 90-mm
gun developed by Army Ordnance. This winning combination was a fine
example of the cooperative work of technical organizations from several
fields working on military problems.

The radar story is covered in other chapters of this book. The particular
radar used in the Second Battle of Britain, the SCR-584, was a product of
the Radiation Laboratory at M.LT. Fortunately, its designers had been
so impressed by the T-10 director that they had equipped the SCR-584 with
M-9 type potentiometers as part of its output facilities. This made the
interconnection of the SCR-584 and the M-9 director very simple and
straightforward.

A second important member of the tean: was the VT fuze, also known
as the influence fuze and the proximity fuze, which caused the shell to
burst only when it came sufficiently close to the target. The development
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of the VT fuze was far from an easy matter. The work was mainly done
in research groups under the direction of M.A. Tuve of the Carnegie In-
stitution of Washington, with the assistance of a number of other research
organizations. Two methods were explored, one detecting the target
optically, the other by radio waves. In both cases the fuze had to contain
electronic elements—and during the war this meant vacuum tubes (VT).
(The transistor was not invented until several years later.) Thus, special
tubes of small size and capable of withstanding the enormous forces en-
countered during firing of the shell (several thousand times the force of
gravity) had to be developed and manufactured in very large quantities.
Bell Laboratories participated in development of both the optical and radio
types of the fuze; the radio version proved in the end to be superior and
was very widely used.

The VT fuze substantially improved the performance of heavy antiair-
craft systems. The principal advantage was of course that it avoided the
inaccuracies related to dead-time computation; thus any projectile whose
trajectory brought it within influence radius of a target would burst within
lethal radius, rather than too early or too late, as often happened with time
fuzes. A less important, but hardly trivial, effect was that the VT-fuzed
shells gave less advance notice to enemy aircraft that they were in dan-
gerous territory. The use of VT fuzes required only the supply of alternate
ammunition; even if the director computed fuze settings, there was no
necessity to pass the shells through the fuze setter.

On the other hand, there were problems as well. A VT-fuzed shell
would detonate on any other target within influence radius before or after
passing the intended target. Since this circumstance applied to friendly
aircraft, in some cases it was necessary to clear the range before using VT
fuzes. And in any event VT-fuzed shells would detonate just before
reaching the ground and give an excellent imitation of the effects of
shrapnel. This characteristic severely restricted their use over friendly
territory. Finally, letting highly classified VT-fuzed shells that had failed
to burst—their operability never reached 100 percent during the war—fall
on land, even though friendly, posed substantial security risks. For these
reasons, there still remained a need for the use of time fuzes for antiaircraft
purposes. In addition, time fuzes were needed for star shells, which il-
luminated battlefields.

In the defense against the V-1 bomb, tactics were an important consid-
eration. By the second week of the attack, Allied tactics called for the
deployment of the antiaircraft batteries on the channel coast or close to
it. This made it possible to intercept most incoming buzz bombs before
they were over land. There were several advantages to such a plan of
interdiction. Early detection was easier to achieve over water; more of
the bombs could be brought down over the channel, where they were
relatively harmless, than on southern England; and the VT-fuzed projec-
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tiles that missed their targets would drop harmlessly into the channel.
And finally, Allied aircraft attempting to bring down the targets that
leaked through the antiaircraft barrier coulcdl do so in far greater safety than
if they operated near the launching sites.

1.6 Alternative Choices in the Design of Antiaircraft Systems for Tactical
Situations

While the M-9 turned out to be very successful in general use (and
spectacularly effective in defense against the V-1), it represented only one
of the many possible choices available for designing an antiaircraft system.
Some of the technically practicable choices were dictated by the tactical
situation to be dealt with. For example, the Army antiaircraft battery sits
in a fixed location and on solid ground, and its primary concern is to
protect important installations or cities, which are normally some distance
behind the battery, against enemy bombers that do their best to sneak
through between batteries. At the time the M-9 was developed, the
enemy aircraft flew as high as possible, and were constrained by the
characteristics of the available bombsights to fly unaccelerated courses
for some time before reaching the bomb release point. At the other ex-
treme, the antiaircraft equipment of a Navy ship has the primary duty of

. protecting the ship itself against enemy aircraft; it must therefore maintain
continuous fire while the ship rolls and pitches in the sea and takes full
advantage of the ability to change both course and speed as evasively as
possible to avoid becoming a sitting duck for the attacking aircraft. As
a result, those in charge of naval antiaircraft equipment are far more
concerned than their Army counterparts with such targets as dive-
bombers, which can be successful only if they twist and turn until the last
possible instant. Most naval antiaircraft fire will be at close-in targets.
Also, a ship can carry only a limited amount of ammunition and must ex-
pend it frugally, while an Army battery can usually be resupplied when
necessary and can count on only occasional hits within the ranges at which
it must usually work. Thus, in the case of the Navy, while some of the data
in the fire control system must be in fixed coordinates, much of it must
be in coordinates of the ship itself, derived from such sources as the ship’s
compass, speed indicator, and gyroscopic stable element.

Similarly, there were many alternatives in deriving target rates by dif-
ferentiating present position data. Historically this was done, in manual
or semimanual systems, by variants of the plotting board; in World War
I, the German Navy obtained rates for its heavy antiaircraft batteries by
automatically plotting the components of present target positions (in fixed
coordinates) on three strip charts. In front of each strip chart sat a rating
operator who continuously adjusted a goniometer to tangency with the
plot; and these goniometer settings defined the target rates for prediction.
This method, forming part of an otherwise highly mechanized process,
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provided excellent shooting accuracy, considering that it almost always
had to depend on optical input data.

Some form of aided tracking was often used to assist operators following
the target (usually in range, bearing, and elevation) by either radar or
optical means in keeping their crosshairs or other indicators continuously
on the target. When an unknown target is first picked up, each operator
must maintain his aim by full use of his control, but each time he makes
a correction, the adjustment affects not only the position of the crosshairs
but also the pertinent rate setting. The U.S. Navy used a refined version
of this method, in which the rates were for obvious reasons maintained
in stable coordinates. This regenerative tracking provided rates that
served at the same time to keep both the crosshairs and the gun'’s projectiles
on target. In addition, in most tactical situations it permitted any useful
knowledge of the characteristics of the target (its usual speed, for example)
or target movement of immediate interest to the ship (its being clearly on
a crossing course) to be preset into the rates to reduce the solution time,

1.7 Alternative Design for Army Use: the T-15 Director

At the time the T-10 contract was awarded, it was clear that many of
these alternatives should be explored, and this process was immediately
begun. The T-10 required conversion of range and angle data to Cartesian
coordinates and subsequent reconversion to polar coordinates to obtain
gun orders. This procedure permitted derivation of constant rates for a
target in unaccelerated flight by the use of simple differentiation. Al-
though Section D-2 of the NDRC gave full technical and financial support
to the T-10 project, the section members believed that a somewhat different
approach might lead to a more accurate system. They reasoned that “a
preferable system of coordinates is one in which future position is obtained
by adding components of "lead’ to values of the polar variables of present
position, these having been subjected to no deteriorating process of res-
olution and synthesis.” 17 They also felt that improvements might be
made by a judicious mixture of electrical and mechanical components in
place of the almost completely electrical solution used in the T-10. Fur-
ther, the NDRC also envisioned the use of ac signal voltages instead of dc,
which would reduce the problems of drift in the dc amplifiers (at this point
it was not yet known if this might not be a major problem) and substan-
tially reduce the size of the equipment and worries about possible main-
tenance problems of operational amplifiers and their power supplies.
These views were shared by Warren Weaver of the Rockefeller Founda-
tion, Thornton C. Fry of Bell Labs, and Samuel Caldwell of M.L.T.

On February 1, 1941, Bell Labs was asked to explore these ideas, and the

17 Foreword to Final Report on Antiaircraft Director T-10 to the National Defense Research
Committee, June 24, 1944.
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work was first assigned to the Lovell group working on the T-10 project.
It was soon found that it was impracticable to have one team working on
two competing systems; the resulting distraction interfered with progress
on both jobs. The new project, under the name T-15, was accordingly
assigned to a separate group headed by Walter A. MacNair. An important
member of this group was Hendrik W. Bode, who in the early 1930s had
developed the mathematical basis for feedback amplifier design and
subsequently applied it to the design of networks for improving the ac-
curacy of predictions based on present position data more or less polluted
by atmospheric or instrumental noise.

The T-15 carried out its calculations basically in polar coordinates, as
obtained directly from radar or optical tracking equipment, rather than
converting everything to Cartesian coordinates and then back, as in the
T-10. The method was called “one-plus,” since the computed prediction
was only the increment, in polar coordinates, which had to be added to
the observed present position to obtain the predicted position at the time
the shell would burst. In 1941, it was expected that the “plus” would
normally be much smaller than the “one”; by the end of the war, with
much faster targets, which often had to be attacked close to the zenith, it
was sometimes questionable whether this was an advantage or whether
this was a detriment.

Target speed was determined in the T-15 by a memory-point method.
In this method, a fixed point in the target flight was stored in memory (by
freezing the brushes on one set of duplicate potentiometer cards following
target position) when a designated operator pushed a button; in most cases,
this would occur as soon as the target was well tracked. As the tracking
of the target continued, both the distance and the time elapsed from the
memory-point were measured; speed was then merely the distance divided
by the time. For unaccelerated flight, the accuracy would improve with
time because perturbations in the raw data would be smoothed; thus, the
method gave a continuously variable smoothing time. This method re-
quired neither integration nor differentiation of target position data, and
thus made perfectly straightforward the use of ac signals with the ad-
vantages noted previously. There was, of course, a minor disadvantage
to the use of ac signals: without careful design it could cause discrepancies
in the phase of signals due to distributed wiring capacitance. This was
easily corrected at the cost of somewhat increased design effort. For tar-
gets in unaccelerated flight, this method had a number of possible ad-
vantages over the T-10 procedures; how important these would turn out
to be could only be determined by trial.

On the basis of Bell Labs’ proposed implementation of this approach,
funds were made available for its development on November 10, 1941.
The first model of the T-15 (Figs. 3-7 and 3-8) was completed in November
1942 and shipped to Camp Davis, North Carolina, for testing on December4.
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Fig. 3-7. Front view of T-15 gun director computer
with covers removed.

Fig. 3-8. Typical potentiometer used in T-15 gun director.
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Fig. 3-9. Main computing equipment of the T-15 gun director modified for
curved-course prediction.

At that time, Bell Labs” SCR-545 radar was already being tested there along
with the Radiation Lab’s SCR-584.

The preliminary report of the Anti-Aircraft Artillery Board dated April
15, 1943, found the performance of the T-15 very satisfactory and some-
what more accurate than the T-10. The report noted that with the T-15
there was no need for zero setting of amplifiers and that the settling time
(i.e., the time to smooth out the transient oscillations that arise when a new
target is first tracked) was only about half that of the T-10. The Board
recommended that for these and a number of less important reasons the
T-15 be standardized in preference to the T-10 (actually in preference to
the M-9, the production model of the T-10).
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At that time, however, the M-9 was already in production, the first de-
livery having already been made on December 23, 1942. Development
of a production model of the T-15 and the procurement of the necessary
tooling could hardly have been accomplished before mid-1944. Although
the proving ground tests favored the T-15, neither method of computation
had been tested under battlefield conditions. But the possible advantages
of the T-15 could hardly balance the immediate availability of the M-9.

Although the T-15 was not placed in production, the development was
continued under the auspices of NDRC to investigate some further
possibilities, mainly in connection with prediction of the future position
of aircraft in curvilinear flight. Such prediction was conceived by Hen-
drik Bode and implemented by Walter MacNair's development team.
(Some of the modified equipment is shown in Fig. 3-9.) A basic idea be-
hind the proposal was that “there was no point in firing shells at places
where the airplane could not possibly be; for that reason the design pre-
cluded firing at any point outside the range of maneuverability of the
aircraft.” ‘

The work on curvilinear prediction progressed, but the project was soon
superseded by research and development on antiaircraft guided missiles,
work which was first begun under the direction of MacNair and Bode.
The new undertaking profited from the experience gained in the study
of curvilinear prediction. An interesting by-product of the curvilinear
studies was the development of precise automatic plotting boards; later
manufactured under Bell Labs patents, these were widely used in uni-
versity and industrial laboratories for a great variety of engineering and
scientific projects.

1.8 Fire Control for Coast Artillery

The results obtained with the M-9 director for antiaircraft fire control
were so promising that the Coast Artillery Board requested development
of similar gear for use with coast defense guns; the resulting equipment
was known as the M-8 gun data computer.!® Since the M-8 was designed
to handle a radically different tactical problem from that of the M-9, its
characteristics differed markedly from those of the M-9, although it em-
ployed the same electrical analog techniques.

The first major difference between the two was that while the M-9 dealt
with high-speed, readily maneuverable targets moving freely in three-
dimensional space, the Coast Artillery was concerned with low-speed
targets of limited maneuverability confined to the surface of the water.

18 H. G. Och, “Computer for Coastal Guns,” Bell Laboratories Record 24 (May 1946), pp.
177-182. Note that the term director implies that the gear in question can actually see the
target, optically or by radar, although it may also do computing. On the other hand, a device
that reduces data obtained from remote observing equipment is usually called a com-
puter.

TCI Library: www.telephonecollectors.info



156 Engineering and Science in the Bell System

And while the antiaircraft problem requires the computation of fuze-
setting orders (though they may not always be used), coast defense guns
use contact-fuzed projectiles. These are required for two reasons: (1)
against armored ships, a delayed detonation is desirable because it permits
penetration of the armor before the shell bursts; and (2) observation of
where the shell bursts on the water around the target permits an observer
to make accurate spotting corrections for the gun orders, which is quite
impracticable in the three-climensional situation. Thus in coast defense
the basic problem is reduced from three dimensions to two dimensions,
although correction for the earth’s curvature is necessary, and the amount
of computation is also further reduced by the use of contact-fuzed am-
munition.

