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ULTRA COMPACT UNITS...OUNCER UNITS Y

HIGH FIDELITY....SMALL SIZE.... FROM STOCK

UTC Uitra compact audio units are small and light in weight, ideally suited to remote amplifier and &
similar compact equipment. High fidelity is obtainable in all individual units, the frequency response \
being =+ 2 DB from 30 to 20,000 cycles. 9
True hum balancing coil structure combined with a high conductivity die cast outer case, effects good

inductive shielding. \

Type Secandary List \
No. Application Primary Impedance tmpedance Price -
A-10 Low impedance mike, pickup, 50, 125/150, 200/250, 50 ohms $16.00

or multiple line to grid 333, 500/600 ohms
A-11  Low impedance mike pickup, 50, 200, 500 50,000 ohms 18.00

or line to 1 or 2 grids (multiple alioy shields for low hum pickup)
A-12  Low impedance mike pickup, $0, 125/150, 200/250, 80,000 ohms overall,

or multiple line to grids 333, 500/600 ohms in two sections 16.00
A-14 Dynamic microphone to one 30 ohms 50,000 ohms overall,
or two grids in two sections 17.00
A-20 Mixing, mike, pickup, or mut- 50, 125/150, 200/250, 50, 125/150, 200/250,
tiple line to line 333, 500/600 ohms 333, 500/600 ohms 16.00
A-21  Mixing, low impedance mike, 50, 200,250, 500/600  200/250, 500,600 18.00
pickup, or line to line (multiple alloy shields for low hum pickup)
A-16  Single plate to single grid 15,000 ohms 60,000 ohms, 2:1 ratio 15.00
A-17 Single piate to single grid  As above As above 17.00
8 MA unbalanced D.C.
A-18 Singie plate to two grids. 15,000 ohms 80,000 ohms overall,
Split primary. 2.3:1 turn ratio 16.00
A-19  Single plate to two grids. 15,000 ohms 80,000 ohms overall, h
8 MA unbalanced D.C. 2.3:1 turn ratio 19.00 :
A-24 Single plate to multiple line 15,000 ohms 50, 125.’120, 200,250, 16.00 TYPE A CASE
333, 500, 600 ohms 5 1" 17 e
X x 2” high
425 Single plate to multiple line 15,000 ohms 50, 125/150, 200,250, V" x 1%z g
8 MA unbalanced D.C. 333, 500/600 ohms 17.00 E
4-26 Push pull low level plates to 30,000 ohms 50, 125/150, 200/250, ——
multiple line plate to plate 333, 500/600 ohms 16.00 i.
A-27 Crystal microphone to mul- 100,000 ohms 50, 125/150, 200/250, ,’
tiple line 333, 500/600 ohms 16.00 -y
A-30 Audio choke, 250 henrys ¢: 5 MA6000 ohms D.C., 65 henrys @ 10 MA 1500 ohms D.C. 12.00 =N

Filter choke 60 henrys ¢« 15 MA 2000 0hms D.C., 15 henrys « 30 MA500 ohms D.C.

UTC OUNCER components represent the acme in compact quality transformers. These units, which weigh
one ounce, are fully impregnated and sealed in a drawn aluminum housing 7" diameter. .. mounting
opposite terminal board. High fidelity characteristics are provided, uniform from 40 to 15,000 cycles,
except for 0-14, 0-15, and units carrying DC which are intended for voice frequencies from 150 to
4,000 cycles. Maximum level 0 DB.

Type
No.

Application Pri. imp. Sec. imp. Price
0-1 Mike, pickup or line to 50, 200/250 50,000 $14.00

1 grid 500,600
0-2  Mike, pickup or line to 50, 200/250 50,000 14.00

2 grids 500/600
0-3  Dynamic _mike to 1 grid 7.5/30 50,000 13.00
0-4  Single plate to 1 grid 15,000 60,000 11.00
0-5 Plate to grid, D.C. in Pri. 15,000 60,000 11.00
0-6__ Single plate to 2 grids 15,000 95,000 13.00
0-7 Plate'to 2' grids, 15,000 95,000 13.00

OUNCER D:C. in_Pri.
CASE 0-8  Single plate to line 15,000 50, 200/250, 500/600 14.00
I A" hi 0-9  Plate to line, D.C. in Pri. 15,000 50, 200,250, 500/600 14.00
%" Dia. x 1%” high 5536 Push pult plates to line 30,000 ohms 50, 200,250, 500,600 14.00 '
plate to plate

0-11  Crystal mike to line 50,000 50, 200/250, 500/600 14.00
0-12 Mixing and matching 50, 200/250 50, 200/250, 500 /600 13.00
0-13 Reactor, 300 Hys.—no D.C.; 50 Hys.—3 MA.D.C., 6000 ohms 10.00
0-14 50:1 mike or line to grid 200 12 megohm 14.00

10:1 single plate to grid 15,000 1 megohm

e
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Benjamin E=SHaékeliord was born on August
12, 1891, in R.iéh qd;ﬂ\lissouri. He received the
A.B. degree in 1942 'and the A.M. degree in 1913,
both from the University of Missouri. In 1916, he
received his P'l.D. from the University of Chicago.

From 1912 to 1914, Dr. Shackelford assisted in
the physics department of the University of Mis-
souri, and in the summer of 1915 he was the first
Brush Research Fellow at the Nela Research
Laboratory. The following year he joined the staff
of Westinghouse Lamp Company, where his ac-
tivities included work in illumination and in-
candescent lamp physics. His direct connection
with radio began in 1918 when he undertook the
engineering development of radio tubes for the
company. He became manager of the radio engi-
neering department in 1925, and his work with
Westinghouse continued for approximately five
years thereafter.

He became a member of the manufacturing de-
partment, Radiotron Division, of the Radio Cor-
poration of America at Harrison, N. J., in 1930,

"‘ Benjamin E. Shackelford ('}_-,."j]'

DirEcCTOR, 1953 $7%
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and in 1934 was appointed fa
department, the activities I v f
operation of foreign techni€al"agke@mcnts. After
serving as manager of tli@.T npan) s foreign
licensec ~service,Dr—Shackelford fransferred to
New York where he becime assistant to the
director of research and later to the chief engineer.
In 1942, he was appointed engineer-in-charge of
RCA’s Frequency Bureau. In 1944, he was made
assistant to the Vice President in charge of RCA
Laboratories, and in 1945, Director of the License '
Department of the RCA International Division. |
Dr. Shackelford is a Fellow of the Institute of
Radio Engineers, the American Institute of Elec-
trical Engineers and the American Association for
the Advancement of Science, and a member of the
American Physical Society, the Franklin Institute,
Sigma Xi, Gamma Alpha and Alpha Chi Sigma.
Dr. Shackelford was President of the Institute
during the year 1948, a member of the Board of
Directors, 1945-1950, and was recently elected
member of the Board of Directors 1953-1955.
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The Technical Institute

ALBERT PREISMAN

fully appreciated.

The technical institutes are training schools for advanced technicians. Despite their intense and large-scale ac-
tivities, and the notable accomplishments of certain of these schools, they are relatively little known and perhaps not

It is therefore helpful to the readers of these PROCEEDINGS to consider the following guest editorial dealing
with the aims and methods of these schools, prepared by a Fellow of the Institute, who is Vice President in charge
of engineering of the Capitol Radio Engineering Institute, in Washington.—The Editor.

In the last twenty years or so the technical insti-
tute has made its presence acutely felt in engineer-
ing circles, and this is therefore a propitious time to
ask, “What is a technical institute, and what does
it accomplish?”

In entrance requirements and range of engineer-
ing subjects, it is similar to the degree-granting
engineering school. In either case, the require-
ments are high-school graduation with emphasis on
physics and mathematics, and both cover about
the same engineering subjects, often over a similar
period of actual instruction time.

It is, however, in the viewpoint and intent of the
course that the two differ. The technical institute
is intensely pragmatic in its approach: it teaches
English in the guise of technical report writing; the
principles of psychology, as an aid to getting along
with people and to obtain promotion. It is not
hostile to cultural subjects; it is simply indifferent
to them as such. Similar considerations apply to
mathematics: it seeks to show the application of
the formulas to practical problems, rather than
how the formulas are derived.

A technical institute is terminal in its nature. It
fits its graduates specifically for engineering work
whether this be the operation or maintenance of
broadcast, television, or aeronautical equipment,
or the building, testing, and even elementary de-
sign of such equipment. It does not pretend to
train a man for research or development work, yet
actually many of its graduates have achieved re-
known in such fields, and hold many significant
patents. Furthermore, its terminal nature does not
preclude its graduates from subsequently attend-
ing an engineering college to become full-fledged
engineers; conversely, many engineering graduates

have attended a technical institute to acquire pro-
ficiency in a particular phase of their profession.

In spite of the important contributions made to
engineering education by the technical institute,
recognition has been tardy and niggardly. Al-
though the publication of the Spahr-Wickenden
report twenty years ago spotlighted the need for
accreditation, it was not until 1943 that E. H.
Rietzke, a pioneer in this field, almost single-
handedly organized the National Council of Tech-
nical Schools for this purpose.

In 1944 Dean H. P. Hammond, chalrman of the
Sub-Committee on Technical Institutes of the
Engineer’s Council for Professional Development,
invited Mr. Rietzke to join in the formation of this
group, and in 1945 the accreditation of technical
institutes was initiated. Since that time sixty-
seven curricula of twenty-three schools, including
one correspondence course, have been accredited.

Some other highlights are as follows: The Ameri-
can Society for Engineering Education has recog-
nized the technical institute as an integral part of
engineering education, and since 1947 has had spe-
cial technical institute programs as part of its an-

nual meetings. The U. S. Office of Education has

listed about forty such schools in the higher educa-
tion section of its Education Directory. Our insti-
tute now admits students of technical institutes to
student membership, and is evincing a growing
interest and concern for the status and welfare of
the graduates of this type of school.

In view of the fact that industry requires about
five technicians for every engineer, it is encourag-
ing—not only to the technical institutes, but to the
country as a whole—that such recognition is being
evoked to an ever-increasing extent.

o
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Aviation Electronics®
ARTHUR VAN DYCKt%, FELLOW, IRE

Summary—This paper concerns the present well-known problems
of complexity and unreliability in aviation electronics. It points out
that the situation is unique in radio engineering and does not exist
in other branches of engineering. It explains how this came about,
points out that the demands for greater complexity will continue,
and states that correction requires more than attention to such things
as more reliable tubes and components. Suggestions are given for
improvement, with particular emphasis on the need for more realistic
requirement specifications by planning agencies, and for more in-
timate relations among electronic engineers, aircraft engineers, and
field operations.

or so following 1938 saw unusually rapid advance

in both electronics and aviation. Radically new
possibilities in electronics came from timing and pulsing
techniques and microwave systems. Radically new pos-
sibilities in aviation came from aerodynamic improve-
ments and new engines, particularly jets. The simul-
taneous occurrence of powerful new possibilities in the
two fields was mutually stimulating and mutually bene-
ficial. However, the added stimulus of a world war
resulted in overly rapid growth and some growing pains.

The symptoms accompanying these growing pains
are high complexity of apparatus, lack of standardiza-
tion of parts and elements, difficulty of maintenance,
criticality of operation, and insufficient reliability in
service. Recently, some of these problems have received
much attention. Many papers dealing with them have
been published, and wvarious agencies vitally con-
cerned with the situation have set up special committees
and organizations to study them.

It may be helpful in the solution of these problems to
understand clearly just how they came about, and how
they reached such magnitude. No other branch of engi-
neering than electronic has such a situation. Civil engi-
neers do not have a reliability problem in bridges and
buildings; mechanical and chemical engineers build
complex devices, large and small, from atomic plants to
wristwatches, without undue difficulty; and electrical
engineers make many delicate instruments and systems,
including many for aviation, with high reliability.

I have been in this business for over forty years, in
research, manufacture, and operation, and, having seen
it grow from infancy to its present size and complexity,
I have noticed the entry of some factors which have not
had much recognition, although they have been of great
influence in creating the present conditions. I believe
that an appreciation of these factors will assist ma-
terially in the determination of corrective measures.

J:[T WAS A POTENT coincidence that the decade

* Decimal classification: R520. Original manuscript received by
the Institute April 27, 1953. Read April 7, 1953 before the joint meet-
ing of the New York Section of the Institute of Aeronautical Sciences
and the New York Section of [.R.E.

1 Staff Assistant to the Vice President and Technical Director,
Radio Corporation of America.

Much more is required than the present emphasis on
improvements in vacuum tubes, resistors, capacitors,
and transformers.

THE PRESENT SITUATION

It may be well to outline the present situation, for the
sake of clarity and definiteness.

First, the electronic functions to be performed in a
large, modern transport plane include, among others,
various operations before and during take-off, particu-
larly communications with and control of engines; in-
flight communication; use of automatic pilot; radar for
navigation and detection; compasses and other naviga-
tion instruments and computers. Military planes also
will include numerous addition devices, especially those
needed for gunfire and bomb control. Some of these
planes will have electronic equipment utilizing more
than 2,000 tubes, and some will have so much electronic
equipment that the cost will approach that of half that
of the entire aircraft.

A bomber mission of thirty modern airplanes, lasting
15 hours, requires 60,000 tubes to burn throughout the
mission, or about one million tube-hours.

Former Assistant Secretary of the Navy for Air Flo-
berg said recently: “I hope we have not created such
complex machines that we are in danger of contributing
to our own ultimate destruction, for we are becoming so
dependent upon the automatic electronic brains for the
conduct of modern warfare that their failure during
combat could very well mean the difference between
victory and defeat in an engagement.”

Captain F. R. Furth, United States Navy, said
recently:! “Electronic equipment is no longer a novelty
to the Armed Forces, but is an absolute military neces-
sity. We have become so reliant upon electronic brains
in the conduct of modern warfare that the outcome of
an engagement with enemy forces, and even of a total
war, could well be determined by their performances.
Many of the functions performed by electronic devices
are desirable and can be performed more rapidly and
more accurately by these devices than by man, but only
when they operate at their rated performances. Most of
these electronic devices, however, are so complex and
difficult to adjust, that when placed in the hands of
average operators and maintenance men, they seldom
are operated at, or even close to, their required per-
formances. All too frequently they are inoperative! Like
the creator of Frankenstein, we have produced devices
which, in the hands of the operating forces, are so un-
reliable that they could lead to our ultimate destruction.

! Address, Armed Forces Communication Association, Phila-
delphia, Pa.; February 10, 1953.
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I can assure you that the situation has become so critical
that we must divert a sizeable portion of our engineer-
ing efforts from the creation of new wonders, to the
‘reliabilizing’ of current types. Our operating forces
must be provided with equipment that will function as
intended at all times when needed.”

Mr. E. H. Heineman, Chief Engineer of El Segundo
Division of Douglas Aircraft, recently said: “There is
a great deal of concern in top echelon industry and gov-
ernment circles about this problem. Most top level
personnel are not sufficiently acquainted with detail
design problems to know how to integrate the many
complicating requirements and how to take corrective
action. Education originating from the experienced
engineers is essential.”

A survey of Navy electronic equipment failures made
recently by the Bell Telephone Laboratories revealed
that 50 per cent were caused by poor quality of com-
ponents, 25 per cent by previous failure of other com-
ponents, and 25 per cent by inadequate design.

That is the present situation. How did it come to
pass? How could a branch of engineering which has
provided methods and devices of such miraculous pre-
cision and ingenious nature, permit such an unsatisfac-
tory and even dangerous condition to develop in prac-
tical operation? I think that the answer can be found in
the history of electronic engineering.

THE GrROWTH OF ELECTRONIC ENGINEERING

Prior to World War I, radio engineering was a small
profession, and its field was limited to equipment for
wireless communication between ships and shore, and
across the oceans. Up to that time, practically every
radio equipment designer had had operating experience.
He knew what it was to have to “get messages off the
hook” before a deadline, whether the static was bad or
not. He had had to maintain equipment himself, and he
had a full appreciation of equipment efficiency, conven-
ience, and reliability.

With the advent of sound broadcasting in 1920, the
radio field began a large and rapid growth, and the radio
engineering profession expanded enormously in a very
short time. The entry of radio into the home brought
into radio design emphasis on new factors such as ap-
pearance, merchandizing, and cost. It lessened emphasis
on ruggedness of apparatus, because conditions in the
home are considerably less severe than they are on a ship
at sea, or in an airplane at 50,000 feet.

Between 1920 and 1940 the techniques of the art ex-
panded very rapidly. Most of the engineers in the pro-
fession were occupied with applications for the home,
and designers were increasingly insulated from the real-
ities in more rugged fields.

Radio engineering in the early days gave much atten-
tion to practical operating requirements. But even then,
there were occasions when not enough was given. An
incident occurred in World War I which shows how easy
it is to overlook basic requirements.

Van Dyck: Aviation Electronics
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There is a lesson in this for us now. The United States
Navy had been a leader in radio development prior to
that war, and, when we entered the war in 1917, was
equipped with the latest and best radio apparatus which
the state of the art knew. The transmitters were of
the spark type, to be sure, but they were very efficient,
and they even included provision for wave-changing,
whereby the transmitter wavelength could be shifted
instantly to any one of about ten wavelengths. That
was considered to be the height of operational require-
ments. It was thought nothing could be superior to
that for efficient communication. Likewise, the receiv-
ers were tops in selectivity, sensitivity, operating con-
venience, and ruggedness.

In spite of all this, when our first warships went to
Europe to join the British Fleet, the first thing they
had to do was to go into British Naval Yards and have
their beautiful radio equipments ripped out and British
gear installed. The British gear was not the latest
which the art knew, in scientific aspects, and in fact was
rather crude, but it did meet operational needs very well.

Our designs had overlooked two operational require-
ments—first, that in war time, under battle conditions,
it is necessary to be able to read radio signals when
guns are firing nearby. Second, it is necessary to operate
two communication circuits simultaneously on each ship
without interference of one with the other. Our ships
had several transmitters, but when any one was work-
ing, reception on the ship was impossible.

The British radio equipment was installed in radio
rooms which were beautifully sound-proofed and vibra-
tion-proofed. Simultaneous operation of two circuits
had been secured by the development of highly selec-
tive “acceptor-rejector” circuits, and by the use of
about three megacycles for one channel, an extra-
ordinarily high frequency for that time. For practical
use of radio in sea operations, it was necessary to revise
completely the plans for radio installations in U. S.
Naval vessels. It was true, of course, that World War 1
was the first war in which radio was used, except for the
very limited use in the short Russo-Japanese conflict,
and therefore there was no background experience with
radio in war. Nevertheless, it seems incredible that our
designers overlooked the simple, practical operational
requirement for sound-proofed radio rooms on warships.

The lesson from this is that operational practicalities
should come first, over technical characteristics or sci-
entific niceties. Only when a technical innovation is so
radical that it introduces new operational possibilities,
is it worthy of rapid introduction, with the resultant
penalties to convenience and reliability.

It is interesting to note that the radio technical situa-
tion in World War I and immediately thereafter, was
quite similar to that of World War II and after. The
introduction of the vacuum tube and radio telephony
in the middle of World War I, caused the same kind of
complex and urgent activity as did the appearance of
radar and related devices in World War I1.
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Ruggedness of vacuum-tube equipment is not a new
problem. The first tube equipments in World War I,
involving quite different kinds of components from
those used in previous rugged radio equipment, suffered
badly for a time. It was found quickly that there was a
definite relationship between the caliber of guns aboard
ship and the number of components which could be
found in the bottom of equipment enclosures, after the
firing of one or two salvos.

THE ENTRY OF AVIATION AND RADAR

Between World War I and World War 1I, aviation
had its rapid expansion period, and electronic equip-
ment in military and civil aviation had opportunity to
to gain service experience. The equipment in use by
1938 had reached a fairly high degree of reliability, and
the new situation was in a fair way to be met ade-
quately, when suddenly the heavens opened, and radar
fell out. Practically simultancously, the World War 11
adventure began. The service which radar could deliver
in military applications was so valuable that it was
permissible, even mandatory, to produce it without
going through the ordinary stages of development and
design which are usual with an entirely new service, and
it was rushed into production and service use, without
opportunity for adequate attention to details.

Radar quickly proved to be so effective that, under
the urgencies of war, not only it, but all related elec-
tronic devices, came to be handled with short-cut pro-
cedures, and with the same minimum attention to reli-
ability and practical details in general. This became
regular procedure, and apparatus finally was being
chosen almost entirely on scientific merit, with minor
attention to operational evaluation of such factors as
reliability, complexity, suitability to personnel and
training, etc.

Of course, routine attention was given to various
standard specifications aimed at reliability, and many
were the temperature tests and shock tests, but the
chief results were to make the devices even more com-
plex. Often the showings of such tests were disregarded,
in the interests of getting equipment quickly. The
atmosphere was such that the ideals of technical per-
formance—more sensitivity, selectivity, range, or in-
triguing new functions—always won out over the prosaic
demands of simplicity, ruggedness, and reliability.
There were cases where electronic equipment was in-
stalled in planes and carried around but never used, be-
cause time was not available to train the crews in its
operation and maintenance.

Before the days of radar common sense was a familiar
ingredient in radio design, but the initial radar equip-
ments did such marvelous things that we became
dazzled by the possibilities which beckoned us on to
greater and greater miracles, until finally we reached
the point where the addition of a new bit of electronic
cquipment to a naval vessel required the removal of an
cquivalent weight of something else, and aircraft de-
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signers said, with almost as much truth as humor, that
every airplane needed a glider in tow to carry the elec-
tronic equipment.

It sometimes occurs that our judgments and attitudes
toward the conflicting factors of design become dis-
torted and we put too much emphasis on one factor or
another. To illustrate—suppose that the time is De-
cember 1941 or thereafter, and radar has not been in-
vented or even thought of by anyone. Suddenly a man
appears at the Navy Department with a big black box
which he calls radar, and which he says will direct ac-
curate fire on enemy ships eight miles away in inky
darkness. The box is 6 feet cubic and weighs six tons.
By some miraculous dispensation he obtains immediate
opportunity to demonstrate his gadget, and proceeds to
make good his claims completely. Would the Navy De-
partment accept his device and install it, even if they
had to remove a gun or some other six-ton equivalent?
They would have done so without hesitation, and radar
would have started in the Navy on the basis of doing a
marvelous job with an instrument weighing six tons.

But what actually happened was that radar appeared
in the category of radio equipment, and therefore there
was immediate pressure to make it similar to radio com-
munication equipment. It could be made small, as all
these modern electronic gadgets can, and the designers
responded to these pressures. But one of the costs of
this process has been in reliability. The movement to-
ward reduction in size and weight has proceeded too
rapidly to maintain a proper balance with reliability.
Smallness and lightness are desirable objectives, of
course, and maximum efforts should be expended to
obtain them, but the efforts can be overdone. If you put
more pressure on designers for small size than for re-
reliability, you will get small size at the expense of reli-
ability. This situation is aggravated by the fact that
designers of service equipment are remote from the
point of use, are unfamiliar with the conditions of use,
are not intimately aware of the vital importance of re-
liability. Consequently, they will take chances with
reliability, without realizing it, in order to meet the
high pressure demands for reduction in size and weight.

RELIABILITY OF EQUIPMENT

The radio engineer formerly put reliability at the top
of his list of requirements, but it began to go downward
on his list when broadcasting came in, and dropped still
further when radar and its very complex relatives came
in. The designer no longer has either the responsibility
or the “feel” of the operating end, but he does have ter-
rific pressure to get size and weight down. The com-
mercial or military requirements dominate, and it is
likely that the manufacturer whose design is lighter
and smaller gets the job. Size and weight can be meas-
ured readily—reliability, unfortunately, can not.

Difficulties are enchanced considerably by the fact
that there is little attempt to maintain continuity of
basic designs in newer equipments. Each new equipment
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usually is planned new from top to bottom without re-
gard to the older equipment it replaces. In most prod-
ucts, including electronic products for the home, new
models utilize as much as possible of the previous ones,
with consequent benefit to cost, operation, and main-
tenance. But in aviation electronic products any simi-
larity to previous models is purely coincidental.

Electronic equipment design can obtain much benefit
from use of more mechanical engineering talent. Until
recently electronic equipments were designed almost
wholly by electrical engineers. The mechanical arts
which are common practice in typewriters, cameras,
adding machines, clocks, and such, have been almost
completely absent in electronic apparatus. As a result,
as electronic apparatus grew from three tubes in a
wooden box, to the superheterodyne receiver, to the
television receiver, to the radar fire-control equipment,
the apparatus became, first, a rat's nest of parts and
wires, and finally a serviceman’s nightmare. Electronic
equipment can be vastly improved merely by adopting
some of the techniques which enable calculating ma-
chines, Leica cameras, wrist-watches, and telephone ex-
changes to keep on working for years, with little main-
tenance difficulty.

Every effort should be made to provide opportunity
for field testing new equipments before final production
runs. I recall that during World War II, the British
Royal Air Force finally set up a separate and complete
air base solely for aviation electronic testing, manned
by British Royal Air Force personnel with recent com-
bat experience. All new electronic devices were sent
first to this operational air base, where they received
rugged testing by people with fresh operational view-
points. This unit had authority to make any design
changes necessary to secure reliability or operational
efficiency. I understand that the United States Air
Force also has set up this kind of operational field testing
facility.

Some such procedure saves time, trouble, and expense
in the long run. Exceptions may occur, in those cases
where the new device is revolutionary, and so powerful
that introduction to service is worth while even if ac-
companied with unreliability and some defects. How-
ever, we have reached the point where such revolu-
tionary devices are rare, and in most cases, it would
pay to take the time, first, to give field experience to
the design engineers, and, second, to give thorough field
testing to early production units before full production is
executed.

Reliability of electronic equipment in service depends
upon the designs of many details, of course. For a high
degree of reliability, it is essential that the design engi-
neer have intimate knowledge of the service conditions,
and of service experience with similar previous equip-
ments. Contact of the electronic designer with the field
has been far from intimate, and in many cases is neg-
ligibly small. This has resulted from the enormous ex-
pansion of the electronic field in aviation, and from the
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high degree of compartmentalization in operating or-
ganizations. The situation might be illuminated by
comparison with another branch of electronic produc-
tion, namely, broadcasting. In broadcasting-receiver
production, there is little chance of a serious defect ap-
pearing in a new model on a large scale, because of
past experience with very similar equipments. Even
where a defect does creep in, the organization for re-
ports of trouble in the field is so clear and direct, that
corrective changes are made within a very short time
after initial production. In contrast, military-equipment
production contracts are often completed before any
reports from the field are available. Laboratory testing
of a few pre-production or early production samples,
while of some benefit, does not catch many things
which show up in actual service, and which often are
sufficiently serious to create the reliability problem
that so concerns us now.

THE FUTURE

So far, we have looked at the past and the present,
and we now should attempt to see what is indicated by
them for the future. There are distinct lessons, warn-
ings, and guide posts. Before attempting to remark on
them, it may be interesting to note ways in which the
Soviet Union attacks the problem of modern complex
equipment. Their policies on design are as different
from our as are their political methods. While there is
no good in the latter, there may be something useful to
us in the former.

A recent article on Soviet ordnance,? by Jarrett of
the Army Aberdeen Proving Ground, states the case
clearly. He says: '

“It is indeed time that both official and nonofficial
circles understand why and how the Communists de-
vised their tools of war.

“Accustomed as we are to glistening automobiles,
polished machinery, and beautiful design, the realiza-
tion that the Soviet weapons, crude in appearance, rough
in finish, and functional in design are capable of suffi-
cient performance that they can have a high pay-off,
comes as something of a shock.

“The Soviets believe that there is no sense in building
into an appliance any ‘fancy’ features or giving a
finish to the parts which makes for beauty. They build
nothing into an item that does not aid its intended pur-
pose. In addition to this, they strive for great simplicity,
both in manufacture and maintenance. They try to
make an item simple enough so as not to require the
services of a specialist for its everyday maintenance.

“The point simply is that so much of what we design
and build in this country is ‘Pullman-car’ comfort,
while most of that made by the Soviets is cattle-car
quality. Surely somewhere in between lies a suitable
compromise—a coach-type accommodation.

* Col. G. B. Jarrett, “Soviet ordnance,” Ordnance; March-April
issue, 1953.
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“An interesting point lies in the recent remark of an
ordnance technician writing from Korea: ‘The shame of
it all is these Maxims always seem to work when often
our own do not.’ So often a degree of perfection is sought
by our own designers which, while desirable, is unneces-
sary.

“All Soviet equipment is characterized by the fol-
lowing:

1. Simplicity of design for ease of manufacture,
operation, and maintenance. It is designed to be made
by workers who in many cases have little or no train-
ing. . .. Further, the piece can be maintained and
operated in the field by the soldier who doesn’t have
even the mechanical qualifications of the factory
worker.

2. Economy of strategic or natural materials and
assembly time.

3. Lightness in weight for shipping and handling.
“Perhaps it would be prudent to weigh carefully the

presumed advantages of added features in modern
fighting equipment that we may not produce items
which are over-costly from a manpower-resources view-
point. Theorists frequently confuse the basic values,
trying to design an improvement when the unimproved
device is already adequate.

“It will be folly to forget that any future war will con-
sume such vast amounts of materiel that we will be
forced to economize in order to keep pace with the re-
placement demands. One way to do this today is to dif-
ferentiate between quality and refinement.”

Now, what of the future? What can we do to meet
the grave practical problems in aviation electronics?
Something must be done because, troublesome as the
present situation is, the end of growth toward more and
more complexity is not yet in sight. There is need for
electronic, automatic jet-engine control to improve
engine efficiency, and need for various automatic sys-
tems to remove some of the burdens on the pilot. There
is need for better means for rendezvous and traffic con-
trol of planes under all weather conditions. Automatic
blind landing devices are needed. Refinement of equip-
ment from radar to computer, to auto pilot, to plane
control, is needed. Better information to planes from
ground radar and computers is needed. Better identifica-
tion equipment is needed. Civil aviation must do some-
thing about radar for avoidance of collision and weather
turbulence, and for traffic control. The great possi-
bilities of television for simplification of communication
and traffic control by visual means should be exploited.
Even all these items do not make a complete list.

The limited responses of the human being in the face
of requirements for more and faster reactions, brought
on by high-speed jet operation, make automatic control
of various elements mandatory. Getting the big, ex-
pensive, atom-bomb-carrying bomber or the large civil
transport plane through to destination is important.
Getting it back again is important also! Longer mis-
sions, smaller crews, more fatigue, all require more auto-
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matic operation, more electronic equipment, more
complexity.

All this means that the pressure for more complexity
will be heavy and continuous. But somehow we must
get the whole matter under control, or we will have
flying machines which are test laboratories, rather than
instruments for military defense and civil transport.

OPERATIONAL REQUIREMENTS

There are at least a few things which can be done to
meet the problems. First, and most effective of all, is
to minimize operating requirements. This may seem to
be a drastic and undesirable thing to do, but there are
many cases where it is feasible and desirable, simply
because there has been and still is a natural tendency to
set operating requirements unnecessarily high. In every
stated requirement there should be a really careful,
thorough weighing of each of the many possible com-
promises between performance on the one hand, and
cost, simplicity, reliability, and ease of operation and
maintenance on the other. That compromise which ac-
cepts the lowest practicable performance will pay big
returns all along the line.

The Navy is meeting this situation by reviewing mili-
tary characteristics to eliminate all but the essential
functions required to perform primary missions. In his
address to the Armed Forces Communication Associa-
tion on February 10th, 1953, Captain F. R. Furth,
United States Navy, described several examples of good
results already obtained by this review. In the case of
one transmitter, parts eliminated were 35 tubes, 60
relays, 80 switches. The weight saving was 168 pounds
and the estimated “down time” will be 80 per cent less.
In another case, that of a search radar, dozens of parts
were eliminated, the original 22 controls were reduced to
10, and the cost of the device was reduced 40 per cent.

INTEGRATION

The second possibility for better future design re-
sults is that practice which has come to be called “inte-
gration.” In the past, every electronic device added to
the airplane has been complete in itself. If it required
a gyroscope, it included one, even if there were a half
dozen gyroscopes in other instruments already on the
airplane. If a new radio transmitter required a plate
supply source, it was built in, although another trans-
mitter already on board had a power source equally
good. The two transmitters probably came from two
different manufacturers, with no co-ordination between
them.

Treatment of the aircraft as a whole, from the sys-
tem viewpoint, is an obvious “must” for the future, and
integration of devices aboard aircraft clearly should be
the next major step. Since every pound eliminated from
equipment weight means from five to eight pounds less
gross weight of the airplane, the tremendous value of
integration is clearly evident. Many elements are sus-
ceptible to integration benefits. Some of these are power
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supply, cooling, navigation aids, communication, fire
control, gyroscopes, kinescopes, electronic computers.

Extraordinary co-operation between the electronic de-
signer and the air frame designer will be required to
obtain maximum benefits of integration. Obviously, the
co-operative effort must begin very early in the design of
the airplane, and must deal intimately with every detail
of the electronic equipment. It will be a difficult proc-
ess, requiring considerable reorganization of the
processes of procurement and supply, but the results
which can be achieved will be worth the effort.

An encouraging step toward integration is reported
from the recent Montreal Conference of the Inter-
national Civil Aviation Organization, at which recom-
mendations were made on integration of bad-weather
landing aids, such as approach lighting systems, elec-
tronic landing systems, and radar systems.

One difficulty in applying integration on a large scale
is that new developments come very frequently. The
temptation to introduce them quickly is great, but
should be resisted, if reliability and maintenance are
to have adequate consideration. In all but rare cases,
new developments had better be held for inclusion in
the next integrated design.

UnNIT CONSTRUCTION

The third item on the list of things which can im-
prove future conditions is the use of unitized construc-
tion, with a high degree of utilization of “plug-in” of the
units. This may involve some sacrifice in performance,
in some cases, but in probably all of these, the sacrifice
will be small in comparison with the gains. Not only is
manufacture improved, and greater use of standard
units in different equipments made possible, but main-
tenance is very greatly simplified. Unitized construc-
tion probably offers the only solution to the problem of
maintenance of new complex devices with the neces-
sarily insufficiently-trained maintenance personnel.
Unitized construction can not only improve main-
tenance, but it can save manpower by lessening the
training requirements for maintenance, and the per-
sonnel required.

An additional advantage of unitized construction is
that it makes feasible the inclusion in equipment of
means for simple testing of the units. Such provisions
permit the establishment of simple procedures for pre-
ventive maintenance and protection against failure, and
such procedures are necessary in any complex apparatus
if it is to have operational readiness consistently and
reliably. No one would think of undertaking a long
trip in a plane, automobile, or motor boat, without in-
spection of parts, cleaning, lubrication, changing of
spark plugs, etc. Similarly, no complex electronic equip-
ment should have to go into the air without an inspec-
tion. If the examination is to be both effective and prac-
ticable, means must be designed into the equipment to
make it so, and test instruments, designed for the pur-
pose, must be part of the equipment.
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ProcurReEMENT Poricy

Procurement agency policy often has large but hidden
effect on integration and quality of product. Usually
the planning of a new airplane carries the development
of the air frame and engine well along before electronic
equipment is considered at all. When the completion
date for the airframe is pretty well known, considera-
tion of electronics begins, and the prospective electronics
suppliers find themselves under pressure to meet the
airframe completion date. This was permissible when
the electronic equipment was relatively simple, but,
now that it is such a large and vital part of the airplane,
it is not good practice. This situation has often occurred,
however, and the contract often goes to that electronic
supplier who will meet the airframe date, even if he does
not have time to develop his designs to the degree of
reliability and maintenance quality that he could if
given more time. If procurement agencies will give more
weight to reliability in the early stages of planning, that
is, allow time for it, there will be less later difficulty
with reliability in service.

I happen to know of one aircraft communication
equipment which is entering production, and in which
time has been afforded for extensive consideration of
the reliability question. It uses unitized construction to
considerable degree, includes provision for simple test
procedures, and should be a highly satisfactory equip-
ment. However, over 130 man-years were required for
its engineering design. We will have more reliability in
electronic equipment when design time is applied in
proper proportion to the complexity of the equipment.