Another difference is that target positior in coast defense is obtained
by surveying techniques—that is, by reduction of angular data obtained
optically from stations at the ends of a long base line accurately known
in length and bearing. Before the day of the M-8, the data was plotted
manually at fixed intervals (usually every 20 seconds); and from this plot,
target course and speed, ancl in turn gun orders, were derived. The M-8
computer solved the requisite trigonometric equations directly and con-
tinuously and thus avoided errors introduced by manual interpolation
between target observations. As a result, guns could be fired as soon as
they were loaded and aimed.

While the coast defense problem addressed by the M-8 was thus a good
deal simpler than that solved by the M-9, computation for the M-8 had to
be made with greater accuracy, since the coast defense guns, ranging from
6 to 8 inches, were much larger than antiaircraft guns, the 90-mm being
the Army’s standard antiaircraft gun. Thus, the range of the coast defense
gun was about two and one-half times that of the antiaircraft gun, and the
projectile time of flight of the former was proportionally greater. In ad-
dition, in this matter of relative problems, a contact-fuzed projectile does
no damage unless it actually hits the target, whereas time-fuzed or VT-
fuzed shells can do great damage by exploding in the target’s vicinity.

Basic elements of the M-8 computer, shown in Fig. 3-10, included a line
balancing unit, which made corrections for differences in the character-
istics of the transmission lines from the remote observation points, a
triangle solver and a position generator to determine present position,
and a predictor to provide aiming information for gun orders. The
computer had to allow not only for the nonstandard conditions affecting
the solution of the antiaircraft calculations, but also for several others, such
as the height of the tide and the height of the gun above mean water level.
A single computer controlled the two guns of a coast artillery battery but
had to make separate calculations for each gun because the guns might
have been far enough apart to require different firing data. For the large
6- and 8-inch coastal guns, the computer was located in a protected case-
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Fig. 3-10. M-8 gun data computer installed in trailer. The position generator
is at left, the triangle solver is adjacent and to its right, and the predictor unit is
partly visible in the rear.

ment back of the gun positions. For use with mobile 155-mm guns it was
installed in trailers.

A number of M-8 gun data computers were manufactured and delivered
to the Army. Inacomparison of the test performance of the computers
and the actual experience with the manual plotting methods previously
used, it was found that the computers made the work of the plotting crews
much simpler, greatly reduced the error rate, and increased the accuracy
and rate of fire. The continuous flow of data from the M-8 enabled the
guns to fire as soon as loaded, without waiting for the time-interval bell,
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and resulted in firing 30 percent more rounds in a given time and hence
in more scored hits than was possible with the other method. In the tests
of the M-8 gun data computers, enemy targets were never fired upon:
there were none off the coast to fire at.

After the war, the technology developed for fire control, using the dc
signal methods of the M-9 director and the M-8 computer, was applied,
under the direction of Emory Lakatos, to the design of a very useful gen-
eral-purpose analog computer (GPAC), nicknamed the “Gypsy,” which
was extensively used for over ten years for the solution of problems in
many scientific and engineering areas. This was the basis for the devel-
opment of the analog computer industry. The first Gypsy was built largely
from unused components for M-8 computers left over from the wartime
development.

1.9 Fire Control for Naval Dual-Purpose Guns

It will be recalled that the procurement problem for mechanical directors
was an important factor in the Army’s decision in 1940 to support devel-
opment of the T-10 (later the M-9) director. The Navy had similar qualms
about wartime procurement, particularly of the mechanical computer that
was the heart of the fire control system for the dual-purpose 5-inch guns
that served on destroyers and aircraft carriers both for heavy antiaircraft
defense and as the main, or surface, battery, and on larger ships as the
secondary battery. It was abundantly clear that a great many destroyers
and carriers would have to be built, and the Navy had an excellent me-
chanical computer to control the 5-inch guns. The question was whether
it would prove possible to speed up construction from the slow peacetime
rate to meet the greatly accelerated deliveries needed to equip ships al-
ready on the ways or planned.

The Navy’s problem lay in the very limited supply of the critical skills
and facilities needed to make high-precision mechanisms in greatly in-
creased quantities. Ina number of respects, the Navy’s problem was worse
than the Army’s. In the first place, the Navy computer had to do a great
deal more computing than the Army’s director, since it had to operate and
provide continuous control of gunfire on a ship that was rolling, pitching,
and maneuvering. And, in addition, the Navy computer was the core of
the fire control system and had to work properly with a topside director
having optical and radar target-tracking equipment, with the ship’s
compass and log, with the gun mounts, and with a gyroscopically stabi-
lized element that told the fire control system all it needed to know about
the tilt of the ship’s deck. Finally, it was necessary to provide a number
of methods of backup operation to keep the guns in operation, even
though less effectively, if any other part of the fire control system should
be shot away or rendered inoperative in battle. Thus, a computer for the
Navy required far more equipment than an Army director.
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Finally, the Navy’s existing mechanical computer was built almost en-
tirely of various aluminum alloys, carefully chosen and matched to ensure
continued high-precision performance as the parts expanded and con-
tracted over wide temperature ranges. But with the enormous growth
of aircraft production, the continued availability of the requisite alloys
was becoming doubtful, and a redesign of the computer to use other ma-
terials would be very time-consuming.

Accordingly, the Navy’s Bureau of Ordnance and its supplier of me-
chanical computers began an extensive exploration of possible solutions
to the problems of accelerated precision manufacture in wartime and of
the supply of aluminum alloys. In additior, the Bureau of Ordnance, at
about the time of the attack on Pearl Harbor, asked Bell Labs, using its new
electrical techniques, to develop an alternative computer to be put into
production if adequate supplies of the mechanical equipment could not
be assured. Bell Labs assembled a team, under the direction of A. W.
Horton, to develop the Mark 8 computer,!? as the electrical analog model
was called. The first meeting with the Bureau of Ordnance, to find out
just what was wanted, was held early in January 1942. A proposal for this
computer was sent to the Navy on February 24, 1942, a letter of intent was
issued on April 4, 1942, and the development contract became effective
on September 28, 1942. By the latter date, development was well under
way.

The Navy’s first requirement for the Mark 8 computer was, of course,
the use of Bell Labs’ electrical analog methods, permitting manufacture
by people with very different skills from those needed for making preci-
sion mechanical equipment. The second was that the Mark 8 should be
built without the use of aluminum. The third was that the Mark 8 com-
puter should be functionally equivalent to, and even mount inter-
changeably with, the existing mechanical computer, the Mark 1. The first
requirement had a corollary: that under the circumstances there was a
good deal of urgency in developing the Mark 8. As a result, the design
relied heavily on experience gained in the design of the M-9 and T-15
directors, and many of the circuit elements, such as amplifiers, were taken
over directly with only minor changes in mechanical construction. The
second requirement had only minor effects on the development of Mark
8. The third requirement naturally limited the extent to which radical
changes and improvements could be incorporated in the design of the
Mark 8; anything that required changes in any other element of the fire
control system was not to be considered.

The need for the Mark 8 to mount interchangeably with the Mark 1 put
very strict limits on the maximum size of the new computer, and deter-
mined that like the T-15 it would use ac signal voltages; the M-9 method,

19 The Mark 8 should not be confused with the M-3 computer, which was concurrently
being developed for use by the Coast Artillery. (see Section 1.8).

TCI Library: www.telephonecollectors.info



160 Engineering and Science in the Bell System

using dc signal voltages, would make the machine too bulky to be gotten
into the plotting room at all. Because the director and guns are mounted
on a moving ship, the development of the geometry and method of solu-
tion was necessarily different from that used in land-based directors. It
was also different from that used in the Navy’s Mark 1 computer. In ad-
dition, the need to control the Navy’s standard Mark 37 director dictated
the need for accurate electrical integration; a new form of electrical inte-
grator was therefore developed for this project. .

The pace of development was somewhat reduced in the second half of
1943 when it became apparent that the Navy Bureau of Ordnance and its
principal suppliers had solved the problems in producing complex,
high-precision mechanical computers within a time frame close enough
to that of mass production to meet the urgent schedules; even before this,
furthermore, the supply of the necessary aluminum alloys had been as-
sured. The production problems had been solved by a great many in-
genious innovations in manufacturing methods and by improvement in
the rapid training of young men who had mechanical aptitude but little
or no actual experience. The training methods quickly made these be-
ginners very skillful “single-operation men.” One of the rules of the
training course was: “Never let them get the idea that working metal to
tolerances of 1 or 2 ten-thousandths of an inch is at all difficult.” By the
fall of 1943, the production of Mark 1 computers had risen from the
peacetime rate of perhaps one per month to almost one per day.

With adequate production of the Mark 1 computer assured, the Navy
no longer needed the Mark 8 as a backup, and production contracts for the
Mark 8 were not considered. The Navy felt that regardless of any tests
on the Mark 8, the problems of introducing a new computer into the fleet
would be too great in midwar. These problems included the installation
of new computers on ships urgently needed for service elsewhere, the
provision of new classes of spare parts, and retraining personnel on the
care, feeding, and maintenance of electrical computers. The veto of the
use of aluminum in the Mark 8 made it weigh about twice as much as the
Mark 1, which was an additional drawback. And it was felt that the per-
formance of the Mark 1 mechanical computer was adequate for the purpose
at hand.

The development model of the Mark 8 (Figs. 3-11 and 3-12) was deliv-
ered to the Naval Research Laboratory Annex at North Beach, Maryland,
on February 15, 1944, whereupon extensive comparison tests of it and the
Mark 1 were made, using both the Mark 37 director and the Bell Labs Mark
7 radar as tracking devices. These tests were primarily photo-data runs,
with actual aircraft (usually executing ordered maneuvers) as targets; firing
tests were not practicable at North Beach. These tests indicated that the
two machines were comparable in the accuracy of the gun orders deliv-
ered, except in regions where mathematical approximations inherent in
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Fig. 3-11. Exterior view of Mark 8 computer.

the design of the Mark 1 somtimes resulted in substantial errors. (The
Mark 8 geometry was substantially free of such errors.) It was also found
that the Mark 8 reached solution much faster than the Mark 1. Since one
of the drawbacks observed in fleet experience with the Mark 1 was its
sluggishness, it was decided to attempt to modify the Mark 1 in accordance
with the principles of the Mark 8 to obtain a faster solution time.

After these and other tests at North Beach were completed, the Mark
8 was installed on the U.S.S. Wyoming, the Navy’s seagoing school of an-
tiaircraft gunnery and fire control. Here it was used in actual firing tests
against radio-controlled drones in experiments related to the new fire
control problems that had arisen during the course of the war. These
included the testing of nonstandard methods of using fire control
equipment, weapons, and tactics against targets simulating kamikaze and
baka bomb attacks. (The baka was a small-winged rocket airplane that
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Fig. 3-12. Rear view of Mark 8 computer with grilles removed.

carried a bomb and was released from a larger airplane.) Such experi-
mentation gave the Navy experience in the maintenance of electrical fire
control equipment under seagoing conditions.

1.10 Other Wartime Analog Computer Applications

Analog computers were also developed for use in aircraft for bombing
and navigational computation. These computers used input data from
either optical or radar sources having either actual target tracking or
tracking of an offset aiming point. However, they came along too late
in the war to see actual cornbat. The most sophisticated of these airborne
bombing computers was the AN/APA-44, covered in Chapter 2, Section
3.4.7.

Quite a different application of the electrical analog computer was made
in the operational flight trainers used in the training of pilots and navi-
gators. In these the computer continuously solved the equations of aircraft
motion on the basis of design parameters of the particular aircraft being
simulated. Such a computer was built for an operational trainer simu-
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lating the PBM-3 that had the appearance and operating characteristics
of the Navy’s Martin Mariner patrol bomber (Fig. 3-13). Subsequently,
similar equipment simulated the Grumman Hellcat fighter and the Con-
solidated Privateer patrol bomber.20

1.11 Postwar Military Applications of Electrical Analog Computers

The basic electrical analog technology developed by Bell Labs during
the war for fire control purposes continued in use for 15 years or more and
was used in two or three succeeding generations of fire control systems
developed for the military services by Bell Labs and by other defense
suppliers. Most applications were based on the dc-signal technology of
the M-9 gun director and the M-8 gun data computer, but some used the
ac-signal methods of the T-15 gun director. These methods were of course
continuously improved to employ redesigned and modernized compo-
nents and design techniques as needed to meet increasingly more stringent
requirements.

The postwar Bell Labs systems making extensive use of such electrical
analog technology include:

1. The M-33 antiaircraft fire control system?! —a fully integrated system
for acquisition, tracking, and control of land-based gunfire against
aircraft.

2. The Nike-Ajax system??2—developed for control of guided missiles
as defense against the bombers of the immediate post-war period.

3. The Nike-Hercules system?*—developed for control of longer-range
and more powerful guided missiles as defense against greatly im-
proved bomber types.

4. The Mark 65 project?*—development of automatic target evaluation
and weapon assignment systems for the U. S, Navy. This project also
required provision of dc-signal analog computers for track-while-
scan purposes.

II. DIGITAL COMPUTERS
2.1 From Dial Systems to Relay Digital Computers

Not all the computers developed by Bell Labs during the war years were
of the analog type. A few were digital machines—early forerunners of
today’s high-speed electronic computers.

20 R. O. Rippere, “’An Electrical Computer for Flight Training,” Bell Laboratories Record 25
(February 1947), pp. 78-81.

21 Described in Chapter 7 of this volume.

22 1bid.

28 Ibid.

24 Described in Chapter 11 of this volume.
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Fig. 3-13. Artist’s rendering of mock-up of PBM-3 Mariner showing crew positions, instructor’s
and radio control positions, and electronic computing system.

TCI Library: www.telephonecollectors.info

P91

waysAg [[ag ay3 ur aduardg pue Surraaurfuy



Electrical Computers for Fire Control 165

Many of the basic concepts of electrical digital computers were first
extensively employed and tested in Bell System dial telephone switching
technology. While dial systems did not add or multiply, they performed
many other operations needed in computation. In sophisticated dial
systems the operations included the following;:

1. Counting dial pulses to determine the next digit
2. Registering the dialed number

3. Translating one or more digits of a number into a different num-
bering system

4. Looking up tabulated routing information

5. Suspending the normal process of setting up a call and taking ap-
propriate alternative action if the called line was busy or out of ser-
vice or if the call could not be completed

At the time of World War II, almost all metropolitan dial offices used
an assortment of relay circuits, of varied size and complexity, for detailed
control of the numerical and logical operations necessary for call pro-
cessing. Each type of circuit performed a specific task, and a circuit was
normally used on a single call only for the time required to do its specific
job and then released to serve other calls in turn.

Before 1937, the design of relay circuits was an art known only to a small
circle of experts. But in that year Claude E. Shannon, who joined Bell Labs
in 1941,25 showed how Boolean algebra could be used as a powerful tool
for the synthesis, analysis, and optimization of relay circuits. As a result,
the design of relay circuits changed rapidly from being a somewhat eso-
teric art to being a science, and it became possible to teach it as an engi-
neering discipline.

At about the same time, new circuit elements became available to the
designer. These included bistable vacuum tube circuits and solid-state
diodes; the latter led to new and useful gate configurations, such as the
digital OR gate first described by A. W. Horton, Jr.,26 and the AND gate
of W.H. T. Holden.?” The new digital devices, and the later development
of the transistor, led to new developments in digital circuit design meth-
ods. These methods are now hard to recognize as being related to Boolean
algebra but are nevertheless descended from one or more of its isomorphs,
such as the calculus of propositions.

The technology of dial switching systems had by this time reached a
point that made relay computers entirely practicable; indeed, many of the
standard relay circuits of advanced dial systems needed only minor
modifications to fit them in as subsystems of digital computers. At the
same time, the load of routine computation involved in the design of wave

25 Shannon had worked at Bell Labs in the summer of 1937 while a student at M.LT.

26 1J.S. Patent No. 2,244,700; filed September 21, 1939; issued June 10, 1941.
27 J.S. Patent No. 2,299,898; filed October 16, 1941; issued October 27, 1942,
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filters, equalizers, and other transmission networks at Bell Labs was
steadily becoming more burdensome. An important part of these com-
putations involved multiplication and division of complex numbers,
which were done on desk calculators—a time-consuming and tedious job,
and hence prone to error. The departments concerned with this problem
had been consulting with the mathematical research people off and on
for a decade or more; while there had been some advances, there were no
large improvements in computing techniques.

But in 1937 George R. Stibitz, of the mathematical research group, be-
came interested in relay circuitry and quickly envisioned a possible so-
lution: he sketched out the initial design of a relay computer specifically
intended for doing arithmetic on complex numbers. Although the
components available, mainly the relay and the teletypewriter, were rel-
atively slow by today’s standards, such a computer was much faster than
the customary calculator and had the added virtue of flexibility.

The Complex Computer, as it was called, was designed and constructed
during 1938 and 1939 under the direction of Samuel B. Williams, an en-
gineer with long experience in the development of dial switching systems.
Initially, it was designed to be merely a feasibility model. As a result,
many features that would have appeared almost automatically in dial
switching equipment were omitted, such as redundant numerical coding
and provision of contact protection for the relays.

The Complex Computer was put into routine operation on January 8,
1940, in the old Bell Laboratories headquarters at 463 West Street in New
York City. It had 450 relays and 10 crossbar switches, the latter being
number registers. A unique and very modern feature was its remote
stations, each with an input keyboard and a teletypewriter for output,
at three locations, which were convenient to groups that were heavy users
of the facility.

An event that foreshadowed the use of telephone lines for remote
computer input occurred on September 11, 1940, in connection with
presentation of a paper by Stibitz describing the computer before a
meeting of the American Mathematical Society at Dartmouth College in
Hanover, New Hampshire. A remote terminal at the lecture room in
Hanover was connected via a slightly modified teletypewriter circuit to
the computer at West Street in New York. After Stibitz had read his paper,
those in attendance were invited to use the keyboard to give to the com-
puter problems invelving addition, subtraction, multiplication, or division
of complex numbers; the answers were printed out on the teletypewriter
in less than a minute. One of those who tried the facility was Dr. Norbert
Wiener, who, characteristically, tried to stump the computer—without
success. This was Wiener’s first introduction to the computer concept.

As noted above, the Complex Computer, later renamed the Bell Model
I, was built as a feasibility model. From the time it was placed in operation
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it was very heavily used. Normally a number of changes to improve its
reliability and maintainability would have been made. Unfortunately,
World War II broke out before this could be done. As the demands on the
computer increased rapidly with the growth of military work at Bell Labs,
maintenance became a problem. Finally, the deterioration resulting from
the lack of contact protection required stripping most of the relay contacts
off the springs and replacing them by new contact material. This work
was carried out with tools developed by Western Electric to keep central
offices with contact problems in service until the end of the war. The
Complex Computer remained in continuous service at West Street until
its retirement in 1949.

2.2 Wartime Relay Digital Computers

When the United States entered World War II, the digital techniques
pioneered by Stibitz and Williams found their way into computers de-
signed for military projects. These computers were intended to be spe-
cial-purpose machines, but after the war, with some modifications based
on experience, they proved very useful in other areas. As it happened,
all three of the machines (known as Models I, III, and IV) were built for
testing antiaircraft directors or for investigating other phases of fire control
work. All the machines were programmable, with the program punched
on paper tape, though the instruction complement was somewhat limited
in view of the special-purpose classification. In addition, data input and
output were handled almost entirely on punched tape. All three machines
were also designed with standard dial system features needed for reli-
ability and for ease of maintenance, such as redundant numerical coding
and almost complete contact protection facilities.

The Model II machine was designed to handle a heavy load of highly
routine computing that arose in the following way. The NDRC had de-
veloped equipment for dynamic testing of antiaircraft directors (including
the Bell Labs-developed M-9 system). The equipment was driven by paper
tape punched with digital information about the detailed behavior of a
possible target; the tester in turn simulated corresponding input signals
to the director so that its performance on that particular target could be
observed. Making the tapes to drive the tester required a very large
amount of interpolation from tabulated data. Therefore, the NDRC
commissioned Bell Labs to design and build an all-relay digital computer
called Relay Interpolator, with the program and input data on punched
paper tape and the output available on teletypewriter or punched tape.
The basic scheme was sketched by Stibitz, and the detailed design was
carried out by E. G. Andrews and his group. This second machine was
placed in service in the West Street laboratory in September 1943. This
machine’s arithmetic skills were limited in the main to addition, although
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it could multiply by a constant specified iri the program. These capabil-
ities sufficed, however, for the machine’s normal work. Stibitz noted:

It was exciting and a bit weird to watch this interpolator go about its work
sans human boss: days, nights, Sundays and holidays. This was a year be-
fore [the Harvard] Mark I was formally demonstrated, and the use of tele-
type tapes and readers, under the control of an impersonal bank of relays,
was new. At that time it seemed to us we had a highly intelligent ma-
chine—this first programmable computer. It could call for the next pro-
gram step from one tape and the next data from another at exactly the right
instant, and detect any extra holes worn in the tape by repeated runs.
Those tapes took a pounding, 28] and things were not perfect in this imper-
fect world. Sometimes we would come in on a Monday morning expecting
to find hundreds of feet of tape ready for the dynamic tester, only to find
that sometime during the weekend a tape had worn or torn through, leav-
ing the computer without instructions.[2%1

The Model II computer had 440 relays and five pieces of teletypewrit-
er equipment. It was built on two relay racks and contained six registers
for storing numbers. Basically, it performed a linear iterative operation
on numbers provided by the data tape. It could handle problems in har-
monic analysis, solution of differential equations, and the like, but during
the war it was kept too busy with routine interpolation and smoothing
to do much else. Late in the war the Model II was moved to the Naval
Research Laboratory, where it remained in service until 1961.

The Model III computer (see Fig. 3-14), a rauch larger and more powerful
machine than the Model II, was also planned by Stibitz and developed for
the NDRC by E. G. Andrews and his group to provide additional facilities
for handling the enormous amount of computation required for fire
control testing and development. It contained 1,400 relays mounted on
five relay racks, provided ten number registers, and controlled seven
pieces of teletypewriter equipment. Its checking facilities, based on re-
dundant numerical coding, provided 100-percent self-checking of all
operations. The machine stopped positively on any kind of single failure
and on most combinations of two or more simultaneous failures. The
standard teletypewriter readers were modified to move tapes in either
direction and were controlled by “hunting” circuits that directed the
forward or backward motion of the tapes to permit them to search for any
address asked for by the master control. The searching operations pro-
ceeded independently of calculation; this arrangement greatly speeded
up the work on many problems without requiring much internal storage,
always a very expensive provision when relays were, of necessity, used
for this purpose.

The Model III was completed in June 1944 and installed at Camp Davis,

28 The program tape was looped, with the ends glued together, and ran repeatedly through
the reader.

29 George R. Stibitz, as told to Mrs. Evelyn Loveday, “The Relay Computers at Bell Labs
(Part Two),” Datamation 13 (May 1967), pp. 45, 47.
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(b)

Fig.3-14. Model IlI ballistic computer. (a) Equipment racks. (b) Paper-tape
terminal.
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North Carolina. Regularly running seven days and seven nights a week,
it turned out as much work as could be done by 25 to 40 skilled operators
using desk calculators. It was later moved to Fort Bliss, Texas, and mod-
ified to expand its facilities and usefulness; the alterations involved in-
creasing the number of relays by 300 to 400, adding four more number
registers, and making changes in its control arrangements. The Model
III continued in use at Fort Bliss until 1958.

The Model IV computer, a slight modification of the Model IIl, was built
for Naval Ordnance and installed at the Naval Research Laboratory in
March 1945. It could handle trigonometric functions of negative as well
as positive angles in problems relating to the control of guns on arolling
or pitching deck. This machine was known to the Navy as the Mark 22
computer and it continued in service until early 1961. Like the Model
111, it was considerably reworked after the war to adapt it to handle prob-
lems other than those for which it was initially designed.

It is indicative of the reliability and the continuous-service capabilities
of the wartime relay computers that all of them remained in service several
years after commercial electronic computers of much greater speed were
readily available.

2.3 Postwar Relay Digital Computers for the Military

After the war a much more powerful relay digital computer (Model V)
was developed. This was a larger and much more capable machine than
those built during the war, and was designed as a general-purpose digital
computer, and thus was much more than an adjunct to investigations into
fire control problems. Two units of the Model V were built; the first was
delivered in 1946 to the National Advisory Committee on Aeronautics
(NACA) Laboratory at Langley Field, Virginia, the other (in 1947) to the
Army Ordnance Ballistic Research Laboratory at Aberdeen, Maryland.

The Model V could be equipped with up to six arithmetic units and ten
problem positions. It used about 9,000 relays, and could handle up to 55
pieces of teletypewriter equipment (mainly tape readers). The machines
actually delivered were somewhat more modestly equipped: each had
two arithmetic units, and three or four problem positions. The design
permitted arithmetic units to function continuously; problems were loaded
onto idle problem positions, each of which had one tape reader for input
data, up to five readers for programs (this permitted great flexibility in
use of subroutines), and as many as six readers for tabular data. Heavily
used tables (logarithmic and trigonometric) were permanently wired into
the machine. When an arithmetic unit completed its assigned problem,
it immediately picked up another from a new problem position.

The calculators of the Model V provided floating decimal point, mul-
tiplication by “short-cut addition,” automatic round-off if desired, and
extensive conditional transfer facilities. The Model V was normally
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worked around the clock, and when so used, handled about as much cal-
culation as about 225 desk-calculator operators. In at least one week, one
Model V operated for 167 out of a possible 168 hours, most of the time
running completely unattended.

After the Model V machines were replaced by electronic computers at
their original locations, one was sent to Fort Bliss, Texas, and was later
given to New Mexico State University at Las Cruces, where it continued
in use for educational and research purposes at least until 1964. The other
machine, after use at the White Sands Proving Ground, was given to Texas
Technological College in 1958. Unfortunately, on this trip it was severely
damaged in transit and was of no further use except as a source of spare
parts for the machine at Las Cruces.

The Mark 65 Project®® also used relay computers of a much simpler
character for switching data from search radars, after processing by analog
track-while-scan computers, to directors, and for connecting directors
tracking “hot” targets to gun mounts. This equipment used relays spe-
cially balanced to withstand the inevitable shocks to be expected on a
warship.

III. SUMMARY

The technology of fire control was well advanced long before the entry
of the United States into the war. It used optical means for locating targets
and highly sophisticated mechanical analog computers to process the
optical data for aiming ordnance. But optical location, because of atmo-
spheric limitations, was a weak link in the system. Radar would obviously
provide great improvement in target location if sufficient accuracy could
be achieved. The possibility of obtaining improved target location was,
indeed, a main objective of the early R and D work on radar initiated by
the Navy, which led to the extensive and successful work in this field by
Bell Laboratories and others already described.

Fortunately, and almost by chance, a few members of Bell Laboratories’
staff, with no knowledge of ordnance or fire control, became interested
in the problem of gun control by radar in 1940. They proposed using what
was essentially an electrical form of analog computer. Their ideas proved
so interesting to the military that a development contract was awarded
Bell Laboratories early in November 1940. This led to the first electrical
gun director, designated the T-10 and intended for control of 90-mm an-
tiaircraft guns. Tests conducted in late 1941, just as the United States was
entering the war, were so successful that in February 1942 the electrical
director was adopted as standard military hardware.