DETAIL DESIGN

There are several matters of detail-design character
which will give aid in solving the practical problems
now facing us. The “reliabilizing” of all components is
one of these. Another is the substitution of the trans-
istor or the magnetic amplifier for the vacuum tube
wherever practicable, with consequent benefit in the
several directions of more ruggedness, less heat genera-
tion, fewer component parts. Another is standardiza-
tion of units wherever possible. There is no good reason
why the audio amplifier in a new equipment should be
completely different from every audio amplifier ever
built previously. Still another is automatic factory pro-
duction of parts and sub-assemblies, which can increase
the uniformity and reliability of equipment.

At this point, I would like to make a suggestion, a
rather radical one, which I think could have much effect
in improving equipment from the maintenance and
operating viewpoints. It is that whenever an important
new design job is undertaken by an engineering de-
partment, those engineers of the department who will
have the responsibility of detail-design decisions—there
will be some junior and some senior engineers in the
group—be required, as their first step, to spend about
one month'’s time on the repair bench of a large aviation
electronic maintenance shop. I am sure that the time
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thus spent will be returned later many times over in
the lessened requirements on hundreds of maintenance
and aircrew men who will handle the equipments in
service.

The problem is not too difficult. I understand that
the B-29 central fire control system, which was far from
a simple system, made the record in World War II of
better than 95 per cent operational over target. This was
accomplished by good design, and well-trained main-
tenance personnel equipped with good test equipment.

CoNCLUSION

At the present moment, we are in a very special and
transitional period in electronic design. World War 11
and the immediately subsequent years saw the intro-
duction into service of many new, complex equipments,
designed, built, and rushed into service with all possible
speed. They had good basic ideas, but time was not
afforded to make the designs adequate for good main-
tenance and reliability. Recently, we have begun the
process of turning out complex equipment with better
designs. I think that within a year or two the reliability
problem will be much less serious than it is now. How-
ever, and here I think a word of caution is justified, this
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desirable condition will come about only if we do not
go off half-cocked in response to demands for the still
newer, fancier equipments which the laboratories will
continue to produce.

Planning agencies must strike a better balance be-
tween the natural desire to have the latest gadget, and
the cold, hard, high-inertia factors of logistics, personnel
training, maintenance, repair, and operational readiness
generally. We have now reached the point where new
designs need to be reviewed very carefully, to deter-
mine whether the advantages which they well may have,
outweigh the disadvantages which their introduction
necessarily brings about in the field. A new radar should
be introduced quickly when you don’t have any radar,
but when you do have a pretty good radar, working well
and all forces familiar with it, a new one must have a
large degree of improvement over the old to justify its
introduction. Even then, the introduction must be
orderly, if the new device is to be a positive contribu-
tion to over-all operational effectiveness.

We want progress, we must not delay progress, but
we should make sure that hoped-for progress is real and
useful up there in the air, where there is such a place
as a point-of-no-return.

The Development of a Variable Time Delay®

KENNETH W. GOFF{, STUDENT, IRE

fessional Group on Audio.—The Editor.

The following paper is published through the courtesy and with the approval of the IRE Pro-

Summary—This paper describes the design, construction, and
performance of a magnetic-recording drum time-delay system. The
device, which has been developed for use in such acoustic studies as
noise localization, reverberation analysis and others amenable to
correlation techniques, utilizes conventional proportional recording.
Two channels yield a relative time delay between their outputs
which may be varied from minus 15 milliseconds to plus 190 milli-
seconds with an accuracy of 10.2 per cent using the instrument dial.

Principal attention in the paper will be paid to the following:
(1) Obtaining a uniform layer of magnetic material by spraying with
a dispersion of iron oxide; (2) analyzing the effect of spacing between
the magnetic material and the head upon the processes of recording
and reproducing; (3) developing a mechanical driving system as free
from flutter as possible.

INTRODUCTION

HERE ARE MANY applications in acoustics
Tand allied fields for a variable time delay of the
type described in this paper. Probably foremost
among these applications is the use of a precision vari-

* Decimal classification: R143.4/R365.35. Original manuscript
received by the Institute, April 2, 1953. Report supported by Office
of Naval Research under contract no. NS ori 07869.

t Acoustics Laboratory, Massachusetts Institute of Technology,
Cambridge, Mass.

able time delay as a component in analog electronic
correlators for use in acoustical measurements. A time
delay can also be used as an auxiliary to a sampling
analog correlator to speed up the computation of cor-
relation functions for large values of 7. The original
work of Haas and Meyer' and later work of Bolt and
Doak? and Parkin® show that the use of time delays can
help to preserve realism in speech reinforcement sys-
tems. The applications of time delays also include sound
ranging, speech scrambling and producing artificial re-
verberation.

Methods of delaying audio frequency electrical signals
might be listed in three general categories: (1) purely
electrical, (2) electro-acoustical, and (3) electro-mechan-
ical. Real and artificial transmission lines make up the

' H. Haas, “The influence of a single echo on the audibility of
speech.” (A dissertation for a doctor’s degree under the supervision
of Prof. E. Meyer, University of Géttingen.)

? P. E. Doak and R. H, Bolt, “A tentative criterion for the short-
term transient response of auditoriums,” Jour. Acous. Soc., vol. 22,
no. 4, p. 507; 1950.

3 P. H. Parkinand W. E. Scholes, “Recent developments in speech
reinforcement in St. Paul’'s Cathedral,” Wireless World; February,
1951. P. H. Parkin and J. H. Taylor, “Speech reinforcement in g{
Paul’s Cathedral,” Wireless World, pp. 54-57, February, 1952; pp.
109-111, March, 1952.
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first category and are generally useful only for delays of
less than a few microseconds. The transmission of
sound between transducers separated by solid, liquid, or
gaseous media characterizes the electro-acoustical meth-
ods. These methods afford longer delays but their per-
formance is frequently limited by the transducers, and
the attenuation and frequency response are functions of
the magnitude of the delay.

The development of magnetic recording during recent
years has made possible the use of a magnetic material
as the medium in the electromechanical type of delay.
The magnetic material is commonly in the form of a
continuous loop of recording tape or a disc or drum
plated or coated with a magnetic material.

The system described in this paper is of the electro-
mechanical type utilizing a drum coated with mag-
netic material as the moving medium. A drum was
chosen instead of a loop of tape to avoid the dimen-
sional instability of the tape.

The applications listed earlier require that the delay
system have a uniform frequency response throughout
most of the audio spectrum and that the relative time
delay between its output signals be adjustable from zero
to a few tenths of a second.

OUTLINE OF THE SYSTEM EMPLOYED

The processes of recording, reproducing and erasing
employed in this system are similar to those of a con-
ventional tape recorder. In the case of a drum, however,
the length of a magnetic track is the drum’s circum-
ference, and with continuous erasing and recording
no part of the signal remains recorded for less than the
period of rotation of the drum. By the end of one period
of rotation the signal has been recorded, reproduced, and
erased.

In order to obtain a relative time delay, 7, which can
go through zero, the system uses two tracks around the
periphery of the drum, and the operations of recording,
reproducing, and erasing go on simultancously on both
tracks. Fig. 1 shows cross sections of the tracks and a
block diagram of the remainder of the system. The in-
put f(¢) is recorded on both tracks which rotate with the
angular velocity w of the drum. The outputs from chan-
nels 1 and 2 are f(! —a/w) and f( —3/w) where a and 8
represent the angular separations of the respective
record and reproduce heads. If only relative delays are
of interest, let ' =¢—a/w. Then the output of channel 1
becomes f(t') and the output of channel 2 becomes
f@'—7) where r=(f—a)/w. If « and w are held constant
and f is varied from 3; to 3: by rotating either the record
head or reproduce head of channel 2 around the
periphery of the drum, 7 will vary from (8i—a)/w to
(B—a)/w.

It can be seen from the relations given above that the
accuracy with which 7 can be adjusted for a given
mechanical accuracy of the system depends upon the
magnitude of w. In order to permit adjustments of short
time delays without requiring unreasonable mechanical
accuracy, a movement of one mil (0.001 inch) along the
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surface of the drum was made to represent a change in 7
of 10 microseconds. This set the surface velocity at 100
inches per second. The diameter chosen for the drum was
8 inches, and therefore the angular velocity was re-
quired to be approximately 8 radians per second.

The recording, reproducing, and erasing heads were
spaced from the surface of the drum to prevent wear.
Spacing the heads from the surface of the drum also
reduced the mechanical load on the drum drive to that
of bearing friction alone, which made it possible to de-
sign a mechanical coupling system more effective in re-
ducing fluctuations in the relative time delay.
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Fig. 1—Block diagram of the system.

THE MECHANICAL SYSTEM
The Drum and Magnetic Surface

Fig. 2 shows the drum and its supports. The drum
was made 6 inches wide to allow for the addition of
other recording tracks in the future. The bearings were
placed at one end so that the inside surface of the drum
could also be used. A pair of precision, pre-loaded bear-
ings were located directly under the left-hand cdge of
the drum proper. A single precision bearing was located
at the extreme left-hand end of the assembly inside the
flywheel, which, as will be explained later, is on a sepa-
rate bearing. The entire drum was machined from 17 ST
aluminum alloy, and the 8-inch diameter outer surface
has a runout of less than +0.1 mil. This accuracy is
required in order to reduce variation in the head-to-
medium spacing and the attendant amplitude modula-
tion of the output signals.

A coating of magnetic material consisting of a disper-
sion of iron oxide was sprayed onto the surface of the
drum. The oxide coating has good magnetic properties
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Fig. 2—The drum and its supports.

for recording and it can be readily applied and removed
without dismounting the drum,

The spraying process is similar to that used by the
Harvard Computation Laboratory for coating drums
used to store digital data by pulse recording. The ring
supporting the heads was removed and the remainder of
the drum assembly was placed on the table of a milling
machine. A small spray gun was clamped to the frame
of the milling machine and was fed a very dilute dis-
persion of the iron oxide held in suspension by the con-
stant stirring of a small electric motor. The drum was
then rotated by its normal drive and moved back and
forth in front of the spray gun until the desired number
of coats was obtained. A few coats of an adhesive were
applied to the drum before and after the dispersion to
seal the aluminum surface and protect the final surface.

Standard commercial dispersions of black iron oxide
and red iron oxide were obtained. Each dispersion was
tested by applying 40 coats to the drum resulting in
layers approximately 0.4 mil thick. The information
thus obtained indicates that although there is little dif-
ference in either the output versus frequency or the
output versus bias characteristics for the two media,
the black oxide, because of its higher coercivity, re-
quires approximately twice as much erase power as the
red oxide to decrease the recorded signal by a given
number of decibels. Since the higher velocity of the
medium and the spacing between erase head and
medium make adequate erasing difficult, the lower co-
ercivity of the red oxide was sufficient reason for its
choice.

These coatings were sufficiently uniform to produce
no measured change in the drum runout. It was found,
however, that a larger signal-to-noise ratio was obtained
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Fig. 3—View of drum showing driving system.

by applying approximately the same thickness of coat-
ing in more layers. The coating now in use on the drum
is approximately 0.5 mil thick and resulted from 225
passes under the spray gun.

The Mechanical Drive System

In order to eliminate fluctuations in 7, the velocity
of the drum should be constant. Both belts and idler
wheels were tried as coupling devices between the motor
and the drum in an effort to reduce variations in the
drum velocity. The idler wheel showed two distinct
advantages over the belt: (1) The idler wheel can be
operated so that increased load pulls it into tighter
contact with the capstan and driven surface, thus mak-
ing it partially self adjusting. (2) The idler wheel can
be operated so that speed fluctuations introduced by its
irregularities are of much higher frequency than those
introduced by a belt. These high-frequency fluctuations
are more highly attenuated by the low-pass, inertia-
controlled system. This smoothing or filtering action
can be enhanced further by increasing the compliance
of the drum-idler wheel coupling. The driving system
shown in Figs. 2 and 3 provides one way of increasing
this compliance while also adding inertia to the system
in the form of a flywheel. The flywheel runs on an inde-
pendent bearing concentric with the drum and is rim
driven by the idler wheel as shown in Fig. 3. The idler
wheel is disengaged from the flywheel and capstan when
the motor is turned off, in order to prevent any plastic
deformation that might result from prolonged contact.
Fig. 2 shows the spring coupling between the flywheel
and the drum. Stop pins prevent excessive stretching of
the springs as the drum is accelerated to full speed.

Fig. 4 shows an electrical circuit analogous to the
mechanical driving system. Current is analogous to
torque and voltage is analogous to angular velocity. The
motor-to-idler-wheel and idler-wheel-to-flywheel speed-
ratios have been used to refer all velocities, torques, and
component values to the drum side of the system.
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The synchronous drive motor shown in Fig. 3 is of
the hysteresis type and has an almost constant torque
characteristic during starting. This enables it to acceler-
ate the system to synchronous speed without stalling or
causing excessive slipping of the idler wheel. After the
system reaches the steady state the motor can be con-
sidered as the constant velocity source wo which is
shown in Fig. 4.

Wi

e SN

Fig. 4—Analogous electrical circuit of the mechanical driving
system.

The fluctuations in speed caused by irregularities in
the idler wheel are represented by the velocity source
w;(?). The rotational compliance K;~! and rotational
resistance B; represent the compliance of the idler
wheel and motor suspension and the slippage of the
idler wheel; By and J, represent the viscous bearing fric-
tion and moment of inertia of the flywheel, the rota-
tional compliance K,™! represents the coupling springs
between the flywheel and the drum, and J4 represents
the moment of inertia of the drum. The drum bearings
are pre-loaded to such a pressure that their behavior is
more nearly that of rolling friction than that of viscous
friction. The quantity 74 in Fig. 4 is a torque, constant
in magnitude and always opposing the motion so as to
represent the rolling friction of the drum bearings. The
viscous bearing friction is represented by B, The com-
plex, natural angular frequencies of the analog circuit
of Fig. 4 are approximately —2+30 and —0.22+;7.5.
These values indicate an underdamped resonance of
frequency 1.2 cps with a decay time of 4.5 seconds.

The period of rotation of the idler wheel is approxi-
mately 1/14 second and thus the lowest frequency com-
ponent of wi(¢) is approximately 14 cps. To evaluate
the usefulness of placing the compliant coupling K,!
between the flywheel and the drum, the ratio of the ac
component of the drum velocity wq to w; was calculated
for both the normal coupling springs and for rigid
coupling between the drum and flywheel (K.'—0).
These calculations show that the compliant coupling
gives a 43-db reduction in the 14-cps component of wg
as compared to rigid coupling.

Variations in the velocity of the drum such as those
just discussed have two effects upon the operation of
the system:

1. The frequencies of the reproduced signals are
modulated.

2. The magnitude of the relative time delay is modu-
lated.

The first effect is a function only of the ratio of the in-
stantaneous velocity of the drum as a given point
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passes under a recording head to the velocity when it
passes under the reproducing head of the same channel.
The magnitude of this frequency modulation is given
directly by information such as that shown in Fig. §
which is a plot of the instantaneous frequency of the
reproduced signal versus time for a 4-kc input signal.$
These curves show the effectiveness of adding the
coupling springs. The conditions for both curves were the
same except that for curve (a) the flywheel was rigidly
coupled to the drum and for curve (b) the normal
coupling was employed. The predominant component
remaining in (b) is a 4-cps fluctuation corresponding to
the period of rotation of the drum.
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Fig. 5—Frequency modulation of the output for 4-kc input signal:
(a) rigid coupling and (b) normal compliant coupling between
the flywheel and drum.
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Fig. 6—NModulation of the relative time delay, 7: (a) 60-cps power
line and (b) constant 60-cps source used to operate drive motor.

The modulation in 7is dependent upon the variations
in drum velocity between the time the signal is repro-
duced from channel 1 and the time it is reproduced
from channel 2. Fig. 6 is a plot of the phase angle be-
tween the two outputs of the system for a relative delay
of 100 milliseconds and a frequency of 1 kc, and thus
gives a measure of the modulation of 7. Curve (a) shows
that variations in line frequency result in a slow drift
of approximately +0.1 per cent in 7. Curve (b) shows
that by operating the drum drive motor from a steady
source of 60 cps, the variations in 7 are reduced to +0.02

¢ The frequency deviations shown in Fig. 5 were measured by the
axis-crossing interval meter (ACIM) developed in the M.LT.
Acoustic Laboratory and described in the Acous. Lab. Quar. Prog
Report, pp. 32-34; July-September, 1951.
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per cent. This remaining fluctuation is composed of
random variations plus 4-cps and 1.2-cps components.
The random variations are caused by changes in idler
wheel slippage (changes in B; of Fig. 4). The 4-cps and
1.2-cps components correspond respectively to the fre-
quency of rotation of the drum and the underdamped
natural frequency of the mechanical filter.

The mechanism for rotating the record head of chan-
nel 2 around the drum is shown in Fig. 2. The gearing is
such that the mechanical revolution counter indicates
7 directly in tenths of milliseconds. The record head was
chosen rather than the reproduce head to be moved
around the periphery of the drum to vary the magnitude
of the time delay. This choice was made because the
mechanism for rotating the head causes small variations
in its spacing from the medium, and, as will be shown,
the performance of the recording process can be made
almost independent of small variations in head to
medium spacing.

THE RECORDING, REPRODUCING,
AND ERASING SYSTEM

Choice and Mounting of Heads

The heads used for the operations of recording, re-
producing, and erasing are all modified versions of a half-
track erase head. These heads are 0.125 inch wide and
originally had front and back gaps of approximately 5
mils. The surfaces along the pole pieces where the tape
would normally run were ground flat for about 50 mils
on either side of the gap. This permits a more uniform
area of relative contact with the magnetic medium and
assures that these surfaces are exactly perpendicular
to the side of the head used for mounting. The heads
were mounted around the periphery of the drum from a
ring support as shown in Fig. 2. A fine-thread set-screw
and spring are used to permit adjustment of the head-to-
drum spacing. The heads have been operated with spac-
ings of approximately 1 mil for several months without
requiring adjustment.

The Recording Process

In order to investigate the effect upon the recording
process of spacing between the record head and the
magnetic material, data for Fig. 7 were taken on a red
oxide coating. The wavelength, \, of the recorded signal
is given by A=9v/f and is in mils if v, the velocity of the
medium, is in inches per second, and f, the recorded fre-
quency, is in kc. For wavelengths long compared to /,
the width of the gap, and d, the spacing, the principal
effect of the spacing is a division of flux between the
paths / and I’ of Fig. 7. For this approximation the di-
vision is dependent primarily upon the reluctance of the
two paths, and the magnitude of flux going through the
recording medium (path /') is a function of the ratio of
d tol.

Variations in the record head to medium spacing
cause corresponding changes in both the signal and bias
intensities in the medium. In order to separate the effects
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of the changes in bias and signal fields, data for the
dashed curves of Fig. 7 were taken with the bias
readjusted for maximum output for each value of spac-
ing. It can be seen that the effect of increasing the spac-
ing is the same on the 100- and 1,000-cps signals (A =0.1
and 0.01 inch respectively).

33 T T T T T T T T

MAGNETIC
MATERIAL

OUTPUT IN DECIBELS

() 0s 1.0 L3 2.0 2.5 30 35 4.0 as
RECORD HEAD TO MEDIUM SPACING, d (MILS)

Fig. 7—Output versus spacing of the recording head. Bias set at one
value for solid curves. Bias adjusted for maximum output at each
value of spacing for broken curves.

For shorter wavelengths, this simple approximation
must be revised to include the effect of broadening the
magnetic field with increasing spacing. The graphical
analysis of the field of the recording head given by
Begun® is applicable to this refinement. While Begun's
analysis was made for the flux distribution within pow-
dered iron oxide in contact with the record head, it
would not be appreciably different for air since the
permeability of the iron oxide was only 3. This analysis
shows that the field is much less sharply defined even at
a relatively short distance from the record head. Begun
then shows by a graphical analysis of the recording
process employing ac bias that this broadening of the
field causes a loss in high-frequency response. In the
present case, therefore, there is a departure from the
frequency independence discussed earlier. The broken
curves of Fig. 7 illustrate this effect in that the curve for
10 kc (A =10 mils) has a steeper slope than the curves
for 100 and 1,000 cps.

It should be noted that the reduction in the signal
field illustrated by the broken curves of Fig. 7 is only a
part of the total effect of spacing upon the recording
process. For a constant bias mmf applied to the record
gap, the bias field as well as the signal field in the mag-
netic medium decreases as the spacing increases. The
effect of an ac bias upon the recording process is covered
from several points of view in the literature.~8 In gen-
eral, the process of linearly superimposing the signal on

8 S. J. Begun, “Magnetic field distribution of ring recording head,”
Awudio Eng., vol. 32, pp. 11-13; December, 1948.

¢ S. J. Begun, “Magnetic Recording,” p. 57, Murray Hill Books,
New York, N. Y.; 1949,

7 R. E. Zenner, “Magnetic recording with ac bias,” Proc. I.R.E,,
vol. 39, pp. 141-146; February, 1951,

8\, O. Muckenhirn, “Recording demagnetization in magnetic
recording,” Proc. I.R.E., vol. 39, p. 891; August, 1951.
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a high-frequency bias of several times the signal ampli-
tude makes it possible to obtain a remanent induction
in the magnetic material that is very nearly propor-
tional to the instantaneous intensity of the signal field
at the trailing edge of the record-head gap. As a com-
promise between high output and low distortion it is
frequently recommended that the bias be adjusted to a
value 20 to 30 per cent greater than the value yielding
maximum output for medium wavelengths.? Since the
output versus bias-mmf curves have a negative slope in
this region, the decrease in bias intensity in the recording
medium caused by an increase in the record head to
medium spacing tends to produce an increase in output.
The solid curves of Fig. 7, taken for a fixed bias level
at the record head, show that this effect tends to cancel
the effect owing to division of flux discussed earlier giv-
ing approximately zero slope for values of spacing in the
vicinity of 1 mil.

When the zero-slope spacing is used, this method ap-
pears to give the same freedom from signal amplitude
fluctuations owing to variations in record head-to-
medium spacing that would be given by boundary-
displacement recording!® without the necessity for
maintaining a saturated medium with the accompanying
high noise level.

The Reproducing Process

A sinusoidal signal recorded in a longitudinal man-
ner on a magnetic material can be thought of as a series
of half wavelength magnets end to end along the direc-
tion of motion as shown in Fig. 8. As stated before, the
recorded wavelength is given by A=v/f. Thus, as the
frequency increases, the length of these half-wave-
length magnets decreases and their field decays more
rapidly with distance from the surface. The head-to-
medium spacing for the reproducing process is therefore
more effectively expressed in terms of wavelengths
(d/\ in Fig. 8).

The curve shown in Fig. 8 agrees quite well with the
theoretical and experimental values given in the litera-
ture.!’'2 The function has an almost constant slope of
—56 db per unit of d/\, or (56 f/v) db/mil of spacing in
the units used above. It can thus be seen that the
amplitude modulations of the signal produced by varia-
tions in the reproduce head-to-medium spacing will in-
crease directly with frequency. For the drum run-out of
approximately 0.1 mil, v=100 inches per second as
given before, and f=10 kc, the amplitude modula-
tions of the signal owing to the reproducing process
would be approximately + 0.5 db. If the bias and record
head-to-medium spacing are adjusted for cancellation
of the amplitude modulation in the recording process,

¢ S. J. Begun, “Magnetic Recording,” p. 212, Murray Hill Books,
New York, N. Y.; 1949

1 H, L. Daniels, “Boundary-displacement magnetic recording,”
Electronics, vol. 25, p. 116; April, 1952,

1 “Effects of tape contact on frequency response,” Sound Talk,
(Minnesota Mining and Manufacturing Company, St. Paul, Minn.),
no. 6; January 10, 1949,

12 R, L. Wallace, Jr., “Reproduction of magnetically recorded
signals,” Bell Sys. Tech. Jour., vol. 30, part 11, p. 1145; October, 1951.
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Fig. 8—Qutput versus spacing of the reproducing head in wave-
lengths. Insert in a cross section of the reproduce head together
with flux distribution in magnetic material on which two fre-
quencies have been longitudinally recorded.’

the total amplitude modulation of a 10 kc signal is
+0.5 db. This is illustrated in Fig. 9 which shows the
over-all frequency response of the system. The ampli-
tude modulations appear to begin suddenly at 8 kc
because the graphic level recorder used to plot the curve
could not respond to changes of less than 0.5 db.
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Fig. 9—Over-all frequency response of the system.

The length of relative contact between the reproduce
heads and the medium is approximately 0.1 inch. Thus,
below about 200 cps (A=0.5 inch) only the leakage
flux from the magnetized medium passes through the
reproduce head and the unequalized reponse changes
from a 6-db per octave to a 12-db per octave slope.!*
The low-frequency limit of the system was set at 100
cps because the post-emphasis necessary to equalize
the response for lower frequencies would cause a pro-
hibitive increase in the hum and noise level.

Many of the factors that affect the amplitude-fre-
quency response of the system produce no correspond-
ing phase-frequency characteristic. Thus, when the
over-all amplitude response is equalized by a minimum
phase network the phase-frequency characteristic is
not flat. This phenomenon is characteristic of magnetic
recorders utilizing the high-frequency region of their
response and restricts the application of the system to
operations not requiring waveform preservation. This is
not detrimental to the performance of the delay as a
component of a correlator because in this application

12 S, J. Begun, “Magnetic Recording,” p. 74, Murray Hill Books,
New York, I\F Y.; 1949.

14 O, Kornei, “Frequency response of magnetic recording,” Elec-
tromics, vol. 20, pp. 124~-128; August, 1947,
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only the relative phase shift between the two channels
is of importance. Departure of this relative phase shift
from that of a pure time delay can be minimized by
careful circuit symmetry in the two channels.

The Erasing Process

The front gaps of the erase heads were increased to 23
mils in order to obtain a sufficiently broad spatial field
distribution to give adequate erasing action. The same
source of 40 kc ac was used for both bias and erase to
eliminate the possibility of audio frequency beats be-
tween the two.

The Electronic Circuits

The electronic circuits are quite conventional with
several high-Q traps inserted at strategic points to re-
duce the 40-kc signal resulting from erase and bias leak-
age to approximately the level of the hum and noise. The
record current is constant with frequency to 1 kc and
rises to a maximum pre-emphasis of 7 db at 10 ke.

SuMMARY OF PERFORMANCE CHARACTERISTICS

The mechanical filter in the driving system makes it
possible to hold the peaks of the flutter in 7 to ap-
proximately 0.02 per cent of 7 or less for all values of 7.
The rejection of the flutter components due to irregu-
larities in the idler wheel is so high that the performance
is relatively independent of the condition of the idler
wheel.

The relative time delay between channels 1 and 2 is
continuously variable from —15 milliseconds to 190
milliseconds. The mechanical revolution counter shown
in Fig. 2 indicates the value of 7 directly in tenths of a
milliseconds. As mentioned before, variations in line
frequency cause a drift of approximately +0.1 per cent
in 7. The over-all fluctuation in 7 can be reduced to ap-
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proximately +0.02 per cent by using a more stable 60-
cps source. The factors mentioned above, together with
inaccuracies in the gears used to rotate the record
head, limit the calibration of the revolution counter in
absolute values of 7 to approximately +0.2 per cent.

The over-all frequency response of the system is shown
in Fig. 9. It is within +2 db from 100 cps to 10 kc and
drops rapidly below 70 cps. Noises owing to nonuni-
formity of the magnetic material, hum pickup in the
reproduce heads, circuit noise and bias leakage are all
at about the same level. The total noise measured with
a Ballantine 300 VTVM is 50 db below the reproduced
signal corresponding to the recording level causing
over-all system distortion of 3 per cent at 400 cps. The
relative phase shift between channels for zero 7 is less
than 1 degree for frequencies from 500 cps to 5 kc, and
gradually increases to approximately 4 degrees at 100
cps and 10 ke.

APPLICATIONS OF THE SYSTEM

The performance characteristics of this system appear
to be satisfactory for a wide range of laboratory applica-
tions. This system has been used in conjunction with a
sampling analog correlator to compute the autocorrela-
tion functions of various types of music, and to compute
the crosscorrelation function between stimulus and
brain waves. It has also been used briefly in psycho-
acoustical studies. Upon completion of the remaining
componénts of an analog correlator it is hoped that this
time delay system can be used in applying correlation
techniques to some of the problems in room acoustics.
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I. INTRODUCTION

HE PURPOSE of this paper is to describe the

generation of high pulsed power by means of

klystrons, and the design and general behavior of
such tubes. The problems involved in designing and
building megawatt klystrons were first attacked and
successfully solved at Stanford University, and an ac-
count of this work is given here. Specifically discussed
will be the design and operating characteristics of
pulsed klystrons, operating at 3,000 mc in the voltage
range of 100-400 kv and delivering power output in the
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vicinity of 20 megw. These tubes were the first pulsed
klystrons ever to deliver more than 20 to 30 kw of
power at this frequency, and, as far as is known, have
delivered higher pulsed power, at any frequency, than
any other tube now in existence.

As an original investigation in the field of such un-
usually high power and voltage, many new and basic
problems were encountered which had to be solved
before a successful design could be established. Among
the most important were:

1. The extension of basic klystron theory into the
range of relativistic velocities. In spite of the fact
that a considerable body of theory and empirical
data exists upon which a design of the klystron
can be based, much of this information is not ap-
plicable on account of the relativistic effects.

2. The analysis of the magnetic focusing of a cylin-
drical beam. Subsequent to the completion of this
work on the problem, equivalent theoretical
analyses by other workers have been published.

3. The general question of cathode emission from
oxide cathodes at voltages of 400 kv.

4. The voltage breakdown limits in the various parts
of the structure, including the rf interaction gaps.
In a successful design, the gradients had to ap-
proach the dc field-emission limits, It was not
certain that dc experience could be applied to
microwave frequencies.

5. Methods of generation of short pulses, at about 100
kv and 1,000 amps had to be developed, together
with the requisite gap switches.

6. Pulse-transformers, stepping up the modulator
voltage to the desired range of 400 kv, had to be
developed.

7. Dielectric strength of various materials had to be
measured at short pulse-lengths, so that proper
design of pulse-transformer, cathode bushings,
and so forth, could be established.

In most of these matters there was little and often no
previous experience for guidance. As it turned out, how-
ever, none of these problems proved to be very difficult,
and the first tube designed on paper operated success-
fully in March, 1949. Since then, something like 30
tubes have been built, and as many as 15 have been
operated simultaneously at power levels of the order of
10 megw each. The tubes, as they are now being built,
except for minor modifications in construction tech-
nique are essentially the same as the original design,
and aside from certain minor differences in fabrication,
and so on, are identical to the first model.

We shall describe here in some detail the fundamental
problems involved in the design of a tube to run at these
power levels, explain why this particular type of tube
was selected for our purpose, and also give some of the
operating characteristics of the tubes which have been
built and tested.

The successful operation of the first design is taken as
evidence that the theoretical predictions are correct,
and that there are no major practical difficulties. The
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fact that operating voltages are high does not appear to
be a serious practical matter. By providing a single oil
bath for the cathode bushing and the pulse transformer,
the problems of handling such high voltages are im-
mediately reduced to those of standard practice.

It is hoped that the experimental material in this
paper will be regarded as representative of the new art,
and not as any limitation of what can be expected by
way of performance from the pulsed klystron tube.
It is believed that the theoretical results here presented,
together with experimental data, will allow many other
designs to be arrived at, with good assurance of success.

I1. Basic DEsiGN CONSIDERATIONS
A. Design Objectives

While the principal purpose of this work had to do
with the desire to demonstrate the feasibility of gen-
erating high pulsed power by means of the klystron,
the specific laboratory work was profoundly affected by
another project at Stanford, the development of the
billion-volt linear electron accelerator. In fact, the
choice of operating parameters for the first model, and
subsequent construction of additional models, was de-
termined as a consequence of accelerator development.
For a period, during 1948-1950, the klystron work was
supported by funds provided for accelerator work. It
might not be inappropriate to review the reasons for
the specific.requirements which were established for the
first model.

In 1947 a linear electron accelerator, driven by a
single magnetron delivering 0.7 to 0.8 megw, was suc-
cessfully operated at Stanford University, and its op-
eration confirmed all the theoretical analyses of the
performance of such a machine. On the basis of this
performance and the theory, it seemed entirely feasible
to build a linear electron accelerator to produce elec-
trons of a billion volts or higher. In order to do this,
however, it would be necessary to provide 400 megw of
pulsed rf power, preferably around 3,000 mc.

If this power was produced by multiple sources, all
of them would have to be synchronized in phase in a
suitable manner. One could produce this amount of
power by using a sufficiently large number of lock
pulsed oscillators, presumably magnetrons. This seemed
completely out of the question as a practical solution,
since it would require something like 600-700 magne-
trons. The problems of maintenance of synchronization
seemed too complex to make this at all practical.

It was suggested by Gintzon in 1944 that it might
not be difficult to build klystron amplifiers, each de-
livering 15-30 megw of pulsed power, and since they
would be driven as amplifiers from a single master
oscillator, the problem of phase synchronization would
be relatively simple. Although the previous best figure
for pulsed klystrons had been about 30 kw,! there are

1 As developed by Electric and Musical Instruments, Ltd., in
England in their CV150, about 1944. L. F. Broadway, C. J. Mil-
ner, D. R. Petrie, W. J. Scott, G. P. Wright, “Velocity-modula-
tion valves,” Jour. I.E.E., vol. 93, Part IIIA, no. 5, p. 855; 1946.
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some elementary reasons which indicated that much
higher powers could be obtained. Most simply stated,
the advantage of klystrons over other tubes in produc-
ing high pulses (or cw) power, is a matter of geometry.
If one refers to the schematic drawing in Fig. 1, it
can be seen that the regions of beam formation, rf
interaction, and beam collection are separate.

Pierce-Type
ElectronGun RE INPUT RF QUTPUT
| l T Beam
-I |_ I Coltector
TR e T RIS i K S————
“””5 ’/7-[_1 L] — LT
) Input Cavity  Middle Cavity Output Cavity
(ist. Buncher) (2nd.Buncher) (Catcher)

Fig. 1—Schematic representation of a typical three-cavity cascade
amplifier klystron. Magnetic focusing is not shown.

The design of each region can be made almost inde-
pendently of the others and optimized to give best
performance of its particular function. One can design
the cathode-anode region with sufficiently large cathode
area and sufficient inter-clectrode spacings so that emis-
sion density and voltage gradients are not excessive. By
care in beam focusing one can minimize the interception
of beam by the rf region so that heat dissipation is not
cxcessive. Since in the klystron the collector has just
one function of dissipating heat, it can be designed to
be of any arbitrary size and shape to handle the average
or peak beam power. In other tube types these func-
tions, i.e., emission, rf interaction, and collection occur
in the same region whose dimensions have to be an
uneasy compromisc between rf and heat dissipation re-
quirements.

The actual choice of operating frequency for the first
model, as determined by accelerator requirements, is
not critical. For various reasons, it seemed that an op-
erating frequency of around 3,000 mc would be a good
choice. For a billion-volt electron accelerator, the total
power required at 3,000 mc would then be of the order
of 400 megw, preferably delivered by about 20 tubes,
with a pulse length of 2 usec and a pulse repetition fre-
quency of 60 cps. These requirements determined the
specifications for our first klystron, and were used as the
basis for the design. These specifications will be justified
in some detail later.

Wavelength 10.5 cm
Maximum beam voltage 400 kv
Maximum peak vurrent 250 amp
Power input 100 megw
Power output 20-40 megw
Pulse duration 2 usec
Power gain 30 db

The last specification would permit one to drive all of
the tubes, namely 20, at 20 megw output, using a mas-
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ter oscillator which delivered about 4 megw, or allowing
for padding, and so forth, perhaps 1 megw. This was
within the range of available magnetrons. If necessary,
a klystron oscillator similar to the amplifiers could be
used.

In order to meet the gain requirement, it was neces-
sary that the klystron be a three-cavity cascade ampli-
fier, such as shown in Fig. 1.

Following are the detailed considerations which en-
tered into the selection of some of these specifications
and what is involved in meeting them.

B. Electron Beam Design

IFor operation at the required output power level, it
was necessary to analyze in some detail the relativistic
cffects on the operation of a klystron amplifier.? The
details of this analysis will be reported in a separate
paper, and only some of the results will be quoted here
as needed.

For a power output of 20-30 megw, assuming ef-
ficiencies between 30 and 40 per cent, something like
60-100 megw of beam power input are required. Such
cfficiencies are based on experience with low-power
klystrons. As will be discussed later, calculations indi-
cate that the efficiency would not be decreased until the
voltages approached extremely relativistic values.