The T-10 became the prototype of a series of M-9 directors for antiaircraft
guns, which turned in impressive records against manned aircraft in many

30 See Chapter 11.
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areas. Guns controlled by such directors, using proximity-fuzed shells,
played a major role in the 1944 defense of Britain against the buzz bomb.
Deployed along the English Channel, they shot down 90 percent of the
V-1's aimed at London and effectively pulled the teeth of Hitler’s first
“victory weapon.”

Throughout the development of electrical directors, it was necessary
to foresee, as far as possible, potential wartime difficulties involving scarce
materials or manufacturing methods. In addition, the design of the T-10
involved making many choices between available alternatives. Since the
electrical director was entirely new to the fire-control art, some of these
choices had to be pretty arbitrary: there was as yet no experience on which
to base rational decisions. As a result, the National Defense Research
Committee and Bell Laboratories agreed that development would be de-
sirable of a second type of director, intended for the same use but with
major differences in methods of computation and determination of target
rates, and using ac instead of dc signal voltages. Doing this would imme-
diately broaden experience in this new art; and if difficulties arose when
T-10 was tested, or in its manufacture or maintenance, this backup could
be very valuable.

The Navy had before the war a good mechanical computer for antiair-
craft fire control. Fortunately, this had been designed, at a time when
optical input data was often spotty and sometimes quite erratic, to utilize
continuous data in case it ever became available. Thus conversion to use
of radar data required only a radar. But the necessarily greater complexity
of the Navy’s fire-control system made the procurement problem for
mechanical computers even more critical than that facing the Army. The
Navy thus also requested Bell Laboratories, about the time of Pearl Harbor,
to develop an electrical computer as a possible replacement if procurement
of its mechanical computers became difficult. Both the alternative Army
director (the T-15) and the electrical computer for the Navy (the Mark 8)
were completed, and on test proved somewhat better than their prede-
cessors. But since the earlier machines were entirely adequate, and were
by that time available in quantity, neither of these backup machines was
put into production.

Thus Bell Laboratories, in addition to developing the directors of the
T-10 family, which were manufactured in quantity and delivered yeoman
service in many combat areas, also contributed heavily by developing two
other computing systems of comparable complexity, both of which were
deemed essential to provide backup production capability if it proved
necessary. In neither case, as it turned out, was production needed; in both
cases the experience gained proved very valuable in postwar fire-control
development.

The basic technology of the electrical analog computer was also applied
to the control of coast-defense artillery; a number of computers for this
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use were delivered to the Army. These performed very well under test;
in service they had little to do, as there were no enemy targets to fire
at.

The same basic methods were also applied to bombing and navigational
computations in aircraft, and to simulators used in operational flight
trainers for the schooling of aircraft pilots and navigators.

Not all Bell contributions to the computer art during World War Il in-
volved the use of analog techniques. In 1937 George R. Stibitz, a research
mathematician at Bell Labs, conceived the idea of employing for purposes
of computation the circuit elements regularly used for such things as
counting, registration, and logical purposes in large dial central offices.
The first Stibitz computer was built during 1938 and 1939, using only
telephone relays and switches, which were the standard dial central office
circuit elements at that time; a teletypewriter was used as the output device.
This machine was designed to handle the multiplication and division of
complex numbers, and it was placed in regular computer service at the
beginning of 1940. It proved a great improvement over the desk calculators
it replaced, although it was very slow compared to modern electronic
computers. The design of this machine was carried out by people skilled
in the telephone switching art; their only special training for computer
work was a very short course (of one or two hours) in the details of binary
arithmetic.

The techniques pioneered by Stibitz were used during the war in three
special-purpose relay computers built for the extensive computations
needed in connection with the testing of electrical fire-control computers
and directors, and the investigation of proposed modifications of their
design. All three of these built during World War II were delivered to
Army or Navy service organizations concerned with fire-control problems.
They all worked steadily, usually 24 hours per day, with only an occasional
break for maintenance. They operated under control of programs punched
on teletype tape, with their input data obtained from other teletype tape
readers, and their output delivered either to tape punches or directly to
a teletypewriter.

These computers were equipped with the standard features that ex-
tensive central-office experience had indicated were desirable for highly
reliable performance. These included both equipment and systems fea-
tures. One of the equipment features, for example, was the provision of
extensive contact-protection facilities, which greatly decreased the inci-
dence of sporadic misadventures. On the systems side, these machines used
redundant binary coding of a type that permitted automatic error detection
and resulted in stopping the machine and calling for maintenance when
an error occurred.

All of these machines remained in service for 15 years or more, long after
the problems for which they were specifically designed had been swept
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away by the advancing tide of guided missiles. And at least two of the
machines were considerably reworked, long after their first youth, to ex-
tend their capabilities to classes of problems beyond the ken of their initial
designers.

In the computer field the gun director was by far Bell Laboratories’
greatest contribution to antiaircraft defense during World War II. It was
an accurate and adaptable instrument, rugged and easy to maintain in the
field. Its design made it manufacturable in quantity by mass production
methods common to the telephone art, without requiring many highly
skilled precision machinists. Perhaps the major significance of the story
of the electrical director lay in the manner in which it was conceived. It
arose, not from the experience of those skilled in the problems of ordnance,
but rather through the efforts of people of solid scientific background,
trained in applying scientific principles to the solution of problems re-
quiring precision of thinking. These people had the imagination to
suspect the existence of the fire control problem, and their background
provided the tools needed for its solution. Having reached this point,
they needed, in addition, access to experts in varied fields, ranging from
mathematics to chemistry and to the engineering of new types of devices
in forms that proved easily amenable to mass-production methods of
manufacture. These people were fortunately already available on the staff
of Bell Laboratories.

A great deal of credit is also due to those trained in ordnance for their
perception of the value of electrical analog computers and for their im-
mediate willingness to impart their knowledge to newcomers to their field.
Indeed, the remarkable cooperation between concerned parties schooled
in disparate disciplines, as well as the system for organizing liaison be-
tween scientists and military personnel, was essential to the results ob-
tained in fire control in World War II. The spirit in which the joint
commitment was carried out and the quick and effective interchange of
ideas which it brought about contributed a great deal more to the American
cause than the American public can perhaps ever realize.
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Chapter 4

Acoustics

The application of acoustics to warfare was a logical role for the Bell System
since much of telephony is based on this science. Some of the World War II ap-
plications, such as the design of special telephone instruments and high-power audio
systems, were natural extensions of Bell’s peacetime efforts. However, by far the
greatest contribution was made in the area of undersea warfare, a field applying
the basic principles of acoustics but reaching far beyond the familiar telephone
experience. This work required the development of acoustic techniques in an un-
familiar and previously little explored medium. From this work there evolved
means for locating submarines and homing torpedoes guided to their goal by sounds
generated by their submarine targets, devices which played a major role in con-
trolling the effectiveness of the previously almost invulnerable commerce-destroying
tactics of the Germans.

I. INTRODUCTION

The Bell System was born of the insight into acoustics of Alexander
Graham Bell, of whose telephone Lord Kelvin said, “Today I have seen
that which yesterday I should have deemed impossible. Soon lovers will
whisper their secrets over an electric wire.” !  With sound being the un-
alterable link at each end of the telephone system, it was necessary that
extensive work be carried out on almost all phases of speech, hearing, and
acoustics. This work in turn generated numerous by-products to the basic
person-to-person voice communication, and the promotion of these gave
broad acoustics training to many Bell Laboratories people. By 1940, there
were probably as many highly trained people in acoustics research and
electroacoustics development at Bell Laboratories as in the rest of the
country.

1S, McMeen and K. B. Miller, eds., Telephony (Chicago: American Technical Society,
1923).

Principal author: C.F. Wiebusch
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II. UNDERWATER APPLICATIONS

With this capability available it was only natural that the armed forces
and the newly formed (June 27, 1940)% National Defense Research Com-
mittee (NDRC) would look to Bell Laboratories to take a leading role in
acoustics-related developments for the anticipated war effort. Such de-
velopments took many forms: high-power sirens for air raid warning,
underwater acoustic echo ranging (sound navigation and ranging, or
sonar) for finding submerged submarines, sound locators to determine
enemy gun positions, acoustically guided mines and torpedoes, battle-
announcing systems delivering high levels of sound, helmet headsets,
transmitters for use in oxygen masks, improved headset receivers, throat
and lip microphones for noisy environments, and the very important
measurement projects and standards. Under the skilled general guidance
of H. Fletcher in research and W. H. Martin in development and design,
much was accomplished in a very few years.

2.1 Underwater Acoustic Measurements

In a lecture in 1883, Lord Kelvin stated: “I often say that when you can
measure what you are speaking about, and express it in numbers, you
know something about it; when you cannot express it in numbers your
knowledge is of a meagre and unsatisfactory kind.” 3 This latter was the
situation in underwater acoustics in 1940, and for this reason Bell Labo-
ratories undertook exploratory work on underwater acoustic measure-
ments. The work required an out-of-doors body of water, preferably one
with a soft, low-reflectivity bottom, and Crystal Lake in Mountain Lakes,
New Jersey, was selected. A group of engineers consisting of A. H. Inglis,
F. F. Romanow, E. Hartmann and others was organized and a field labo-
ratory was set up at the lake.* At this time there were no underwater
transducer® standards for which the electrical-to-acoustical conversion
characteristics could be determined by computation or simple air cali-
bration techniques.

This work was called to the attention of the NDRC’s Division 6, organ-
ized in 1941, whose main responsibility was the development of new and
improved methods for detecting submerged submarines.® This division

2]. P. Baxter I, Scientists Against Time, Boston: Little, Brown, 1946, pp. 172-185.

3 Sir William Thomson [Lord Kelvin], Popular Lectures and Addresses: Constitution of Matter,
I, London: MacMillan, 1889.

4 Letter from W. H. Martin to M. D. Fagen, January 20, 1974.

5 In underwater acoustics, as in air transmission of sound, the term transducer is used to
designate a converter between media by which sound waves are transmitted. The term
hydrophone designates a transducer which converts acoustic waves in water to electric waves
and is analogous to the microphone used for sound waves in air. The device corresponding
to the telephone receiver or loudspeaker is usually referred to as a projector, which converts
electric waves to acoustic waves in water. While these are the usual designations, almost
all underwater transducers were reciprocal devices.

6 Baxter, Scientists Against Time, p. 173.
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recognized that one of the cornerstones of its program had to be the de-
velopment of accurate methods for the measurement of sound in water,
and in July 19417 it contracted with the Western Electric Company for the
development of standard hydrophones, sound sources, and calibrating
procedures. Under this contract Bell Laboratories expanded the testing
laboratory at Crystal Lake and later established a second lab at Lake Gem
Mary in Orlando, Florida. The latter is still in operation as a calibration
station by the U.S. Navy. These stations covered the measurement range
of frequencies from 2 Hz to 2.2 MHz, of ambient pressures to 300 psi, of
temperatures from 35 to 100°F, and of acoustic powers to 1,500 watts.8

Suitable transducers were developed, and it then became possible
by reciprocity calibration methods and by computations based on known
constants to achieve a satisfactory degree of accuracy in measurements.
While these new transducers were being used, it was found that the cali-
bration of the previously accepted tourmaline crystal hydrophone stan-
dard was about 9 dB in error. It would be hard to overestimate the im-
portance to all United States underwater acoustic projects of having ac-
curate measuring tools. Theoretical studies began to have meaning, and
specifications could be prepared with confidence and product-tested for
compliance.

During this first year of United States involvement in World War II, the
Navy asked the Western Electric Company to become a supplier of un-
derwater sound gear. To prevent any appearance of conflict of interest,
since equipment of other laboratories and suppliers would also need to
be tested, Bell Laboratories suggested that the test stations have a different
sponsor.? Therefore, in May 1942 the operation of the two test stations,
together with most of the former Bell Labs personnel, was transferred to
the Columbia University NDRC contract and became known as the Un-
derwater Sound Reference Laboratories. At the end of the war, the Bell
Labs people transferred back to their old departments. During the later
years of World War II, Bell continued to work with the Reference Labo-
ratories by developing new hydrophones and sound sources and by con-
structing instruments.

2.2 The Sounds of the Sea

A knowledge of the sounds in the sea is basic to the design and effective
use of all underwater acoustical systems used in offensive and defensive
warfare. Background noise, always present in the sea, is a limiting factor
in devices (such as those described in the next section) used by submarine
and surface ships in locating targets. This “ambient” noise comes from

7 Ibid.

8 “Basic Methods for the Calibration of Sonar Equipment,” Summary Technical Report
of Division 6, National Defense Research Committee 10, 1946 (Defense Documentation

Center No. ATI 15826).
9 Baxter, Scientists Against Time, p. 175, 176.
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many sources and varies greatly with the sea conditions and aquatic life.
Sounds produced by ships are also a significant factor in designing passive
detection devices and acoustically controlled weapons. These sounds,
too, are highly variable, depending on both the characteristics and speed
of ships.

Before the standardization and calibration work noted in the preceding
section, only makeshift means were available for determining these im-
portant data on underwater sound. Each design group had to supply its
own information, since errors in calibration and differences in measuring
techniques made it impractical to compare data obtained by different or-
ganizations. This resulted in much duplication of effort and considerable
uncertainty about design parameters.

Once standardized measurement equipment and methods were avail-
able, it became possible to reduce these problems and to build up a bank
of data on the sounds of the sea, based on the output of experimenters
working in many parts of the country, which would be of use for many
projects. Division 6 of NDRC assigned the responsibility for this project
to V. O. Knudsen of the University of California, a member of the Division.
Three members of Bell Labs (R. S. Alford, T. Dow, and ]. W. Emling) were
relieved of their regular duties and assigned to work with Knudsen to
coordinate and systematize data on underwater sound collected by the
various groups working in the field.