With the requirement of 100 megw of beam power,
onc still has a range of choices of beam voltage and
current. At higher beam voltages and, therefore, lower
current, space charge effects would be decreased and
focusing problems would be simplified. However, there
are adverse relativistic effects which put a limit on the
feasible voltage. As the electron velocity approaches the
velocity of light, (at 510 kv, velocity of electrons is 86
per cent of velocity of light) changes in the electron
cnergy produced by the modulating gap voltage appear
essentially as changes in clectron mass rather than
velocity. It is the velocity modulation that is, of course,
required for klystron bunching action. Even at 400 kv,
where the beam velocity is 0.8 ¢, the per cent of velocity
modulation, as produced by a given ratio of modulating
voltage to accelerating voltage, is only 0.4 of the value
for nonrelativistic velocities. In addition, there are
obvious problems connected with the modulator which
become more difficult at the higher voltages.

If one goes in the direction of higher current and lower
voltage, space charge effects, both dc and rf, would tend
to become greater. Klystron operation .at conventional
power levels indicates that performance dcteriorates
somewhat as one tries to exceed perveances of unity.
As an example of voltage reduction which might be
feasible, consider a cathode of perveance of two at
which, presumably, the space charge effects would not
be appreciably worse than at perveance of unity. One
hundred megw input would require about 300 kv at

* M. Chodorow and E. L. Ginzton, “High Power Pulsed Klystron
Project N6onr-251, Task Order IX,” Microwave Laboratory Quar-
terly Report No. 1; September, 1947.
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330 amp, so that the reduction in voltage obtained is
not too significant compared to 400 kv and 250 amp at
the more conservative perveance of unity.

The question arises as to the influence of relativis-
tic voltages on the various space charge effects. Theo-
retical calculations were carried out to study several
phenomena, including transverse spreading of a beam
under the action of its own space charge, and the longi-
tudinal debunching of a velocity modulated beam. In
all these cases the effect of relativistic voltage was
merely to modify the debunching parameter %, some-
times called plasma wave number,® by 'a factor
(2/R4-1)¥4 where R=1/(1—8% =v/c. This means that
space charge effects will be slightly reduced as one goes
to higher voltages, but this is a negligible improvement,
as even at 400 kv this factor is only about 0.75 as com-
pared to unity at the very low voltages.

The gun to produce a beam of the required kind was
chosen to be of the Pierce type. This cathode is con-
ventional in every way, except size. It is designed by
standard procedures, and as it is used presently, is a
modification of one originally designed for us at Sperry
Gyroscope Company. It was decided to attempt to use
an oxide-coated cathode. Dimensions of the cathode as
finally used are such that the cathode area is about 55
sq. cm, and the maximum current density will not be
greater than 5 amp per sq cm. This can be taken as a
conservative number in terms of tests made on diodes
elsewhere. Therefore, there seemed to be no objections
to the use of an oxide cathode because of current density
limitations. Similarly, the gradients at the cathode were
also well within previously determined safe limits.

The only factor which could not be anticipated (be-
cause of lack of previous experience) was the effect of
ion bombardment at these high voltages. However, cal-
culations of the probability of ion formation by a 300
or 400 kv beam at the usual pressures indicate that the
rate of ion formation is very low and, therefore, the
number of ions available would be relatively small.
Further, most of these would be formed in the drift tube
where there are no dc fields to accelerate the ions toward
the cathode. The drift velocities are not great enough
to bring them to the cathode-anode region during the
pulse. The performance of the tube has born out these
predictions, and apparently oxide cathodes at these
voltages are practical.

One more factor which must be considered is the
effect of relativity on the Child-Langmuir L.aw. These
calculations were made by us* in 1947 and have been
quoted and recalculated recently in various publications
(in one case incorrectly). The result of the relativistic
voltages can be simply represented by a formula for the

3 The plasma wave number is more convenient to use in discussing
space charge effects than the plasma frequency since the former is a
constant independent of voltage for a constant perveance cathode.
h=0.03KY2/r, where ro is beam radius and K is perveance.

¢ M. Chodorow and E. L. Ginzton, “High Power Pulsed Klystron
Project N6onr-251, Task Order IX,” Microwave Laboratory Quar-
terly Report No. 2; January, 1948.
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relativistic perveance

3 eVo
Ko = K{1 —— )

28 me2)’

where K is nonrelativistic perveance, V,is beam voltage.
This indicates a lowering of the perveance of about 2
per cent at 100 kv, and 8 per cent at 400 kv. This is not
large enough to affect the design seriously.

Cathodes that were actually used are shown schemat-
ically in Fig. 2 and in a photograph, Fig. 3.

Fig. 2—Cathode-anode design for 400 kv, 250 amp gun. All
dimensions are in cm. a=30°; §=25°

C. Beam Focusing

The length of the rf portion of the klystron is deter-
mined by the fact that one must have sufficient transit
time between cavities to get the required gain. In a
cascade amplifier such as is being considered, to get the
gain required it turns out that distances of about a 4-
inch drift space between cavities 1 and 3, and 8 inches
between cavities 2 and 3, are required. The diameter is
also determined by rf considerations of adequate cou-
pling between the beam and the gap, and was chosen to
be about 1.25 in. These values will be justified in ap-
propriate later sections of this paper.

For the present considerations one need point out
only that with these values of length and diameter of
drift tube, it would not be possible to transmit the beam
through the drift tube without the use of magnetic
focusing. There exist calculations of the optimum trans-
mission of an electro-statically focused beam through a
cylindrical drift tube. One can obtain an optimum ratio
of length to diameter for a given perveance. As previ-
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ously stated, relativistic effects tend to improve this
slightly, but not sufficiently to permit the transmission
of a beam of perveance unity through a drift tube of the
length and diameter required here. The net conclusion
is that some means of magnetic focusing must be used.

_— o=y
1l 4 el e

Fig. 3—Cathode, heater, and support assembly. (See Fig. 6 for
an assembly drawing.) Cathode is a conventional oxide type.

According to previously published information, the
standard practice in magnetically focusing a beam had
been to immerse the tube in a strong axial magnetic
field. The electrons then start in a region of a strong
field. The elementary theory then shows that if a field is
strong enough, any transverse motion of the electrons
produced by their own space charge will cause the elec-
trons to spiral tightly around the magnetic field lines
and “follow the field lines.” Although this method would
seem simple to apply, it is essentially a brute force
method and requires unnecessarily strong fields.

For practical application, such strong fields are diffi-
cult to obtain. It was felt that a more detailed analysis
of magnetic focusing should be undertaken, and the
general treatment of magnetic focusing in an axially
symmetric field with an arbitrary distribution of field
was worked out.®® This included the case in which the
field has the same value at the cathode as in the beam
proper, as well as the case where the cathode is com-

8 M. Chodorow and E. L. Ginzton, “High Power Pulsed Klystron
Project N6onr-251, Task Order IX,” Microwave Laboratory Quar-
terly Report No. 3; April, 1948.

¢ K. L. Brown, “Focusing of the Electron Beam in a High Power

Pulsed Klystron,” Master’s Thesis, Stanford University; March,
1949,
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pletely magnetically shielded. For the gemeral case of an
arbitrary amount of flux going through the cathode,
with some other value of flux in the drift tube, and with-
out restriction to the case of a uniform field along the
axis, one can write for the radial motion of an electron

at radius r
e ) <¢ - ¢c)
87'm? Jr r '

where I, is the current and V), the voltage corresponding
to the average axial velocity of the beam, ¢ is the total
flux linked by the circle of radius r where 7 is the radial
position of the electron, and ¢, is the total flux inside
the circle defined by the radial position of the electron
at the cathode.

It is to be noticed that the effective inward force on
the electrons depends on the difference between the total
flux linked by the beam at the cathode and at the point
under consideration. Thus, any configuration of field in
which this difference is large uses the flux in an eco-
nomic fashion as opposed to the brute force or “infinite”
field method. The special case of no flux through the
cathode can thus be considered as a special and limiting
case of the entire range of field configurations covered by
our theory. For any configuration, if one knows the
field distribution one can calculate, either numerically
or otherwise, the electron trajectories in detail.

For the actual choice of a suitable magnetic focusing
field two designs were considered. The first was to locate
the cathode outside the magnetic field by using an iron
pole piece to shield the cathode anode region. The
second was to use a field configuration without iron,
such that the field flared out in the right manner to
make the field perpendicular to the cathode at the
cathode surface. If the flux density increases sufficiently
rapidly as one enters the drift tube, a very large, effec-
tive amount of focusing field is obtained.

Shielding the cathode completely leads to the special
limiting case mentioned above and to the type of elec-
tron flow which has come to be known as Brillouin flow.
Although the basic equations used in calculating this
motion were first worked out by Brillouin? in 1945, and
detailed trajectory equations have been subsequently
given by Samuels® and Wang,® as far as is known the
tube under discussion here has been the first one to use
anything other than a so-called infinite field.

For the case of Brillouin flow, it is necessary to intro-
duce the flux at the point of minimum diameter of the
beam in such a way that the beam is maintained at a
constant diameter thereafter. While theoretically this is
elegant, practically it is not always simple,'® and it is

dt? m Voll? r

7 L. Brillouin, “A theorem of larmor and its importance for elec-
trons in magnetic fields,” Phys. Rev., vol. 67, pp. 260-266; April, 1945.

® A. L. Samuels, “On_the theory of axially symmetric electron
beams in an axial field,” Proc. [.R.E., vol. 37, p. 1252; Nov., 1949,

® C. C. Wang, “Electron beams in axially symmetrical electric
and magnetic fields,” Proc. [.R.E., vol. 38, p. 135; Feb., 1950.

1® Unpublished work by workers at Bell Telephone Laboratories
has considered this injection problem in great detail.



1953  Chodorow, Ginzton, Neilsen, and Sonkin: Design and Performance of a High-Power Pulsed Klystron

doubtful whether accurate Brillouin flow has ever been
achieved except by accident. In addition, and much
more important, in any power tube the field for Bril-
louin flow under dc conditions is not the optimum field
configuration for a beam spreading under the action of
rf space charge effects at the output end. Because of the
uncertainty in the flux distribution with iron, and the
probability that pure Brillouin flow was by no means the
ideal solution for a tube operating with large signals, a
focusing system without iron, and with the flux lines at
the cathode being perpendicular to the cathode, was
chosen.

This meant that the electrons initially, and until they
get up to fairly high velocities, are unaffected by the
field. Beyond this, knowing the field configurations
exactly, it was possible by numerical methods to calcu-
late trajectories and to find how variations in flux dis-
tribution along the beam would affect the motion. These
calculations were carried out in great detail for various
coil and field combinations and for a range of values of
the initial slope of the beam at the anode. A certain
amount of unreliability in this initial slope'! also makes
an attempt to get pure Brillouin flow somewhat aca-
demic. The absence of iron permitted quite accuate
calculation of the dc trajectories, including the effect of
different exciting currents in solenoid of several coils.
This flexibility was considered to be useful since it
would enable one to vary the field along the trajectories
of the electron to take care of any rf spreading produced
by large signal behavior. These are usually not cal-
culable, but one can always adjust the field to produce
optimum power.

It was found in practice that a nonuniform excitation
was required for optimum adjustment. As an extra ad-
justment, it is possible also to wind a small coil ap-
proximately in the plane of the cathode, which pro-
duces an opposing field to the remaining coils. By this
means one can control the flux distribution at the
cathode quite closely. It was found in practice that
this also had some value in getting better power.

D. Electron Dynamics of Pulsed Klystrons

For the high voltages mentioned, it is necessary.to
consider the relativistic effects on velocity modulation
and the bunching process. Results of the detailed calcula-
tions can be briefly summarized. First, for a simple
gridded gap and a very small gap transit angle, the
velocity v of an electron after it leaves the gap will be

gl' en b)
0 ( 1

11 One conventionally uses a focal-length formula to describe the
effect of the aperture in the anode. This holds strictly for a small
aperture and does not allow for aberrations which are undoubtedly
produced by the large aperture and the effect of the hole at the
cathode. It is probable that the entrance slope obtained this way,
while accurate, is not accurate enough to permit exact evaluation
of the minimum beam position.
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where vy is the dc velocity, a= Vi/V,, the ratio of rf
gap voltage to beam voltage and R=1/+/1—p2. Com-
parison with the standard nonrelativistic results shows
that the only difference is the presence of the factor
2/R(R+1) (at low velocities this reduces to unity). As
previously mentioned, at 400 kv this is equal to 0.4 and
is considerably smaller at 500 kv. The only consequence
of this in the operation of a tube at extremely high volt-
ages is that a larger gap voltage is necessary to obtain
a desired velocity modulation.

For a finite gap transit angle, and no grids, one has to
modify this equation by the beam-coupling coefficient.
The beam-coupling coefficient is a product of two fac-
tors, one which depends on the gap spacing, and one
which is a function of the radial position of the elec-
tron, since electrons at different radial positions under-
go different amounts of velocity modulation.

The beam-coupling coefficient which depends on the
gap is unchanged by relativistic considerations, and is
still given by sin (D/2)/(D/2) where D is the transit
angle across the gap in radians. The radial dependency is
conventionally wrirten for nonrelativistic velocities as

Jo(GE'r)
Jo(jk,a)

where a is gap radius, r the radial position of the elec-
tron, and k’=2x/AB. This always tacitly assumes that
k' =27/AB is much greater than k=2w/A. In the rela-
tivistic case this is not true and the relativistic radial
coefficient becomes

Jo(jrA/ k' — k?)

Jo(jar/ k' — k%))

At 400 kv the effect is not negligible and is favorable.

At the time the tube was originally designed, ap-
proximate calculations were made on the rf space charge
effects, usually called longitudinal and transverse de-
bunching, to determine in some simple fashion the prob-
able effect of relativity.

Specifically, it was found that for a beam of infinite
cross section the longitudinal debunching could be ex-
pressed by changing the factor #=w,/u, by the factor
(2/R+1)%4. Similar results were obtained for trans-
verse spreading of a cylindrical beam, calculated in a
very simple fashion. Detailed calculations for correct
geometry which have been done subsequently'?** have
verified that the non-relativistic calculations merely
have to be modified by this factor, and in addition, by
replacing k' by \/k2—k?, as in the beam coupling co-
efficient.

The effect of the space charge debunching is to limit
the length of drift tube that can be used, since if one
goes to values larger than the optimum value, the space

121, Zitelli “Space Charge Effects in Gridless Klystrons,”
Microwave Laboratory Technical Report 149; September, 1951.

12 M. Chodorow and L. Zitelli, “Space Charge Waves in Mag-
netically Focused Beams,” Address at U.R.S.I. Meeting, Washington;
April, 1952.
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charge forces start to spread the bunches apart and
reduce the available current. There exist detailed calcu-
lations by Feenberg" which determine these optimum
lengths for various beam geometries for nonrelativistic
conditions. On the basis of the relativistic calculation
made for special cases mentioned, it was felt that it is
possible to use Feenberg’s results for determining the
optimum length with the relativistic correction obtained
for these special cases.

Feenberg's theory included the case of cylindrical
beams with zero magnetic ficld (positive ion focusing)
and infinite magnetic field so that, strictly speaking,
even in the nonrelativistic limit his calculations did not
apply to this case.

However, for all types of fields the optimum lengths
are not far different (usually in the range (k) opt = 3-5)
even though the detailed behavior of the beam and the
mathematics may vary markedly, depending on the
actual magnetic fields. The rf space charge effects for a
finite focusing field, specifically with zero flux through
the cathode, were treated subsequently to tube design
and do not disagree with this conclusion. -8

The optimum drift tube lengths, then, are deter-
mined by these rf space charge effects. Actually, these
were used to determine the drift tube length between
cavities fwo and three. It is desirable to maximize the
gain for this section so as to minimize the voltage in
cavity fwo. Even under these optimum conditions the rf
voltage required at the second cavity to produce op-
timum current at the third is quite large, of the order of
0.50 of the beam voltage.

To get optimum gain between cavities one and fwo
the same length should be used, but actually this would
have given much more gain than was required. The
voltage gain between two such cavities is of the order of
wN(R/R,), where R is cavity impedance, N is the
transit angle between cavities in cycles and R, is the
beam impedance Io/V,. This is not quite accurate, but
even with appropriate corrections, at the optimum
length, the voltage gain is about 50-60.

In order to simplify the problem of magnetic focusing,
it was decided to make the drift tube between cavities
one and fwo only long enough to give required gain and
no more. This is the reason, then, for the fact that the
distance between one and fwo is less than between two
and three. (No attempt was made to increase the ef-
ficiency by the expedient of making distances one-two
equal to two-three for a number of reasons, although it
was known that this could be done.)

E. Cavity Design

The cavities had to be designed to have: a) proper
interaction between the beam and the cavity; b) ade-
quate cavity impedance; c) proper coupling irises for
the input and output cavities so that the tube would

U E. Feenberg, “Notes on Velocity Modulation,” Report 5221-
1043, Sperry Gyroscope Company; September, 1945,

18 Zitelli, op. cit.

16 Chodorow and Zitelli, op. cit.
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look approximately matched at the input to the driver
and would be properly loaded by a matched output
line; d) to permit a certain amount of tuning; and e) a
tuning mechanism suitable for a cavity with large rf
voltages.

The question of adequate beam coupling depends on a
suitable choice of gap spacing and gap diameter.
Roughly speaking, the gap spacing must correspond to
a transit angle of less than a half-cycle. The beam
coupling coefhicient previously mentioned will approach
unity as one approaches zero gap spacing, but it is fairly
close to unity even at a quarter-cycle transit angle. Too
close a spacing will reduce the impedance of the cavity,
but more important, if the spacing is too close there is a
possibility of the so-called multipactor phenomena oc-
curring.'’.1® This is an electronic loading, produced by
a cascade process of secondary emission in the gap, in
which secondary electrons relecased from one surface
get across the gap in a half cycle under the action of the
rf fields. Because the rf voltage will be comparable to
beam voltage, in order to prevent multipactor, the
actual gap spacing should be equal to or greater than a
quarter cycle transit angle.

For beam transmission, the gap diameter should be as
large as possible, but there is a limit imposed by the
need to get uniformity of coupling to the beam. The
determining factor is the variation in beam coupling,
as given by the factor

To(irV/ET = B
To(jov/ B — B

For a\/k'?—k? equal to unity or less, the variation in
beam coupling across the cross-section is less than 10
per cent and is certainly tolerable. For the beam
voltages contemplated for this tube, this requirement
was more than adequately met by a gap diameter of
1.125 in.

The second item listed above was adcquate cavity
impedance. If one uses the gap diameters and spacings
dictated by coupling considerations, then for almost
any resonator built around such gaps it is found that
tfe unloaded impedance will be nearly equal to one

-million ohms. The exact number is not very relevant

since it turns out that in the range of operation the
cavity impedance is a completely negligible factor in
determining the rf losses. This is because the cavity is
heavily loaded by electronic beam loading, due to
finite transit time across the gap.

This transit-time loading has been calculated previ-
ously by various authors, with the results expressed as a
beam loading admittance or impedance. These were
again recalculated to find out the effects at relativistic
voltages. The results of the relativistic calculations can
be expressed by multiplying the nonrelativistic beam-
loading admittance by the factor 2/R(R+1). The values

7P, T. Farnsworth, “Television by electron image scanning,”
Jour. Frank. Inst., vol. 218, p. 411; 1934.

18 \W. G. Abraham, “Interactions of Electrons and Fields in Cav-
ity Resonators,” Ph.D. Thesis, Stanford University; 1950,
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of these beam loading admittances are proportional to
the dc beam admittance defined by I/ Vo=Gy=1/R,,
and the ratio is of the order of 0.05-0.1.

For the beam admittance in this tube, namely 250
amp at 400,000 v, i.e., 1,600 ohms, the beam loading
resistance is about 15,000 to 30,000 ochms. It is difficult
to say more precisely what this value is. The beam-
loading calculations have been made on the assumption
of either no axial magnetic field, or an infinite magnetic
field.

In the first case, radial motion of the electrons is per-
mitted in passing through the gap, which makes a con-
tribution to the beam loading. In the second case,
there is no radial motion due to the rf field, and no
contribution from this motion. Since a finite focusing
field was used, neither of these calculations applies ex-
actly, and all one can say is that the magnitude of the
impedance must be within this range. Whatever the
number is, it is obvious that this is a much smaller
value than the cavity impedance itself. Therefore, all
the impedance properties of the cavity are determined
entircly by the electronic loading rather than by the
cold cavity impedance.'® This is particularly relevant
in choosing the coupling iris for the input cavity.

The final cavity design is shown in Fig. 4. The
rectangular cross section was used merely because of the
ease of fabrication. The input cavity iris is so chosen
that when the tube is in operation, the standing-wave
ratio looking into the cavity is close to unity. Q-external
of this iris should therefore equal the loaded Q of the
cavity, and, as it has already been pointed out, this will
be almost entirely determined by the beam loading.
Due to the uncertainty in this beam loading, Qext of
about 300 was taken as appropriate. At worst this would
give a swr of about 2. This assumes the loaded imped-
ance of the cavity Rsy = 30,000 and Rsy/Q=100.

For the output cavity, the coupling condition is de-
termined by the requirement that the tube shall deliver
maximum power into a matched guide. Here, the im-
pedance one wishes to present across the output gap is a
little uncertain because of the absence of an exact large-
signal theory.?® However, the calculations for gridded
gaps, which then existed and which we have since ex-
tended to gridless gaps,? all indicated that optimum
power is to be expected from the electrons when the rf
voltage across the gap is approximately equal to the ac-
celerating voltage, with the impedance across the gap
about equal to the beam impedance.

It should be pointed out that this is a condition which
applics only for a case where the beam impedance is
sufficiently small, i.e., when there is sufficient current.

19 This result will be true for almost any pulsed klystron using
reasonable perveances. The beam impedance Vo/Io decreases with
voltage as 1/K V,"/? where K is the perveance, and for voltagesin the
range of 50°%kv up, Vo/Io has values of about 3,000-2,000 ohms, the
beam loading impedance is roughly 10-20 times as great and this
will usually be a much smaller number than the impedances of the
cavities used at these voltages.

2 Feenberg, op. cit.

21 J_ H. Tillotson, “Large Signal Behavior of Gridless Klystrons,”
Ph.D. Thesis, Stanford University, Stanford, Calif.; July, 1950.
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Under these circumstances, the equivalent load im-
pedance is much smaller than the cavity plus beam load-
ing impedance, and the circuit efficiency is quite high.
For a low beam current, even with optimum bunching,
the rf voltage across the cavity may be considerably
smaller than the beam voltage. If there is no question of
turning back electrons, then the condition for optimum
power delivered to the load is to have the load imped-
ance just equal to the cavity impedance. This is the
condition one gets for a constant current generator
with a fixed internal impedance. This is a true repre-
sentation of the current at the output cavity for small
rf voltages, in which casc the circuit efficiency is 50 per
cent. If the rf voltage under these conditions turns out
to be much larger than the beam voltage, then this
reasoning no longer applies and the statcments previ-
ously made do.
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Fig. 4—Cavity resonator as used in the 20-megw klystron; (a) is
the profile, and (b) is the top view of the cavity.

For this tube, these latter conditions are certainly
well fulfilled since the beam impedance, as previously
stated, is of the order of 1,500 to 2,000 ohms, and to
reduce the rf voltage to beam voltage the total gap im-
pedance must be of this order. Since the cavity im-
pedances (including beam loading) is perhaps 30,000
ohms, essentially all the impedance that the beam sees
will be due to the external load. Calculations indicate
a Qext of about 20 or 30 would result in an impedance
across the gap of about 2,000 ohms, with a matched load
in the line. These are the numbers that were actually
chosen and result in a wide coupling aperture.

The tuning mechanism was chosen as a matter of
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convenience, though there were certain special restric-
tions because of the existence of large rf voltages in the
cavity. As shown here, it is a flexible diaphragm which
is folded back, and free at the ends. These ends can be
free, since the current flow in the cavity is parallel to
these edges of the diaphragm. The diaphragm is moved
by means of a bellows and post behind the diaphragm,
and one can distort it appreciably without being con-
cerned about small cracks developing since the whole
mechanism is in vacuum.

Since the cavities for this tube operate in a range of
rf voltages, which were to be larger than in any previous
tube at this frequency, it was felt that tests should be
made to examine whether any discharge effects would
occur. A series of tests were run on a cold cavity driven
by a pulsed magnetron.? Because the cold-cavity im-
pedances are high, it was possible to develop rf voltages
of the order of 400-500 kv. It was found that in the ab-
sence of an axial magnetic field the cavities behaved in a
perfectly normal fashion. With an axial magnetic field
there was evidence of cavity loading of some sort and
evolution of gas and x-rays. However, these disorders
were found to disappear after a few hours of operation.
Subsequently, it was found that by care in the process-
ing of the cavities and maintaining the surfacesvery
clean, these phenomena would not occur and the cavities
can stand the rf voltages required in operation.

F. Collector

The remaining problem in the design of this tube in-
volves the beam collector. As has been previously
pointed out, its only function is to collect the beam, and
therefore it can be made any size or shape which is de-
sirable for the power dissipation, as required. This is
one of the most important reasons why one can go to
such extremes of pulsed powers (and presumably aver-
age powers) with a klystron.

For our application, the average power input is only
of the-order of 12 kw, and with a cylindrical bucket of
the correct size and adequate cooling, there is no diffi-
culty in dissipating this much average power. There is,
however, a special problem which has to do with peak
power. If a high-intensity pulse of sufficiently short
duration impinges on a flat surface, then the thermal
constants of metal are such that the heat generated does
not penetrate into the surface an appreciable amount
during the time of the pulse. The surface will be heated
between the beginning and end of the pulse by an
amount which is independent of the cooling applied as
long as the thickness of the metal is greater than some
thermal skin depth.® (Of the order of 0.1 cm. for Cu.)

For example, for the beam intensity such as exists in
this tube, calculations indicate that if the beam were
not spread in any way, but was incident normally on a

1 These tests were made by A. Harrison and A, Eldredge. “High
Power Pulsed Klystron Project N6onr-251, Task Order IX,” Micro-
wave Laboratory Quarterly Report No. 2; January, 1948,

1 A, M. Clogston, “Microwave Magnetrons,” M.I.T. Radiation
Laboratory Series, McGraw-Hill Book Co., Inc., New York, N. Y.,
vol. VI, pp. 520-523; 1948,

PROCEEDINGS OF THE I.R.E.

November

flat copper surface equal to the area the size of the
beam, the temperature rise between the beginning and
end of the pulse would be of the order of 9,000°C.
Therefore, it is necessary to build the collector in such a
way that the beam be dissipated over a sufficiently
large area to reduce the peak power density to a safe
limit. This was done in the collector by tapering it so
that the beam, as it spreads, distributes itself along a
large area which reduces the peak power density to
a tolerable value. The collector is shown in Fig. 5.
The estimates of required areas for power dissipation
are slightly pessimistic since they assume that all the
power is dissipated directly at the surface. Actually, the
high-voltage electrons penetrate a considerable distance
into the copper and distribute their energy over some
finite thickness. For 400-kv electrons, for example, the

Fig. 5—Design of the beam collector and water-cooling jacket.

range in copper is about 0.01 cm. A calculation on the
basis that the energy of the electrons is uniformly dis-
tributed through this thickness would indicate the tem-
perature rise at the end of the pulse to be only 1,100°C
instead of 9,000°C as above. This is still greater than
tolerable and requires that the area be quite large.

II11. GENERAL DESIGN AND MECHANICAL
CONSTRUCTION

Having considered the various basic questions per-
taining to the design of the individual components of
the klystron, the problem of complete design and con-
struction will be considered next. For the sake of com-
pleteness, the design values are collected below.

Pulse length 1-2 psec
Beam voltage 400 kv
Beam current 250 amp
Cathode current density 4.7 amp/cm?

Perveance

Drift-tube diameter

Drift-tube lengths
first to second cavity
second to third cavity

Cavity gap spacing

Q, for all cavities

R/Q for all cavities

Q. (input)

Q. (output)

Cathode

Heater power

Fil. Voltage

Fil. Current

Cooling water

1.25X107% amp/volts®/?
1.25 in

3.94 in

7.875 in

0.800 in

6,000 (approx.)
100-120 (approx.)
400 (approx.)

30 (approx.)
oxide, indirectly heated
800 w, max.

222 v

36 amp

2% gals/min.
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Fig. 6—Simplified assembly drawin

Magnetic field
Magnetic-field coil
current

1,000 gauss, approx.

30 amp, max.

A. Tube Construction

To insure long-life of the klystron in normal opera-
tion, the tube was built so it could be thoroughly out-
gassed by baking. It was also felt best to follow nor-
mal tube manufacturing practice wherever practicable,
and to avoid anything that would preclude the tubes
being sealed-off, if desired or necessary. Because of
these reasons, hard brazing was used exclusively. Hav-
ing access to sufficiently large hydrogen brazing fur-
naces, it was decided to build this klystron principally
of oxygen-free copper (OFHC), using gold-copper and
silver-copper brazing alloys exclusively. It was further
felt necessary to provide a simple method of repairing
or replacing the cathodes. Because of the above require-
ments, ordinary gaskets in such joints were avoided.

A simplified assembly drawing of the klystron is
shown in Fig. 6. The cathode assembly A4 is supported
by means of a stainless-steel tube B from the base-plate
C. The material of the tube B and its dimensions have
been chosen with some regard to heat-loss through such
a support. The support is electro-polished to reduce
electrical gradients near the glass insulator G, and is
vacuum-fired prior to final assembly. The filaments E
are heated by means of ac current, with the voltage
being supplied through lead D at the base C. The glass
insulation G is nonex glass, feather-edge, sealed to cop-
per. The glass is sand-blasted inside, with the feather-
edges being protected by “corona-shields” H. The last
two features have been added as precautionary meas-

l
+
;

g of the pulsed klystron amplifier.

ures; it is not known if they are really required. Photo-
graphs of the cathode assembly A and its support B
are shown in Fig. 3.

The cathode surface is made of % in. pure nickel,
covered by nickel mesh (0.005 in wire, 80 by 80 wires
per in.). The mesh is spot-welded to the nickel surface at
about % in. intervals. The spot-welding is done under
alcohol to prevent oxidation. The cathode paint is or-
dinary oxide material, RCA 144 mix. It is applied with
a brush, in several layers, and dried under a lamp. Total
coat thickness is about 0.010 in.

The physical relationship of the cathode assembly to
the remaining parts can be best understood by compar-
ing Figs. 3, 6, 7, the latter being a composite view of
several of the sub-assemblies.

As can be seen from Fig. 7, both the cathode assembly
and the klystron are equipped with thin flanges. These
are made of nickel and mate when assembled, as shown
in Fig. 6. The final vacuum joint is made on the klystron
by heliarc-welding of the two flanges together. Replace-
ment of the cathode is then possible by cutting off the
heliarc weld (losing in this process about #g of an inch
(radially) each time; the nickel flanges are long enough
to allow about ten cathode replacements).

The pump-out tube is located near the cathode and
had to be large to maintain adequate pumping speed
during activation of the large cathode. The diameter of
the tube was 3} in.—probably larger than necessary.

The cavity resonators are fabricated from home-made
electroformed waveguide because of a) special dimen-
sions, and b) unavailability of OFHC rectangular tub-
ing. Electroforming produces excellent OFHC copper
about 50 per cent of the time (if and only if the operator
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is known to be diligent, careful, patient, and of good
moral character). The tuning diaphragmsare of 0.003 in.
monel for the sake of flexibility, plated with 0.001 in.
of copper. The bellows through which the motion is
transmitted to the diaphragms is also of monel. The
construction of the cavities should be self-evident from
Fig. 4.

Fig. 7—Photograph showing the relation between the various

klystron sub-assembly units.

The assembly of the klystron is carried out in an obvi-
ous fashion. The “rf section” is stacked together, with
brazing material imbedded wherever required, and the
brazing operation of the cavities, drift-tubes, reinforc-
ing ribs, water-cooling jackets, and so on, is made in
one operation in the hydrogen furnace. In the next
major operation, the cathode glass-seal, the collector,
and the window assemblies are silver-brazed to the rf
section. This is done by immersing the glass seal into a
tube of water, and stacking the various parts on top,
wiring them in place with wire wherever necessary. The
tub is filled with hydrogen, and oxygen-acetylene hand
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torches are used to heat the required area. Heliarc-
welding is used to attach the input window frame
(Kovar) to the completed assembly.

B. Focusing Coils

The focusing coils are wound around the klystron on
water-cooled forms, the latter being bolted directly to
the klystron support. The coils are wound with copper
wire, insulated with a woven glass sleeve. The reason
for winding the coils as a permanent part of the klystron
is a matter of convenience only. The baking of the glass-
covered wire causes some oxidation of the wire, but no
significant changes in its resistance have been observed.
The glass insulated wire is custom-made only to the ex-
tent that the usual binder in the insulation is avoided,
as the latter carbonizes in baking, causing partial short-
circuits.

C. Completed A ssembly

Two klystrons are shown in Fig. 8. One at the left
is shown just before the focusing coils are wound, while
the one at the right has the focusing coil, the water-
jacket on the collector, the outer corona shields around

Fig. 8—Two completed klystrons: one at left less its focusing coils;
at right with coils and cooling jackets in place.

the cathode bushing, and the tuning micrometers at-
tached to the cavity below. In this condition, the kly-
stron is ready to be placed on the pumping table, to be
coupled to the vacuum system, and processed. The proc-
essing operation and performance will be described later.

IV. AUXILIARY EQUIPMENT
A. X-ray Shielding

Unfortunately, a klystron operating at 400-kv level
is a very strong source of penetrating X-rays. These
need to be shielded in order to make the device safe for
personnel in its immediate proximity.
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From Bureau of Standards data,” one can deduce
that a klystron, operating at 400 kv and 30 ma average
current, will produce about 1,100 roentgens per hour.
To reduce this to the desired standard tolerance rate of
7.5 mr/hr, for a man working in the vicinity of the tube
40 hours a week, would require an attenuation factor of
about 1.5X10%. Using information in available tables,*
it is found that 2.8 cm of lead is required.

Actually, there are two considerations which will
modify the above conclusions. The tables predict the
x-ray intensity on the basis of monochromatic radiation.
In practice, a continuous X-ray spectrum is produced,
and most of the radiation is less penetrating than those
that correspond to the limiting 400-kv energy. The
second omission has to do with the fact that an oscillat-
ing klystron has groups of electrons accelerated to
voltages approaching twice the beam voltage, i.e., to
800 kv. This would produce greater X-ray intensity,
with greater penetrating powers. These considerations
complicated the problem, as the velocity and space dis-
tribution of electrons in an oscillating klystron cannot
be predicted with any degree of precision in the region
beyond the third cavity. It is thus best to use the calcu-
lated thickness of lead as a guide, and to determine the
safe radiation protection by suitable experiments with
an operating tube.

This was done, and Fig. 9 shows the distribution of
lead as is used in the laboratory. This amount of shield-
ing is deemed adequate if no personnel is allowed within
six feet of the tube for prolonged periods of time. Even
with this amount of protection, there are regions in
space in which the radiation is excessive. These are the
area below the cathode end, above the collector, and in
direction of the output waveguide.

In our case, these areas were of no consequence, but
point to the problems of making a high-voltage, high-
power klystron a really safe device. The reader should
note that the efficiency of generation of X-rays and their
penetrating power vary rapidly with voltage. A tube
designed for a lower voltage would have much less
radiation danger.

B. High-Voltage Pulser Design

When the project was started, it was not at all plain
that 400-kv pulses could be generated with pulse-
lengths of the order of one usec duration. It was feared
that in order to provide adequate insulation for the
various cathode parts, the resultant capacity would be
so high that it would be impossible to obtain the re-
quired rise time. Fortunately, these fears proved un-
founded, and the problem of generating the pulsed
power at high voltages does not seem to be greatly dif-
ferent from the usual practice at levels previously ex-
plored, such as at 50 kv.

% “Medical X-ray Protection up to Two Million Volts,” U. S.
Department of Commerce, National Bureau of Standards, Handbook
41: Superintendent of Documents, Washington 25, D. C.

b )?-ray mass absorption-coefficients compiled by S. J. M. Allen
are tabulated in the Handbook of Physics and Chemistry. Chemical
Rubber Publishing Co., Cleveland, Ohio; 1949.
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As a preliminary to the construction of the pulser,
tests had to be made on the voltage breakdown proper-
ties of various insulators that might have to be used.*
The high voltages were obtained by charging a 700-foot
open wire line to 650 kv by means of a 60-cps trans-
former set and discharging the line every half cycle
through a water load by means of point to sphere gaps.
The voltage across the load was used to test various

insulators.
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Fig. 9—X-ray shielding of the klystron, showing location and thick-
ness of lead required to establish relatively safe protection.