This group ultimately issued three reports covering ambient noise!® and
the sounds of submarines and surface vessels. Naturally this was a con-
tinuing, long-term job, since each set of new data, as it came along, added
to the total understanding of the subject. But many projects could not wait
for the comprehensive reports, and while these were in preparation the
Bell Labs group kept in close contact with a large number of acoustical
projects and served as an informal clearing house for furnishing available
information to those needing it.

2.3 Sonar

Although originally intended to cover only underwater acoustic echo
ranging (active devices), the usage of the word sonar has been extended
to all underwater acoustic devices, including means for simply listening
for ship sounds (passive devices), used for the detection and/or location
of submarines, ships, or other noise-generating underwater objects. A
number of Bell System people, including F. B. Jewett and O. E. Buckley,
had worked on submarine detection in World War I and recognized that
submarines were again going to be a major threat to the Allies. They

10 While some of the material remained classified under national defense security regu-
lations, the report on ambient noise was published in condensed form in a paper by V. O.
Knudsen, R. 8. Alford, and J. W. Emling, “Underwater Ambient Noise,” . Marine Research
7 (1948), pp. 410-429.
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decided that with the acoustics background available at Bell Laboratories,
work on submarine detection should be undertaken.

Echo ranging was not a new technique; it had been worked on for the
Navy by the Submarine Signal Company between the two wars and was
widely used on ships for depth sounding. Basically echo ranging depends
on the transmission of a short pulse of sound into the water and the mea-
surement of the time required for an echo to return from the bottom or
from some object in the water, such as a submarine. The velocity of sound
in the ocean ranges from about 4,700 to 5,000 feet per second, depending
on water temperature, salinity, and depth. For most practical purposes,
for calculating the distance to an object causing the echo, an average figure
of 4,800 feet per second is used. For producing the sound pulse, an elec-
trical pulse is fed into an electroacoustic transducer, which converts it into
underwater sound just as a loudspeaker converts electrical energy to sound
energy inair. The returning echo is converted back to an electrical pulse,
either by the same transducer or by a separate one. To prevent the echo
from the ocean bottom from overpowering and masking an echo from a
submarine, the transducers are made directional. The directional char-~
acteristic of the receiving transducer permits learning the direction to the
target. This direction, together with the distance found from the arrival
time of the echo, gives the actual location of the target relative to the
sonar.!!

However, things are not as simple as they may seem. Sound trans-
mission in all media follows the same fundamental physical laws; only
the constants differ. Variation in density of the medium affects the ve-
locity and causes bending of sound waves as do lenses with light waves.
Since the density of water depends on temperature, salinity, and pressure,
and since these vary with location and depth, it is easy to understand that
sound seldom travels in a straight line except over short distances.

Salinity is almost constant except near the mouths of large rivers; depth
needs little explanation since it is the depth at which the sound pulse is
at any instant; but temperature is unpredictable, especially near the surface
where the water is stirred up by waves. This upper, mixed water is called
the surface layer-—or more often just “the layer,” as in the expression, “the
submarine is hiding just below the layer.” Sound therefore travels along
curved paths and often creates shadow zones where little or no sound
arrives. These basics were understood, but most of the practical details

11 Readers will note the similarity between underwater echo ranging and radar. There
were, however, important differences which greatly affected the design and application
of the two techniques. Radio waves travel at the speed of light (186,000 miles per second).
Hence, radar reflections return from a target in small fractions of a millisecond, and a rotating
antenna can scan 360 degrees in a few minutes. By contrast, an echo from an underwater
target only a mile away requires over 2 seconds to return, and the scanning process is much
slower. The attenuation of acoustic waves in water confines the use of underwater devices
to low frequencies, usually under 30 kHz, which require the use of longer pulses than are
possible with radar, which uses frequencies many magnitudes greater.
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had to be learned the hard way during the war. All these factors affect
the sound power required, the directivity characteristics, and the display
of the information in the echo.

The Navy had a supply source for some sonars, but wishing another
source it asked Bell Laboratories to undertake the development of echo-
ranging sonars for use on antisubmarine patrol ships only. But, since the
equipment designed by A. C. Keller and his group proved highly suc-
cessful, it was put on destroyers as well. During the war, four different
sonar systems were designed and put into production by the Western
Electric Company. The first of these, the QBF, went into production in
May 1943. Using an array of Rochelle salt crystals in an improved dome
with an acoustic screen to shield it from the ship’s own propeller noise,
the QBF was about half the size of units then in use by the Navy. Itsim-
proved noise characteristics permitted U.5. destroyers to use submarine
detection equipment while operating at considerably higher speeds than
before.

The second equipment, the QJA, which was designed in 1943 and went
into production in 1944,12 is described in more detail in the following
discussion. In addition to sound listening and echo ranging, the QJA
incorporated underwater telegraph communication. For listening, any
3-kHz band between 10 and 30 kHz could be shifted down to the audio
range, and the trained listener could often determine whether the sound
source was a submarine, a surface ship, or some form of marine life. If the
submarine was making sufficient speed for the propeller to make noise,
the listener could make a good estimate of the rpm of the propeller and
hence of the submarine speed. This was called the “turn count.” The
receiving unit, consisting of an array of crystals, was directional, and the
operator could swing the unit to point in any direction and therefore could
find the direction from which the sound was loudest—in other words,
obtain a bearing on the target.

If an enemy submarine were attempting to remain undetected, it would
operate under ultraquiet “creep” conditions with the propellers turning
s0 slowly as to make no audible noise and, as was found on a German
submarine captured by the British in 1942, with the crew wearing crepe-
rubber-soled shoes and using rubber-faced hammers for repair and
maintenance work. For such quiet targets the echo-ranging mode of the
destroyer’s sonar had to be brought into play. In this mode, a short
pulse—whose frequency could be selected within limits by the operator
but which was usually about 25 kHz on the QJA—could be transmitted,
and from the echo, the direction and range to the target could be obtained.
Unfortunately, the echo tells very little of the true character of the echo
source; whales, seamounts, submarines, and some other unknowns look

12 A. C. Keller, “Submarine Detection by Sonar,” Bell Laboratories Record 25 (February 1947);
55-60; Trans. AIEE 66 (1947): 1217-1230.
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Fig.4-1. Indicator and control unit for QJA sonar. (Trans. AIEE, 1947, p. 1225.)

much alike, and postanalysis has shown that only about 1 out of 13 of the
supposed targets that were attacked was actually a submarine. In spite
of this high false target ratio, the QJA and other active sonars developed
by other laboratories proved highly effective.

Operating as a telegraph, the QJA permitted the sending or receiving
of messages through the water to and from other compatibly equipped
ships or submarines. Such ship-to-ship communication has the advantage
that it is range limited to a few miles and cannot be intercepted at great
ranges—as can radio. It can take the place of the blinker light during
times of low visibility.

The entire sonar set consists basically of two units: (1) the control unit
containing the beam steering control, the electronics, and the display, all
mounted topside on the ship; and (2) the dome containing the transducer,
mounted at the bottom of the hull. This dome could be retracted into the
hull when not in use, or lowered into the water for a clear view in any
horizontal direction. The transducer unit could be rotated within the
stainless steel dome by a handwheel at the control unit.

Figure 4-1 shows the indicator and control unit of the QJA. As can be
seen, the central part of the face has an outer circular scale calibrated for
target range. Inside this scale is a rotating disc equipped with a neon lamp.
As the lamp crosses the zero line, the acoustic pulse is sent out and when
an echo returns, the lamp flashes (shown as a spot on the right-hand side
of the scale). The next circular scale is fixed and graduated from 0 to 360
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degrees, with 0 degree corresponding to the ship’s bow. The circular dial
inside this unit is a compass repeater connected to the ship’s gyrocompass
system, in which the zero is true north. The pointer shown repeats the
transducer position relative to the ship. The lamp flash position then
gives the range, and the pointer shows the bearing from which the echo
came.

Prewar sonars had large magnetostriction transducers. The Naval
Research Laboratory and other suppliers had developed sound projectors
using Rochelle salt crystals for the active elements, and Bell Laboratories
adopted this design for its first sonar, the QBF. Rochelle salt has several
shortcomings in temperature range and in power-handling capacity. In
prewar research, Bell Laboratories had experimented with about 150
synthetic crystals; and with this background, the ADP (ammonium
dihydrogen phosphate)'3 crystals were selected and adapted to produce
the first ADP sonar projector to be put in service. The efficiency of the
ADP crystals was greatly increased when W. P. Mason developed a gold-
plating process that improved the contact to the crystal surfaces.

Because of the importance of the project, cooperative development work
was carried on with the Brush Development Company, which had done
most of the early work on ADP, and with the Naval Research Laboratory.
Bell Laboratories set up a pilot plant for growing and processing ADP
crystals; and in the latter half of 1943, Western Electric set up a large
manufacturing area in its Hawthorne Works near Chicago that produced
about one million ADP crystals during the war. These crystals were used
in Western Electric sonars and in sonars built by other suppliers.

The transducer consists of an array of crystals, as shown in Fig. 4-2. The
arrangement of these crystals is designed to give the desired directivity
and the necessary power output. This new transducer was much more
efficient than any previous Navy transducer and required only 150 watts
for the same acoustic output. It also operated over the frequency range
of 10 to 30 kHz instead of at a single frequency as in previous systems.
This permitted the operator to shift frequency by changing the setting of
a single dial instead of having to replace the entire transducer. These
advantages were in addition to the reduced size, and since this same
transducer was used for both receiving and listening, the wider frequency
range gave improved performance here also.

Design models of new transducers were first tested at the Mountain
Lakes or, later, the Orlando Sound Reference Laboratories; but then, for
simulating field conditions and motion through the water, they were in-
stalled on the chartered cabin cruiser the Elcovee, shown in Fig. 4-3. With
the new dome, designed in conjunction with the Navy’s David Taylor
Model Basin, the maximum destroyer operating speed for submarine de-

13 W, P. Mason, Electromechanical Transducers and Wave Filters, D. Van Nostrand, 1948; W.
P. Mason, “ADP and KDP Crystals,” Bell Laboratories Record 24 (July 1946), pp. 257-260.

TCI Library: www.telephonecollectors.info



Acoustics 183

Fig. 4-2. Crystal array of the sonar transducer using
the ADP piezoelectric crystals.

tection was almost doubled. The limiting factors for sonar operation are
flow noise over the dome and the ship’s own propeller noise.

It was not practical to test a product by putting each unit or an adequate
number of product samples on a boat. To permit production testing, Bell
Laboratories developed for the Western Electric Company the underwater
equivalent of an anechoic chamber, shown in Fig. 4-4. This was generally
referred to as the “artificial ocean.” The tank was lined with underwa-

ey

Fig. 4-3. The Elcovee, used as a floating test laboratory for studies of sonar
systems.
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Fig. 4-4. Acoustic testing tank. (Trans. AIEE, 1947, p. 1229.)

ter-sound-absorbing material and could be pressurized to simulate ocean
depths. Good design, protection, and quality control gave the Navy the
kind of equipment that reflected credit on the Bell System.

2.4 Magnetic Detection of Submarines

Although magnetic detection of submarines may seem out of place in
a chapter on acoustics, it is closely intertwined with acoustic detection.
As mentioned earlier, a very serious problem with sonar search was the
13 to 1 false target ratio for echo ranging. If the submarine was running
fast or was otherwise noisy, listening could often give a positive identi-
fication of the target, but a submarine in hiding is not likely to be so co-
operative.

Alexander Graham Bell had an early interest in magnetic detection.
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After President Garfield was shot on July 2, 1881, confirmation of the
surgeon’s estimate of the bullet’s location became important. It was re-
ported in Frank Leslie’s Illustrated Newspaper of August 20, 1881:

The most important event of the past week in the case of President Garfield
was the location of the bullet in his body. The instrument used is called the
induction-balance, and was invented by Professor Alexander Graham Bell.
... The decisive experiments were made on the morning of August 1st,
being conducted by Professors Bell and Laintor in the presence of Drs.
Agnew, Reyburn, Barnes, Blissand Woodword. The machinery was placed
in the library, the room adjoining the President’s so that only the telephon-
ic attachment and the bullet-seeker were visible in the patient’s room as
shown in our illustration [Fig. 4-5].114]

Professor Bell’s method was not a direct forerunner of the technique
later used in submarine detection, except that his had a similar purpose
(finding metal) and made use of magnetic effects. His was an “active”
method in contrast to the one used in submarine detection, which could
be classified as “passive” (although it does depend on relative motion of
the detector and the target). This distinction is similar to that between
active and passive sonar.

A submarine contains many hundreds of tons of iron and steel which
distort the earth’s magnetic field in its vicinity; in other words, it creates
an anomaly in the field. Detectors for finding such anomalies have been
christened with the acronym MAD, for Magnetic Anomaly Detector. The
earth’s magnetic field in middle latitudes is about 60,000 gamma (0.6
oersted), and a World War II submarine produced an anomaly of only
about 1 gamma at 500 to 600 feet. This anomaly decreases inversely as the

Fig. 4-5. Alexander Graham Bell’s induction-balance being used on President
James Garfield to determine location of assassin’s bullet—]July 2, 1881 (Frank Leslie’s
Illustrated Newspaper, August 20, 1881.)

14 Frank Leslie’s lllustrated Newspaper, August 20, 1881.
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square of the distance. A magnetometer passed over the submarine at
even the 500- to 600-foot range would have to detect a change of 1 in 60,000
in the magnetic field. In addition, the earth’s magnetic field has small
variations in time and space, giving rise to the familiar signal-to-noise
problem. Although the predictably short ranges offered little hope for
initially finding a submarine, the device could provide all-important
“classification” information (that is, information needed to identify a target
as a metallic object) after detection by sonar (or by sonobuoys which were
developed in England and by the New London Underwater Sound Lab-
oratory). MAD not only reduced attacks on false targets!® but also im-
proved attacks on real ones. This was an advantage which made the de-
vice attractive in spite of its short range, since, if a positive identification
occurred, the target position was determined accurately enough to make
depth charges effective.

Bell Labs’ development of the MAD—under the direction of W. J.
Shackelton, E. P. Felch, and W. J. Means—was carried out at the request
of and in cooperation with the Naval Ordnance Laboratory. The NDRC
had a parallel development, and there was a free interchange of infor-
mation between NDRC and Bell Labs personnel. Both groups used at the
heart of their detector the standard 4-79 molybdenum permalloy that had
been developed many years earlier.16.17

The Bell Labs work resulted in the AN/ASQ-3 and the AN/ASQ-3A
magnetic airborne submarine detectors, both of which were put into
production by Western Electric in 1943. The two detectors were quite
similar, but the 3A system was developed for applications at lower aircraft
speeds and for applications requiring the measurement of very slowly
varying field strengths, as in carrying out magnetic surveys.

The equipment of the AN/ASQ-3 consists of two major parts: (1) the
magnetometer unit which can be mounted in a streamlined “bird” towed
by the airplane or, for larger airplanes such as the PBY, it mounted in a
plywood tail extension; and (2) the electronics, power supply, and control
and display units which are distributed within the aircraft.

The detection unit within the bird consists of three inductors. Each
consists of a core 1.5 inches long and 0.1 inch in diameter, rolled up in
slightly more than one turn of 1-mil permalloy. This core, after annealing,
was slipped over a glass tube and then inserted into a lucite spool carrying
asingle winding. If an alternating current is passed through the coil to-
gether with a superimposed steady magnetomotive force, the magnetic
flux in the core will depend on the sum of the two. The rate of change

15 Depth charge attacks on false targets were to be avoided because they not only wasted
ammunititon but also churned up the water and made listening conditions poor, or even
impossible, for some time afterward.

16 Western Electric Co., 1944 Renegotiation, pp. 84-85.

17E. P. Felch et al., “Air-borne Magnetometers for Search and Survey,” Trans, AIEE 66
(1947), pp. 641-651.
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of this flux will induce a back electromotive force in the coil which will
be unsymmetrical and will contain both odd and even harmonics. The
system described here used the second harmonic as a measure of the
magnetic field strength, all other components being filtered out. A
1,000-Hz oscillator supplied the alternating driving magnetomotive force
to the inductor, and the 2,000-Hz second harmonic of the back electro-
motive force was passed by a 2,000-Hz filter to the electronic detector.
This second harmonic voltage can be calculated as a function of the al-
ternating Ho and the superimposed field. The value of the alternating
force was adjusted to give the maximum sensitivity for the detection of
small variations in the harmonic caused by anomalies in the field resulting
from magnetic objects.

Such a single inductor responds only to the component of the magnetic
field parallel to the axis of the core. Calculations showed that if such an
inductor were moved over the earth, its orientation would have to be held
constant to better than 0.001 degree to avoid masking a magnetic anomaly
of one gamma. This is impractical, and as a result a modified approach
was necessary.

The three inductors of the AN/ASQ-3 were mounted with their axes
mutually perpendicular. The square root of the sum of the squares of the
three outputs gave a measure of the total magnetic field independent of
the orientation of the group as a whole, provided that the three units were
truly perpendicular and closely matched in electromagnetic characteristics.
These severe requirements could be relaxed to practical limits if the ori-
entation of one of the inductors was held parallel to the earth’s magnetic
field to-within two degrees. This condition was satisfied if the other two
inductors were within two degrees of being perpendicular to this field.
The outputs of these two were used to operate a servo system to control
the orientation of the inductor group.

The AN/ASQ-3A could measure the absolute magnitude of a magnetic
field and not just the rate of change of the field, as did the AN/ASQ-3.
This capability introduced the problems of direct current balancing, much
as in dc amplifiers, thus complicating the adjusting problem for the op-
erator. For submarine detection, the absolute magnitude of the field was
not needed, but it was needed for magnetic mapping. The U.S. Geological
Survey and the U.S. Coast and Geodetic Survey are using somewhat re-
vised forms of these instruments for the mapping of natural resources, thus
providing another instance of a useful byproduct of a wartime military
development.

2.5 Acoustic Mines and Torpedoes

From the time of the development of the first self-propelled torpedo
by Robert Whitehead in 1864 for the Austrian navy, much attention has
been given to guiding these missiles. Until the start of World War II, the
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only practical method used a gyro for horizontal control and a pressure
unit plus pendulum for vertical control Homing on the sounds of a target
was much discussed from 1918 on, but the idea was always discarded as
impractical because of the high noise level that was generated by the
torpedo itself.

Following some torpedo self-noise measurements by the British, the
U.S. Navy in the fall of 1941 requested the NDRC to set up a research and
development program for a small, slow-speed, acoustically controlled,
air-launched, antisubmarine torpedo.!’® The program was considered
extremely urgent, since during the period from April to December 1941
U-boats were sinking an average of 175,000 tons of Allied shipping each
month, and the prospects were that this incidence would increase—and
it did.»?

A first meeting of representatives of the Navy, NDRC, General Electric
Company, Harvard University Underwater Sound Laboratory, and Bell
Laboratories was held at Harvard on December 10, 1941. A second
meeting was held at Bell Labs on December 24 to outline the general re-
quirements and responsibilities. These tentative requirements were:
electrical propulsion using a lead storage battery, a speed of 12 knots for
5 to 15 minutes, an explosive charge of 100 pounds, and acoustical direc-
tional control with a homing range as great as possible. The General
Electric Company took responsibility for the design of the propulsion and
steering motors; the Navy’s David Taylor Model Basin was authorized to
give any assistance it could; and both Harvard and Bell Labs were asked
to attack the overall problem with independent lines of approach but on
a cooperative and information-sharing basis.

Bell Labs started work immediately and submitted a formal proposal
to V. W. Houston of the NDRC on January 8, 1942. Two departments were
set up in the research area, one group under J. C. Steinberg to work on
the ultrasonic range that depended on sound level discrimination between
hydrophones of a pair, and the second group under R. L. Wegel to work
at low frequencies, such as 250 Hz, and to use phase discrimination. Early
in February, A. F. Bennett and C. F. Wiebusch were designated in the
Apparatus Development Department to follow the work both at Bell Labs
and at Harvard and, if there appeared to be good prospects for an effective
torpedo, to make recommendations for development and then head the
torpedo program.

Results at the higher frequencies at both of the laboratories soon
appeared promising so that in view of the urgency, Bell Labs was author-
ized in a letter of May 15, 1942, from J. T. Tate of NDRC to R, L. Jones to

18 A Survey of Subsurface Warfare in WW II, Summary Technical Report of Division 6, Na-
tional Defense Research Committee (Defense Documentation Center No. AD221292),
19 C. M. Sternkell and A. M. Thorndike, Antisubmarine Warfare in World War 11, OEG Report

No. 51, Office of C&O, Navy Department, 1946, (Defense Documentation Center No.
AD221292).
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start a development program aimed at design for production.202!  This
torpedo project became by far the largest of all of the acoustic programs
at Bell Labs during the war. At this time the project had the code name
“Fido” but with the project now classified Top Secret, the name was con-
sidered revealing. Both for security reasons and because of the Navy’s
desire to get the work into the mine section instead of the torpedo sec-
tion of the Navy Bureau of Ordnance, the new device was coded as Mine
Mark 24.

The development of a device as complex as an acoustic torpedo, for
which at that time little background information existed, required the
bringing together of people with many differing skills. In addition, high
security severely limited the possibility of farming out parts of the project
which would be too revealing of the total project or its intended uses. The
nerve center of the torpedo had to be electronic circuits, which in a manner
to be described later, took the signals from hydrophones and other sensors
and processed them in a way to control the motion of the torpedo. These
circuits were designed under the direction of A. C. Dickieson and mounted
on a circular panel to just fit the 19-inch diameter of the torpedo body. The
overall design of the electrical system was carried out by K. M. Fetzer and
his group. There were, of course, many mechanical and hydrodynamical
problems that had to be solved, and groups under J. M. Hardesty and
B. A. Merrick carried out this work and also provided the necessary
manufacturing information to Western Electric.

While experimental work on self noise and guidance was going on, body
mock-ups were made and taken to several airfields to check fitting and
launching arrangements in the various types of aircraft used in antisub-
marine missions. Fully weighted body models were made and fitted with
simple steel-ball-plus-lead-plug accelerometers to measure the impact
accelerations as the body hit the water after dropping. A thin plywood
spoiler ring resembling an old-time cheese box was designed for the nose
and plywood fins were added to the tail to assure smooth entry into the
water. Figure 4-6 shows the outline of the agreed-upon body for the new
mines without the spoiler ring and extra fins, these latter being shattered
and thrown clear on impact.

In a clearing in the woods at the Murray Hill, N J., location of Bell Labs
a dropping tower with a heavy concrete base was built. The base had a
steel-lined hemispherical receptacle into which lead plugs were fitted to
give the mine, when dropped on the base, a deceleration of about twice
that found in the field tests. This factor of two made up for the longer time
duration of the deceleration in the water drop. For a cross-check, occa-
sional drops with full, but not necessarily working, equipment were made

20 Mine Mark 24 Experimental Model, Report to OSRD-NDRC Division 6, Section 6.1
sr-785-1327 (Defense Documentation Center No. ATI111035).

21 M. B. Gardner, “Mine Mark 24: World War II Acoustic Torpedo,” ]. Audio Engineering
Society 22 (October 1974), pp. 614-626.
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Fig. 4-6. Outline drawing of Mine Mark 24.

from an airplane into water at speeds and heights in excess of the 125-knot
250-foot design values. Exceptin the case of the battery, the sea drop re-
sults on damage correlated well with the laboratory drops, thus permitting
the latter to be used almost exclusively in the development process.

Bell Laboratories gave a development contract, and later Western Electric
gave a production contract, to the Electric Storage Battery Company for
the lightweight, 48-volt, shock-resistant, lead-acid storage batteries. These
could not be made adequately shock resistant in themselves, and a shock
pad had to be provided in the body of the mine at the forward end of the
battery. At a later time, when it became desirable to use higher-speed
aircraft, drogues with release mechanisms were designed and supplied.

The early research models used a stock 16 X 16 propeller. But since the
acoustic homing range depended on the self-noise and since propulsion
was one of the major sources of noise, a low-noise propeller was needed.
Neither Bell Labs nor Harvard had any background in low-noise propeller
design, so a Bell Labs mathematician and an engineer went to the David
Taylor Model Basin to see their expert, Karl Schoenherr. Hoping to get
some advice, references, and perhaps even some help, the Bell Labs visitors
discussed the problem for about 20 minutes while Schoenherr sketched
freehand on a large piece of paper. He then handed over the paper with
the comment, “Here is your prop.” When they protested that this did not
seem useful, he called a draftsman to scale off his sketch and make a di-
mensional drawing. After lunch, Bell Labs had its design for a propeller
with a 14 ¥-inch diameter and a 12-inch pitch. This procedure was most
unsatisfying from a scientific viewpoint, and work to improve on the
design was undertaken at Harvard and later at Penn State, but it was 1950
before a better propeller for the purpose was made.??

22 Measuring the noise produced by a propeller was not easy, since there was not sufficient
space in the mine for the sound-measuring equipment then available. Among other tests
were some made jointly by Harvard and Bell Labs in a towing tank at the David Taylor Model
Basin. These tests showed an adequately low self-noise level even though the tile-lined
tank was highly reflective and indicated much greater noise than would have been measured
inthe opensea. Further tests in the tank showed that Dr. Schoenherr had designed a very
good propeller indeed. The noise remained satisfactorily low until cavitation occurred,
and this did not take place until the body drag was incrzased to many times that which would
be experienced under operating conditions.
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One of the first things the development engineers wanted was to see
existing torpedoes and get drawings; but with one excuse or another the
Bureau of Ordnance kept putting this off, so it was necessary to go ahead
from scratch—which was, of course, what the Navy wanted. The new
body was designed of rolled, formed, and welded sections with wide
tolerance joints sealed by O rings and held together by eight studs and
nuts. The production facility for these, found by Western Electric and
Bell Labs engineers, was a bathtub manufacturer whose most precise
measuring instrument appeared to be a wooden yardstick. But with the
aid of a few go-no go checking gauges and some engineering assistance,
the company made and shipped the large number of interchangeable
sections with few defects. When the new design of body was well along
and some standard torpedoes were seen, the reason for the Navy’s holding
back was obvious: the standard bodies were carefully forged and lathe-
turned with very precise ground-tapered joints between sections—man-
ufacturing procedures which were not only very expensive but also re-
quired highly specialized equipment for production.

As pointed out in an NDRC report,?3 the main differences in the Bell
Labs and Harvard research systems were the location and type of hydro-
phones. The method of operation was the same, although there were
various circuit differences. The Bell Labs model used crystal hydrophones
mounted in the cylindrical section of the body, whereas the Harvard model
used magnetostriction hydrophones mounted in the nose section.

The functional diagram shown in Fig. 4-7 with minor modifications
applied equally well to the Harvard and Bell Labs research models and
the final design for production. Consider first the operation of the hor-
izontal channel, as shown by the solid lines. The outputs of the two hy-
drophones were rapidly switched to the input of the high-gain amplifier,
which had an associated slow, automatic volume control. This amplifier
output was rectified and separated by an output switch synchronized with
the input switch.