While outside the interest of this paper, the results
proved to be most encouraging. Oil, for example, could
stand about 330 kv per in. and the presence of substan-
tial amounts of water did not change its dielectric
strength. It appeared that for most things tested, one
usec was too short a time to establish electrical break-
down, and resultant dielectric strengths were most
gratifying. Breakdown occurred in “Special Marcol” (a
transformer oil), at 330 kv/inch; polystyrene in oil at
260 kv/inch; porcelain stanfoff insulator in oil, less than
35 kv/inch; Nonex 772 Glass tube (oil filled), in oil,
300 kv/inch.

On the basis of these tests, it was decided that the
glass bushing of the klystron would be located in the

% This equipment was built and the tests made by C. Jones of
Stanford Microwave Laboratory.
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same bath of oil in which the 400-kv voltages were gen-
erated. If, for example, a suitable pulse-transformer
could be developed, then only moderately high voltages
would have to be handled in air by the remaining com-
ponents, and the whole problem of generation of the
required pulsed power would approximate the usual
practice.

With this in mind, pulse transformers of various kinds
were studied. Without giving the details of the work, we
will merely state that the problem did not turn out to
be very difficult. Several types of transformers were
built, mostly successfully.?

a) A self-supporting winding made of }-in. copper
tubing, with a design value of about 6 kv per
turn.

b) A ribbon-type, patterned after a University of
California Radiation Laboratory design, resem-
bling paper condenser winding, with about 1 kv
per turn.

¢) A wire-wound polystyrene supported winding; to
be described more fully below.

All of these were wound around a 0.002 in. hipersil
strip, built up to about 4 X4 in. cross section, with win-
dow size of about 6X13 in. The transformer presently
being used is shown in Fig. 10. It consists of two pri-

— b
o |y e

R T RO S SRS TR T

Fig. 10—Photograph showing a 400-kv pulse transformer with a 6:1
step-up ratio. This model, one of the latest models, uses about }
kv per turn.

X D-,, B

maries in parallel, one wound on each leg of the core
and two secondary coils in series, also wound on each
leg. The ground connection to the secondary is through

27 This work will be reported elsewhere. It was done principally
by R. Neal, P. Pearson, and M. St. Clair of the Microwave Labora-

tory. We were helped in our first design by R. Gillette who was then
employed by the Sperry Gyroscope Co.
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a meter shunted by a capacity, which provides a read-
ing of the average klystron current.

Embodying these common features, many types of
pulsers were considered, and several were built and
tested successfully. As it is hoped to publish a separate
paper on this work, only a brief description will be
given of one satisfactory model.

The essential features of the line-type pulser are shown
in Fig. 11. The inductors L and the capacitors C make
up the artificial transmission line, or pulse-forming-net-
work. This pulse-line is charged by the method com-
monly referred to as ac-resonant-charging, and is dis-
charged once per cycle of the ac supply. The charging
choke is selected to have an inductance so that in com-
bination with the leakage inductance of the high-voltage
transformer it forms a series resonant circuit with the
transformed capacitance nC of the pulse-line (where 7 is
the number of sections in the pulse-forming-network).
This series resonance can be made to occur at the supply
frequency, and results in the transient build-up of volt-
age across the pulse-line, which is characteristic of ac-
resonant-charging. The pulse-line is switched to the
load by means of a triggered gap, as indicated in the
diagram, and a pulse of length 7=2n(LC)"? flows into
the load.

Triggered

Chorging Gop
Chones RFC |

Pulse Forrng Network

60 C C C C [ C C
% | IFTTITITT
Voroc 4 [
Migh Voltage

g"g To Klystron

L

PulseTronsformer

Fig. 11—One type of 100 kv, 1,000 amp, 2 usec modulator. An
important feature of this ac-resonance-charging modulator is the
novel triggered gap. See text for further details. The pulse trans-
former steps the voltage up to a maximum of 400 kv.

Early model pulsers used a rotary gap for the switch-
ing, but this was mechanically awkward, had a large
jitter time, and operated over only a relatively small
voltage range without physical adjustment of the gap.
Suitable electrically-triggered gaps have been devel-
oped?®® which operate satisfactorily over a wide voltage
range (10 to 1 or so) without mechanical adjustment.
The jitter time is of the order of hundredths of a usec,
so that the pulse of the klystron can be synchronized ac-
curately with other operations.

There is one difficulty that sometimes occurs in con-
nection with ac-resonant-charging and the use of the
triggered gaps mentioned. If for any reason (intentional
or otherwise) the gap does not fire, then during succeed-
ing cycles there is a continuing resonant build-up of
pulse-line voltage. This higher-than-normal voltage

* P. A. Pearson, “Pulsers for the Stanford Linear Accelerator,”
Ph.D. dissertation, Stanford University, Stanford, Calif.; 1952,
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may cause the gap to fire (even if it is not triggered)
thereby giving the klystron a higher pulse voltage than
normal, and even sometimes one of the wrong polarity.

It should also be noted that the klystron beam-im-
pedance varies inversely as the square root of the beam
voltage. Hence, the characteristic impedance of the
pulse-line can match its klystron load at only one
voltage. At other voltages a mismatch occurs and with
it, reflections. In general, it has been found that these
reflections can be tolerated, and that klystrons can be
operated at differing voltage levels without doing any-
thing at all about the impedance mismatches. The
requisite voltage variation is accomplished through
change of the voltage applied to the primary of the
high-voltage transformer by means of the variac, as
shown in Fig. 11.

The operation and design of such pulsers is well
understood, and has been adequately described in the
literature,?? but only for voltages relatively low com-
pared to the ones of interest here. Fortunately, it has
been possible to extend the design to high-voltage levels
without undue difficulty.

Some thought was given to the direct production of
400-kv pulses. When the pulse-line works into a matched
load, the pulse voltage is one-half that to which the line
is charged. For the production of 400-kv pulses, this
would then require the line to be charged to 800 kv. It
appeared more practical to produce the pulses at some
lower voltage and build a suitable pulse transformer for
the required voltage step-up. Blumlein, Marx, and other
circuits have also been tried, but shall not be described.

C. High-Power Waveguide Components

For the sake of simplicity, and on account of special
requirements imposed by linear accelerator systems, it
was decided to evacuate the output waveguide system.
In other applications, pressurization would have been
more sensible, and is no doubt possible, although we
have had but limited (although successful) experience.
Many special problems were encountered with the de-
sign of evacuated waveguide components, but these do
not seem to be of sufficient general interest to be de-
scribed here.3?

One of these components, however, may be of inter-
est. An artificial load is required to test the klystron,
the requirements being:

1. Capable of handling 2X107 w or more of peak

power.

2. Electrically matched to standard 1}X3 in. wave-

guide.

3. Suitable for high-vacuum operation.

Unfortunately, most “vacuum-clean” materials do
not provide enough attenuation per unit length to make

1 G. N. Glasoe and J. V. Lebacqz, “Pulse Generators,” M.LT.
Radiation Laboratory Series, McGraw-Hill Book Company, Inc.,
New York, N. Y., vol. V; 1948.

30 [, T. Neilsen, “Design and Performance of a High Power
Pulsed Klystron,” Ph.D. dissertation, Stanford University, Stan-
ford, Calif.; 1952.
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a termination of reasonable physical size without doing
something special. Iron was tried but the surface
quickly oxidized and the resulting iron oxide caused
vacuum troubles. Various other unsuccessful expedi-
ents were tried.

A final design was made which has been completely
satisfactory, consisting of a low-impedance ridged wave-
guide, such as shown in Fig. 12. It is fabricated of 410
stainless steel, made in two matching halves and welded
in an argon atmosphere. The load is 54 in. long and in a
length of 24 in. tapers from standard 1}X3 in. wave-
guide to a ridge spacing of 0.35 in. In the last 30 in. the
ridge spacing is kept constant but the width of the
guide is decreased so that its cut-off frequency:increases.
This results in an increasing attenuation per unit
length as one goes down the load and provides a more
uniform distribution of power dissipation than a con-
stant attenuation structure.

Stroight Toper
from 2 340" %0 080"

MMM
B SOMNMITINTIRNNSRNSNS g
Esponennoal Teper Strolght Gop
from 1340”10 035" of 038"
24" 30"

Fig. 12—Details of a high-power termination, capable of handling
more than 10 megw when evacuated. It is a tapered ridged
waveguide.

D. Vacuum System

In the original tests of the high-power klystron it was
found that the production of an adequate vacuum pre-
sented some difficulties. A great deal of gas was given
off during baking, cathode conversion, and during the
early stages of tube operation. Various factors, to be
discussed later, contribute to better vacuum conditions
in current operation. As a result of experience, a satis-
factory vacuum system which is now a part of a stand-
ard klystron “package unit” was arrived at.

The photograph of such a package unit is shown in
Fig. 13. Visible in the photograph are the Welch 33}
liter per minute mechanical forepump, the Litton dif-
fusion pump, and the liquid nitrogen trap. The latter
was considered to be preferable to a charcoal trap since
it was found that the charcoal trap did not prevent oil
from getting to the cathode. The mechanical pump is
spring-mounted so that its vibration is not transmitted
to the tube. On the left of the cold trap, the ionization
gauge for continuously monitoring the vacuum can be
seen. On the panel are switches for the pumps and an
automatic control unit for the ionization gauge.
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Fig. 13—Klystron mounted on a vacuum table. These klystrons are
continuously pumped, and the entire system is called a “package
unit.”

V. OPERATING CHARACTERISTICS
A. Processing of the Klystron

The last step in the assembly of the klystron is inser-
tion of the cathode and the heliarc welding of the nickel
eyclet, as previously described. If it is found to be
vacuum tight, it is placed on a special rotating table
and the glass-insulated focusing coils are wound in
place. Electrically-heated ovens are then placed over the
tube, and the tube is baked from four to six hours at a
temperature between 400° and 425°C. The temperature
is raised slowly so that the vacuum is not allowed to
get worse than 10~ mm of Hg at any time. The tube is
baked until the pressure goes down to about 2 X10-¢
mm with the tube at baking temperature. Approxi-
mately 25 w is run into the cathode heaters during the
bake-out.

Cathode conversion is accomplished in approximately
three hours. The time required depends somewhat on
the thickness of the cathode coating. During the con-
-version period the heater power is raised as rapidly as
possible while keeping the vacuum always better than
10~ mm of Hg. There are three distinct steps which can
be observed in this process. First, as the heater power is
raised, there is an immediate gassing from the heaters
and heater supports. Second, there is gassing associated
with the breakdown of cathode-coating binder at about
300 w heater power. Third, the major source of gas is
the chemical breakdown of the coating material itself,
As the heater power gets up around 800 w, it is observed
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that the vacuum in the klystron starts to improve and
continues to impreve even though the heater power is
advanced to 1,000 w. This is an indication that the
conversion process is complete. At this time cathode
emission is checked with low voltage dc—40 milli-
amperes at 1,000 v being a representative value. After
the tube pumps down to about 2X10~®* mm of Hg
(with the cathode siill hot) it is ready for pulsing.

The tube is first operated as a diode on usec pulses.
100 kv is a convenient voltage at which to begin pulsing,
and this voltage is gradually increased until the tube
stands full voltage without gassing. As usual, it is found
desirable to go to a voltage somewhat higher than it is
planned to use for steady operation in order to get stable
performance at a lower voltage.

As the pulse voltage is gradually raised, there are
usually gas bursts in the tube which make it necessary
to turn off the pulser, and in many cases go to a lower
voltage again before operation can be resumed. There
is a gradual clean-up of some sort, however, and the
voltage at which break-down occurs gets higher and
higher until finally stable operation is possible at the
desired voltage.

After operation as a diode at the desired beam voltage
becomes steady, the klystron is operated as an rf
amplifier. In the first tests a great deal of further out-
gassing was necessary as high rf levels were attained.
This effect was so pronounced that it was actually pos-
sible to tune the klystron cavities by watching the ion
gauge meter. Fortunately, this rf gassing is no longer
typical of high-power klystron operation. This is prob-
ably due in part to better general technique in tube
manufacture, but it is thought very likely that effective
trapping of the diffusion pump (through the use of a
liquid-nitrogen cold trap) so that pump oil vapor is
kept out of the tube is a very important factor. The
present fairly typical behavior is to process a tube for
10 megw operation in an eight-hour day, including
tuning up, and so forth.

In testing the first high-power klystrons, various dif-
ficulties, some of them quite serious, were encountered in
connection with processing and early phases of opera-
tion. The process described above as requiring possibly
a few hours, at first required weeks. Even the conversion
of the cathode was very slow. So much gas was given
out that the pumps were kept near the stalling point
for from 10 to 15 hours. The great improvement in this
particular situation was accomplished by a number of
expedients,

The first few trials were ruined in a short time by elec-
trical puncturing of the glass-seal. This puncturing oc-
curred most frequently near the copper feather-edges of
the housekeeper-type seals. A number of tubes were
ruined in this way, and for a while it appeared to be a
very serious problem. The difficulty has been eliminated
by means of the following changes, and failure due to
puncturing of glass seals is now a rare event.
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1. Corona shields around the copper feather-edges.
(See Fig. 14.)

Thickening of the glass over the feather-edges.
Sand-blasting the inner surface of the glass.

4. Incorporation of an electronic switch which shuts
off the pulser in a single cycle if the gas pressure in
the tube rises above some pre-set value.

The relative importance to be assigned to each of the
above is not known. However, it appears that some de-
vice such as is mentioned in item 4 may be essential to
the successful processing of these tubes. With such an
arrangement in operation a gas burst may be produced
in the tube by a given pulse, but the tube will not be
pulsed again until the vacuum pumps have reduced the
gas pressure to a safe operating value. The first arrange-
ment of this sort which was tried made use of a mechan-
ical relay which was operated by the ionization gauge.
This device required a number of cycles for operation
and was not fast enough to prevent puncturing.

&0
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Fig. 14—Corona shields around the edges of the cathode bushing.

Two electronic circuits have since been developed—
both of which operated satisfactorily. Both circuits op-
erate from a signal delivered by a standard ionization
gauge. This gause is located sufficiently near the tube
and with a large enough tubulation into the gauge so
that significant changes in the gas pressure within the
klystron are reported by the ionization gauge in a time
that is short compared to 1/60 sec., i.e., in less than the
time between pulses.

B. Observed Performance

The high-power klystrons have been operated as di-
odes at voltages exceeding 400 kv. Fig. 15 shows beam
current versus beam voltage on a logarithmic plot. The
straight line with the 3/2 slope indicates space charge
limited operation over the entire range from 1 kv to 400
kv. As was mentioned, it is the practice to check the
cathode emission of newly converted cathodes at 1 kv
on a dc basis. The higher points on the plot were ob-
tained on a pulsed basis. As mentioned in section C,
there is an 8 per cent decrease in perveance at 400 kv
due to relativity effects. As there is some uncertainty in
the measurement of instantaneous pulse voltage, the 8
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Fig. 15—Diode characteristics of the cathode gun.

per cent is within the experimental error and is not in
evidence. In some cases of partially poisoned cathodes, a
droop in this emission curve is observed, indicating par-
tial temperature limitation. Normal cathodes exhibit
space-charge limited operation up to the highest volt-
ages tried.

There is no reason to assume that the voltages and
currents shown represent maximum values for this tube.
The only difficulties so far appearing tolimit higher-level
operation have been of an obviously nonfundamental
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Fig. 16—Power output vs. beam voltage.
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type. The rf output as a function of beam voltage is
shown in Fig. 16. The rf input, magnetic focusing field,
and output cavity loading were optimized at each level.
This particular curve shows power outputs up to 17
megw; later measurements carried this up to 21 megw.
A plot of efficiency versus power output is shown in
Fig. 17. These data indicate that the efficiency is prac-
tically constant in the range from about 16 to 20 megw.
Later measurements seem to suggest that the efficiency
curve reaches its maximum around 15 to 17 megw.
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Fig. 17—Dependence of efficiency upon rf level.

Fig. 18 shows the dependence of output on output
impedance. The data for Fig. 18 were obtained by
setting the pulser for a given voltage, thereby estab-
lishing a certain value for the beam current as indicated
on each curve of the family shown. The voltages cor-
responding to the currents indicated can be found by
reference to Fig. 16. The rf drive, magnetic focusing field,

RF Output , Megawatts —>»

I\
. 2 4 6 8 | 2 4 6
Normalized Admittance at Detuned Short, G/Go —_—

Fig. 18—RF output vs. output cavity loading.
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and cavity tuning were optimized for maximum output
for each measurement. The curves show rf output as a
function of the admittance at the detuned short (nor-
malized relative to the characteristic admittance of the
output waveguide, V).

Actually, the admittances chosen were pure conduct-
ances. A reactive component would be just equivalent
to a detuning of the output cavity. Comparative data
are available only for outputs up to 14 megw. It is clear
from the curves that optimum loading is heavier at
the higher power levels. Isolated measurements, in the
region of 20 megw seem to be in accordance with the
more complete data shown at lower levels. It seems
probable that a matched waveguide is close to optimum
load for power outputs of about 25 megw.
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Fig. 19—Power gain as a function of power output.
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Fig. 19 is a plot of power gain as a function of output
loading. Cavity tuning, and input rf drive power were
all optimized for maximum obtainable output at each
becam power level. The power gain is found to depend
quite critically on the tuning of the high Q middle
cavity.

Some of the calculations in regard to beam focusing
suggested that part of the beam was being intercepted
by the anode face. This seemed to be confirmed by
experiments performed with a beam tester. It appeared
that a slight modification of the geometry of the anode
hole would increase the percentage of the beam trans-
mitted down the drift tube. This change was made in
two tubes, and the expected improvement in beam
transmission was apparently realized.

In testing these two modified tubes, a new phenome-
non was observed. What appeared to be fairly large
amounts of rf power was radiated from both the output
and the input windcws. This power was observed even
in the absence of rf drive power. Further investigation
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disclosed that this radiated power had a free-space
wavelength of about 5.2 c¢m. This was not sccond-
harmonic output. Tuning the klystron cavities caused
the frequency of this spurious rf to change and proved
it to be a multi-cavity oscillation of some sort. Cold
tests made on klystron cavities disclosed a higher mode
resonance at just the frequency observed in the oscillat-
ing tubes.

Exploration of the field pattern of this unwanted
mode indicated that a relatively simple change in the
geometry of the middle cavity (second buncher) would
shift its resonance enough to suppress the spurious
oscillations. This change could be done in such a way
as not to appreciably affect the normal 10.5-cm reso-
nance. Plans to make such a change on a test klystron
have been worked out, but the actual tests have not
yet been done. Apparently the modified anode geometry
altered the beam shape so as to somehow couple more
effectively to this unwanted mode. The feedback
mechanism is not understood at present.

This same effect has since becn observed in tubes
with unmodified anode geometry on occasion, but has
not proved to be a serious problem. It has, in some
cases, complicated the problem of getting adequate per-
formance data. In any case, it is thought that it can
probably be completely eliminated by the simple ex-
pedient mentioned.

It seems likely that, with the unwanted oscillations
suppressed by some scheme such as that mentioned,
slight modification of the anode-throat geometry may
substantially increase efficiency over that in Fig. 17.

C. Life

Only limited experience in regard to life, and then of a
specialized kind, is available at tkis time. Thirty
klystrons have been built to date for operation with
Stanford electron accelerators. No significant changes
were made from the original design. Processing and
operation are now routine.

These salient facts may be of interest:

1. Although the klystrons were continuously pumped,

some units lived for a period of over one year.

2. The greatest accumulated life tests are:

a. At 17 megw output—200 hours.

b. At 8 megw output—greater than 460 hours.
Until recently the bulk of the experience was not nearly
this good, principally on account of failure of output
windows.

On the subject of windows and window failures we
could say a great deal. If the elements of frustration and
despair were omitted, the record of our experience could,
no doubt, be confined to a report the length of this
paper. Suffice it to say, that the failure problem has been
solved. Using Coors AI-200 circular disks in round
waveguide, and hiding the window from electrons and
x-rays, the failures have disappeared.

There has not yet been the opportunitv to collect

Chodorow, Ginzton, Netlsen, and Sonkin: Design and Performance of a High-Power Pulsed Klystron

1601

enough life data on klystrons equipped with the new off-
set windows to be completely meaningful. But it can be
said that over a six-month period those klystrons (five
in number) that could sport the off-set windows did not
fail. We have reason to believe that the life of pulsed
klystrons, operating in 300-kv region can be greater than
1,000 hours.

It should once more be appropriate to point out that
the cathodes in the tubes are replaceable. The first tube
built by us has led the usual life of a guinea-pig, has seen
(successfully) about 19 cathode-replacement operations
and is still useable.

D. Summary of Typical Performance

A summary of operating characteristics at the 20-
megw output level is:

Operating frequency 2,857 mc
Tuning range 100 mc
Heater power 800 w

Beam voltage 325 kv
Beam current 185 amp
Power gain 35 db
Efficiency®! 33 per cent
Power output® 20 megw

These results are taken to infer that the design and
operation of high power klystron amplifiers in the mega-
watt power range is practical and straightforward.
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Backward-Wave Tubes”

R. KOMPFNER{, FeLLow, IRE AND N. T. WILLIAMSt{

Summary—TIt has been surmised for some time that a traveling-
wave tube in which backward-traveling field components can be
excited——such as for instance the “Millman” tube—may oscillate in a
backward mode, the RF power emerging at the gun-end of the tube
and its frequency depending only on the beam voltage. Experiments
with the “Millman” tube show this to be so and oscillations have been
observed in the first and second backward spatial-harmonic modes.
The latter is excited between 600 and 900 volts, the tube oscillating
between 5.9 #nd 6.4 mm. The former more powerful mode is excited
between 1600 and 4000 volts, the tube tuning continuously between
6.0 and 7.5 mm, thus covering a frequency band of 10,000 mc. Power
output of about 10 mw has been measured at 6.4 mm.

The tube has also been studied as an amplifier and more than
20 db stable backward gain has been obtained.

A simple theory of backward gain and of oscillation starting con-
ditions is given.

INTRODUCTION

N OSCILLATOR THAT can be tuned electron-
A ically over a wide frequency range is a very de-
sirable thing. The reflex klystron for example, is
tunable over a wide range mechanically by varying one
or the other dimension of the resonant circuit associated
with it; alternatively, it can be tuned electronically by
varying the reflector voltage, although only over a fre-
quency range of at most a few per cent. To be able to
tune over a much wider range electronically would not
merely be a matter of convenience, or clegance; it is a
matter of fundamental importance in a number of
branches of the fast-growing microwave art.

Accordingly, attention had carly been given to the
problem of how the traveling-wave tube (abbreviated
T.W.T.) might be adapted to operate as an electron-
ically tuned oscillator, since one of the apparent essen-
tial requirements, namely ability to provide gain over a
very wide frequency band, is eminently well fulfilled in
the T.W.T.

As shown further on, there exists indeed a type of
T.W.T. which operates as an electronically tunable
oscillator; it makes use of a circuit capable of support-
ing a wave which has components traveling in opposite
directions and has therefore been called the “backward-

* Decimal classification: R339.2. Original manuscript received by
the Institute, May 15, 1953.

t Bell Telephone Laboratories, Murray Hill, N. J.

t Formerly with Bell Telephone Laboratories, Murray Hill, N. J.;
now with Edison Laboratory, T. A. Edison, Inc., West Orange, N. J.

wave oscillator” (abbreviated B.W.0.). It may be inter-
esting to reproduce the chain of reasoning that led from
the T.W.T. to the B.W.O.

ELECTRONIC-TUNING CIRCUITS

A conventional T.W.T. provided with an external
feedback path (the internal feedback path along the
helix is usually deliberately suppressed by a heavy con-
centration of attenuation somewhere near the middle of
the tube) will start to oscillate at a frequency near
which the lowest value of the net gain exceceds the loss
around the complete loop consisting of tube and feed-
back path provided there is a whole number of wave-
lengths around the complete loop. Such a circuit is
ordinarily not tunable electronically to any great ex-
tent, and is likely to oscillate in many modes all at once.
If a narrow band-pass filter is included in the fecdback
path, it is possible to ensure oscillation in one mode only,
while a limited amount of electronic tuning can be had
because the phase shift through the tube varies with the
beam voltage.

Quite a different method of electronic tuning relies
on the dispersive properties of the circuit, such as the
helical conductor in the ordinary T.\W.T. The helix has
positive dispersion, that is to say, the phase velocity of
the slow wave on it increases with increasing wave-
length, although over an extremely wide band of fre-
quencies the dispersion is negligibly small. (This ac-
counts for the extreme bandwidth of the T.W.T. as an
amplifier.) When the circumference of the helix is much
smaller than the wavelength of the slow wave along the
helix, the helix is rather strongly dispersive, and use has
been made of this fact to restrict the bandwidth over
which the tube amplifies. Strong dispersion enables one
to use such a tube as an electronically tunable amplifier,
where the frequency band over which the tube amplifies
is determined by the beam voltage only.

How can such an electronically tunable amplifier be
turned into an electronically tunable oscillator? If the
output of the tube is connected to the input via an ex-
ternal feedback path, oscillations will be obtained when-
ever there is a whole number of wavelengths around the
loop: tube plus feedback path. Thus as we vary the
beam voltage we will have distinct “modes” where there
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are n, n+1, n+2, n+3, - - - wavelengths around the
loop, and although—because of the inherent phase shift
versus beam voltage “bandwidth”—there will be a cer-
tain amount of clectronic tuning in each mode, there
will be jumps, or discontinuity between modes, which
make this arrangement unsuitable for many purposes
for which a true electronically tuned oscillator is re-
quired. By making # very small (in normal tubes its
value lies between 30 and 50), one can indeed increase
the amount of electronic tuning within one mode, but
such a tube is only a little better than the reflex klystron
in respect of tuning range, and rather complex.

If the number of wavelengths around the loop could be
kept constant and whole at all frequencies, the solution
would then be known.

One way of carrying this out consists in using an
electron beam as a feedback path, as depicted in Fig. 1.
The number of wavelengths along a given length of
electron beam can be varied at will over an extremely
wide range merely by varying the beam voltage V5.
Thus a circuit can be constructed consisting of a disper-
sive T.W.T. providing gain and electronic tuning in con-
junction with a separate electron beam as part of the
feedback mechanism, the latter’s beam voltage being
varied so as to make the total number of wavelengths
around the loop always constant and whole.
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,ELECTRON BEAM 1 POSITIVE DISPERSION
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Fig. 1—Electronically-tunable oscillator circuit using a separate elec-
tron beam as feedback path. Variation of the velocity of beam 1
varies the frequency of maximum gain of the dispersive T.W.T.;
variation of the potential of the drift tube varies the delay along
the feedback path in such a way as to maintain the total number
of wavelengths around the loop constant and integer.

It is clear that the number of wavelengths in a circuit
of fixed length will, even without dispersion, grow with
frequency; if the circuit has positive dispersion it will
grow at an cven faster rate. Therefore the number of
wavelengths (bunches) in the feedback beam has to
decrease with frequency, that is to say, the velocity has
to increase with frequency at a corresponding rate; thus
the beam is made to have “negative dispersion.” The
proper rate of increase of the feedback beam voltage
(which governs the beam velocity) with frequency can
be calculated from the geometrical lengths of circuit and
beam and from the amount of dispersion in the circuit.
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Although not very elegant, such a purely electronically
tunable oscillator circuit is feasible.

Another way of realizing such a circuit might be
thought of as a combination of a circuit element having
none or positive dispersion with circuit elements having
compensating negative dispersion. Let us examine this
proposal in more detail as shown in Fig. 2. Suppose the

-—’Lhﬁf ~\\\

-

-

~.. .-
‘Lz,ﬂﬁ'

Fig. 2—Symbolic representation of two circuit elements having
compensating dispersions. l, v and 8, and ls, v2 and 8, are lengths,
phase velocities and phase constants of the two respective circuit
elements.

geometric length of one clement is /,, supporting a wave
having a phase velocity #;, and let it be #; wavelengths
long at an angular frequency w. Suppose the geometric
length of the other element is /,, supporting a wave with
a phase velocity v,, and let it contain n, wavelengths at
the frequency w. We then postulate, as before, con-
stancy of number of wavelengths around the loop:

1y + ns = integral = N (D
where
wh 1
n = = — B,
21!"01 m™
(2)
wlz 1 ﬂ l
N = = —
’ 27, 27 e

By and B, are the respective phase constants of the cir-
cuits. If the frequency be varied by a small amount dw,
while the total number of wavelengths is kept constant
and equal to IV, a relation between the group velocities
v, and 9,2 of the two circuits is obtained as follows:

B a8,
h—+1l—=0 3
- + I o (3)
l
Vo1 = — _2'%2 ¢
hL
since
36\ !
s=1—) . S
.= (5) ®

Consideration of Fig. 2 will show that this implies, for
instance, that energy enters the circuit at 4 and leaves
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it at B, or vice versa, and that there is no circulation of
energy around the circuit. If vy is positive, i.e., in the
same direction as 9, then v,» must be negative, i.e., in a
direction opposite to v,. The number of wavelengths
around the loop may well be made to be constant, but
it is not a loop in the sense that energy can circulate
around it, and thus it is useless for the purpose of mak-
ing an electronically-tuned oscillator.

The next step in our argument is to consider a loop
consisting of a periodic element type of circuit which
supports forward and backward wave components plus
an electron beam, as shown in Fig. 3. If 8 is the phase

QUTPUT INPUT

} i}

Fig. 3—Symbolic representation of periodic element type of circuit
in conjunction with an electron beam. A wave traveling back-
wards with a phase velocity v is supposed to interact with the for-
ward traveling beam at points spaced apart at regular intervals d.

constant of the fundamental component on the circuit,
the phase constant of the nth spatial-harmonic compo-
nent is given by

2nw
d

aB(n) =g+ (6)
where d is the distance between the periodic elements of
the circuit,and n=+1, +2, - - - etc., the order of the
spatial-harmonic. Specifically, the first backward spa-
tial-harmonic component has a phase constant

27
By =6 — 7 @)
which can be a negative quantity; we note that its asso-
ciated group velocity is the same as that of all the other
spatial-harmonics, namely

9B\ —!
Wo(~-1) = (8_H> = Yg. (8)
W

Suppose we inject a signal at the input B; at the fre-
quency w it will cause a wave to be propagated from
right to left with a fundamental phase velocity v. Be-
cause of the periodicity d of the circuit there will be an
infinite number of spatial-harmonic components asso-
ciated with this wave. Let us direct our attention par-
ticularly to the first backward spatial-harmonic com-
ponent, which, in the case considered, will travel from
left to right with a velocity
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= u ©)
.v (—l) = 3 .
JB (-1) 27

d

Suppose we project an electron beam through the cir-
cuit with exactly the same velocity,

(10)

This electron beam now forms our feedback path
analogous to circuit 2 in Fig. 2.

On the assumption that there is interaction between
the beam and the circuit, varying with distance with a
periodicity d, the beam will become bunched, i.e., there
will be a wave on the beam traveling from left to right
with a velocity s and with a phase constant 8. =w/u,.
As the frequency is varied, the beam velocity should be
varied so that it is always equal to the velocity of the first
backward spatial-harmonic; this is done by suitably vary-
ing the beam voltage Vy. Thus the electron beam be-
haves like a circuit with rather peculiar properties:

U = JU(-1)-

1. It has a positive phase constant ..
2. It has a “group velocity” defined by

@
T dw

(L
dw

which is negative, since it is in a direction opposite
to Yg(-1)-
3. No energy is transmitted in a backward direction.

Vg

The physical length of the electron beam equals that
of the circuit, hence

Il = 129

and so we have all the conditions fulfilled which are
necessary if a closed loop consisting of two circuits with
different propagation characteristics is to have a con-
stant number of wavelengths over a wide band of fre-
quencies, namely v, = — (I2/h) - v42. If, in addition, the
number of wavelengths around the loop is integral the
circuit will exhibit the phenomenon of positive feedback.
A signal injected at B—provided interaction with the
electron beam causes it to grow as it travels along the
circuit—will emerge at B amplified to a greater extent
than if there had been no feedback. (It has to be real-
ized feedback is an inseparable ingredient in this type
of circuit, and cannot be “thought away.”)

It is not difficult to imagine that an increase, for
instance, of the beam current, will cause the gain
around the circuit to increase to such an extent that
oscillation sets in. This is, in fact, what happens. The
frequency of oscillation is then determined by the beam
voltage only; maximum gain and oscillations will occur
at a frequency such that the phase velocity of the
strongest backward-traveling spatial-harmonic compo-
nent is about equal to velocity of electrons in the beam.
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Thus the backward-wave oscillator can be explained
as a loop of which one part is a material circuit, while
the other part is an electron beam—the beam being
now not only the source of energy but also of the feed-
back path.

THEORY OF BACKWARD GAIN AND OSCILLATION

In order to arrive at a simple theory of the interaction
between an clectron beam and a circuit in which phase
and group velocities are reversed we go back to an ap-
proximate theory of the T.W.T.! in which the assump-
tion is made that the final wave on the circuit is com-
posed of an infinite series of waves: first, the initial or
primary wave; then a secondary wave induced in the
circuit by the bunching in the beam due to the primary
wave; this is followed by a tertiary wave induced in the
circuit by the bunching in the beam due to the second-
ary wave . . . and so forth. Use of this theory can be
made because it can be shown that only the first two
terms of the series are needed.

Following Pierce?in Chapter XI on Backward Waves
of his book on T.W.T.’s, it should be noted that inter-
action with a backward wave is taken into account
merely by reversing the sign of the impedance of the
circuit (sometimes denoted by K and sometimes by
[E*/8*P])).

The amplitude of the final wave on the circuit can be
written as the sum of the amplitudes of the partial
waves

BIC)* _ ., (BIC)®

2V=V[1+J 3 7 e

+...], (11)

where

V =amplitude of initial voltage

B =phase constant of circuit and beam—w/v=w/uo
(synchronous velocities)

! =active length of circuit

C =Pierce’s gain parameter defined by

LK
4V,

C = (12)

where

Ipo=beam current
K =circuit impedance
Vo=beam voltage.

When IC is small enough, the series can be stopped
at the second term. Under these conditions it is pos-
sible to write down the voltage on the circuit when
beam and wave have different velocities, and when the
circuit is not lossless; the resulting relations have been
found useful in deriving the conditions under which the

1], R. Pierce, “Traveling Wave Tables,” Van Nostrand & Co.,
New York, N. Y.; 1950. . .

1 R. Kompfner, “T.W.T.,” Wireless Engineer, vol. 24, p. 25§;
1947,
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traveling-wave tube presents an infinite attenuation to
an incident signal.?

Following C. F. Quate's suggestion, use shall now be
made of similar relations in order to derive conditions
under which a backward-wave tube presents infinite
gain to an incident signal. To simplify matters it may
be assumed, to start with, that the circuit is lossless.

Let the primary wave be described by

Vi =V cos (v — B2). (13)

This corresponds to the first term of the series.

If the electron speed u, differs from the phase velocity
v of the wave, one can define a hypothetical phase shift
between beam and wave in the abscnce of the heam over

the distance z
v
0 = Bz (— - l)
Uy

(in Pierce’s notation 8 = —8zCb).

As shown in the above mentioned paper the second
term in the series, that is to say, the secondary voltage
wave on the circuit can then be written

(14)

sin 8/2
—~ cos 8/2
1 v? 6/2
Vs = — V(B20)? —
2 uo? (0/2)2
-sin [wt — Bz — 6/2]. (15)
The voltage at the end of the tube (z=1) is
Vi=Vi+4+V, (16)

where z has been replaced by / everywhere. The essen-
tial difference between the present and the previous
case is that V4 V, now represent the amplitude of the
input voltage, ¥, now the output. Hence the gain is

__Inl
| Vi 4+ V.|

We are primarily interested in the conditions under
which we get oscillations, that is to say, when the gain
goes to infinity. This requires

V1+V2=0

(17)

(18)

which gives one set of phase conditions and one ampli-
tude condition, namely,

= -, —31!', —51!', etc. (19)
and
sin 6/2
— cos 6/2
_1_(,310)8_”’— o/2 =+1 (20
2 uo’ (0/2)’ -

since with K now negative, C? is also negative.
With the first phase condition # = —, and defining a
new symbol C’ by

3 R. Kompfner, “Operation of T.W.T. at low level,” Jour. Brit.
IRE, vol. 10, p. 283; 1950.
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= = (e (21)
u02
and putting
pl = 2xN (22)

(where N is the number of wavelengths on the circuit)
into the amplitude conditions, the trigonometrical term
becomes 8/#® and we must have

C'N = 2-53 = 0.315 (23)

for oscillations to start. C’ differs from C only in that the
actual beam voltage U, is taken instead of the synchro-
nous voltage V.