The ratio of the rectified signals was proportioned to the ratio of the
hydrophone signals. This differential was combined with voltages from
the zero adjustment and from a follow-up potentiometer indicating the
position of the pair of rudders. The resultant voltage was amplified and
operated the differential relay, which in turn caused the steering motor
to shift the rudder position and its associated follow-up potentiometer.
The motor would run until the voltage from the potentiometer just bal-
anced the differential voltage from the hydrophones. With the rudders
away from their neutral position, the mine would turn and, with proper
polarity, would turn toward the source of the sound. The outputs from
the two hydrophones then became more nearly equal, and thus there was
less voltage from the follow-up potentiometer for a balance. The differ-

23 Survey of Subsurface Warfare.
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ential relay then called on the steering motor to move the rudder toward
its neutral position. This action was repeated until the mine was headed
toward the sound source, which, in the case of a submarine target, was the
propeller or some of the machinery in the stern.

The vertical control differed in that it was desired to have the mine run
at a fixed predetermined depth, for instance 40 feet, until it picked up the
sounds of a target and started homing on it. As shown by the combination
of solid and dashed lines, this was accomplished by the addition of a
pressure-operated and a pendulum-operated potentiometer. The pressure
voltage told how far above or below the preset depth the mine was, and
the pendulum voltage told how rapidly it was moving toward or away
from this desired depth. Without both of these, the mine would oscillate
too much in depth. This is equivalent to operating an automobile where
the experienced driver reacts to both how far he is off the center of his lane
and to what his heading is—in other words, anticipation. Much theo-
retical and experimental work was done to determine the best relationship
between the rudder speed, the pendulum control, the pressure control,
the sound strength control and the dynamic constants of the body. Early
in the program, rate gyros were included in both the vertical and hori-
zontal circuits, but it was later found that by proper adjustment of the other
constants the gyros could be eliminated at a great saving in cost and
especially trouble.

Tests indicated that there was little difference in performance with the
hydrophones located in the forward end of the body section and with
those located in the nose. Since the nose had to contain the explosive,
which had to be loaded at an ammunition depot, having the hydrophones
in the nose would have been most inconvenient. The NDRC agreed that
the production design should have the body hydrophones, thus elimi-
nating all need for electrical connections between the nose and the re-
mainder of the mine. This permitted the explosive section to be handled
completely independently and attached just before it was loaded into
the aircraft.

Most of the research was done using Rochelle salt crystal hydrophones
peaked at 16 kHz feeding through a 15- to 17-kHz filter; however, exper-
iments indicated better signal-to-noise and therefore greater homing range
at 24 kHz. The higher value was adopted for the production design.
Figure 4-8 shows the 24-kHz Rochelle salt crystal hydrophone used in the
mine. At a later time when ADP crystals became available, these were
used, eliminating the storage temperature restrictions. Due to the hy-
drophone’s inherent directional properties plus the shadowing by the
mine body, single-lobe broad directivity patterns existed for each hy-
drophone with crossovers on the axis of the mine. It is on the forward
crossover that the mine steers, but the maximum homing range is deter-
mined by the signal-to-noise on the peak of the hydrophone lobe. At
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Fig. 4-8. Rochelle salt crystal hydrophone.

these high frequencies most of the ambient noise in the ocean originates
from white caps on the surface and is directed downward. Additionally,
noise from the mine machinery and propeller is reflected from the surface,
the net result being greater vertical noise than horizontal. In operation,
it was desirable that the mine home from as large a range as possible, run
at its preset depth until quite near the target, and then dive or rise directly
to the target. This plus the noise consideration led to a much lower ver-
tical acoustic sensitivity and, in addition, to the use of the gate control
shown in Fig. 4-7. The control cut off the pressure and pendulum units
when the vertical target noise became high enough for the final attack.

Measurements were made, mostly by the Underwater Sound Laboratory
at New London, of the sound output of U.S. submarines under various
operating conditions. Relative to 0.0002 dyne per square centimeter, these
measurements gave an average value, at 25 kHz, of 36 dB in a 1-cycle band
with the submarine at a distance of 200 yards and running at 6 knots at
periscope depth. Combining this with self-noise, measurements predicted
homing ranges of 500 to 1,000 yards.

A test station was set up at Solomon’s Island on the Patuxent River
(Maryland), which has deep water. A rugged magnetostriction transducer
to simulate the submarine sound was suspended from a float carrying the
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power supply for the transducer. This was used as a target for test runs.
Using a special test head on the mine that could record time, rpm, acoustic
levels and differentials, depth, rudder angle, elevator angle, pendulum
angle, horizontal rate gyro, and vertical rate gyro, it was possible to re-
construct the running path and attack. Figure 4-9 is a plot of a typical run
showing the attack plus three reattacks.

The magnetostriction sound source was surrounded by a 6-foot-diameter
cage made of % ¢-inch spring steel wire—to simplify the testing. The
source was suspended as before but was also equipped with a small hy-
drophone with leads to a nearby boat. Success was judged by hits on the
cage, which could be heard via the hydrophone. Since in actual use the
mine, if not exploded, should sink, test heads were made which dropped
a weight at the end of the run and thus permitted the mine to rise to the
surface for recovery. Most tests were made by launching from a boat;
however, drops from aircraft were also made. In a demonstration for the
Navy at Key West, a submarine was equipped with a protective cage
around her propellers and towed a marker buoy astern. Six mines had
been loaded on planes, but after the first three hit the submarine repeat-
edly until they battered themselves to pieces, the captain in command
called off further tests, swore everyone to secrecy, and advised them to
stay out of submarines. Of course, these mines had only been loaded with
plaster, not with explosives.

The Western Electric Company was given the sole contract for pro-
duction, with the design essentially frozen by October 1942. Some of the
features included in this design, as well as alternates that were considered,
are shown in outline in Figure 4-10. The first production model was de-
livered to the Navy in March 1943 and 500 units had been delivered by
May 1943. Successive lots for a total of over 8,000 were made, with the
price of the last lot just over $1,800 each, which is a small fraction of the
price of previous nonhoming torpedoes.

Traditionally the Navy insisted on having every torpedo proof-tested
by being run on a range and then taken apart and refurbished. For the
Mine Mark 24, it was possible to persuade the Bureau of Ordnance to accept
normal Bell System sampling and quality control methods. The quality
was such that few proof samples had to be run.

Well before the first production, a school was set up at the Murray Hill,
N.]J., location of Bell Labs by R. H. Galt for teams of one officer and five
technicians. Assoon as a lot of six or eight mines was ready for shipment
from Kearny, N.J., one of the teams would travel, stay, and live with this
lot until it reached its base in the United States or overseas. Because of
security the mines were at all times kept hidden from view and were
loaded into the airplane in a closed off area. The airplane crew was given
no information about the weapon except instructions on how to drop it.
This led to some queer results, as indicated by one pilot’s report: “Saw
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EXPERIMENTAL PROGRAM INITIATED DEC. 24, 1941
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Fig. 4-10. Outline of features and alternatives for Mine Mark 24.

sub dive three miles off my starboard, dropped weapon and sank sub.”
However, security also paid off. Postwar interrogations showed that there
was only one unconfirmed report by a German spy who had seen some
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of the activity at Solomon’s through field glasses. Since the attacks were
on a surprise basis with the submarine submerged when the weapon was
dropped, no reports got back to Germany and the spy was not believed.

The mine was an important factor in breaking the back of the submarine
menace. The Navy assessment toward the end of 1945 was that 340 mines
were dropped by all Allied forces in 264 attacks. This resulted in 37 U-
boats sunk and 18 seriously damaged. The highest period was July to
December 1943 when 18 were sunk in 50 attacks. Excellent photographs
were obtained of some of the sinkings. The submarine would broach,
then head back down with her stern blown open. This all happened so
quickly that the submarine had no chance to get off a radio message. The
submarine simply failed to return home.

As the German U-boat activities were being brought under better con-
trol, U.S. submarines were becoming more active in the Pacific. Asthey
worked closer to Japanese-held areas, they suffered from attacks by large
numbers of sampans carrying depth charges and crude sonars. The size
and shallow draft of the sampans prevented their being hit by regular
torpedoes, and if our submarine surfaced to use her gun, she would be
attacked by a lurking destroyer. The only hope was to sneak away. On
November 22, 1943, the problem was outlined by the NDRC, and Bell Labs
undertook to develop a small, silent, deep-launched torpedo. The re-
sultant design was based on much of the work that had been done on the
Mine Mark 24. This unit was coded the Mark 27-0 torpedo, and initial
production by Western Electric began in February 1944. The unit was 7
feet long, 19 inches in diameter, and was powered by a storage battery.
Unlike the Navy’s regular torpedoes which were ejected from the torpedo
tubes by high pressure air making a loucl noise, the Mark 27 swam out
slowly and quietly under its own power. It then rose to its nominal
running depth of 40 feet before the acoustic circuits were enabled, after
which it searched out its small target. It had a speed of only slightly over
12 knots, but this was sufficient to attack ships usually searching at 4 knots
orless. Later, a Mark 27-1 was introduced that was slightly longer and
had more power and higher speed. The torpedo had a “floor switch” that
activated it only after it rose above a predetermined depth, to prevent its
accidentally attacking the submarine below, and an impeller on the nose
which required a fixed safe-run distance before the exploder was
armed.

The first reported patrol use of these torpedoes was in October 1944. By
the end of the war 106 had been fired: there were 33 hits and 24 sinkings.
A number of submarine commanders reported that this torpedo, which
had been nicknamed “Cutie,” was the greatest morale builder on their
boat. For the first time they had something with which to fight back.

The standard, full-size torpedoes were, and are now, driven by turbines
or internal combustion engines. These could be heard at long distances
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and left a trail of bubbles that could be seen from a ship. For effectiveness,
they depended on high speed and on being fired in salvos; however, a
highly maneuverable ship, such as a destroyer, could often evade them.
Their success against regular ships was attested by the U-boat sinking of
2,753 ships during the war.2*

Although electric torpedoes had been worked on sporadically since
1915, it was not until a German electric torpedo was recovered intact that
a real program was started in the United States. The Newport Torpedo
Station of the Navy and the Westinghouse Electric Company copied this
design and it was designated the Mark 18 torpedo. It ran more slowly and
more quietly, it left no trail, and it was an effective weapon against the
Japanese.

Both Bell Labs and the Harvard Underwater Sound Laboratory made
self-noise measurements on the 29-knot Mark 18 torpedo and concluded
that it was too noisy for direct acoustic control. It was decided, however,
that if noisy gears could be eliminated and the maximum speed reduced,
a useful weapon could be produced. With Westinghouse as prime con-
tractor and Bell Labs responsible for torpedo control features and re-
quirements, the 20-knot acoustic Mark 28 torpedo was designed.

While this development was going on, the Germans also developed a
standard-size antiship torpedo that was submarine-launched, electrically
propelled, and acoustic-homing. An early one hit a ship, penetrated the
hull, but failed to explode. It was recovered and brought to Bell Labs for
study. This event greatly accelerated development work on various kinds
of decoys.

Instead of the contra-rotating propellers of the Mark 18, the Mark 28
had a single direct-drive propeller. It waslaunched in the standard way
by a blast of air and ran on a gyro course and range as set from the conning
tower. The acoustic channels were then enabled; however, the torpedo
was expected to continue on its gyro course until loud enough signals from
the target would switch off the gyro circuits and put the torpedo under
acoustic control. If it failed to hit on the first attack, it would reattack
repeatedly. Unfortunately there are many noise sources in the ocean, and
almost invariably one of these would be loud enough to switch off the gyro
even if not within acoustic range of the target. Since no combination of
sensitivity settings overcame this problem, the only solution was for the
submarine personnel to set the enabling distance to be within homing
range of the target. But this distance was most often not known with
sufficient accuracy.

The need was considered sufficiently great that the factory-produced
torpedoes were being shipped to Pearl Harbor in the hope that a solution
could be found to permit changes before loading them on submarines.
Two engineers were quickly dispatched to Pearl Harbor to work on the

24 Gternkell and Thorndike, Antisubmarine Warfare.
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problem. They found that it could be solved by keeping the gyros in
operation for the full run of the torpedo. The control voltage produced
by the gyros overrode the unwanted ocean sounds which had been pre-
maturely transferring the torpedo to acoustic control. But when the tor-
pedo came within effective range of the target, the continuous sound from
the latter exceeded the gyro voltage and took control.?> Using Nimitz’s
high-security telephone circuit to Washington to talk to Bell Labs and
Western Electric engineers,?¢ it was agreed that three Western engineers,
together with necessary parts, could be at Pearl Harbor by the following
evening. In the meantime the Bell Labs engineers there, with the help
of the Navy officers on the job, were to select 25 enlisted men (the men
had no experience with circuits or soldering) and also provide the neces-
sary work area, tables, scopes, and other items. Within ten hours of their
arrival, the Western Electric engineers had selected 20 of the 25 men, set
up a production line, and had started to deliver modified product. The
torpedoes were sent on to immediate patrol duty, but by this time Japanese
ships to be sunk were becoming scarce and the torpedo, although suc-
cessful, did not get extensive use.

The three weapons just described—the Mark 24, Mark 27, and Mark
28—were the only homing mines, or torpedoes, to reach the services
during the war; however, other homing torpedoes were worked on by
Harvard, General Electric Company, Brush Development Company, Bell
Labs, and others. An interesting one worked on at Bell Labs was the Mark
31 Mine. This was an anchored antiship mine which on receipt of the
proper target sounds would release its anchor and home on the target. A
surface ship generates a high-frequency sound modulated by the rotation
of the blades of the propeller, For large ships this modulating frequency
is low, but for smaller ships not worth sinking it is high. The mine could
be set to pick the ship of interest, and it incorporated a counting mecha-
nism so that it could let any desired number of ships pass before making
an attack. This mine was not put into production because the war situation
had changed and we were no longer interested in mining.