The starting current for oscillations is obtained by
substitution:

Uo

Io’ =

= e ampere.

(24)
The phase condition § = —# indicates that the beam
has to be faster than the wave by a fraction 1/2N. The
phase conditions §= —3x, -5, etc. correspond to
higher “modes” of oscillations requiring substantially
higher starting currents and will not be considered here.

Finally, it remains to be shown that higher-order
wave components can be neglected. Since (8/C)? equals
w3/4, the ratio of the amplitude of the tertiary wave
to the amplitude of the secondary wave must be

3! x3

—— = 0.0645.
6! 4

It is obvious that the error committed cannot be large.

INTUITIVE DESCRIPTION OF B.W.T. TYPE
INTERACTION

The essential point about this type of interaction is
that the electron beam acts not only as the energy
source, as in the ordinary T.W.T., but now also as a
feedback path. If one so desires, he can trace a great
number of complete loops through any pair of inter-
action gaps along the filter type circuit and back through
the electron beam, and count the number of complete
wavelengths or cycles around such a loop. He will find
(apart from a phase shift of #/2 inherent in the mecha-
nism of bunching) that every such loop is an integral
number of cycles long when the beam voltage equals the
phase velocity of the backward spatial-harmonic wave.
Thus the feedback is essentially positive, and in com-
mon with all positive feedback circuits, oscillations
must begin, once the gain around the loop exceeds the
loss. The frequency of oscillation is determined by the
geometry of the circuit, i.e., the phase velocity of the
wave as function of frequency and the distance between
gaps, on the one hand and by the beam velocity on the
other. The former parameters being constant, the lat-
ter parameter—represented by the beam voltage—is
the independent variable, the frequency of oscillation
becoming the dependent variable. Thus the tube “tunes
with beam voltage.”
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EXPERIMENTAL RESULTS

All the experiments to be described were done with
Millman tubes in the 6-mm band. The Millman tube is
a traveling-wave amplifier tube utilizing the first for-
ward spatial-harmonic component of the wave propa-
gated on the circuit, and has been described in the
literature.*® See Fig. 4. The circuit is essentially a
ridged waveguide with about 100 transverse nearly-
resonant slots spaced 0.021 inch apart. The phase char-
acteristic of the circuit has been designed so as to give
a relatively broad band over which the tube amplifies,
at a beam voltage of about 1200 volts. Longitudinal
slots milled along the whole lengthof the waveguide ridge
allow for better penetration of the RF fields by the elec-
tron beam, of which, usually, a few milliamperes reach
the collector. A uniform magnetic field of about 1600
gauss is required to maintain straight electron flow.
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Fig. 4—The Millman tube, a spatial harmonic type of traveling-wave
amplifier. Longitudinal and cross section and perspective view of
interaction circuit.

The tube is capable of giving between 20 and 30 db
net gain over a frequency band between 6.00 and 6.40
mm wavelength with a power output in excess of 10
milliwatts.

Thus, it has been demonstrated that traveling-wave
type interaction can be obtained by means of forward
spatial-harmonic wave components. It is not difficult to
envisage interaction of a beam with backward spatial-
harmonics. Millman indeed reports observing oscilla-
tions which he, correctly, ascribes to interaction with
such components.

OSCILLATIONS IN THE LOow-VOLTAGE MODE

The first experiments were carried out with a Millman
tube F7-18, which operates normally as an amplifier
with gains around 25 db. This tube had no control grid

4 S. Millman, “A spatial harmonic traveling-wave amplifier for six
n:)illimeters wavelength,” Proc. I.LR.E., vol. 39, pp. 1035-1043; Sept.,
1951.

5 S. Millman, “Spacial harmonic traveling—wave amplifier,” Bell
Lab. Record, vol. 30, p. 413; 1952.
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and out of a total current of 40 milliamperes 5 milli-
amperes go to the collector at a beam voltage of 1200
volts and a magnetic focusing field of 1600 gauss. The
cold loss of the tube varies between 30 db at 6.0 mm
and 10 db at 6.4 mm.

Practically all experiments were carried out with the
beam voltage swept sinusoidally at 60 cycles with a
suitable amplitude. The arrangement is shown in Fig. 5.
When the tube oscillated, output was normally obtained,
from output A (at the gun-end of the tube). This was
detected with a crystal detector, amplified and dis-
played on the y-axis of a C.R.O., the x-deflection being
swept sinusoidally at 60 cycles. Thus the pattern seen
on the C.R.O. corresponds to detected oscillator power
versus beam voltage. The frequency of the oscillation
was determined by observing the dip due to the wave-
meter absorption.

ABSORPTION
TYPE
WAVEMETER‘._ _ CRYSTAL
DETECTOR

" ATTENUATOR

' %;_ju

'
60 CYCLES - -

AMPLIFIER

[
3 '
60 CYCLES

Fig. 5S—Experimental arrangement used in observing
backward-wave oscillations.

Oscillations were detected at first near a beam volt-
age of 700 volts, and it was realized that this must be
the second backward space harmonic mode, that is to
say, when n=—2 in (1). Oscillations were obtained
over most of the range between 5.91 mm and 6.54 mm,
and Fig. 6 is a plot of frequency versus beam voltage
as measured with the wavemeter. Also shown is a plot
of similar relations derived on the basis of Millman’s
filter-circuit analogy of the tube and it will be seen that
the curve n= —2 is not too bad a fit.

Fig. 7 is an oscillograph trace of power output versus
beam voltage at two different values of focusing field.
It will be noted that there are gaps in which the tube
does not oscillate, though it is possible to influence the
depth of one or the other of the gaps by a slight varia-
tion of focusing field or of the alignment of the tube in
the field. The gaps are explained by the presence of
strong oscillations occurring at frequencies below the
cut-off of the waveguide but which disturb the electron
flow sufficiently to prevent oscillations in second back-
ward space harmonic which is only a very feeble mode.
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Fig. 6-Frequency of oscillation as function of beam voltage, experi-
mental and as calculated from an approximate theory of the cir-
cuit of the “Millman” tube.

Strong oscillations were detected at voltages above
2000 volts. Because of the absence of a control grid in
this tube it was very difficult to keep the dissipation
at a safe level at these voltages, and only exploratory
measurements were made. These showed, however, that
oscillations were then occurring in the first backward
space harmonic mode and were at a milliwatt level. Fig.
8 shows a small portion of the high-voltage mode oscil-
lations together with the low-voltage ones on the left-
hand side of the trace (see page 1608).

OsCILLATIONS IN THE HIGH-VOLTAGE MODE

In order to be able to control the current better at
the high voltages a tube with a control grid was used and
experiments were next made with Millman tube #F7-14
which gives, in the normal forward amplifying mode,
6-db gain with 2-milliampere beam current at 1240
volts. This tube had previously been rejected asan ampli-
fier because of its low gain. Oscillations were readily ob-
tained at voltages between 1600 and 4000 volts, and at
beam currents of the order of 2 milliamperes. Fig. 9
shows a plot of power output versus beam voltage, with
the wavelengths noted on the curve. Continuous oscil-
lations are obtained from Ao =6.00 to Ao =7.5 mm. This
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(b)

Fig. 7 (a and b)—Oscillograph traces of oscillator power versus beam
voltage at two different values of magnetic focusing field in the
low-voltage mode. Gaps are due to oscillations in the high-voltage
mode occurring at frequencies below the cut-off of the wave-
guide; these oscillations perturb the electron flow sufficiently so
;l_xﬁt et(ixe relatively weaker low-voltage mode oscillations are in-

ibited.

i

Fig. 8—Oscillograph trace of oscillator power versus beam voltage
covering both high and low-voltage modes. (The low-voltage mode
is éhe) small squiggle on the left.) (Note the difference in ampli-
tude,

corresponds to a frequency interval of 10,000 mega-
cycles, or 22 per cent of the mid-frequency. The power
was measured at Ao=6.4 mm with a thermistor bolo-
meter kindly lent us by W. M. Sharpless and was in
the neighborhood of 10 milliwatts. The over-all shape of
the power output curve is very sensitive to the tuning
of the crystal detector mount. The “fine-structure” of
humps, peaks, and valleys is undoubtedly produced by
reflections at the numerous discontinuities both inside
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Fig. 9—Plot of oscillator power versus beam voltage, with the wave-
length in millimeters of oscillation noted on the curve.

(b)

Fig. 10—(a) Oscillogram of power output from the collector end
versus beam voltage; (b) oscillograpg of power output from the
gun-end versus beam voltage. (Note correspondence between
peaks ;md valleys of one curve and valleys and peaks of the other
curve.

and outside the tube. As partial proof of this statement,
consider Fig. 10 where the power obtained from either
outputs can be compared; there is considerable cor-
respondence of peaks in one output with valleys in the
other, and vice versa. Fig. 11 shows the power obtained
at the gun-end when the collector end is connected to a
mismatch, in this case, a crystal mount without inter-
posed padding.

A plot of frequency versus beam voltage for the high-
voltage mode is also given in Fig. 6; the agreement
with a curve based on Millman's equivalent lumped
filter circuit is good.

An instructive modification was made with tube
#F7-20, which incorporates an attempt to produce a
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broad-band internal nonreflecting match near the col-
lector end of the retarded-wave structure. A piece of
ceramic rod was ground like a wedge and coated with
aquadag of about 500 ohm/square resistance. The
wedge was inserted into the space on one side of the
slotted ridge guide, producing an increase of insertion
loss of about 25 db, when cold-tested. Looking into the
gun-end of the tube (by means of another Millman
tube used as a swept-oscillator), no change in reflected
power could be observed on moving the wedge longi-
tudinally over several wavelengths.

Fig. 11—Oscillogram of power output from the gun-end when
collector end is deliberately mismatched.

The tube was evacuated and processed in the normal
way, which does not, however, include outgassing the
aquadag-covered wedge which is in a position where it
intercepts part of the beam. Consequently it has not
been possible to run this tube at beam voltages in excess
of 1000 volts, and nothing is known about the behavior
of the tube in the first backward spatial-harmonic
mode. In the second backward spatial-harmonic mode,
however, centered around 750 volts, the tube oscillates
readily between 5.90 and 6.30 mm with a starting cur-
rent of 0.70 milliampere.

A notable feature is absence of gaps in oscillation
spectrum, which were inevitably present when non-
modified Millman tubes were operated in this mode.

BACKWARD GAIN

Equation (17) in the section on the theory of back-
ward gain can be transformed to represent the voltage
gain as a function of the beam current Io:

I, the starting-current for oscillation, as is shown
there, given by
U

Io’ =
8KN?

where U, is beam voltage for maximum gain, K the cir-
cuit impedance in the space harmonic mode and N the
number of wavelengths of space harmonic wave.

Kompfner and Williams: Backward-Wave Tubes
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Thus, in principle, any amount of gain should be ex-
pected, depending only on how close to the starting cur-
rent one might be able to approach.

This is, in fact, what happens.

Backward gain was measured with Millman tube
#F7-12 both in the low-voltage and in the high-voltage
mode. In both cases gains well above unity were ob-
served, increasing rapidly as the beam current ap-
proaches the starting current. Gain above 30 db was
rather unstable on account of fluctuations in the power
supplies. Experiments also showed that the product of
gain times bandwidth did not stay constant, as might
have been expected, but increased with gain. Some ex-
periments were carried out in which great care was
taken to avoid overloading in any of the amplifiers; the
corresponding readings of gain versus collector current
for the high-voltage mode are plotted on Fig. 12. In the
absence of a quantitative theory we may surmise that
this phenomenon is connected with the fact that the
feedback is now carried by the electron beam, and not
as is usual, by a passive element.
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Fig. 12—Observed gain and gain-times-bandwidth product against
beam current in milliamperes. In the product, gain is taken as its
numerical value and bandwidth in megacycles.

It will be noted that the starting current is in the
region of 0.60 milliampere. The beam voltage was then
2900 volts and the free space wavelength 6.50 mm. This
corresponds to N=76 wavelengths of the space har-
monic, on the assumption that the active length of the
circuit was 2.100 inches. On the assumption that the
effective impedance of the circuit is 0.90 ohm (as cal-
culated by Millman), we should have a starting current
of 0.92 milliampere.

The fact that we actually observe a lower starting
current can be explained partly by the fact that the real
active current must always exceed the collector current
and partly by the unavoidable presence of reflections
which can cause an increase in effective impedance.

In an experiment in which controlled amounts of ex-
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ternal feedback could be provided, large variations in
starting currents were observed, depending on whether
the feedback was in phase or out of phase. Such feed-
back can increase the power of the oscillations consider-
ably, by a factor of an order of magnitude; however the
feature of smooth continuous tuning is lost thereby and
the tube frequency jumps from one mode to the next as
the beam voltage is varied.

Fig. 13—Oscillogram of “backward-gain” versus beam voltage.

On Fig. 13 is shown a cathcde-ray tube trace of
backward gain versus beam voltage.”® Compare with
Fig. 14, where a curve of power gain versus beam veloc-
ity is drawn based on the theory outlined in section 3,
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Fig. 14—Theoretical curve of power gain of the backward-wave am-
plifier versus difference between beam and spatial harmonic phase
velocity. (Note agreement with oscillogram on Fig. 13.)

¢ C. F. Quate has pointed out the close relation between this curve
and the inverse of the corresponding curve of gain versus voltage ob-
tained with a forward wave T.W.T. run at “zero-gain” current.
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and it appears that the main features of the experiments,
namely, value of starting current and variation of gain
with beam velocity, are well reproduced.

OscILLATOR POWER As FUNCTION OF
BEaM CURRENT

A representative plot of oscillator power versus col-
lector current is shown in Fig. 15. It will be noted that
this curve commences with practically zero power at the
starting current; no “breaking into oscillations” with a
finite amplitude as observed with some other types of
oscillators has been observed. At higher values of beam
currents it seems as if the power output could be de-
scribed by a function of the type

W=A4-1 - B.

QOSCLLATOR POWER IN ARBITRARY UNITS
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Fig. 15~—Oscillator power versus beam current.

AMPLIFICATION IN THE PRESENCE OF
OSCILLATIONS

On Fig. 16 are shown C.R.O. traces obtained when
a signal was being backward-wave-amplified while the
tube (#F7-12) was oscillating simultaneously. As usual,
the beam voltage and the C.R.O. X-deflection are swept
at 60 cycles. It will be seen that nothing very drastic
happens to the amplification process when oscillations
set in; if anything, the gain is somewhat increased.
However, on one or the other side, or even on both
sides, of the gain peak there occur now regions of loss,
that is to say, of negative gain.

FREQUENCY-PUSHING

The term “frequency-pushing” describes the fact that
the frequency of oscillation of the backward wave oscil-
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Fig. 16—Oscillograph traces of backward-wave gain in the presence
of backward-wave oscillation. The abscissae are beam voltage,
the ordinates signal power and oscillator power.

lator increases as the beam current is increased, while
the voltage is held rigidly constant. This experiment
was performed with the tube both in the low-voltage
and in the high-voltage mode. Fig. 17 gives result.
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Fig. 17—Observed increase in oscillator frequency as function of
beam current; beam voltage held constant.

The corresponding experiment of “frequency pulling,”
namely, observing the oscillator frequency as the im-
pedance into which the output is looking is changed,
has not been performed yet. This is a difficult experi-
ment and will be undertaken as soon as good tubes with
near-perfect internal termination are available.

CONCLUSION

Experiments with the Millman tube, a spatial har-
monic type of traveling-wave amplifier tube, have
shown that amplification and oscillations utilizing back-

Kompfner and Williams: Backward-Wave Tubes
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ward traveling spatial harmonic components of an
electromagnetic wave can be obtained. The most im-
portant feature is the fact that both oscillations and
amplification can be tuned over a very wide range purely
electronically, merely by varying the beam voltage. A
simple theory of backward-wave gain, from which the
starting current for backward-wave oscillation can be
calculated, is given and shown to agree quite well with
experiment. A number of experiments on amplification
and oscillations under various circumstances are de-
scribed, though quantitative comparisons with a more
complete theory are still lacking at this relatively early
stage of the investigation. It is to be hoped that future
work, both experimental and theoretical, will bring to
light many new interesting and useful facts about this
novel kind of tube.

LisT OF SYMBOLS

3! Blv 62

phase constants of circuits, given by
w/7, w/n, w/ve respectively
B, phase constant of electron beam

8. phase constant of n-th spatial-har-
monic wave component
By phase constant of first backward

spatial harmonic wave component
C Pierce’s T.W.T. gain parameter,
given by C3=IoK/4Vo
C’ modified gain parameter, in which
the nonsynchronous beam voltage U
takes the place of V.
d geometric length of periodic element
of circuit
G voltage gain
Iy dc beam current
Iy’ starting current
K circuit impedance for the purpose ot
calculating interaction with an elec-
tron beam
I, ), I; geometric lengths of circuit
n, m, ns, N numbers of wavelengths in circuit
n order of spatial-harmonic wave com-
ponent
w angular frequency of signal
v, 1, v2 phase velocities of waves
V, Vi, Vo, Vi RF voltages on circuit
Vo synchronous electron beam voltage
uy electron beam velocity
Us non-synchronous electron beam volt-
age
.. phase velocity of n-th spatial-har-
monic wave component

Jn phase velocity of first backward
spatial-harmonic wave component
v,, Vg1, Vg2 group velocities

distance
phase shift between beam and wave
in a distance z (in Pierce’s notation

6 = —BzCb).

4
0=Bz[v/uo—l]
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Underearth Quartz Crystal Resonators”
THOMAS A. PENDLETONT, ASSOCIATE, IRE

Summary—Advantages of using precision quartz resonators in
conjunction with frequency standard oscillators are explained. Ad-
vantages of locating the precision-resonators underearth are also
described. A method of measuring resonator drift rate with sensitivity
of the order of 2 parts in 10'° by means of a direct voltage instead of
a high-stability variable oscillator is explained.

employ piezo-oscillators in conjunction with di-

viders, clocks, counters and other associated equip-
ment. Precision quartz-resonator units find practical
application in checking such piezo-oscillators.

A precision quartz-crystal unit may be operated under
more favorable conditions as a resonator than in an
oscillator; low crystal-current may be easily obtained
and the value of reactances associated with the circuit
arrangement may be readily predetermined. Also, one
of the primary advantages lies in the fact that a stable
crystal unit may be put to practical use with a mini-
mum of associated equipment and without a dependence
upon oscillator power supplies. For instance, if due to
an extended power failure all oscillators in a group stop,
a good resonator can be used in resetting the oscillators
on correct frequency when they are put into operation
again,

However, a resonator in an electrically heated oven is
also affected by a power failure. For example, on return
to operating temperature the values of frequency and
drift rate may not return. In order to make the resonator
temperature and frequency independent of external
power, advantage may be taken of the relatively con-
stant earth-crust temperature by placing the resonator
unit underearth. Also the resonator is well isolated from
mechanical shock when buried, except of course in
earthquake belts.

The time lag and exponential attenuation of the cyclic
surface temperature variations®** by the earth’s crust
depends upon the depth, thermal diffusivity of the soil,
and the existence of underground inhomogeneities and
water streams. Measurements taken at a depth of 40
feet in clay soil at Beltsville, Maryland, indicate maxi-
mum and minimum temperatures of 14.55°C and
14.15°C for the year 1951. Calculations® for a depth of
60 feet, where an experimental resonator unit is
mounted, predict an amplitude of temperature variation
of approximately 0.004°C for damp soil (diffusivity
=0.005 cgs units). However, the actual value of the

PRIMARY STANDARDS of frequency and time!-?

* Decimal classification: R214.2. Original manuscript received
by the Institute, November 11, 1952; revised manuscript received
June 11, 1953.

t National Bureau of Standards, Washington, D. C.

! J. M. Shaull, “Adjustment of high-precision frequency and time
standards,” Proc. I.R.E., vol. 38, pp. 6-15; 1950.

* W. A. Morrison, “The evolution of the quartz crystal clock,”
Bell Sys. Tech. Jour., vol. 27, pp. 510-588; 1948,

3 B. Gutenberg, “Internal Constitution of the Earth,” Dover
Publications, Inc., New York; 1951.

¢ Ingersoll and Zobel, “Heat Conduction,” McGraw-Hill; 1948.

amplitude may be somewhat different from the calcu-
lated value due to unknown soil conditions.

With temperature variations of not more than a few
thousandths of a degree Centigrade, changes of crystal
frequency with time are believed to be due to the aging
of the quartz-crystal unit in the case of low-temperature
co-efficient GT units. The small variations of earth
temperature at depths of 50 or 60 feet are not a dis-
advantage, since they are not of such a magnitude to
thermally shock the crystal unit and may be accurately
determined. The influence of temperature changes may
then be accurately computed to determine the normal
drift rate caused by aging of the resonator.

Resonator frequency measurements are usually ac-
complished by adjusting a precision oscillator to the
resonance frequency of the crystal, using some form of
an impedance bridge, and the frequency of the oscilla-
tor is then measured. However, the oscillator required
for this method of measurement must be capable of a
short time stability of about 1 part in 10*° in measuring
modern high stability resonators. When it is desired to
test the long time stability and drift rate of a particular
crystal unit, its absolute resonance frequency is not
important, and a high stability adjustable oscillator
and high-precision frequency measuring equipment are
not required. However, a standard frequency oscillator
is needed. Two techniques are available when it is
used: 1) an adjustable reactor may be placed in series
with the resonator and its absolute value used to deter-
mine the resonator changes, or 2) an adjustable direct
voltage may be placed across the electrodes of the GT
quartz-crystal unit and its absolute value used to deter-
mine frequency changes in the resonator.! For sim-
plicity of operation and accuracy of results, each of these
methods requires that the resonator’s resonance fre-
quency be within a few parts in 10® of the standard
frequency.

The method of resonator drift rate measurement
which employs a direct-voltage source instead of an
adjustable-frequency oscillator or adjustable reactor
was chosen. In some types of quartz-crystal units an
applied direct voltage of one polarity causes a noticeable
increase of crystal resonance frequency, whereas a
voltage of opposite polarity causes a decrease in crystal-
unit resonance frequency. This is caused by the converse
piezoelectric effect, i.e., dimensional changes in crystal-
line quartz with properly oriented applied fields.

The direct voltage is adjusted to bring the crystal
unit to resonance at the applied standard frequency.
Typical 100 kc GT-cut units have a direct voltage co-
efficient of frequency of approximately +1 part in 10?
per volt. In the application here described, random

§ L. Myers, “Investigation of the official effects in electrically

stressed quartz,” The Marconi Rev., part I, pp. 16-25, January
/February, 1935; part II, pp. 9-18, March/April, 1935.
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variations in polarizing voltage should be limited to less
than 0.01 volt. This degree of stability (1 part in 10%)
for a power supply of 100 volts or less is believed more
easily attained than a stability of 1 part in 10'° for an
adjustable oscillator or 1 part in 10* for an adjustable
reactor.

It is recommended that voltages not in excess of 100
or so be used since increased difficulties with the higher
voltage instability will cause a broad indication of
resonance. Although not investigated, it is possible that
the voltage co-efficient of frequency may be noticeably
non-linear above 300 volts. '

If the resonance frequency of a particular resonator is
far removed from the standard frequency so that more
than approximately 100 volts are required for balance,
a stable fixed reactance of known temperature co-efficient
may be inserted at the bridge to provide most of the
correction. The value of this reactance may be checked
periodically in a standards laboratory. A small voltage
of the correct polarity may then be applied to the
crystal unit to bring its apparent resonance frequency
into exact equality with that of the standard frequency.

At the time of writing, preliminary measurements
have been taken of the frequency changes (sensitivity
between 1 and 2 parts in 10') and resistance of an un-
loaded high Q (3.5X10%, 100 kc, GT-cut, quartz-
crystal unit mounted at the bottom of a 60-foot well
where the initial temperature was approximately 13°C.
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Fig. 1—Results of initial measurements on a high-precision 100 kc
quartz-crystal unit, RF current 20 microamperes, direct polariz-
ing potential 67.52 to 69.67 volts.

The well, of diameter 2} inches, was lined with thin-
walled pipe, through which a coaxial cable (RG-9/U)
connected the crystal unit. The crystal unit was in-
stalled on July 3. A graph of over-all performance for the
period July 11 to October 16, 1952 is shown in Fig. 1.
In a more permanent installation thermally conducting
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washers may be placed between the outer conductor of
the cable and the periphery of the well to reduce the
effects on the crystal unit of changes of temperature at
the upper end of the cable. Furthermore, the washers
would reduce convection air currents between the top
and bottom of the well. Also, it is planned to use a
periodically recalibrated platinum resistance-thermom-
eter to determine the small temperature changes at the
crystal unit and to correct for their effects on frequency
drift rate.
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Fig. 2—Circuit arrangement for frequency change and resistance
measurements on a high precision 100 kc quartz-crystal unit.

An arrangement of the measuring equipment is
shown in Fig. 2. The bridge circuit is a typical RF im-
pedance bridge, with the exception of capacitors C, and
Cs. Capacitor C, not only prevents direct current
through the bridge, but also allows C. to be adjusted
for initial balance. Capacitor C, is approximately equal
to C, in order to maintain an equal-arm bridge. Resistor
R is of sufficiently high value to cause negligible shunt-
ing of the resonator. Reactance X may be inserted if the
resonator’s frequency is far removed from the standard
frequency.

The bridge is adjusted for initial balance with the
unknown terminals shorted and R, set to zero. The
attenuator may be shorted out to increase the bridge
sensitivity. After initial balance is achieved, the at-
tenuator is switched in to limit the crystal current, and
the short is removed from the crystal. Resistors R, and
R, are then adjusted for bridge balance (crystal unit
plus line unity power factor), and the voltage read from
the potentiometer while the resistance of the crystal
with connecting coaxial line is read from the dial of R,.

Under the assumptions that the crystal unit has low,
constant resistance and a resonance frequency close
enough to the standard frequency so that no series
reactance is required, the change in crystal unit
resonance frequency is given by:
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Af, = Af + KAV,

where Af,, Af, and AV are the changes in resonance fre-
quency, standard frequency and dc voltage respectively.
The constant K is the voltage coefficient of frequency for
the particular crystal unit used. Its value may be found
by switching the bridge between two standards of
known frequency difference (Af’) and recording the
difference of the direct voltages (AV’) required for
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balance in each case

Af

Av’

In obtaining the frequency values shown in Fig. 1,
consecutive measurements were made against each of
two standard oscillators. The results agreed precisely
(within 2 parts in 10'%) with the adopted values of the
two standard oscillators.

The Optimum DC Design of Flip-Flops®

D. K. RITCHIE}

Summary—A method for the design of flip-flops has been de-
scribed which includes component and voltage tolerances. The
method may also be applied to the design of other similar switching
circuits. The advantage of such methods is that designs meeting
desired specifications may be obtained by a direct process rather
than by one of trial and error.

INTRODUCTION

HIS PAPER is concerned with the dc design of
simple Eccles-Jordan flip-flops! such as that shown
in Fig. 1. Since the original circuit was published,
much work has been done to increase the maximum
switching rate and improve the reliability.?-8
Well designed flip-flops should be stable in either
quiescent state, have reliable triggering characteristics,
and have a maximum switching or counting rate well
above that required in service. When speed of operation
is important, tubes should be selected with high trans-
conductance and low input capacitance; stray capaci-
tances should be minimized and operating voltages and
load resistances should be chosen so that the tube may
be operated in a high transconductance region of its
characteristics. This method may be used with any type

* Decimal classification: 621.375.2. Original manuscript received
by the Institute, January 14, 1953; revised manuscript received June
12, 1953.

t Research Department, Ferranti Electric Ltd., Toronto, Canada.

' W. H. Eccles, F. W. Jordan, “A Trigger Relay Utilizing 3 Elec-
trode Thermionic Vacuum Tubes,” Radio Rev., vol. 1, p. 143; 1919,

t E, C. Stevenson, I. A. Getting, “A Vacuum Tube Circuit for
Scaling Down Counting Rates,” Rev, Sci. Inst., p. 414; 1937,

3 H. Lifschutz, J. L. Lawson, “A Triode Vacuum Tube Scale-of-
two Circuit,” Rev. Sci. Inst., p. 83; 1938.

¢ H. J. Reich, “New Vacuum Tube Counting Circuits,” Rev. Sci.
Inst., p. 222; 1938.

8 W. A. Higinbotham, J. Gallagher, M. Sands, “The Model 200
Pulse Counter,” Rev. Sci. Inst., p. 706; 1947,

¢ Val Fitch, “A High Resolution Scale-of-four,” Rev. Sci. Inst., p.
942; 1949,

7W. B. Lewis, “Electrical Counting,” Cambridge University
Press, Ch. VIII; 1942,

8 B, Chance, V. Hughes, E. F. MacNichol, D. Sayre, F. C. Wil-
liams, “Waveforms,” vol. 19, M.I.T. Radiation Lab. Series, McGraw-
Hill Book Co., Inc., New York, pp. 174-179, pp. 604-611; 1949,

of tube suitable for use in flip-flops. A criterion is de-
veloped which shows quickly whether or not the flip-
flop corresponding to a given set of design specifications
is realizable.

An optimum dc design is defined here as one which
meets certain design specifications described below with
the lowest possible value of load resistance. Usually such
a design will result in the maximum switching speed for
a flip-flop using a given tube and subject to the condi-
tions to be discussed.

B _+
>
Ry =
<
Re 3=
s 2 T2
-7
A
p €
Rg

c
Fig. 1—DC circuit of simple flip-flop.

DESIGN SPECIFICATIONS

The circuit shown in Fig. 1 may be considered as a
two-stage amplifier with positive feedback. Stability of
such an amplifier may be obtained only if the loop gain
is less than unity. This is usually achieved by causing
one tube to operate at approximately zero bias, while
the other tube is biased beyond cut-off. These two modes
of tube operation will be referred to as the conducting
and non-conducting states respectively.
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It is necessary to include in the design procedure, the
voltage and component tolerances, a specification of
the limits of the tube characteristics and finally, the
minimum excursion of the grid voltage e, occurring
when the flip-flop changes state. First the resistance and
voltage tolerances must be defined:

(a) The supply voltage tolerance, expressed as a
fraction of the nominal value is +x where x is a
positive number;

(b) The resistance tolerance, expressed as a fraction
of the nominal value is *y.

Tube characteristic specifications may be stated as:

(c) The plate voltage of the conducting tube must
always be less than or equal to a specified value
E,;

When the plate voltage of the conducting tube is
E,, the plate current must never be less than a
specified value I,.

When T, Fig. 1, is non-conducting, the voltage e, must
be sufficiently positive so that T, is conducting. Suppose,
if the connection at the point A4 were broken, that e,
would be greater than or equal to some specified positive
voltage e;; then with the normal connection, conduction
of T, would be assured. Therefore, the next condition
is:

(¢) When T, is non-conducting, ¢, 2 e;.

Similarly when T is conducting, ¢, must be sufficiently
negative to ensure cut-off in T:. In this case ¢, usually
is chosen to be several times larger than the nominal
cut-off voltage. If the least negative value of e, that is
desired under these conditions is e;, then the next re-
quirement is:

(f) When T, is conducting, ¢, Ze;.

The final condition is;

(g) The lowest value of load resistance shall be used

that will permit (a) to (b) to be met.

(d)

B(i- x)
Ry (1+v) Ep
Rg (1 +Y) Rs (1-v)
oe9’1 eg.j-
Rg(1-v) Rg (1+Y)
C (1+x) C (1-x)
(a) (b)

Fig. 2—Extreme conditions: (a) T non-conducting.
(b) T\ conducting.

THE RESISTANCE RATIOS

In order to meet the design specifications, it is neces-
sary to consider the most extreme combinations of
voltage and resistance values. These are shown in Fig. 2

Ritchie: The Optimum DC Design of Flip-Flops
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(a) and (b). In Fig. 2 (a) each voltage and resistance
considered separately tends to reduce e, below that
value which would be obtained with the corresponding
nominal voltage or resistance. In Fig. 2 (b) the reverse is
true. Thus these two configurations represent the two
worst possible conditions under which specifications (a)
to (c¢) may be met.

Requirements (e) and (f) may be applied to the cir-
cuits of Fig. 2 (a) and (b) respectively to obtain the
inequalities

With T, non-conducting,

_(1=9)(1=#)BRo+(1+)(I+)CRiARs)
(1— y)Ro+(1+)(Ru+Rs) ="

€y

hence
[1 =1 — 2B -1~ yealRe
+ [(1 + 9 + 2)C — (1 + y)e]Rs
T+ [+ U+ 2C— 1+ ealRe
= 0.

This may be written in the form

Rge Rs
Li=a,—+bh—+b20. (1
L R,
Similarly, with T, conducting
(1+ 9)ERe + (1 — y)(1 — x)CRs
e, = =< e.
(1+ 3)Re+ (1 — y)Rs
This may be put in the form
Ra Rg
Ly=a—+b—=0. 2
2 RL + 2 RL ( )
Rs
Ru
—_— “,K 5
——eq<ge? 7 2 REGION WHICH MEETS
e —— 1 SPECIFICATIONS
(K1, K2)

R
Ru

Fig. 3—Tolerance requirements.

Equations (1) and (2) specify regions in the (Rg/Ry,
Rs/Ry) plane. If a solution is to be obtained, the regions
must overlap. Fig. 3 illustrates these regions which are
bounded by L;=0 and L;=0, as well as the positive
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reference axes. Any point within the overlapping region
may be used to select ratios R¢/R. and Rg/R; which
will meet all specifications except (g). To meet (g) the
point of intersection of L;=0 and L, =0 must be chosen,
as will be seen. The co-ordinates of this point are

K =FRa_ __ bla
RL dlbz
b,
R 1
K’ = -—i =
RL albz
ash,

CRITERION FOR REALIZABILITY

Since both K, and K, must be positive, the slope of
L, must be less than that of L,. Hence a solution may be
found only if

albz

azb.

This criterion is both necessary and sufficient.
B{1+X)
+

Res Ki Ru

Rell-y) Rs= K2 RuL

Ep _—

Kz R(i-Y)

Ki Re(14+Y)

c(i-X)
Fig. 4—Determination of Ry,.

DETERMINATION OF Ry,

To determine the absolute value of Rj, use may be
made of the extreme case illustrated by Fig. 4. Here the
equivalent plate supply voltage B’ and the equivalent
load resistance R.’ must be determined. These are given
by

B' = a(B —C+ x(B+C) +C(1 — )
Ry = (1 — y)aRy
where
K1+ K2+ y(K1 — Ky)
a = -
Ki+ Ks+ y(Ki— K3) + (1 — )
Here, the tube characteristics (d) must be introduced. If

the plate current in the conducting state is I, when the
plate voltage is E,, then
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Note that the smallest value of R’ is obtained with the
smallest value of B’ and thus with the smallest value of
Ra. That is, both K and K, must be as small as possible.
Therefore, the point (Ki, K,), Fig. 3 represents the
optimum choice of resistance ratios.

DEsIGN ForRMULAS

To design a flip-flop by this method, it is necessary to
list the requirements and carry out the computations
indicated below. It should be noted that C and e, are
negative quantities,

Requirements: B, C, E,, I,, ey, e, x, ¥.
Formulas:
a1=(1—- 91 —-2B—-(1-9ye
hi=14+ 31+ 2C - 1+ ye
o = (14 y)(E, — &)

be= (1 — (1 —2C— (1 - ye:
— by/a
K = oibs
albz If § 1
— azb1
azbl
1
K, = the design is not realizable.
albz
-1
dzbl
K,+ K, + y(Kn - Kz)
o

- K, + K, + y(K, —?z)—'* (1—_~}')
B'=a(B—-C+ 2(B+0C) +C1 — x)

Ry = 2 =B
I,
Ry = R./(1 = y)a
Re = KRy,
Rs = KiR;,

EXAMPLE

A typical set of requirements is listed here:

B=+4300v  When the calculations are carried
C=—150v out, the values of Rz, Rs and Rg
E,= 100v obtained are:

I,= 59ma R;=37.4k

ee= 0Ov Rsg=277k

e=—25v Re=212k

x= 0.05

y= 0.1

Usually the nominal resistance values may not be ob-
tained as standard or preferred values. A compromise
solution is to use the preferred values most nearly ap-
proximating the nominal ones and which keeps the re-
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sistance ratios Rg/Rrand Rg/R within the overlapping
region of Fig. 3. For the present example the set of values
R =39k, Rg=300k and Rg=225k is quite suitable.

Tien: Traveling-Wave Tube Helix Impedance
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Traveling-Wave Tube Helix Impedance®

PING KING TIENTY, ASSOCIATE MEMBER, IRE

Summary—The impedance parameter! of a circular helix, from
which the gain of a helix-type traveling wave amplifier is computed,
is investigated for a ‘‘Tape-Helix” model.? Results obtained in this
paper indicate that the impedance has a smaller value than for the
¢‘Sheath-Helix” model,':* and is considerably reduced at larger
values of ka, the ratio of the helix circumference to the free space
wavelength.

A tape helix surrounded by a dielectric medium is analyzed. It is
shown that the results obtained from the theory can be used to
evaluate the helix impedance for usual types of traveling wave
tubes. They have been found to be in agreement with measure-
ments on many tube designs.

INTRODUCTION

ELIX TYPE TRAVELING wave tubes were
H investigated by Pierce,! Kompfner,® and Ryd-

beck.* The relation! between gain and helix
impedance is:

G = (A + BCN)db 1)
with
C*=K To f (2)
4V,

where G is the amplification in db. “4” is the initial loss
of the increasing wave; “N”, the number of active wave-
length; “C”, the gain parameter; and “B”, a parameter
depending on space charage and circuit attenuation.
Vo/Io is the electron beam impedance; f is a factor
depending on the ratio of the beam and helix diameters.
“K?”, defined by:

_ EZ(0)
"~ 2ptP

3)

is known as the Helix Impedance. Ez(0) is the maximum
value (both in time and in Z) of the axial electric field
on the axis of a helix carrying an electromagnetic wave
of power P and with a phase constant 8. K has the

* Decimal classification: R339.2 X R145.3. Original manuscript re-
ceived by the Institute, July 21, 1952; revised manuscript received
June 9, 1953.

t Bell Telephone Labs., Inc., Murray Hill, N. J.

1]. R. Pierce, “Traveling Wave Tubes,” Van Nostrand; 1950.

* Samuel Sensiper, “Electromagnetic wave propagation on helical
conductors” (thesis), Mass. Inst. Tech.; 1951.

3 R. Kompfner, “Traveling wave tube as amplifier at micro-
waves,” Proc. I.R.E,, vol. 35, p. 124; 1947,

4 0. E. H. Rydbeck, “Theory of the traveling wave tube,”
Erécsson Tech., vol. 46, p. 3; 1948,

dimensions of (Voltage)?/Power i.e., impedance. It is the
ratio of the square of the line integral of the effective
axial E field to the power carried by the helix circuit
and is generally considered as the parameter that
measures the effectiveness of the helix.

ke o]

©

e p >

Fig. 1—(a) The actual helix;
(b) The SHEATH HELIX model;
(c) The TAPE HELIX model.

Helix impedance was computed previously by Pierce!
from an approximation which assumed the helix to be an
ideal cylinder with conduction only in the wire direction
(Fig. 1b). The name “Sheath Model” is given to the
helix studied under this assumption. The impedance':?
of a sheath helix is:

K = (nf%3weago)™!;
1 IK,
go = ;((1 + IlKo> (I = Iol,)
+ 5’1(1 - [‘K°) (KoK» — Kx’)> @
K¢? IoK,
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where
(6202 —_ k2a2) 1/2

k? = wiue

(5)
(6)

w is the angular frequency of the signal, a, the radius
of the helical cylinder and g, and €, the per-
meability and dielectric constant respectively of the
medium. o, I), I; and K,, K,, K, are respectively
modified Bessel functions of the zeroth, first, and second
order of the first and the second kinds. All the Bessel
functions have the argument 5. The factor 1/g, of the
sheath impedance is plotted in Fig. 2. Because of
difficulties in experimental techniques, expression (4)
has never been verified by direct measurements, al-
though we may calculate a value of impedance from (1)
and (2) by measurements based on tube performances.
This was done by Cutler® and he found that a reduction
factor of about 0.5 is necessary to account for the differ-
ences between the experimental value and that com-
puted from (4).

17=

10" \

1 - pB3a3weak
%
K = SHEATH IMPEDANCE

T

/

/

3,
»
T TIT
|
|
|
|
|

gl
LA

L LA

LA

LA

10”7

o

2 3 &) 6 7 8

|
|
1
4
n
Fig. 2—The factor 1/go of the sheath impedance computed by (4).

It is the purpose of this paper to compute the helix
impedance by means of a more accurate analysis. The
best method available seems to be to use the tape-helix
model studied by Sensiper.? In his analysis the helix is
assumed to be wound of infinitely thin conducting tape
(Fig. 1c). A tape helix with pitch p and width & will
therefore be assumed.

THEORY OF A TAPE HELIX SURROUNDED BY A
DIELECTRIC MEDIUM
Field expressions for a tape helix in free space were
derived by Sensiper.? However we are here concerned

8 C. C. Cutler, “Traveling-wave tube gain,” Proc. I.R.E., vol.
39, p. 8; 1951.
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with a more complicated case in which the tape helix is
surrounded by a dielectric medium (Fig. 3). M.K.S.
units and cylindrical co-ordinates r, 8, Z are used. The
helix possesses one kind of symmetry, it coincides with
itself by a proper translation and rotation. Because of

ENIET
Y

A
TRYATA

HELICAL CYLINDER
NS

t

N

A\ N
Fig. 3—TAPE HELIX surrounded by a dielectric medium;
(a) narrow tape helix; (b) narrow gap helix.

N \\\ O \ N\ \\ NN \ \\.‘:‘\‘\‘\ N N \\\\\\
\\\\\ SN ‘\\\\\\\.§§§S§
(b)

this periodic property, Floquet’s theorem® can be
applied? for both axial and angular co-ordinates. One
thus obtains, for the solution of the scalar wave equa-
tion:

r
E.n® = (_ 8. + k) AmKp (ﬂm’ _> (7)
a
r
II:m’ = (— 6»;2 + k¢2)Bm¢Km (ﬂm’ —“> (8)
a
o r
Erm’ = = ]Bm AmeKm, (nmc _>
a a
mwu r
+ — Bm’Km ﬂme ") (9)
r a
MPm r
Eyn® = "'?‘ AmeKm (ﬂm’ —'>
r a
,  NMm r
+ jou - Bn¢K,. (17,,.’ —) (10)
a a
Mwe® r
IIrme = — AmeKm (ﬂme ~”)
r a
Nm® r
- ]Bm <_"> BmeKm' (ﬂme _'> (1 1)
a a

¢ J. C. Slater, “Microwave Electronics,” Van Nostrand; 1950.
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mé r
Hom® = — joet 22 4K (n,,.« —)
a a
mBm r
+ Bn¢Kn® (ﬂm‘ _> (1 2)
r a
r
E:m‘ = (_ ﬂmz + kiz)A m‘Im (nmi _> (13)
a
r
i,,' = (_ ﬂmz + kiz)B'n‘Im (ﬂm‘ "') (14)
a
. . 1 . T
Erm‘ = - Jﬁm Am‘lml (ﬂm. '_)
a a
mop r
+ Bm‘lm (ﬂm. _—> (15)
r a
EOmi = "lﬁ"‘ Am"I"l (7’"“ L)
r a
Nm' . T
+ jop — Builn' (nm' — ) (16)
a a
mwet ) r
Ilrmi = - Am'1m<77m‘ _>
r a
N’ L T
- jﬁm —— Bn'l ' (ﬂm‘ -> (17)
a a
IIOm‘ = - jwei __”l Amilml (nm‘ -r>
a a
mBm T
+ —— B.',, (ﬂm “‘) (18)
r a
with
pot = (B = £DE] nai = [Ba? = kD] (19)
27
Bm = Bo+m — (20)
?
ke = wlue’; ki? = wluel. (21)

where Ermy om» 2zm and Hym, om, zm are Fourier com-
ponents of electric and magnetic fields, that is:

Er.O.Z"‘ = Z Erm.Om.Zm"‘
m

. . (22)
Hepz* = O Hmomzm'*

Fields with subscript m =0 are denoted in this paper as
fundamental fields and those with m#0, as space har-
monic fields. m may be any integer including zero.
Superscripts ¢ and e denote, respectively, quantitics
inside and outside the helical cylinder. I'm, K are modi-
fied Bessel functions of mth order of the first and the
second kinds respectively. I’ and K.’ are their deriva-
tives with respect to the argument. p is the pitch and a
is the radius of the helical cylinder. The common factor

giotg=iml@r/Z—8) js omitted in all the expressions. j is
Y=l

Tien: Traveling-Wave Tube Helix Impedance
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It is seen from (7) to (18), that the field expressions
involve the following quantities. k; and &, as given in
(21), depend upon the operating frequency and the
diclectric constants of the media. 3. is the phase con-
stant associated with the mth component of the fields
and can be calculated from (20), if 8, is known. ¢ is the
phase constant of the fundamental component of he
fields and will be discussed later in Section 4. 7,.* and
7wt can be calculated by means of (19) from the “Ba's”
and “ka’s.” “4,'s” and “B,,’s” are constants associated
with the solutions and will be dctermined by the
boundary conditions and the current distribution as-
sumed over the helical tape as given later in (28) to (31).

Let « be the total current density over the tape con-
ductor. We have:

K1y = € 82D Ky e im(2nIPIZ=0)

m

KL = €2 ki, im(2rIpIZ=0)

(23)

With:

Kitm = Kzm SIN ¥ 4 Kkgm cOS ¥

. (24)
Kim = Kzm COS ¥ — Kgm Sin W,

Where ¥ is the angle between the direction of helical
conductor and the circumference of the helical cylinder.
Subscripts 11 and L denote the directions parallel to and
normal to the helical wire, respectively. In the case of
the sheath model, the current density is evenly dis-
tributed over the helical cylinder and therefore all the
“k11m's” except “ko's” are zero.

Considering first the case that the tape is narrow as
compared to the pitch, ie., §/p<K1, we may assume,
according to Sensiper?, that: (a) current flow normal to
the direction of the helical tape is zero; (b) the magni-
tude of the current flowing in the direction of helical
tape is constant over the conducting tape; and (c) the
constant phase contour of the current is at the constant
Z-plane. From the assumptions, we have:?

Kim =0 (25)
. wb
sin m ;
lKllml = 5 K110 (26)
T
m—
?

At the boundary r=a, the tangential electric fields
must be continuous and the tangential magnetic fields
must be matched to the current flow. That is:

E:,O‘ = E:.O‘
kg =1II,'— H,* atr=a 27
Ky = Hg® — Hy'.

By these boundary conditions and the assumptions
about the current distribution of (25) and (26), the
“An's” and “Bn's” of (7) to (18) can be determined:
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JAm*  @%1msin ¥
wua Im("7'n) .
Nm? — mBma cot ¥
Mm g _______ I 0 . k-l( ) (28)
nms[kl_zaz M — kgt m :l
Im(ﬂm) Km(ﬂm)
1A e a%1m SIin ¥
o O Nmi  NoM. (29)
wua Km("7'n)
AK11m sin ¥
Bni = O my
Im(nm)
1
Qm g - Im(nm)Kml(nm) cot ¥ (30)
Nm
a’xu,,. sin ¥
m Km(nm) my
1
S = — I’ (nm) Km(nm) cot ¥, (31)
Nm

Here an approximation 7,&9,,°=y,, has been made.
The approximation is good when ka<B.a, which is
generally true.

From (28) to (31), and the field expressions (9) to (12)
and (15) to (18), the power associated with the mth
component of the fields can be computed using Poyn-
ting's theorem:

Pp=Pni+Pn’

1 2r e - -
Pni=Re [’Ef o f (ErmHom'— Eom'H,m¥)rdr  (32)
0 0

1 2r w0
Pm. =3 Re [7 L d() fa (Erm.gdm._ Ermdgi‘m‘) 7d7, (33)

where ~ denotes the conjugate value and “Re” means
the real component.
For m 0, we have:

P, = wa*wua sin? ¥T,,%;

Twi = | k11m |2<3ma[kf2“2Mm2 + Qn?]

. Iml(nm‘) . N’ Iml’(ﬂmi) _ i i o
.[ﬂm I,,,(q,,,") T 2 Imz(‘l],,.") 2 (77m +m )]
— mM Qn(Bn?a® + k.-’a’)) (34)

Pn® = wa’wua sin? ¥T,,°%;
Tht = | Kitm ]2= (,3,,.0[k.’a’:\’,,.2 -+ S,..’]

Kmlz(nme) 1 . ,
sz(nmc) +2— (77"' tm ):|

.[—n , Kn'(1m) M
" Kn(mm) 2
+ MmN nSn(Bm’e? + k.2a2)) (35)

and for m =0, the fundamental component,
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Py¥ = walwpa sin? ¥Tyi;

T , K110 ,230 [B:2a2M 2 + Q0?]

: (% [7:2(no) — I(no)] — 770‘11(770")12(770")>

1
1¥(no)
Py = wa’wua sin? ¥Tye;
Ty = l K110 lzﬂd[kazdzt\ro2 + So?)

70
( ]
1
Ko(me)
where M,,, N, Q.. and S,, are defined in (28) to (31).

We may also express (36) and (37) in terms of E,(0),
this giving:

(36)

[Ke(ne) — Ki2(no®)] — noeKloyo«)Kz(noe))

(37)

Py = }a’rBawe’a Uy E,*(0)
. 1 102("70") :l
U t = — — S
° [‘qo"’ + COlz ‘I’k.‘zdzlolz(‘qo")
12(o®) — To(no¥)I2(no¥)] (38)
Py = }arBawe’alE,2(0)
‘r1 KoX(no*
Ut = 6_[_’_*_ B 73(770) ___]
e Ln®  cot? ¥k, 22Ky "?(ne°)
Io*(nof)
[Ka(mo) Ko(me®) — Ki¥(no*)] K ofne) | (39)

HELIX IMPEDANCE

In the above theory, the field distribution as well as
the current distribution over the helical tape, is ex-
panded in an infinite number of Fourier components.
All of these components are orthogonal functions. They
are solutions of the wave equation and may thus be
considered as component waves. As may be seen from
(20), all the components related to a common mode
must have a common group velocity but different phase
velocities and some of them may have negative phase
velocities. According to traveling wave tube theory, the
interaction between waves for amplification only occurs
when the electron stream and the fields have nearly
the same velocity. In usual traveling wave amplifiers,
the electron velocity is adjusted to be nearly in syn-
chronism with the phase velocity of the fundamental
fields, and therefore, the only component of fields useful
for amplification is the fundamental component. The
presence of the space harmonic fields does not increase
the amplification of the tube, but to the contrary
increases the factor P in the impedance expression (3),
and therefore lowers the value of the helix impedance.
In the sheath helix theory, all the space harmonic fields
are neglected, and the calculated impedance is higher
than for a real helix.

Taking E,(0) and B of (3), the axial electric field and
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the phase constant of the fundamental fields, and P,
the total power of the fundamental and the space har-
monics carried by the circuit, we have from (34) to (39),
for the impedance of a narrow tape helix surrounded by
a dielectric medium:

e E20) E20)  Po
T 28R
2602 Z Pm Bo ° Z Pm

1 Toi+ To

PSP : - (40)
rBilawe'a(Uo’ + Uo?) § (T 4 7o)

Mm=—c0

PuASE VELOCITY

Before calculating the impedance based on (40), the
phase constant, 8y, which is the ratio of the angular
signal frequency to the phase velocity of the funda-
mental fields must be first determined. The exact de-
termination of this quantity is quite involved.? Since
we are only concerned here with one particular propa-
gating mode (the %, mode in Sensiper’s analysis?), it is
much simpler to compute B from the sheath model.
We thus have:’

ki%a® 1,%(n0")

. = == — cot? ¥
ot | owt D)
n0* I(no")
Io(no")
Ko(no® ko2a? Ki(no®
_ L0 2 otz w K00y
Ki(n0%) 70° Ko(n0°)

no' = (8o — ki?)a?
170‘, = (B — k.2al

For the helix in free space, no°=n¢*=1, expression (41)
is reduced to the familiar equation given by Pierce:!:?

Ii(n) K1(n) _ 7’ .
Io(m)Ko(g)  k%? cot? ¥

As experimentally verified by Cutler,® expression (42)
appears to be a very good approximation in the usual
operating ranges of the traveling wave tube. (41) should
hold to the same degree of accuracy for a very thin tape-
helix.

Results computed from (41) and (42) indicate that
the phase velocity is reduced as the dielectric constant
of the surrounding medium is increased.

(42)

THE IMPEDANCE REDUCTION FACTOR

In order to show the reduction in impedance due to
the presence of the dielectric and the space harmonics,
we will compare the impedance of an actual helix with

7 L. A. Harris, H. R, Johnson, A. Karp and L. D. Smullin, “Some
measurements of phase velocity along a helix with dielectric sup-
ports,” Mass. Inst. Tech. R. L. E. report no. 93; January, 1949.

8 C. C. Cutler, “Experimental determination of helical wave
properties, Proc. [.R.E., vol. 36, p. 2; Feb. 1948.
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dielectric surroundings, to that of an idealized sheath he-
lix in free space. Equations (19) to (21) show that two
helices of equal radii and with equal phase velocities
have equal values of k.a, B» and 7a’, and have approxi-
mately the same values of 7. since k,<Bm. They thus
have similar field distributions and should be compara-
ble. The impedance reduction factor, F, is therefore
defined as the ratio of the impedance of an actual helix
with dielectric to that of a sheath helix in free space of

equal radius and with equal phase constant 8,. From
(4) and (40) we have:

F= 8o Tof 4 To°
U ] U e o
o' + Uo Z (Twi + To?)

mes-—od

(43)

It has been mentioned in the last section that the
phase velocity is also reduced because of the dielectric.
In order that a helix with dielectric and a sheath helix
in free space, of equal radii, have the same phase con-
stant By, the sheath helix must have a larger value of
cot ¥. The ratio of their values of cot ¥ indicates the
reduction in phase velocity due to the presence of the
dielectric and is defined here as the dielectric loading
factor. Stated more specifically, the dielectric loading
factor is the ratio of the value of cot ¥ of an actual helix
with dielectric to that of a sheath helix in free space, of
equal radius and with equal phase constant Bo. For a
tape helix surrounded by a dielectric medium, the dielec-
tric loading factor can be computed from (41) and (42).

| (/70 | =
DIELECTRIC

0.2 LOADING ] — ] — *‘[" —
FACTOR IN
[ PERCENT T [ (g)] (b
% on 0.2 0.3 o 0.1 0.2 0.3
kid kia

Fig. 4—The impedance reduction factor F of the tape helix;
(a) narrow tape helix, nof=1.5, 8/p=1;
(b) narrow gap helix, nof=1.5, §'/p=14.

In Fig. 4a, the impedance reduction factor of the
narrow tape helix with 7,'=1.5, §/p=1, is plotted
versus ksa, using the dielectric loading factor as a
parameter. It is seen that the impedance decreases,
with increasing k.a or with decreasing dielectric loading
factor.

The impedance reduction factor of the narrow gap
helix (Fig. 3b) is also calculated following Sensiper’s?
narrow gap helix theory, and is plotted in Fig. 4b for
comparison. It may be seen that the narrow gap helix
has slightly higher impedance reduction factors com-



1622

pared to the narrow tape helix for 8/p=6'/p, where &'
is the width of the gap between helical conductors. We
will confine our discussions in the rest of this paper to
the narrow tape helix which is generally used in travel-
ing wave tubes.

We may further express the impedance reduction
factor F, defined above, in the form:

Tape impedance with dielectric

F = = > = F; X Fq;
Sheath impedance in free space
. Tape impedance in free space
'~ Sheath impedance in free space '
Tape impedance with dielectric
e DS e Ay ”

-Ta.pe impedance in free space

F, is seen to be the impedance reduction factor of the
free space tape helix as that given by the first curve
(curve marked with D.L.F.=1) in Fig. 4a. It may be
considered as the impedance reduction due to the space
harmonic fields only. F; is considered as the impedance
reduction due to the dielectric surroundings, and may
be computed from Fig. 4a by dividing F by Fi. It is
plotted in Fig. 5a.

1001 l

0.8 ——

0.6

0.4

DIELECTRIC LOADING
FACTOR IN PERCENT

0.2——— —_— x - — S
|
‘7 | @ (b)

! | {
0.2 0.3 70 80 90
DIELECTRIC LOADING
FACTOR IN PERCENT

100
kia

Fig. 5—The impedance reduction factor F; of the narrow tape helix
n'=1.5,8/p=4;
(a) Favs. ka;
(b) F,vs. D.L.F.

F, and F: have been computed for the cases: ;¢ =0.1,
0.2, 0.3, n'=1, 1.5, 2, 2.5 and &/p=0.2, 0.3, 0.4, 0.5.
In all those cases, F» varies very little with values of
ka and varies only a few per cent with values of 7,
and 8/p; Fi varies slightly with values of 75,%, but con-
siderably with values of k.a and §/p. It is thus only
necessary for us to choose some standard values for F;
and to plot F, with different values of k@ and 8/ in
order to have a complete picture of the impedance re-
duction over usual operating ranges of traveling wave
amplifiers. For practical purposes, the values of F,
may be taken as those given in Fig. 5(b) with reason-
able accuracy. There will be more in the next section
about F,.
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CURRENT DISTRIBUTION

When the tape width becomes wider, that is the
ratio §/p approaches %, the assumptions for current
distribution, used in the narrow tape helix computation,
may not hold true. No method of determining the actual
current distribution over the helical tape is available.?
We may, however, base helix impedance calculations
upon different assumptions concerning the current and
compare the results. This is done in Fig. 6. The different
assumptions used are:

1.0

0.9

0.7

0.6
Fl
0.5
0.4} —— — - E -T— - +
‘ { CURRENT
0.3} —— — 4 ——— - DISTRIBUTION
|| | | dl
0.2—+—— 'T - —_—b—— ‘
|
i | Sooo@accae
0.1 | I : — — .
|
e [T (e
L] ! ! 1 ‘ !
0 0.1 02 03 0.4 05 0O 04 0.2 03 0.4 05
YX:] Kia

Fig. 6—(a) A comparison of the calculated impedance reduction
factors Fywithdifferent currentdistributions, 7o' =1.5; (b) Facom-
puted by means of current distribution (a), 5ot =1, 1.5, 4.

(a) The magnitude of the current density is taken as
becoming infinitely large in an inverse square root man-
ner as the tape edges are approached and is zero in the
gap between helical conductors. The constant phase
contour of the current is normal to the edge of the helical

tape. In this case:
I md |
I Jo <—B‘_> |
2 |

— K11o| 3

Jo <@> !
2 |

(b) The magnitude of the current density is taken
constant over the conducting tape and is zero in the
gap. The constant phase contour of the current is nor-
mal to the edge of the helical tape. In this case:

(45)

| Kuml =

. Bud
8 Sln-—z—
0
Kigm | & | — —— 5 46
| Kitm | Bn  Bo K110 (46)
mn —
2

(c) The magnitude of the current density is constant
over the conducting tape and is zero in the gap. The
constant phase contour of the current is at the constant
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—Z plane. (This is the assumption used in the above
narrow tape helix theory.)

In all cases, k1 is assumed to be zero. All these as-
sumptions have been suggested by Sensiper.?

It may be seen in Fig. 6 that when kia or §/p is
small, assumptions (b) and (c) give nearly the same im-
pedance reduction factors. In case ki@ or 8/p is larger,
assumption (a) is preferred as it approximates the cur-
rent distribution of an isolated narrow thin tape.

TRAVELING WAVE TUBES OF DIFFERENT
DIELECTRIC STRUCTURES

In the usual types of traveling wave tube, the helix
is either supported by a concentric glass tube or by
several dielectric rods. Strictly speaking, the helix im-
pedance computations should be based upon the actual
dimensions and shape of the diclectric supporting struc-
ture, but this is practically impossible. It has keen
found, however, in section 5, that F, and F. depend
primarily on the values of kia, §/p, and the dielectric
loading factor. We may thus expect to evaluate the
helix impedance with reasonable accuracy, using those
values. The following procedures are suggested.

(1) Measure the phase velocity of the fundamental
fields either by measuring the standing wave pattern
along the helix with a sliding probe, or by sliding a
metallic reflector along the inside of the helix and ob-
serving the standing wave pattern at the input end.”

8 - - T

| |
T T T

Fig. 7—ka cot ¥ versus 5 of the sheath helix (computed by 42).

Based upon the measured value of phase velocity, com-
pute 7o°. Using this value of 7o* and the value of kia,
calculate from Fig. 7 the value of cot ¥ of the idealized
sheath helix. The ratio of the value of cot ¥ of the
actual helix to that calculated from Fig. 7 is the di-
electric loading factor.

(2) Using the value of the dielectric loading factor,
find F. from Fig. 5(b); using values of k¢ and §/p, find
F, from Fig. 6. In Fig. 6, the curves computed from the
assumption (a) concerning the current is preferred.
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(3) The total reduction factor F is the product of
F, and F;. The actual helix impedance is obtained by
multiplying F by the impedance of the sheath helix.
This can be found by means of Fig. 2, using the value
of no* found in (1) as 7.

Most tubes are designed with 2;a about 0.1, 7,° about
1.5 and dielectric loading factor about 0.8. It is ob-
served from Fig. 4(a) that with these values, F is
approximately equal to 0.5 which agrees with the factor
found by Cutler® and based upon measurements on tube
performance. The results of measurements on different
tube designs have been analyzed in Table I and it is
found that in general the agreement with theory is good.

TaBLE I
Data Supplied ) i | Calcu- | Meas-
bypp kia \ o ' D.LF.| &/p lated* F | ured F

Mr. C. C. Cutler ‘

Bell Labs. 069 | 1.76 | .93 .5 .81 .79
Mr. C. F. Quate

Bell Labs. .232 | 2.82 .87 4 .546 .50
Mr. J. S. Cook f |

Bell Labs. .096 | 1.54 .78 .5 .489 .45
Mr. H. Poulter ' '

Stanford Univ. | .15 | 1.2 | .75 4 41 | .46

* Calculations are based upon values found in Fig. 5(b) and the current dis-
tribution (a).

CONCLUSIONS

This analysis indicates two ways to improve the helix
design for the use in traveling wave tubes: (1) to raise
the dielectric loading factor and (2) to reduce the space
harmonic component fields. The dielectric loading factor
can be raised by supporting the helix by small dielectric
tubes or by wedge-shaped dielectric supports so that
most of diclectric material is away from the helical sur-
face. The space harmonic component fields can be re-
duced either by using a ratio of §/p=21/2 or a smaller
value of k;a. A further improvement might be obtained
by using a properly arranged multi-wire helix.

It is also found in this paper that the impedance is
reduced more at larger valuecs of k;a. Thisimposes a basic
limitation on the design of traveling wave tubes. In
particular, in high power tubes and millimeter wave
tubes, a relatively large value of ka is necessary in
order to have a helix large enough to allow the passage
of the electron beam for amplification.
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Traveling-Wave Slot Antennas”

J. N. HINESY, associaTe, 1rRe, V. H. RUMSEY{, SENIOR MEMBER, IRE, AND
C. H. WALTERT, ASSOCIATE, IRE

Summary—The traveling-wave slot antenna is similar to a
traveling-wave wire antenna, but it is far more versatile because the
phase velocity and rate of radiation of the fields in the antenna can
be controlled. Four types of traveling-wave slot antennas have been
identified. These are: (a) the conventional transverse electric, TE
(no tangential E field parallel to the slot length); (b) transverse mag-
netic, TM (no tangential H field parallel to the slot length); (c) a
hybrid with negligible transverse E, and (d) a hybrid with negligible
normal H. Only the hybrid types are capable of producing maximum
radiation in the direction of the slot axis (i.e., end-fire radiation).

The complex propagation constant which is characteristic of uni-
form traveling-wave slots has been measured for a variety of wave-
guide geometries and is presented in the form of graphs.

The radiation pattern of a traveling-wave slot can be controlled to
give low side lobe or ‘‘cosecant squared” type patterns by appropri-
ate variation of slot width with distance z along the axis. An approxi-
mate formula for the variation of attenuation « with z required to
give a specified pattern can be derived. This in turn gives the re-
quired variation of slot width with z.

An examination of the principle of superposition shows that the
conventional technique of array design is an approximation which
has proved inadequate in the design of certain slot arrays. A more
elaborate technique is described which has the merit that the array
pattern can be predicted exactly from measurements made by excit-
ing individual elements of the array.

INTRODUCTION

HE APPLICATIONS of half-wave slot antennas
Tare well-known.'3 A traveling-wave slot antenna

may be considered as a slot, many wavelengths
long, which is energized at one end so that the field
distribution in the slot consists of a traveling wave, in
a manner analogous to traveling-wave wire antennas.
It therefore performs like an array of half-wave slot
antennas, but it is often much easier to design and con-
struct than such an array. One side of a traveling-wave
slot antenna is usually enclosed by a waveguide. In this
form it is more versatile than the traveling-wave wire
antenna because the phase velocity and rate of radiation
can be controlled by the waveguide dimensions.

* Decimal classification: R326.81. Original manuscript received
by the Institute, November 10, 1952; revised manuscript received
May 28, 1953. The work reported in this paper was done at the
Antenna Laboratory under sponsorship of the Air Research and
Development Command, Wright Air Development Center, Wright-
Patterson Air Force Base, Dayton, Ohio.

1 The Antenna Laboratory, Department of Electrical Engineer-
inE! The Ohio State University Research Foundation, Columbus,

10.

1 H. G. Booker, “Slot aerials and their relation to complementary
wire aerials (Babinet's principle),” Jour. IEE (London), vol. 93, part
I11-A, pp. 620-626; 1946.

2 W. H. Watson, “The Physical Principles of Wave Guide
Transmission and Antenna Systems,” Oxford University Press, Ox-
ford, England; 1947,

8 “Very High-Frequency Techniques,” Radio Research Labora-
tory Staff, Harvard University, vol. I, McGraw-Hill Book Co., Inc.;
New York, N. Y.; 1947,

Various forms of traveling-wave slot antennas have
been considered by different authors.'® The basic fea-
tures can be illustrated by considering the form sug-
gested by Booker.* In a conventional rectangular wave-
guide operating in the lowest order TE mode, as in
Fig. 1, the magnetic field components H, and H, are
zero on the central plane represented by a dashed line
in Fig. 1.

7v ///‘i\\l \E,\\ /4
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Fig. 1

It follows that this central plane can be replaced by a
sheet of infinite impedance, i.e., a perfect magnetic
conductor, without disturbing the field, (Fig. 2.)

The equivalent of a magnetic conductor is obtained
approximately when the opening in the half-guide is
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Fig. 2

4 H. G. Booker, “Girders and trenches as end-fire aerials,” Report
N 30, TRE Jour., Swanage, England; 1941.

¢ W. W. Hansen, “Radiating Electromagnetic Waveguide,” U. S.
Patent No. 2402622.

¢ W. W. Hansen, S. Seeley, and E. E. Pollard, “Notes on Micro-
waves,” vol. 3, Radiation Laboratory, M.L.T., Cambridge, Mass.,
Chapter 22; pp. 24-33.

7 Interim Engineering Report 301-9, Antenna Laboratory, The
Ohio State University Research Foundation; prepared under Con-
tract W 33-038 ac 16520 (17380), with Wright Air Development
C;rger, Wright-Patterson Air Force Base, Dayton, Ohio; August 1,
1948.

8 A. L. Cullen, “On the channel section waveguide raditor,”
Phil. Mag., vol. 40, pp. 417-428; April, 1949,

* W. Rotman, “’lla‘ﬂe Channel Guide Antenna,” Air Force Cam-
bridge Research Laboratories, Cambridge, Mass.; January, 1950.

19 D, R. Rhodes, “Theory of axially slitted circular and elliptic

linder antennas,” Jour. Appl. Phys., vol. 21, pp. 1181-1188;
ovember, 1950.
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fitted onto an infinite slot in a ground plane as in Fig. 3,
provided the width of the slot, W, is a small fraction of a
wavelength. Such an arrangement, therefore, sets up a
wave in an infinite slot which travels with a phase
velocity very nearly the same as would be obtained in
the complete waveguide.

P r

o'k w

’ £
—o—
Fig. 3

As the wave travels along the slot its strength is
gradually dissipated by radiation. Assuming, for greater
generality, that the waveguide is filled with dielectric,
we can picture the radiation as due to a wave incident
at angle ¢ on the slot, part of which is refracted at
angle 6, and the remainder reflected at angle ¢ (Fig. 4).

NN

2 woveguide Woll

Fig. 4

The refracted wave is radiated in a radiation pattern
which has its main beam in the direction 6. In waveguide
terminology the rate of radiation is a maximum at the
cut-off frequency (¢ =0=0) and diminishes to a very
small value when 6 =90°. (A literal interpretation of this
model shows that the rate of radiation is zero when
6=90°, and for all ¢ greater than the value which gives
6 =90°. This result is incorrect because the actual field
is not exactly the same as the unperturbed waveguide

field.)

PoLARIZATION PROPERTIES

In a conventional slot antenna the electric field in
the slot is transverse to the length because such slots
are usually too narrow to support any other field con-
figuration. If the slot is half a wavelength or more
wide, this restriction disappears and it is possible to set
up an arbitrary polarization in the slot.

When energy radiates from a slot (or hole of any
shape) in some metal surface, the radiation field is the
same as would be obtained if the slot were covered with
metal and an array of magnetic currents K set up in
place of the slot, where

Hines, Rumsey, and Walter: Traveling-Wave Slot Antennas

1625

1)

E is the electric field of the slot and 7 is a unit outward
vector normal to the metal surface. (This follows from
Schelkunoff’s equivalence principle.) When the metal
surface is an infinite plane, the field is the same as the
field of an array of magnetic currents 2K radiating in
free space.

To illustrate this point let a set of axes be chosen as
in Fig. 5. The x-axis is normal to the plane, and the z-
axis is parallel to the length of the slot. Then the dis-
tribution of magnetic currents can be divided into cur-
rents flowing parallel to the z-axis, which are determined
from E, in the slot, and currents flowing parallel to the
y-axis, which arise from E,.

K=EXn.

X

Fig. S—A co-ordinate system showing the direction of the unit vec-
tors, 0, ¢, and £, n. The ground plane of the antenna is located in
the yz-plane.

The electric field radiated by an individual magnetic
current element lies parallel to the circles of latitude
about the axis of the current element. Thus in the
spherical co-ordinates (r, 8, ¢) (Fig. 5), a magnetic cur-
rent element K, flowing parallel to the z-axis radiates
an electric field which has an E4 component only.
Similarly, a magnetic current element K, radiates an
electric field which has an E, component only, where
spherical co-ordinates (r, £, ) are defined in Fig. § also.

If a receiving dipole is oriented to pick up E,, the sig-
nal it receives must be due to only those magnetic
currents which flow parallel to the y-axis. A measure-
ment of the E, radiation pattern over a complete hemi-
sphere, therefore, gives all the information about E, in
the slot required to predict the radiation field. In the
same way a measurement of the E; radiation pattern can
be analyzed to give the E, distribution in the slot. The
strength of E, in the slot, relative to E; in the slot, is
given by polarization measurements in the radiation
field as explained below.
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When the field configuration in the slot is traveling at
a constant phase velocity, the analysis of these measure-
ments is straightforward. In this way it is possible to
determine tangential E in the slot without having to set
up probing apparatus in the slot (which is difficult to
arrange without upsetting the field to be measured).

Assume that the tangential electric field in the slot
can be represented approximately by

Ty
E, = Acos— ¢ 7, (2
W

R 4
E, = Csin -W e, 3)

Then it can be shown that!!