As mentioned above, other homing torpedoes were worked on at
Bell and other places.  In general, these depended on echo-ranging
techniques. Insome cases, entirely new torpedo designs were considered,
but Bell Labs limited itself to applying echo-ranging controls to the stan-
dard Mark 14 submarine-launched and the Mark 13 aircraft-launched
torpedoes. The major problems revolved around the high self-noise of
these units. These problems were gradually being overcome and although
models performed satisfactorily, neither project reached the final devel-
opment and design stage by the end of the war. In August 1945, all tor-

25 C. F. Wiebusch; U.S. Patent No. 3,003,449; filed June 22, 1945; issued October 10,

1961.
26 See Chapter 5.
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pedoes, mines, parts, tools, test equipment drawings, and technical in-
formation were inventoried, packed, and shipped to the Bureau of Ord-
nance. All the people who had been on these programs were reassigned
to telephone work.

2.6 Seawater Batteries

While the development of batteries cannot strictly be classified with
underwater acoustical devices, the development of the silver chloride
seawater battery was a direct outgrowth of the work on acoustic mines and
torpedoes and is appropriately discussed at this point. In the preceding
section, the advantages of electric drive were noted as compared to the
turbine and internal combustion engines used in most torpedoes. The
noise was less and there was no trail of exhaust gases to warn of the tor-
pedo’s approach. However, using existing types of storage batteries or
primary batteries, there was a great weight penalty. A torpedo is weight
limited; the total weight can be only a little greater than the weight of the
displaced water. For use in torpedoes as well as in other expendable de-
vices—such as beacons, fuses, and sonobuoys—the use of storage batteries
has, in addition to high weight per unit of energy, the disadvantage of
requiring periodic recharging with accompanying generation of explosive
hydrogen. Available primary cells had short shelf life, especially at high
temperatures.

In a letter of June 26, 1942, R. M. Burns?” wrote to the Bureau of Ships:
“It is conceivable that a primary cell might be developed which on a
weight basis would have from 50- to 100-fold the capacity of a storage cell.
For marine uses, sea water suggests itself as a suitable electrolyte.” The
use of magnesium was suggested as an anode. The principal problem
appeared to be the invention of a suitable nonpolarizable cathode.

Authorization was obtained which afforded the priorities for materials
and outside shop and fabricating services. After much study and exper-
imentation, it was decided that the most suitable cathode material was
silver chloride in some form. With magnesium as an anode and seawater
as an electrolyte, the useful chemical reaction involved is

Mg + 2AgCl — MgCl;, + 2Ag,

which gives an open circuit voltage of 1.55 volts at 20°C. In addition there
is a secondary reaction

Mg + 2H,0 — Mg(OH); + Hj,

which occurs at a rate proportional to the primary reaction and results in
the formation of insoluble products that must be removed.
A problem with silver chloride as a cathode was that it was a poor con-

27 Letter from R. M. Burns, Bell Laboratories, to W. C. Wagner, Bureau of Ships, June 26,
1942,
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Fig. 4-11. Cross section of silver screen-type cathode.
(Adapted from Haring, Patent 3,007,993.)

ductor and so inhibited any flow of current from the cell. Several means
were invented for solving this problem, the one to be used depending on
the operating life desired and, hence, the maximum current drain per unit
area of electrodes. For instance, for a torpedo a life-to-voltage cutoff of
5 minutes might be wanted, whereas for a beacon a life of one or more days
might be needed.

Historically, the first of these means and the one put into pilot pro-
duction for such high-drain purposes as torpedoes used a silver screen as
a base. A 40-mesh screen of 0.012-inch silver wire was anodized in an
aqueous solution containing chloride ions until the wires were reduced
to about half their initial diameters. The coated screen was then cathod-
ized by reverse currents in a suitable electrolyte for a few seconds at a
current density in excess of what the battery was expected to furnish. This
produced silver filaments in pores of the silver chloride, which connected
to the silver screen. On the outside, these filaments were spread out to
cover part of the surface with porous silver by a further chemical treat-
ment. The screen was then subjected to a pressure of about 8,000 pounds
per square inch to form a compact electrcde. A cross section of such an
electrode is shown in Fig. 4-11.28

Figure 4-12 shows a stack of battery cells, each cell consisting of one of
the above described cathodes separated from a magnesium anode on each
side by insulating nylon rods about 0.02 inch in diameter. The anode, for
which a common magnesium alloy containing 6.5 percent aluminum, 1
percent zinc, and 0.2 percent manganese was found to be good, was eaten
away at the rate of about 0.001 inch for every 3-ampere-minutes per square
inch. Mechanical considerations and current-carrying capacity dictated
the use of 0.016-inch sheet. As shown, each cell had to be insulated from
the next, since they were connected in series. Using thicknesses of 0.022

28 H. E. Haring; U.S. Patent No. 2,988,587; filed March 29, 1945; issued June 13, 1966. D.
T. Sharpe; U.S. Patent No. 3,005,864; filed March 29, 1945; issued October 24, 1961. H. E.
Haring; U.S. Patent No. 3,007,993; filed March 29, 1945; issued November 7, 1961. R. L. Taylor,
U.S. Patent No. 2,590,584; filed March 29, 1945; issued March 25, 1952. R. L. Taylor and H.
E. Haring; U.S. Patent No. 2,622,272; filed May 14, 1947; issued December 23, 1952.
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Fig.4-12. Stack of battery cells. (Adapted from Sharpe, Patent 3,005,864.)

inch for the cathode, 0.016 inch for each of two anodes, 0.020 inch for the
nylon spacers in two rows, and 0.003 inch for the cell insulator, the total
thickness of a cell was less than 0.10 inch. A battery built up of cells of
this kind, each 8 X 10 inches, could supply 160 amperes at 1.1 volts per
cell.

Cells or blocks of cells could be combined to give higher voltages and
currents, but there was always a loss since the seawater electrolyte was
common to all cells, although the path connecting the cells could be made
long at a cost in size. At the above high rate of discharge, 1 ampere per
square inch on each side of the cathode, forced circulation was required
to remove the secondary magnesium hydroxide mentioned earlier. This
flow could be parallel to the nylon rod separators and in a moving torpedo
could be supplied by water scoops. Figure 4-13 shows a battery mounted
in a standard-size torpedo. Water flow lines are indicated.

In order that the batteries could be stored indefinitely, they were sealed
to prevent moisture from reaching the cells. For torpedoes it was im-
portant that the battery come up to voltage quickly, which meant that the
electrolyte had to fill the cells quickly. Evacuating the battery solved this
and had the further advantage that no tell-tale gases were exhausted. A
setup for studying this feature was installed at Murray Hill. It consisted
of a chamber having the size of a torpedo body containing the sealed-in
battery and a glass viewing window; a seawater storage tank; and at the

Fig. 4-13. Battery mounted in standard-size torpedo. (Redrawn from Sharpe,
Patent 3,005,864.)
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tail end a stack, 12 inches in diameter, reaching almost to the ceiling to
absorb the water surge created as the valves were opened and the battery
was connected. Incidentally, in laboratory experiments of this kind the
silver could be recovered, whereas in regular use it was lost.

The experiment was demonstrated to a group from Washington, D.C.
The three highest-ranking Naval officers were given the choice position
at the viewing window. Although it had never happened before, this time
a cascade of seawater erupted from the stack and completely soaked the
three. Aside from dry clothing and a good lunch, the only solace that
could be given them was that Naval officers confined to desk duty in
Washington needed some contact with salt water.

The operating weight of the lead storage battery used for torpedoes was
more than 15 pounds for each kilowatt delivered at a 4-minute rate. The
seawater battery described above had a weight/power ratio of less than
4. This was, of course, far from the 50- to 100-fold improvement men-
tioned in R. M. Burns’ letter, but it was great enough to make the torpedo
a far more formidable weapon. During the period when the batteries were
being built, research was directed toward further improvement. One
outcome was “duplex” construction. An 8-kW sample of this indicated
that whereas a 258-kW 4-minute battery of the screen type described above
weighed 586 pounds, the equivalent duplex would weigh 475 pounds.
The difference could be translated into greater endurance, more explosive
or higher speed. Preoccupation with the manufacture and testing of the
screen type and the end of the war terminated the work on the duplex.

It was decided that Western Electric should not attempt to go into the
battery manufacturing business and the Edison G. E. Appliance Company
(Hotpoint) was selected to be the manufacturer.?’ Bell Labs’ responsibility
extended through preproduction design and the exploration of feasible
methods of manufacture. The resultant battery, coded as the Mark 4-
Mod 0 Sea Water Battery, was first used in a new experimental Mark 26
torpedo.3? Seawater batteries in torpedoes did not become operational
before the end of the war; however, development of them outside Bell Labs
continued and they are now in use.

In addition to the torpedo batteries discussed above, Bell Labs, during
the period from January 1944 to September 1945, delivered about 80 sea-
water batteries of various types to other research and manufacturing fa-
cilities. These ranged from small long-life units to very-high-power
units.3! Bell Labs also provided consulting services to possible users and
manufacturers when requested to do so by the NDRC and the Navy. The

29 C. D. Hocker, internal Bell Labs memorandum, June 9, 1944.
30 Battery section of Naval Ordnance Pamphlet cn Mark 26 Torpedoes.

31 Letter from W. H. Martin of Bell Labs to J. T. Tate of National Defense Research Com-
mittee, March 26, 1946,
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success of these early developments has led to the use of seawater batteries
to help solve a variety of military needs. Asthe work was phased out at
Bell, the United States government assigned continued development
to the General Electric Company at Schenectady, and Bell Labs personnel
collaborated with that company for some time afterwards.3?

2,7 Practice Attack Meter

Prior to the development of the Mark 24 mine, the only weapons
available to ships and aircraft for attacking submerged submarines were
explosive charges dropped in the water in the vicinity of the submarine
and set to explode at the estimated submarine depth. The first of these
devices had evolved during World War I. It was the depth charge, con-
sisting of a canister containing several hundred pounds of explosive, de-
tonated by a pressure-actuated device set for the estimated submarine
depth. It was launched by rolling it from a rack in the stern area of an
antisubmarine vessel. In general, a 300-pound depth charge exploding:
within about 30 feet of a World War I submarine was lethal, but severe
damage could still be caused at greater ranges.

In an attempt to improve on this performance, forward-thrown devices
were developed during the early years of World War II. They were de-
veloped by a number of laboratories, both in the United States and abroad,
and were known under such names as Hedgehog, Weapon A, and the like.
All such devices were intended for use by surface ships and were based
on throwing a cluster of small charges, each of which would be lethal if
it scored a direct hit. Covering a large area with a single cluster greatly
increased the chances of making a direct contact.

The Mark 24 mine provided a very effective airborne weapon against
submarines, but throughout World War II, surface ships using depth
charges and forward-thrown devices continued to be a large factor in
antisubmarine warfare (ASW). The latter weapons, while essential in
attacking the submarine menace, were by their nature inaccurate, used
largely in a “shotgun” approach and depended on highly skilled operators.
In general, the only information available to the launching ship came from
its sonar. This imperfect information was the basis for calculating the
submarine’s course with proper lead so that the depth charges could be
dropped at the right time to intercept or come close to the target both
horizontally and vertically.

Rapid and successful training in dropping depth charges depended
greatly on feedback to the operator on how close the charges came to the
target so that he could learn to improve the estimates upon which the
ship’s course and the target release were based. Practice against friendly
submarines was unsatisfactory. Real charges could not be used, and

32 Letter from T. A. Durkin to C. F. Wiebusch, July 31, 1973.
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dummies were of little value since their location relative to the submarine
would be unknown, unless by rare good chance a direct hit was registered
and its impact heard by submarine personnel.

To improve training, the Office of Scientific Research and Development
(OSRD) asked Bell Labs to develop a Practice Attack Meter.3® The meter
required the use of a friendly submarine as a target and depth charges
physically analogous to actual weapons but consisting of small, harmless
charges set to explode 10 feet above the submarine depth to provide ad-
ditional safety. The position of an explosion relative to the submarine
was to be measured by acoustic means.

Early tests were made with charges composed of 20 grains of mercury
fulminate. These proved to have a standard deviation in output of only
1.7 percent. However, a higher output seemed desirable for which mer-
cury fulminate did not seem suitable; therefore, Hercules Powder Com-
pany developed a new unit. This was an assembly of an electric ignition
fuse, a primer, and a charge of 1.35 grams of P.E.T.N., an explosive similar
to tetryl. It did not prove possible to get a standard deviation less than
6.9 percent, but it was decided that this would be adequate.

The explosive unit was mounted on a small body designed to sink at the
same 6 feet per second as a standard 300-pound depth charge. This body
contained a bellows-operated switch to connect a flashlight battery to the
electric ignition fuse. Since training tests were generally run with the
submarine at a keel depth of 90 feet, the charges were set to go off at 40 feet
to give the desired safety margin.

For locating the explosion, a single directional hydrophone was
mounted above the bridge of the submarine and connected to recording
equipment. The special hydrophone had two channels, each of which
gave a cosine response pattern, the two channels being at right angles.
From the relative output of the two channels the bearing of the source was
obtained, and from the square root of the sum of the squares of the two
outputs the range was obtained, provided the system and the charges were
correctly calibrated. For checking the calibration, similar charges were
mounted above the deck 50 feet from the hydrophone and were fired from
within the submarine at the beginning of each day’s run.

The hydrophone developed for this purpose consisted of a vertical
square iron rod carrying a soft iron armature on each of its vertical faces.
Coupled to each of the armatures by a compliance and mechanical resis-
tance was an assembly composed of a magnet, a coil, and pole pieces. The
square rod was fastened rigidly into a spherical aluminum shell, 2%
inches in diameter, which was in turn covered by a rubber shell. This
shell assembly was flexibly mounted to the hydrophone supporting

33 “Practice Attack Meter,” Report to Office of Scientific Research and Development,
National Defense Research Committee Division 6, Section 6.1, March 25, 1943, Contract
OEMsr-346.
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Fig. 4-14. Sample recorder chart of practice attack meter.
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