E,/E,

|_ o/ ! ¥ cos o
C . AN | tan¢ @
4 Jow sin? @ '

where 6 and ¢ are the co-ordinates of the point of obser-
vation and E4/E, is the relative magnitude and phase
of the conventional far field components. The complex
number E,/E, is obtained from the measured polariza-
tion “dumbbell.” (A convenient method is described in
an L.R.E. article on transmission between elliptically
polarized antennas.!?)

From such polarization measurements it has been
found that there are four typical field configurations
associated with traveling-wave slot antennas which are
excited by a uniform waveguide whose axis is parallel
to the length of the slot. These are: (a) the conven-
tional transverse electric (no tangential E parallel to
slot length) ;! (b) transverse magnetic (no tangential H
parallel to slot length); (¢) a hybrid with a negligible
E, component; and (d) a hybrid with a negligible H,
component.

Any of these configurations can be excited by proper
positioning of a long slot in the wall of a uniform wave-
guide of rectangular cross section. To obtain the trans-
verse electric excitation a narrow slot must be placed
where the current in the wall of the waveguide is per-
pendicular to the slot. The transverse magnetic excita-
tion is obtained from an air-filled waveguide having a
wide slot (about N/2) positioned so that the current
flow is parallel to the slot length. The hybrid excitation
(¢) is obtained under the same conditions as the TM
excitation, except that the waveguide is filled with di-
electric having a dielectric constant of 2.0 or greater.
The hybrid excitation (d) is obtained from a waveguide

U Final Engincering Report 400-11, Antenna Laboratory, The
Ohio State University Research Foundation; prepared under Con-
tract AF 33(038)-9236, with Wright Air Development Center,
Wright-Patterson Air Force Base, Dayton, Ohio; December 15, 1951.

2V. H. Rumsey, “Transmission between elliptically polarized
antennas,” Proc. I.R.E., vol. 39, pp. 535-540; May, 1951.

13 The relation for C/A does not apply to the TE configuration.
In this case the slot field can be expressed as E, = Be~7*, where B is a
constant.
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partly filled with dielectric (such as paraffin) which is
excited in the lowest order (hybrid) waveguide mode.

The polarization patterns show that the far field is
essentially linearly polarized for 0.4 W/A<0.9, 1<¢,
=2.5 and 0.4 =\/\; £1.0. In some instances slight ellip-
tical polarization was observed. This, however, was at-
tributed to the presence of another wave, relatively
small in magnitude, traveling at a velocity close to the
dominant wave. The spurious wave was presumably
caused by imperfections in the antenna model used for
the experiment.

THE PROPAGATION CONSTANT

If the field in the slot consists of a traveling wave,
the performance of the antenna can be represented by a
propagation constant y=a-jB8., where a and 8, are
real. The problem is then essentially two dimensional
in exactly the same sense that a conventional wave-
guide problem is two dimensional. If the region in which
the field exists is homogeneous, the transverse propa-
gation constant « (which is related to the “free space”
propagation constant 8 and to ¥ by x?=8244?) is in-
dependent of frequency, and is determined uniquely by
the shape of the boundary. Thus for the cross section of
Fig. 3, « is a function of the dimensions W and D. From
dimensional analysis the relation can be written in
terms of two dimensionless products, as

Al 0

This kind of relation is an identi{ying property of travel-
ing-wave fields and can be used as a check on experi-
mental results. The validity of this assumption has been
tested by probing the field variation along the length of
the slot and by measurement of the radiation pattern. It
has been found that the representation by means of a
single propagation constant is valid for phase velocities
greater than the velocity of light.

Exploration of the field along the axis of the wave-
guide gives values of the attenuation constant a with
good accuracy except for very small values of a. The
radiation pattern from a finite length of slot usually con-
sists of two well-defined beams corresponding to the out-
going and reflected traveling waves, as illustrated by
Fig. 6. The angle between these beams gives the phase
constant 3,, and the ratio of their amplitudes gives the
attenuation constant a, with good accuracy provided «
is not too large.

Combining these techniques we have obtained experi-
mental curves for 8, and @ which have an estimated ac-
curacy of about § per cent. The results are shown in Figs.
7-14. B, is related to the velocity ratio ¢/v by

27 ¢

= —= —7

AN oo

where ¢/v is the ratio of the velocity of propagation in
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30°

0.5 60°

Fig. 6—Measured radiation pattern of a TE traveling-wave
slot antenna,

free space to the phase velocity along the slot. Some
comparisons with theoretical results!:* are given.

PATTERN CONTROL

Ideally, the pattern of a traveling-wave line source
(along the z-axis) is obtained from source distribution
function, e~**, multiplied by a sinusoidal factor which
depends on the polarization of the source. This idealized
pattern is a satisfactory approximation for practical
traveling-wave slots, provided the slot is relatively nar-
row and an absorber is placed at the end of the slot to
absorb the reflected wave. However, there are some pat-
terns which look like the superposition of the idealized
pattern and the pattern due to point sources at the ends
of the slot. It has been found experimentally that this
effect, when it occurs, can be greatly improved for air-
filled slots by tapering the slot at the ends. The “dis-
continuity effect” appears to be rather unpredictable;
sometimes it is insignificant in cases where on the basis
of the geometrical discontinuity, one might expect it to
be strongest. The indications are that it can be mini-
mized by feeding the slot so that the mode in the feed
section is as close as possible to the field configuration
in the vicinity of the radiating portion.

In practice the kind of pattern control required is, for
example, an approximation to a “cosecant squared” or
a pattern with good directivity and low side lobes. Such
patterns can be obtained to a good approximation from
traveling-wave line sources if the amplitude of source
strength varies with distance along the line source in the
appropriate manner. For instance, an exponential varia-
tion of amplitude gives a good approximation to a “co-

1 R, F. Harrington, “Propagation along a slotted cylinder,” Jour.
Appl. Phys., vol. 24, pp. 1366-1371; Nov., 1953.

15V, H. Rumsey, “Theory of traveling-wave slot antennas,” vol.
24, pp. 1358-1365; Nov., 1953,
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secant square” pattern,'®!” and a symmetrical Gaussian
(e~*") distribution of amplitude gives good side lobe sup-
pression,18:19

A traveling-wave slot antenna can be designed to give
a desired amplitude distribution by using a slot whose
width W varies with distance 2z along the slot. This im-
plies that both a and §, are functions of 2, but the varia-
tion of the phase constant $, can be made insignificant
compared with the variation of a. See Figs. 7-14.

The radiation pattern is due to an array of sources
where the strength of an individual source is propor-
tional to the current moment M of the equivalent di-
pole. In order to produce a desired pattern the first step
is to determine the distribution of M which gives the
best approximation to the pattern, subject to the re-
striction that the phase variation of M is that of a trav-
eling wave. The next step is to determine how the at-
tenuation parameter o must vary in order to produce
the desired amplitude distribution of M.

The power radiated from a source of given current
moment M is proportional to M? if the source is radiat-
ing by itself. In the actual problem a given source ra-
diates in the presence of the rest. Consequently, the
power radiated from a given source is proportional to
M? provided that the variation of source strength with
position is gradual, and that contributions to the field
at the source from distant sources is insignificant. These
restrictions appear to be approximated in practice ex-
cept for the case when the phase velocity equals ¢ where
the latter condition would not be justifiable, a priori.
Under conditions where these two provisions are satis-
fied it is possible to write

_~A2’

dz

where P is the power flowing down the guide in the z-di-
rection, and A4 represents the amplitude distribution of
current moment. Therefore,

_——— e ©)

16 Interim Engineering Reports 301-14, Scction 4; February 1,
1949, and 301-19, Section 8; October 1, 1949, Antenna Laboratory,
The Ohio State University Research Foundation; prepared under
Contract W 33-038 ac 16520 (17380) with Wright Air Development
Center, Wright-Patterson Air Force Base, Dayton, Ohio.

17 A. S. Dunbar, “Uniform Progressive Phase Antennas Having
Asymmetric Amplitude Distributions,” Technical Report No. 13,
Stanford Research Institute; prepared under Contract No. AF
19(122)78; September, 1950.

18 Interim Engineering Report 301-15, Section 4, Antenna Lab-
oratory, The Ohio State University Research Foundation, prepared
under Contract W 33-038 ac 16520 (17380) with Wright Air Develop-
meilgt genter, Wright-Patterson Air Force Base, Dayton, Ohio: May
1, 1949,

1 Interim Engineering Report 301-16, Section 4, Antenna Labora-
tory, The Ohio State University Research Foundation; prepared
under Contract W 33-038 ac 16520 (17380) with Wright Air Devel-
opment Center, Wright-Patterson Air Force Base, Dayton, Ohio;
August 1, 1949,
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Fig. 7—Attenuation constants of an air-filled TE traveling-wave
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1.0
S
/,//9/ )
-1
Y /%,
0-8 .I/ 0’
s X/
/ /
/1 ////
06 LA
0 //
//
3 /
v 4,
oW,
04 / (% -02)
. ]
7/ x(ﬁx-o.n )
1]
: o(¥-005)
0.2 |
0 o0l o2 063 0.4 05 06
Y

Fig. 8—Measured velocity ratios, ¢/v, of an air-filled TE traveling-
wave slot antenna.

Given the amplitude distribution 4, (6) determines « as
a function of 3z, but it does not give a(z) uniquely be-
cause the limits on the integral are unspecified. If the
slot extends from z=0to z2=L, the input power, P(0), is
related to the power left over, P(L), by

P(0) — P(L) ~ fo * atas, )

Then (6) can be expressed in the form
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Fig. 10—Measured velocity ratios, ¢/v, of a polystyrene-filled

2a(z) =

A2

TE traveling-wave slot antenna.

L

f A2z

+

P(L)
P(0) — P(L) /o

Equation (8) shows that «a(2) is determined not only
by the amplitude distribution 4, but also by the frac-
tion of incident power which is radiated. If practically
all of the power is radiated, « rises to a very high value
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Fig. 11—Attenuation constants of an air-filled TMq excited
traveling-wave slot antenna of circular cross section.
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Fig. 12—Measured velocity ratios, ¢/v, of an air-filled TMq
excited traveling-wave slot antenna of circular cross section.

near the end, z=L. In practice one would set the ra-
diated power one or two decibels down from the inci-
dent power and then apply (8) to determine «(3).
Pattern control for TM or hybrid slots is usually sim-
pler than for TE slots because the variation of W re-
quired for a given variation of « is much smaller for
TM or hybrid operation than for TE operation. De-
spite this, excellent control can be obtained even with
TE excitation. A Gaussian distribution was approxi-
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Fig. 14—Measured velocity ratios, ¢/v, of an air-filled TM traveling-
wave slot antenna of square cross section with TMy, excitation.

mated without excessive phase change by placing an iris
of variable width W over a TE-excited guide Fig. 15.

Good side-lobe suppression was obtained over 2:1
frequency range, the side lobes being insignificant over
a substantial part of the range.'® Typical radiation pat-
terns are shown in Fig. 16.

The attenuation a can be alternatively controlled by
means of a horn fitted onto the slot so that the horn acts
as a transformer between the slot aperture and free
space. In this way successful side-lobe suppression can
be obtained by varying the length of horn to produce
the desired amplitude distribution.?®

20 [nterim Engineering Report 301-19, Section 8, Antenna Lab-
oratory, The Ohio State %Jniversity Research Foundation; prepared
under Contract W 33-038 ac 16520 (17380) with Wright Air Develop-

ment Center, Wright-Patterson Air Force Base, Dayton, Ohio;
October 1, 1949,
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Fig. 15—Sketch of a TE traveling-wave slot antenna showing the
iris used to obtain a Gaussian amplitude distribution.

ARRAYS OF TRAVELING-\WAVE SLOTS

The problem of designing a flush-mounted directional
antenna to fit in a given area is a typical application for
a traveling-wave slot array. The conventional array
problem is to design a suitable clement (or primary ra-
diator) of the array and then to design a feed system
for energizing an appropriate array of these elements to
give the desired pattern. The pattern of the array is ob-
tained by superimposing the individual radiation fields
of the elements of the array. In the familiar case of an
array of half-wave dipoles it happens that the individual
radiation field of a dipole (called the primary pattern
for simplicity) is practically the same whether the dipole
radiates in free space or in the presence of the other di-
poles, provided they are open-circuited. The preoccu-
pation with arrays of half-wave dipoles has made this
fact so familiar that one is apt to assume (erroncously)
that the primary pattern is, in general, the pattern of an
element of the array radiating by itself.

In order to apply the principle of superposition cor-
rectly the first step is to choose the location of the “in-
put terminals” of each element of the array. For this
purpose “input terminals” can be defined as some ac-
cessible point in the feed system where the field consists
of a single mode. Then the primary pattern F; of an in-
dividual radiator can be defined as the field due to unit
input current to its terminals in the presence of all the
other radiators when their input terminals are open-cir-
cuited. Then the pattern of the array, when the input
currentsare Iy, Iy, - - -, isgivenby D_; IF..

Alternatively, the primary pattern G; may be defined
as the field due to unit input voltage to the s** radiator
when the others are short-circuited, in which case the
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Fig. 16—NMleasured radiation patterns of a TE traveling-wave slot
with an amplitude distribution approximately that of a Gaussian
error curve,

array pattern due to input voltages Vy, Vs, « - - isgiven
by > ViG;. Note that the “primary pattern” F; or
G may be interpreted as a vector, having components
Ey and E,4, where Eq and E, are themselves represented
by complex numbers representing the radiated signal in
phase and amplitude relative to the input signal I;in the
case of F;or V;in the case of G;.

Having determined the primary patterns F; (or G;),
the problem is to find the distribution of I; (or V)
which gives the best approximation to the desired pat-
tern. This problem is greatly simplified if the mutual
impedance between radiators (with respect to the cho-
sen set of input terminals) is insignificant. Then the
problem of designing the feed system reduces to the
problem of feeding a known set of loads with specified
currents or voltages.

This technique of array design is much more involved
than the conventional method but it is absolutely ac-
curate, and it has been found from experience on travel-
ing-wave slot arrays designed for low side lobes, that the
conventional technique is inadequate.

The mutual impedance between traveling-wave slot
antennas may be analyzed by picturing the traveling-
wave slot as a directional coupler. When two such slots
are placed along parallel lines, the field induced in one
due to energization of the other will consist primarily of
a wave traveling in the same direction as the wave in the
slot which is energized directly. This wave will be re-
flected at the end of the parasitic slot and will travel back
to its input terminals. However, it is attenuated by ra-
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diation as it travels along the slot so that the amount
available at the input terminals of the parasitic slot is
very small. If the slots are long enough to be good di-
rectional antennas, the coupling between adjacent in-
put terminals is very small. In practice it has proved to
be negligible.

The magnitude of the mutual impedance is quite dif-
ferent for the TE, TM, or hybrid slots. For example the
equivalent magnetic dipoles associated with parallel
slots are broadside-to-broadside for TE operation,
whereas they are end-to-end for the hybrid operation
(¢) (no transverse E). Consequently the mutual imped-
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ance cffects associated with hybrid operation (c¢) are
much less than with TE operation.
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Prediction of Traveling Wave Magnetron Frequency
Characteristics: Frequency Pushing
and Voltage Tuning”

H. W. WELCH, Jr.{, SENIOR MEMBER, IRE

Summary—An approximate method has been developed for de-
termining the shape and density of the spokes of electronic space
charge when large RF potentials exist in the magnetron. With the
estimation of space-charge configuration which this method makes
possible, induced current theory and knowledge of the magnetron
electrode geometry and external circuit can be applied to the calcu-
lation of frequency characteristics. These characteristics relate fre-
quency to operating anode potential and anode current and are defin-
ed as frequency pushing or voltage tuning characteristics. Relatively
simple equations for these characteristics are presented. Calculated
characteristics for typical values of the variables of magnetron design
are presented. The correspondence of the results of the theory with
experimental data is discussed very briefly.

INTRODUCTION

HIS PAPER PRESENTS an analysis which leads

to the understanding of two cw magnetron char-

acteristics which are important in the use of mag-
netrons for radio communication; namely, frequency
pushing and voltage tuning. These terms require defini-
tion and part of the purpose of the following discussion
will be to provide a basis for explicit definition. Defini-
tions acceptable to those who are well acquainted with
cw magnetron behavior are the following:

Frequency pushing is defined as the variation of the
frequency which is gencrated by an oscillating magne-
tron and which is associated with the change in dc
anode current as the anode voltage is raised with the

* Decimal classification: R355.912.1 X R139. Original manuscript
received by the Institute, February 2, 1953; revised manuscript re-
ceived, June 8, 1953. (This paper is based on work done for the Signal
Corps, U. S. Army, Contract No. DA-36-039 sc-5423. It is a con-
densed part of a thesis submitted by the author in partial fulfllment
of the requirements for the Ph.D. degree at the University of Michi-
gan. “Dynamic frequency characteristics of the magnetron space
charge; frequency pushing and voltage tuning,” also issued as Tech.
Report No. 12, Electron Tube Lab., Dept. Elec. Eng., University of
Michigan; November, 1951.

1 University of Michigan, Ann Arbor, Mich.

resonator temperature held constant. A frequency-
pushing characteristic would therefore be a plot of gen-
erated frequency versus dc anode current for the condi-
tions mentioned. Actually, to be complete, a three-
dimensional plot including anode voltage, current and
frequency, should be used.

A typical frequency-pushing characteristic is shown
in Fig. 1a.

Voltage tuning is defined as the variation in fre-
quency which is gencrated by an oscillating magnetron
and which is associated with the change in dc anode
voltage when dc anode current, load impedance, mag-
netic field, and resonator temperature are held constant.
In order for dc anode current to be held constant, the
cathode emission must be limited in some way, such as
by operation at a reduced temperature. Otherwise, an
increase in anode voltage will increase the anode current.
A voltage-tuning characteristic is therefore a plot of
gencrated frequency versus anode voltage for the condi-
tions mentioned.

A typical voltage-tuning characteristic is shown in
Fig. 1b.

Examination of a number of typical sets of data on
cw magnetrons shows that, in normal operation (when
frequency pushing is observed), the frequency is rela-
tively insensitive to the voltage change which is required
to increase anode current compared to the large fre
quency shifts obtained under the conditions require
for voltage-tuning operation. For example, in the figur
shown, a change of 100 volts produces a frequen
pushing of 10 megacycles, while a change of 12.2 vo’
produces a voltage tuning of the same amount. Typi
voltage tuning characteristics show a change of frc
0.1 to 2 megacycles per volt.
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Since frequency pushing is obtained coincident with
amplitude modulation, there seems to be little possibil-
ity of use in the conventional FM communication sys-
tem. There is, however, a possibility of minimizing it for
use in AM systems and the possibility of development of
new types of systems in which it would be usable.

In Fig. 2 the spectra resulting from plate modulation
of an S band magnetron (Raytheon QKS59) are shown.
In Fig. 2a, 2 megacycle modulation frequency is used.
It is observed that the resulting spectra appear as con-
ventional FM spectra but one sided because of the am-
plitude modulation associated with the frequency push-
ing. A constant modulation voltage was applied; modu-

100
ANODE CURRENT (MA)

Fig. 1(a)—Experimental pushing characteristics on magnetron constructed at the University of Michigan. (model 3, nigRaE"
B =1820 gauss.
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- Fig. 1(b)—Typical voltage tuning characteristics on magnetron constructed at the University of Michigan. (Courtesy of J. A. Boyd.)

&

ow-power level tube development is reasonably suc-
cessful.! '.

Heretofore published treatments have demonstrated
that phase-focusing of the electrons favorable to energy

w . transfer from the electrons to the circuit will occur in the

l'rﬁagnetron."’ This has resulted in the well-known concept
of spokes in the magnetron space charge (Fig. 3).

: ! Messrs. Boyd and Needle, Electron Tube Lab., Dept. Elec.
Eng., University of Michigan, have promising results in the 1000~
0 mc range. (See J. S. Needle, “The insertion magnetron,” Tech.
port No. 11, Doctoral thesis; and J. A. Boyd, Doctoral thesis in
pteparation to be issued as Tech. Report No. 15.)
; Wilbur and Peters, General Elec. Co., are working with tubes for
a¥plimtion below 1000 mc.

2

? K. Posthumus, “Oscillations in a split-anode magnetron, mecha-
nism of generation,” Wireless Eng., vol. 12, pp. 126-132; 1935.

L. R. Walker, “The interaction of the electrons and the electro-
magnetic field,” G. B. Collins, Editor, “Microwave Magnetrons,”
McGraw-Hill Book Co., New York, N. Y. chap 6; 1948. (M.I.T.
Radiation Lab. Series, vol. 6, pp. 253-288.)

F.Liidi, “Zur Theorie Des Magnetfeldgeneratorsfiir Mikrowellen,”
Hely. Phys. Acta, vol. 19, pp. 3-20; 1946.

O. Doehler, “Les oscillations de résonance dans le tube & champ
n:)a%nétique constant,” Ann. Radioélect., vol. 3, pp. 169-183; July
194

J. G. Fisk, H. D. Hagstrum and P. L. Hartman, “The magnetron
as a generator of centimeter waves,” Bell Sys. Tech. Jour., vol. 25;
April, 1946.

\W. E. Willshaw, L. Rushforth, A. G. Stainsby, R. Latham, A. W.
Balls and A. H. King—*“The high power pulsed magnetron; develop-
ment and design for radar applications,” Jour. IEE (London), vol.
(1)3, pp. 985-1005; 1946.—“Discussion,” vol. 95, pp. 130-134; May,
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(a) mMoDuLATION (b) mopuLATION
INDEX £ | INDEX & 4

(c) MODULATION (d) moouLaTION
INDEX 2 10 INDEX & 40

(e) MODULATION (f) moDULATION
INDEX = 100 ANDEX £ 200

Fig. 2—Response of the spectrum analyzer to sine wave modulation of the QK39 magnetron for
various values of the modulation index. Qr=200.

The present analysis will have, as shown, the follow- radio frequency potential maximum in a traveling refer-
ing new results: ence frame;

a. A method for calculating the approximate phase b. An estimate of the space charge density in the
position of the spokes of space charge relative to the spokes;
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c. Application of induced current theory, making use
of the first two results, to compute the current induced
in external circuit of the magnetron;

d. Demonstration that frequency pushing can be ex-
plained by a change in phase position of the spokes;

e. Theoretical explanation of voltage tuning.

The subject matter divides conveniently into two in-
dependent parts: the large-signal theory of phase-
focusing describing the action of the electric and mag-
netic fields on the electrons in the magnetron interaction
space when a large RF potential is superimposed upon the
static anode potential; and the calculation of the current
and RF potential induced in the external circuit. By
combination of the two results, the relationships be-
tween power, frequency and anode voltage are deriv-
able. The predicted characteristics compare favorably
with experimental results.

SUB - SYNCHRONOUS SWARM

DIRECTION OF w7y
ROTATION /4

SYNCHRONISM
RADIWS

Fig. 3—Basic physical picture of the magnetron space charge
with large signal RF potential on the anode.

The approximate phase position of the spoke relative
to the traveling RF potential wave can be derived from
the basic assumptions leading to the well-known
Hartree equation for the threshold potential. The result
is expressed in terms of the actual anode potential, the
RF potential between anode segments and the threshold
potential. 'The threshold potential is conventionally
considered to be the approximate anode potential which
will support oscillations of infinitesimal amplitude. In
the following discussion it will be given a broader
meaning which includes this definition. The basic as-
sumptions which support this concept will be discussed
briefly since they are important to the understanding of
phase focusing. Algebraic details are omitted in the
interest of conserving space. (See standard sources in
literature on magnetrons for derivation, which arrive
at the same answer with differences in method only.)

Welch: Prediction of Traveling Wave Magnetron Frequency Characteristics

1635

In addition to the threshold potential, understanding
of the phase-focusing action depends upon the concepts
of synchronism and conditions favorable to a drift of
electrons through the spokes toward the anode, These
will be discussed in the next two sections. Once the
phase position of the spoke is approximately established,
the approximate phase angle of the current induced in
the external circuit can be calculated, and thus fre-
quency characteristics can be determined.

SYNCHRONOUS ENERGY AND SYNCHRONISM POTENTIAL

There are several basic assumptions which are stand-
ard and justifiable in the discussion of the magnetron.
For a complete discussion and justification of certain
of these assumptions the reader is referred to the treat-
ment by Walker in the book on magnetrons of the M.I.T.
Radiation Laboratory series.?

It will be assumed that the effect of initial velocities
of the electrons may be neglected. In normal high power
operation this is justifiable on the basis that the mean
thermal energy is small compared to the cnergy ob-
tained by the electrons from the field. Howevecr, it is not
clearly justified when the effects at extremely low anode
currents or the noise problem are under consideration.
Electron-electron interaction effects will also be neg-
lected.

The assumption usually made which is not justified in
this discussion is that the behavior at the cathode is
space-charge limited. Space-charge-limited conditions
imply zero gradient at the cathode. Under temperature-
limited conditions a gradient will exist at the cathode
and consequently the clectron behavior in the inter-
action space must be entirely different for the same
boundary conditions at the anode. In order to compare
the two cases approximately the space-charge-limited
behavior of the electron will be compared to the space-
charge-free behavior. The procedure of neglecting, in
analysis, temperature-limited operation in favor of
space-charge-limited operation is more based on habit
than scientific judgment and in many cases should be
discarded in the detailed analysis of high frequency
power tubes. Experimental evidence in the case of mag-
netron very forcefully indicates that the conditions at
the cathode can completely alter the details of opera-
tional behavior.4

In this treatment the problem will be approached by,
first, presenting relationships for the energy of the
electron as a function of position in the interaction space
with various assumed boundary conditions and, second,
determining the direction of drift motion of the electrons
as a function of position. The resulting conditions elim-
inate certain portions of the volume as inaccessible to
electrons. The case of the plane magnetron will be em-
phasized because it is considerably simpler and a reason-
ably good approximation to the large cathode magne-
tron. The co-ordinate arrangement is shown in Fig. 4.

3 Walker, loc. cit., pp. 209-253; particularly pp. 243-253.
¢ Dr. S. R. Tibbs and F. I. Wright, “Temperature and space-
charge-limited emission in magnetrons,” C.V.D. Report; May, 1938.
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The effect of the RF field which exists in between the
anode segments in the oscillating magnetron is super-
imposed on the effect of the dc field. The potential dis-
tribution shown in Fig. 3 is usually referred to asthe
7 mode and is so named because of a phase difference
between the voltages on adjacent segments of 7 radians
or 180°. This distribution, which is a stationary wave
in space, can be represented as the Fourier sum of a
number of traveling waves which proceed in opposite
directions around the interaction space. The funda-
mental wave of this sum moves around the cathode
with a velocity such that the maximum of the wave pro-
ceeds from one anode segment to the next in one-half
cycle. For a given frequency, f, and a given number of
anodes, 2n, the time of one-half cycle is 1/2f, and the
angular distance between adjacent anodes is 2r/2n, thus
the angular velocity corresponding to the fundamental
wave is

2nf

Wy = —— ¢

n

(1

For a plane magnetron the corresponding equation is:

Va = Znf, 2)

where x,/2 is the distance between centers of adjacent
anode segments and v, is the synchronism linear velocity
in the X direction.

! N
=,

Fig. 4(a)—Co-ordinate arrangement used in the discussion of the
plane magnetron.

CATHODE /—ANODE

Fig. 4(b)—Co-ordinate arrangement used in the discussion of the
cylindrical magnetron. (B =maguetic field.)

In general, the scalar potential in the interaction
space of the magnetron is a function of time as well as
position. However, electron interaction is predom-
inantly with the fundamental traveling-wave com-
ponent of potential which moves in the direction of
electron drift motion parallel to the cathode surface.®

§ Other modes of interaction will not be considered in this article,
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A suitable choice of moving coordinate system will cause
the effects of this traveling-potential wave to appear
stationary. The effects of other wave components can be
neglected in the first approximation since, in the
moving system, they are rapidly varying compared to
the stationary fundamental, and the total effect of inter-
action with the electron during transit, therefore, is
small in comparison.
Thus with the following definitions:
v,/ =x-component of velocity in planar-moving coor-
dinate system,
v, = constant velocity of moving-planar-coordinate
system in positive x-direction,
' =angular velocity in rotating cylindrical coor-
dinate system,
w,=constant angular velocity of rotation of cylindri-
cal coordinate system in positive §-direction,
the component force equations can be written:

o = e 2 ps 2, @
@ Ty of o)
dv,’ e d¢ Be dy
e )
dt m 0 m di
in the planar system,® and:
d ¢ d
— () = ¢ a—‘:’ 7: — [Be(w + wa)r
— m(o’ + wa)?] ii—,: (5)
Yol d
dw +w)r e 0 Be
N A e = _ . 6
dt mr60+[m (w+w)] ©)

in the cylindrical system.”

This particular form for the component force equa-
tions is chosen for convenience in application to the
following discussion.

The variables v,” and &’ are still, in general, functions
of t. The potential ¢, however, is stationary. It is only
necessary therefore to be able to express v, and o’ as
functions of x and 7, respectively, to make (3) and (5)
integrable. Complete calculation of this functional rela-
tionship involves computation of trajectories of all
electrons, which depend on the phase of emission from
the cathode and on the spatial potential distribution.
This has been done for special cases by the method of
self-consistent field calculations.® The express purpose of
the development presented here is Lo make an estimate of the
gross space-charge behavior on the basis of an approximate
choice of values for v,’ and «'.

It is assumed that the potential wave with which elec-
trons interact moves with a phase velocity characteristic
of the magnetron anode structure, given by v, or w,. This
phase velocity depends on the frequency and the
geometry of the structure. The combined action of
crossed electric and magnetic fields in the interaction

¢ B is arbitrarily assumed to be in the negative z-direction.

7 B is arbitrarily assumed to be in the positive z-direction.

= U Wz;lker review of Stoner, Tibbs, and Wright work, op. cit., p. 270,
ig. 6.1
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space will bring electrons from zero velocity in the sta-
tionary reference frame to zero velocity in the moving
reference frame. Such electronsare said to be in “synchro-
nism” with the traveling wave. The relationships
between anode potential, magnetic-field intensity, elec-
tron swarm extent, and electron energy at the edge of
the swarm have been computed for electron velocity
just synchronous with the velocity characteristic of the
anode structure. All anodes are assumed to be at the
same potential so that potential gradients in the X and 6
directions are zero. Initial velocities are assumed zero
in the stationary reference frame. The results are:

Case I—Planar Magnetron. The velocity of the elec-
tron as a function of distance from the cathode is ob-
tained by solution of (4):

Be
v + v =—9. N
m

Thus the tangential electron velocity in stationary coor-
dinates is linearly related to the distance from the
cathode. The distance y, will be defined such that the
electron moves with synchronism velocity (v,) in the
stationary reference frame (i.e., v,’=0, the electron is
stationary in the moving reference frame).

m v,

yn=_e—E' (8)

If the value from (7) is substituted into (3), the energy
equation becomes integrable. The result is:
282

2m

e = imv,? + y2 )

The second term on the right can be written:

Be
im (—- y) = Imp.2

m
This shows that (9) is simply a statement of the con-
servation of energy. If it is assumed that the swarmis
bounded between cathode and anode, the y-directed
velocity must be zero at the boundary. For electrons to
be synchronous at this boundary they must have ac-
quired a certain “synchronism energy” given by:

(10)

If the y-directed velocities are zero throughout the
swarm of clectrons, the potential energy of the elec-
trons will be decreased by:

e¢=

edn = Fmu, 2

B?2e?
2m

¥ (11)

in moving from y=0 to y. All of this energy, in this case,
will appear as kinetic energy of the electron. This
is usually called the “cutoff energy parabola.”

If there is an ample supply of electrons at the
cathode and initial velocities are neglected, the space
charge in the swarm within ¥, will build up until the
gradient at the cathode is zero. The potential within the
swarm may exceed that given by (11) if electrons are
streaming inward and outward through the swarm be-
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cause of the energy of y-directed velocities. At the bound-
ary (11) must give the electron energy since it is as-
sumed that the electrons do not cross the boundary.
It has been shown by Slater? that for the case of zero
electric-field gradient at the cathode the actual potential
distribution curve is tangent to the cutoff parabola at
the swarm boundary. Thus the gradient at the swarm
boundary is known and the anode potential required to
establish the swarm can be calculated. For a swarm

boundary ya.(v.’=0):
1 m

¢un = anyu - - vn2° (12)
2 e

This potential, which will be called the “synchronism
potential” for the anode, must be exceeded before any
electrons exist in the interaction space which are moving
fast enough to deliver energy to the traveling wave.
Above this potential, if such a wave exists and if there is
a mechanism for collecting the electrons which have
expended energy, a net energy can be transferred from
the dc field to the wave through the medium of the
space charge.

Case II—Cylindrical Magnetron. The discussion of the
planar magnetron case presents a physical picture of the
meaning of synchronism energy and synchronism poten-
tial. The mathematics of the cylindrical case is slightly
more involved because of the presence of the centrifugal
force term and because of the linear dependence of the
tangential velocity on radius for a constant angular
velocity. The resulting relationship will, nevertheless,
have similar significance.

In this case the angular velocity as a function of
radial distance from the cathode is obtained by solution
of (6). The result is:

Be 7,2
o+ w, = —2—<1 — )

m a2

(13)

If ' is set equal to zero the synchronism radius is de-
termined.

. (14)

At the value r,/r. given by this relationship the electron
is stationary in the moving reference frame.

The energy (5) becomes integrable upon substitution
of the angular velocity from (13). The result of the

integration is:
B2¢? re7\?
rP\1——]),
8m 7

ep = tmv,? +
again the second term on the right can be shown to
represent energy of motion parallel to the cathode sur-
face. If the swarm is bounded at the synchronism radius
the electron must have the synchronism energy.

(15)

(16)

? J. C. Slater, “Microwave Electrons,” D. Van Nostrand Co.,
New York, N. Y., chap. 13, p. 340; 1950.

ePn = Imw,?r,2
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The cutoff energy parabola is:

B2? 7’
21— —) .
8m r?

The derivation of the synchronism anode potential for
which electrons just reach the synchronism boundary is
based on the same assumptions used in the planar case
resulting in the synchronism anode potential.*®

re? 1 [B 2(1 m )
an _=—-—— nru I w'l
¢ w B

€

?a 2m 1 m
-In (— 1 _—'wn> +_ —wn2ra2]-
re Be 2 e

The important differences from the planar case are that
the synchronism energy is no longer constant but in-
creases with the square of the radius and the potential
distribution in charge-freec space is now logarithmic
rather than linear. The fact that electrons in syn-
chronism at the anode have more energy than electrons
just reaching the synchronism boundary in the case of
the cylindrical magnetron, and the same energy in the
planar magnetron, is significant, and will be discussed
further.

ep = 17

(18)

DRIFT VELOCITY AND THRESHOLD
ENERGY CONDITIONS

In this section it will be assumed that an RF voltage
exists between the anode segments so that the field due
to the fundamental traveling-wave component is actu-
ally present. This potential is superimposed on the dc
potential which is still applied between anode and
cathode. The field component parallel to the cathode
surface is now non-vanishing. The presence of this com-
ponent makes possible the drift of electrons from the
cathode toward the anode at potentials lower than the
static-cutoff anode potential which is given by substitu-
tion of the anode-cathode distance in (11) and (17).
The region of the interaction space which is accessible
to the electrons will be determined by an approximate
method. This method involves estimation of the mini-
mum cnergy required for an electron to reach the anode
and the boundaries of the region through which elec-
trons drift toward the anode.

A semi-graphical illustration of the traveling-wave po-
tential and field distributions along the anode surface is
shown in Fig. 5. The lower potential graph is in the
moving reference frame so that the electrode system
and upper potential graph are moving toward the left
with the synchronism velocity. The illustration is made
for the instant that the maximum potential difference
exists between anode segments. The following symbols
are defined with reference to this picture.

brs max =maximum value of RF potential difference
between anode segments,

19 This equation has been derived by H. W, Welch, Jr. and W. G.
Dow, in “Analysis of synchronous conditions in the cylindrical mag-
netron space charge,” Jour. Appl. Phys., vol. 22, pp. 433-438; April,

1951. The assumption discussed by Slater (Joc. cit.) was not clearly
stated in this article,
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¢s=maximum value of fundamental traveling-
wave component of anode RF potential,
and
¢.=average dc anode potential.
The relationship between ¢ and ¢,; can only be deter-
mined as a result of analysis of the particular electrode
system.

The synchronism anode potential derived in the last
section was sufficient to bring electrons to the synchro-
nism boundary. In typical practical cases calculations
show that this boundary is very close to the cathode.
Variation in the potential distribution due to the RF
field becomes relatively small very rapidly with increas-
ing distance from the anode in conventional anode
structures. It is, therefore, reasonable to assume that
the velocity distribution within the subsynchronous
swarm is the same as was obtained for the static case.

' {X or © DISPLACEMENT IN
| STATIONARY COORDINATE SYSTEM.

!
ELECTRODE SYSTEM
l i AND STATIONARY COORDINATE SYSTEM
MOVE TO LEFT
N MOVING COORDINATE SYSTEM
\ WITH VELOCITY v, OR w,.

| |
g - ‘¢,r¢ ma B maa
\, /1
- I | S - APPROX. R-F FIELD DISTRIBUTION.

|
]7%117 7 '[7 777~ CATHODE
L
|

ARROWS INDICATE DIRECTION
OF ELECTRIC FIELD
PARALLEL TO ANODE SURFACE.

|
| !x'oLe' DISPLACEMENT IN
| MOVING COORDINATE SYSTEM.

Fig. 5—Fundamental traveling wave component of anode potential
and approximate RF field distribution in the magnetron inter-
action space at the instant for maximum potential between anode
segments,

Electrons which have reached the synchronism bound-
ary are stationary in the moving reference frame so that
the action of the tangential field, however small, will
begin to be significant as this boundary is exceeded.
Behavior in the synchronism region can be discussed
with reference to Fig. §.

Case I—Planar Magnetron. If it is assumed that v,
is expressed as a function of y, (3) can be written in
integrated form:

fed¢ =fBev,.dy+fBev,’dy +fd(%mv,,’).

For the purpose of this discussion, (4) is conveniently
rewritten:

(19)

E, m dv,
B Be dt

v, = ’ (43.)
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where

d
E,=——¢°
dx

Let us assume that the dc voltage ¢, is greater than
the synchronism potential ¢q.. Without the presence of
the RF potential v,” would have a positive value. With
the RF present E, may be positive or negative. In
Fig. 5 this sign is indicated by the arrows in the lower
diagram. Let us examine the behavior of an electron
in the region A~B and then in the region B~C.

In the region A-B, E, has a positive direction. The
force on the electron is opposite to the direction of the
field so that the electron will be forced to the left, or
be decelerated, making v.’ smaller and dv,’/d! negative.
A reduction of the velocity v,” will cause a reduction in
the term Be .’ in (19) which represents a force on the
electron directed toward the cathode. The force due to
the y-component of electric field is still the same so that
the electron tends to move toward the anode giving v, a
positive value. In the region A-B, therefore:

E, m dy.

v, = — > 0,
B Be dt
and since:
E: » .,
1s positive,
m dv, .
— is negative,
Be dt
we have:
E. m dv,
B Be dt

As long as v,’ is positive the electron is moving to the
right in the moving reference frame. While dv,’/dtis
negative v,’ is becoming smaller, the electron is drifting
outward, and the maximum of E, is becoming larger.
Since v, is positive the force due to v, (Be v,) is tending
to balance the force due to the tangential field com-
ponent (eE.).

In the region B-C, E; has a negative direction. The
electron will be accelerated making v’ larger and
dv,’/dt positive. The term Be v,’ is increased, tending to
force the electron toward the cathode. In the region
B-C, therefore:

E, m dv,’
vy = o < 0,
B Be dt
Ez . .
1S negative,
m dvzl . o,
— 1S positive,
Be
therefore:
E, ‘ m dv,
> ——
B Be dt

Here the tendency for v,’ to become larger is balanced
by the fact that the electron is drifting inward where
the maximum of E. is becoming smaller; also, the elec-
tron is drifting toward the region A-B where it will
drift outward.

The conclusions to be derived from these arguments
are:

a. In the region A-B where a decelerating tangential

field exists, v, is directed toward the anode.

b. In the region B-C where an accelerating field

exists, v, is directed toward the cathode.

c. The term E,/B dominates over the term

(m/Be)(dv.'/dt) in (4a).
d. The motion of the electron is always such that
v’ tends toward zero.

Actually, more elaborate calculations would show
show that the electron executes a cycloidal-like motion
around a path of drift which tends to follow constant
potential contours.! The term E,/B is recognized as the
translation velocity of the rolling circle which generates
a cycloid in the case of uniform crossed electric and
magnetic fields.

The preceding discussion makes reasonable the follow-
ing choice of 9.’ in integrating (19) to obtain the anode
potential which must be approximated if electrons are
to reach the anode.

In the subsynchronous region:

, Be
V2 = y — Up,

the value which it has in the static magnetron.
In the synchronous region:

v, = 0.
Integrating and making use of (8), the result is:
epa = imy,? lv-v, + Bevnys — $mv,2 (20)

The threshold anode potential ¢, will be defined as the
anode potential given by (20) for which the y-com-
ponent of velocity is just zero. The term }muv,? repre-
sents kinetic energy in excess of the minimum energy
which the electron must accept from the dc field in
order to exist at the anode.

e¢a¢ = Bevnya - %mv.z. (21)

It is interesting to note that this anode potential is the
same as the synchronism anode potential defined in
the last section. This is a consequence of the fact that
no kinetic energy, in addition to the synchronism en-
ergy, is retained by the electron in its passage from the
synchronism boundary to the anode. Work is done on
the electron by the radial field, represented by the term:

f * Bevdy, (22)

However, this energy is immediately transferred from
the electron to the RF field, in order that the electron
reaches the anode, retaining only the kinetic energy

11 Slater, op. cit., p. 307.
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represented by:

s BZe?
[ ==, (23)
o m

= imy,%

The two terms of (22) and (23) have an interesting
interpretation. They represent the work done on an
element of current in moving it from O to y, through the
magnetic field B. This element of current is that due to
a single charge moving with a velocity given by
(Be/m)y between 0 and y. and a velocity v. between
¥n and Ya.

This problem is typical of many physical problems
where the energy required to perform an operation can
be determined from a force-distance integral but the
disposition of the energy can only be determined by
more detailed examination of the physical system. In
this particular case, the energy given by (23) is dissi-
pated into heat in the anode. It is concluded that the
rest of the energy must be transferred to the RF field.
Some of this energy is, in turn, transmitted to the
cathode in back-bombtardiment power by the electrons
which have negative y-directed velocities.

Case II—Cylindrical Magnetron. The discussion of
the cylindrical magnetron proceeds with exactly the
same basic assumptions which were used in the treat-
ment of the planar magnetron problem. The angular
velocity of the electron is assumed to have the following
distribution:

In the subsynchronous region:

Be 7
W = ——(1 — — ) — W
2m r?

In the synchronous region:

w = 0.

(13)

After integrating (5) with these substitutions and
simplifying algebraically the following results:

eba = dmv2 |, + 3Bewa(rs® — r.?) — iman’rsd. (24)

Thus the threshold anode potential in the cylindrical
system is:"?

edar = 3Bew,(r.: — r.2) — dmwatra? (25)
This is the well known Hartree equation.

Comparison of this result with the synchronism
anode potential of (18) will show that the threshold
anode potential is greater. This difference results from
the additional energy which must be given to the elec-
tron to maintain the angular velocity synchronism as
the radial distance to the position of the electron is
increased. We must conclude that, if the gradient at the
cathode is still zero, the total space charge in the inter-
action space must be greater than it was at the syn-
chronism anode potential. In a previous publication it

12 Welch and Dow, op. cit., p. 436.
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has been shown that this space charge density corre-
sponding to the threshold potential is a constant inde-
pendent of radius, given by:

m Be
Po = — 26— w,.(—- - w,.).

(4 m

(26)

This value will be used later in calculation of induced
currents in the magnetron.

PuastE FocusING; FORMATION OF
SPACE-CHARGE SPOKES

The threshold energy and drift velocity conditions
present approximate physical limitations on the space-
charge distribution, which will be used as a basis for
the prediction of large-signal phase focusing in the
magnetron. This fact is represented graphically, in the
moving reference frame, in Fig. 6.
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Fig. 6—Illustration of graphical method for deterriining spoke
width and phase angle.

The threshold energy level is represented by the line
labeled ¢.;, the actual anode voltage by the line ¢a. An
RF potential isrepresented with peak amplitude ¢;. This
is the peak value of the fundamental traveling-wave
component which appears stationary in the moving refer-
ence frame. Fig. 6a illustrates the possibility, even
though the threshold potential is not exceeded by ¢,
that the threshold may be exceeded during part of the
cycle designated by the interval AB if an RF potential
exists. In Fig. 6b the effect of the drift-velocity condi-
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tion is illustrated. The drift motion of the electrons is
toward the anode in the region CE and away from the
anode in the region DC. Therefore, although the thresh-
old energy is exceeded in the entire region 4 B, electrons
can only drift toward the anode in half of this region
bounded by CB. In the region AC electrons can only
exist if they come from the anode and the assumption is
that all electrons are emitted from the cathode. The
final picture to be derived from this line of argument is
shown in Fig. 6c. Here the potential distribution is
plotted over a diagram of the interaction region. The
width of the spoke and its phase angle relative to the
RF potential are approximately determined. These
quantities are defined by the following symbols which
will be used when the current induced into the circuit
is to be calculated.

0 = phase angle between center of spoke and zero
of RF potential in electrical degrees, negative
as shown.

BN = width of spoke in electrical degrees.

B = half the actual space angle width of the spoke.

N =number of anodes.

There are N/2 full wavelengths (each 360 electrical de-
grees) around the cylindrical magnetron structure. The
width of a spoke in electrical degrees, therefore, is:

NZﬁ— N
—2—" = BN.

l o1

| \ah

JUUI;I

'K / /,,/,
/ 4 '/

7(a) ’//////////////////////

Phase focusing diagram. To be studied with related illustration
of Figs. 7(b), (c), (d), (e) and Figs. 8(b), (c), (d) and (e) on
page 1642.

=

SYNCHRONISM  BOUNDARY

0 represents the phase angle between the current in-
duced in the circuit by the motion of the spoke parallel
to the anode surface and the RF potential which is de-
veloped between the anode sets.®® The way in which 8
depends upon dc anode voltage is illustrated by the de-
velopment of the graphs in Fig. 7 and Fig. 8. In these
graphs the RF potential and the frequency are assumed
constant, thus placing a special requirement on the cir-
cuit operating parameters.

13 The RF currents due to radial motion, although not a first order
effect, may be sngmﬁcant in magnetrons operatmg at large anode
currents. This effect is neglected in the analysis presented here.
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In Fig. 7a, a case is illustrated which cannot occur in
the oscillating magnetron, but is observable experi-
mentally if an external source of RF is imposd on the
magnetron circuit. If the anode potential is above the
synchronism potential but below the threshold potential
and an RF potential superimposed, the electrons will
tend to drift toward the anode, but, because the
threshold energy is not exceeded, will be forced to drift
back again toward the cathode. However, the bunching
effect of the radial component of the RF will take effect
to the extent that a greater density of electrons will
circulate under a positive potential maximum than
under a negative potential maximum symmetrically dis-
posed about the positive maximum. The induced cur-
rent into the circuit due to the motion of the electrons
parallel to the cathode will go through zero from nega-
tive to positive as the spoke passes under the anode
segment at the same instant the anode segment reaches
its maximum positive value. This is illustrated in Fig.
8a. The maximum current into the circuit lags the RF
potential maximum by 90° This is equivalent to a
current into the electron swarm which leads by 90° or
to the addition of a capacitance between the anode seg-
ments in the interaction space. This capacitance is en-
tirely due to the synchronous bunching of the electrons
and not related to the capacitance effect which can be
introduced by an evenly distributed swarm of electrons.
Experimental evidence of this effect was presented in a
previous paper by the author."

In Fig. 7b the anode potential has been increased to
the point where the RF exceeds the threshold potential

POTENTIAL OF ANODE LABELLEO +
/ /CURRENT FROM + ANOOE INTO CIRCUIT

TIME
——
0 CURRENT FROM + ANOOE INTO SPACE
CHARGE

8(a) ELECTRONS CAPACITIVE

To be studied with related illustrations of Figs. 7(b), (c), (d), (e),
and Figs. 8(b), (c), (d) and (e), on page 1642.

during part of the cycle. Electrons in the spoke now
drift toward the anode and are collected so that power
can be delivered to the system. There is now an in-
phase component of current as illustrated in Fig. 8b.
The zero of the current slightly precedes the RF poten-
tial maximum in time. The space-charge swarm as an
induced-current generator is delivering energy into a
highly inductive load. Oscillations can be supported if
they have been initiated. At the potential, ¢, how-
ever, an infinitesimal RF potential would not exceed
the threshold potential. One must assume that the
threshold potential has been exceeded by ¢, in order to

1 H., W. Welch, “Effects of space charge on frequency charac-
teristics of magnetrons,” Proc. [.R.E., vol. 38, pp. 1434-1449; De-
cember, 1950. (Fig. 10.)
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Fig. 7—Phase focusing diagram. Graphical development of relation-
ship between phase angle @ and anode potential. Constant RF
potential and frequency are assumed. Arrows indicate direction
of electron drift between anode and cathode.

PROCEEDINGS OF THE I.R.E.

November

o POTENTIAL
--6>4s /

CURRENT FROM + ANODE INTO CIRCUIT

AN @Q\V&Jy TIME
l \
1]

éURRENT FROM + ANODE INTO SPACE
CHARGE

8(b) creur nDucTIVE
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0 CURRENT FROM + ANODE INTO SPACE
CHARGE

8(e) cRcur capacITIVE

Fig. 8—Current induced by spoke into circuit on time scale. Time 0-0
marks the instant observed in illustration labeled by the same
letter in Fig. 7. (Fig. 7 should be studied with Fig. 8.)
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initiate the oscillation and that ¢, subsequently dropped
(i.e, by power supply regulation), or that a pulse of
noise or external RF source set the tube into oscillation.

In Fig. 7c the case for ¢, exactly equal to the threshold
potential, ¢qy, is illustrated. The phase angle is —45° so
that, for operation into a resonant circuit, the frequency
would be such that the point of operation would be at the
“half-power points.”

Fig. 7d represents a case of particular importance.
The anode potential is raised above the threshold poten-
tial so that the condition:

$a = bt + ¢1,

is just satisfied. The entire region in which drift velocity
is toward the anode is filled. The spokes have reached a
width just half filling the interaction space. The phase
angle 0 is zero degrees so that the circuit must be on
resonance to present a real admittance to the induced
current. At a higher anode potential, represented by
Fig. 7e, the threshold potential is exceeded everywhere
and the only focussing mechanism left is that due to the
tangential component of the RF field. The electrons
are, therefore, not in well defined bunches but continu-
ously distributed with periodic condensations and rare-
factions. Moreover, as the circuit passes through reso-
nance, the admittance ot the circuit goes through a
minimum; raising the anode potential will result, in
general, in greater power input; a smaller RF potential
(therefore smaller power output) will tend to be the
result of the induced current; and the focussing forces
will tend to be reduced. These factors result in incon-
sistency which leads one to expect that the magnetron
will cease oscillating or oscillate in another mode. The
conclusion is that (27) represents a critical condition
defining an upper-mode boundary on magnetron oscil-
lation.

In Fig. 9 a series of phase-focusing diagrams il-
lustrates the behavior to be expected over the range of a
typical volt-ampere characteristic when the magnetron
is operating into a resonant load. The characteristic
corresponding to the diagrams is shown in Fig. 10. When
the anode potential reaches a threshold potential ¢,,
characteristic of a frequency for which the circuit pre-
sents an impedance sufficient to start the phase focus-
ing, the magnetron will start oscillating. This potential
may, in general, be as much as 10 or 20 per cent below
the threshold potential which is characteristic of the
resonance frequency. This condition is represented by
the diagram of Fig. 9a. The RF potential is very small
and the synchronism velocity is not definitely deter-
mined; bunching is weak so that noisy operation may
be expected. As the anode potential is raised further
to a value ¢q2, the frequency increases substantially to a
value two or three per cent off resonance. The charac-
teristic threshold potential ¢4 is proportionally higher
than ¢, The RF is now strong enough to produce a
well-focused spoke. As the anode potential is increased
further, the threshold potential remains substantially
constant since the frequency is a very slowly varying

(27)
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Fig. 9(a)—Magnetron just starting. ¢, is very small. Frequency is
S or 10%, off resonance. Bunching not complete, possibly noisy
operation.
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Fig. 9(b)—Magnetron is oscillating strongly. ¢y is greater than 109,

of ¢,. Frequency is 1 to 3%, off resonance. Bunching is complete
but bunches and induced current are much less than maximum.
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Fig. 9(c)—Magnetron is oscillating at a medium power level. ¢, is
30 or 409, of ¢a. Frequency is less than 19, off resonance. Bunch
has increased in size and induced current is greater than in last

picture.
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Fig. 9(d)—Magnetron is oscillating at highest possible level, ¢, is
of the order of half ¢4. Frequency is on resonance. Bunches occupy
half of the space. Induced current is maximum.

Fig. 9—Phase focusing diagrams for a typical magnetron volt-
ampere characteristic.
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function of phase angle near resonance. The separation
between ¢, and ¢, increases with the increased power
input and the RF amplitude builds up, because of the
decreasing total circuit admittance, until finally the
critical condition of (27) is reached and oscillation
ceases.

- ANODE POTENTIAL

_[¢u|!' Pata

—— — —— RESONANCE FREQUENCY

POTENTIAL OR FREQUENCY
7

R

CURRENT

Fig. 10—Typical volt-ampere characteristic used in making
phase-focusing diagrams of Fig. 9.

The quantity ¢.— ¢s: can be analytically related to
BN by use of the phase-focusing diagram. Referring to
Fig. 6c:

$o = Sat = — cos 8N. (28)
s
The phase angle 8 is given by:
T+ 20 = BN, (29)

Note, in normal operation, the current lags the volt-
age and 6, therefore, is negative as conventionally de-
fined for an admittance. Thus, B8N is less than 7. There-
fore:

4’0 - 4’0! .
s

— cos BN = cos 20 = (30)18
¢y, the peak value of the fundamental traveling-wave,
isrelated to the actual pcak RF potential between anode
segments by a constant which depends only on the elec-
trode geometry:

4’] = K¢RF maxy (31)

where K <1,

The final condition on ¢grr is that it be produced as
the result of the flow of the induced current through the
external circuit, i.c.:

¢rPmax| Y7 | /8= 11

| Y| =absolute value of the circuit admittance.
I;=amplitude of the fundamental component of

(32)

% In the author’s opinion, this equation is the most important
single result of the analysis presented here.
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the current induced in the circuit by the rota-
tion of the space-charge spokes in the interac-
tion space. It is given by (43) below.

6 =the phase angle determined by the circuit. §
must be equal to the value determined by
(30) and defined in Fig. 6.

This discussion of the phase-focusing diagram shows
that the circuit phase characteristic,as well as the induced
current due to the particular spoke configuration in-
volved, must be known in order to predict magnetron
frequency characteristics. In order to calculate the in-
duced current, it will be necessary to estimate the space-
charge density in the spokes. This problem is discussed
in the following section.

ESTIMATION OF SPACE-CHARGE DENSITY IN THE
INTERACTION REGION

The space-charge density given by (26), a constant
independent of radius, applies only to the condition
¢=¢¢¢ orf@= —450.

It will be desirable to calculate the induced current
over the range of operation indicated as feasible in the
discussion of the phase-focusing diagrams from

= —90° to 6=0°. It is therefore necessary to estimate
the space-charge density in the spokes over this range.
Actual calculations of the space-charge-density distribu-
tion is prohibitively laborious and only possible by a
self-consistent field calculation. For the purposes of this
treatment, therefore, it will be assumed that the average
space-charge density is a constant independent of radius
at all anode potentials within the range of interest as it is
at the threshold potential. This means that, whether the
anode potential is below or above the threshold poten-
tial, a potential distribution of the following form is as-
sumed to exist.

¢ = ar?+ b. (33)
Application of Poisson’s equation to (33) yields:
p = — 4ea. (34

After evaluating the constant e using the boundary
conditions on ¢ with (33), the constant average space-
charge density is expressed by:

¢a—¢n .

2

p= — 4 (35)

ra2 — 1st

If $mv,? is negligible it can be shown that:
1 m

e —— w"Zrnz

2 e

w, m [ Be

= n = ot — — '_'(— — Wn (7’;;2 - fnz). (36)16

2 e\m

Substituting into (35) yields:

m Be
p=— [260'—' w,,(-—- - w,,> + 4¢

€ m

4’0 - ¢al]. (37)

raz - rng

18 This is a preliminary form of (24).
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The first term of this expression is identical with the
value given by (26). If we define:

Tn
R, =", (14)
re
Ta
Ra = =——p
L]

(37) may be written:
460

d’a - d’al

Fo (1 + Porc2 R — Rn2>.
The effect of deviation of the anode potential from the
threshold potential is now contained in the second term.
Equation (38) is plotted in Fig. 11. The theory of phase
focusing presented here applies only to large-signal anal-
ysis and large-signal operation is seldom observed at ¢,
less than 90 per cent of ¢as. ¢, is usually of the order of
10 per cent or less of ¢a;. ¢, is seldom more than 20 or 30
per cent greater than ¢, This range is indicated on the
graph.

p= (38)

APPROXIMATE RANGE
COVERED IN TYPICAL

2P0 - MAGNE TRONS-

Po -

S |
2¢at

| I |
¢at

Fig. 11—Average space-charge density as a function
of anode potential.

ELECTRON BEHAVIOR IN THE SPACE-CHARGE-FREE
MAGNETRON. TEMPERATURE-LIMITED OPERATION

In all of the material which has just been presented,
it’ has been assumed that zero field gradient existed
at the cathode, or that the magnetron was operating
under space-charge-limited conditions. This is not
realistic in the analysis of many experimental results
since, because of necessity for compromise in design,
cathodes for cw magnetrons are frequently marginal
in their emission capabilities. The enhanced emission
which provides the very large currents in pulsed mag-
netrons does not exist when tungsten or other pure
metal cathodes are used in cw tubes. It can easily be
shown'? that the subsynchronous space-charge swarm
does not act as a reservoir as has sometimes been pro-

17 H. W. Welch, Jr., S. Ruthberg, H. W. Batten and \W. Peterson,
“Analysis of dynamic characteristics of the magnetron space charge—
preliminary results,” Tech. Report No. 5, University of Michigan,
Dept. Elec. Eng., Electron Tube Lab.; January, 1951.
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posed. Experimental evidence of the fact that cathode
emission, and cathode properties other than straight-
forward emission-density capabilities, may have strange
effects on oscillatory behavior is plentiful, and, for the
most part, uninterpreted. Attempts to derive complete
relationship for field gradient at the cathode and energy
distribution in the swarm, for various emission currents,
result in discouragingly complex relationships even for
the planar static magnetron. For the cylindrical static
magnetron the information to be derived from the
analytical solution assuming zero gradient at the
cathode is questionably commensurate with the diffi-
culty involved. The problem with a gradient at the
cathode has received attention for the non-magnetic
diode as recently as October, 1950,'% although earlier
papers'? give fairly comprehensive treatments. If the
solution for the static magnetron did exist, there is no
known method of extending the ideas to calculation of
dc current in the oscillating magnetron.

In order to get some idea of the effect of a positive
field gradient at the cathode on the behavior of the
oscillating magnetron, the various results involving
anode potential and synchronism conditions which have
been discussed will be compared with similar results of
the analysis of the completely space-charge-free mag-
netron. The initial differential equations of (3), (4),
(5) and (6) are the same. The problem, however, be-
comes simpler, since not only are the boundary condi-
tions known, but the complete potential distribution
within the interaction space is known. On paper, at
least, it becomes conceivable to calculate the position
and velocity of an electron at every instant. It is dis-
couraging to discover that even this relatively simple
physical problem leads to nonlinear differential equa-
tions which have not been solved except for very simpli-
fied boundary conditions in the large-signal, traveling-
reference-frame problem.?® The important difference
from the preceding analysis will be found in the anode
potential required for synchronism and in the division
between energy due to motion directed perpendicular
to the anode and energy due to motion directed parallel
to the anode.

Case I—Planar Magnetron. The solution for the x-
component of velocity in the static planar magnetron
is, regardless of the field gradient at the cathode, the
result given in (7) and the electron reaches the syn-
chronism velocity at the same distance from the
cathode given by (8). However, since it is assumed that
the space charge is having a negligible effect on the
field and potential distribution, the minimum anode

18 P, L. Copeland and D. N. Eggenberger, “The electric field at a
thermionic cathode as a function of space current,” Phys. Rev.,
vol. 80, p. 298; October 15, 1950.

1 C. E. Fay, A. L. Samuel, and W. Shockley, “On the theory of
space charge between parallel plane electrodes,” Bell Sys. Tech. Jour.,
vol. 17, p. 49; 1948.

H. F. Ivey, “Cathode field in diodes under partial space-charge
conditions,” Phys. Rev., vol. 76, pp. 554-558; August 15, 1949.

L. Page and N. I. Adams, Jr., “Diode space charge for any initial
\l/(()‘}t%city and current,” Phys. Rev., vol. 76, pp. 381-388; August 1,

30 F, Lidi, “Zur Theorie der geschlitzten Magnetfeldréhre,” Hely.
Phys. Acta, vol. 16, p. 64; 1943.
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potential required to bring electrons to this boundary is
now changed. The potential of a given point in the
interaction space will be linearly related to the distance
from the cathode. With these facts we can show that
the synchronism anode potential is given by:

dun = $Bv.y,. (for space-charge-free case).  (39)
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Fig. 12—Energy distributions in the plane magnetron (in
relative electron volts).

For large B this is approximately one-half the syn-
chronism anode potential for the space-charge-limited
case (12). There is nothing in the space-charge-frce
problem which gives reason to change the choice of
v,” used in the integration of the energy equation which
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leads to the threshold anode potential and the cutoff
anode potential. The various energy distributions are
plotted for comparison in Fig. 12. The curve for the
space-charge-limited energy distribution displays a slight
upward flexion in the synchronism region due to the
presence of space charge in the spokes. If, for the same
anode potential, the emission current were reduced
gradually to zero, the flexion would gradually disappear
and the energy distribution gradually approach the
straight line of the space-charge-free energy distribu-
tion. The difference between the actual energy dis-
tribution curve and the threshold-energy curve is the
energy of y-directed motion. The energy of the x-di-
rected motion is represented by the shaded area under
the synchronism-energy level outside the synchronism
boundary and the cutoff energy parabola inside the
synchronism boundary. The remaining energy must be
delivered to the RF field.

In Fig. 13 the phase-focusing diagram is placed be-
side a potential diagram to illustrate behavior of the
magnetron under temperature-limited conditions. Two
conditions are shown, indicated by 1 and 2. In condition
1 the anode current is sufficiently small that the opera-
tion is space-charge-limited. The anode potential, ¢.1,
is equal to the threshold potential, ¢4, corresponding to
the frequency, fi. The phase angle, 6, is represented as
almost 90° since the space-charge swarm is assumed to
be very weakly bunched. As the anode potential is
raised a relatively small amount, the anode current rises
rapidly to the saturation value. The reduction of space-
charge density inside the magnetron causes a positive
gradient to exist at the cathode and the potential re-
quired to produce synchronous electrons approaches the
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| 2

VERY LOW ANODE CURRENT,POWER
ALMOST NEGL!GIBLE.
FREQUENCY = {,

ANODE CURRENT AT SATURATION

VALUE. POWER APPRECIABLE.

A BALANCE IS REACHED BETWEEN

D.C. CURRENT, R-F SPOKE WIDTH

AND OTHER PARAMETERS
FREQUENCY = f2

Fig. 13—Phase-focusing diagram and energy-distribution diagram for temperature-limited operation.
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value given by (39). For a given anode potential, ¢, the
synchronism velocity might be higher than in the space-
charge-limited case as represented in condition 2.
(Under these conditions, velocities directed toward the
anode may become significant.) The frequency is di-
rectly proportional to the synchronism velocity since
v =2x,f (2) and y.= v/ ¢.. We have, therefore:

f.’. o 8 N (40)

fi Unt
For the case illustrated it is implied that the difference
between f; and fi is rather substantial, but that the phase
angle, 0,, is still large and not greatly different from 6.
A change in any parameter would result in a different
frequency, or phase angle, a new requirement for cir-
cuit impedance and a change in the RF potential or
spoke width. It is reasonable to assume that the dc
collection current is proportional to the spoke width.
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must increase in the same proportion as the anode
potential. This is illustrated by the phase-focusing dia-
grams of Fig. 14. The unique balance between all of the
parameters at the saturation current level is approx-
imately maintained if the whole phase-focusing dia-
gram is raised with the anode potential. The frequency
is therefore determined by the anode potential under
these particular conditions.

An important assumption underlying these remarks is
that the gross behavior of the space charge in response
to given imposed voltages and boundary conditions is
not a critical function of frequency. This is certainly
true?! and is an extremely important characteristic of
magnetron behavior. The ability of the magnetron to
operate over a wide range of voltages and magnetic
fields and relatively large tuning ranges is a direct con-
sequence of this property.

We have shown that the spoke configuration is deter-
mined by the RF potential caused by the flow of current
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Fig. 14—Phase-focusing diagrams for various anode potentials, Magnetic field, circuit impedance and
anode current maintained constant,

(Observed dc currents, in the oscillating magnetron, are
always a fraction of the known diode current capabili-
ties.) Thus, if the particular operating anode potential
and current are assumed constant, it becomes difficult to
argue a change in any of the other parameters in the
phase-focusing diagram without a change in the circuit.
It is concluded that the operating conditions as specified
by diagram 2 are unique.

Suppose the anode potential is now raised above the
value, ¢a2, and that, in addition to keeping the dc
current constant at the saturation level, the circuit im-
pedance is kept constant. Since the dc current is limited
by saturation, any change in spoke width which would
produce a change in induced current would tend to be
suppressed. Since the circuit impedance has been main-
tained constant, the phase angle and RF voltage remain
the same and we are led to the conclusion that the
threshold potential and, consequently the frequency,

induced in the circuit by the spoke motion. Therefore,
certain specific circuit properties must be achieved in
order to produce particular types of behavior in the
phase-focusing diagrams illustrated by the examples in
the last two sections. The results of considerations of
induced current and circuit problems are presented in
the concluding section with particular reference to the
final definition of frequency pushing and voltage tuning.
It is evident that the conditions just described are those
required for voltage tuning and that the conditions
described in connection with Figs. 9 and 10 are those
required for frequency pushing. The present analysis
will be completed by a brief discussion of the space-
charge-free energy distribution of the cylindrical mag-
netron,

1 G, B, Collins, Editor, “Microwave Magnetrons,” McGraw-Hill
Book Co., New York, N. Y.; 1948. (M.I.T. Radiation Lab. Series, vol.
6, p. 217; excepting frequencies near Be/2wm.)
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Case II—Cylindrical Magnetron. The equation for
the synchronism anode potential in the space-charge-free
cylindrical magnetron is based on the assumption of a
logarithmic potential distribution betwcen anode and
cathode. Assuming initial velocities equal to zero:

1 m fa
— — walr,? In —
r2 2 e re

b=l o
1——w, In —
2m

Be
/‘/ 1_'-wn
Be

Typical energy distribution curves are plotted in Fig.
15. The majer physical difference from the planar mag-
netron results from the fact that the encrgy of the
electron corresponding to its position must increase as
the square of the radiusin order to maintain synchro-
nism. In order for the average potential throughout the
space to be as great as the potential corresponding to
synchronism energy, it is nccessary for the anode to
exceced the synchronism anode potential. The potential
must be raised still further to meet the threshold condi-
tion. As a consequence, there will be a relatively large
proportion of the clectrons traveling at super-syn-
chronous velocities just before the threshold is reached
and the magnetron takes off. Immediately after the
takeoff the distribution inside is altered completely, par-
ticularly so under temperature-limited conditions. An
appreciable space-charge density must exist in the
spokes so that the induced current and the consequent
RF potential immediately assume appreciable values.

(41)

. %
7 7
/ /
2 %
7 $a CUTOFF
7 2
7 /i
Z 7
7 7/
7/ /
7/ ;
7 7/
7 / CUTOFF ENERGY 77/
70 PARABOLA v
7 N /
/ /
// /
CATHODE ANODE
277 v
SPACE-CMARGE-FREE KINETIC /
7 ENERGY OISTRIBUTION
7 SPACE - CHARGE- LIMITED /
Y/ OISTRIBUTION, POTENTIAL PLL
ENERGY GIVEN UP b
7 BY THE ELECTRON—_ ST Po
7 THRESMOLD ENERGY e
7 OISTRIBUTION - |
77 L
7 < an/SPACE - CHARGE
7 e (,'] 7 REE
/ N .
A ) N
—e —F
/ ] I
(G fn / T

-SYNCHRONISM ENERGY
4INET|C ENERGY OISTRIBUTION IN SUB*SYNCHRONOUS
REGION AT SYNCHRONISM POTENTIAL
FOR SPACE - CHARGE - FREE CASE

Fig. 15—Energy distributions in the cylindrical magnetron
(in relative clectron volts).

The over-all conclusion is that the cylindrical mag-
netron will be expected to jump into oscillation,
whereas the planar magnetron may go through quite a
smooth transition.

This conclusion can be extended to say that a magne-
tron with relatively large ratio of anode-to-cathode ra-
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dius, say greater than 1.5 to 1, will be expected to jump
into oscillation at finite anode current, whereas a mag-
netron. which physically approaches the planar case,
say, ra/7. less than 1.5 to 1, will experience a smooth
transition with oscillation at very low anode currents.
Once the magnetron has started oscillating, the re-
marks relating to the phase-focusing diagrams of Fig.
14 still apply. The description of starting given in con-
nection with Fig. 13 is, however, no longer accurate.

CALCULATION OF CURRENT INDUCED IN THE
ExTerNAL Circurt?

If the space charge distribution is known, the theory
of induced currents permits an exact calculation of the
effect of the electrons on the circuit. Therefore any
errors in the following results should arise from the
assumptions made about the space charge. These as-
sumptions are based on the preceding discussion. The
approximate method which is offered permits reasonably
quantitative estimates of {requency characteristics of
the oscillating magnetron. Such an estimate is not read-
ily made, perhaps not humanly possible, by use of the
more accurate self-consistent field method.

The basic equation for induced current calculation
used in obtaining the following results is:

d
iv= [ st [ ot (42)
Sk aJy
where 7, is the current to the kth electrode in an ar-
bitrary system of clectrodes due to a distribution of
charge density p. Si is the surface of the £’th electrode,
(ov), the normal component of current a¢ this surface
and V the volume occupied by the space charge density.
¥ is defined as follows:
¥r=unity on S;
=0 on all other electrodes and satisfies the Laplace
equation throughout the interaction region. It is
not an electrical potential.®
This equation has been applied to the space charge
distribution and geometry shown in Fig. 16. Since the
magnetron is considered opcrating in the = mode there
are half as many spokes of charge as anodes and the
picture repeats at every other anode.* Therefore, ¥u
was assigned the value unity on one set of alternate
anodes and O on the other sct. The term pv, was
neglected. The fundamental component of the current
induced in the admittance Yr with these assumptions
is the following:

2 More detail available in H. W. Welch, “Dynamic frequency
characteristics of the magnetron space charge; frequency pushing
and voltage tuning” (Doctoral Thesis), Tech. Report No. 12, Elec-
tron Tube Lab., Dept. Elec. Eng., University of Michigan; Novem-
ber, 1951.

8 D. Gabor, “Energy conversion in electronic devices,” Jour.
ITEE, vol. 91, pp. 128-143; June, 1944,

S. Ramo, “Currents induced by electron motion,” I’roc. I.R.E.,
vol. 27, pp. 584-385; September, 1939.

\W. Shockley, “Currents induced by a moving charge,” Jour. Appl.
Phys., vol. 9, pp. 635-636; 1938.

C. K. Jen, “On the induced current and energy balance in elec-
tronics,” Proc. [.R.E., vol. 29, pp. 345-348; June, 1941,

# Number of spokes =n; number of anodes = N; other modes than
= mode deserve discussion but are left out here in order to simplify
presentation,
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N
I, = 8Lr.2fp, sin 0 BF(aNR.R,), (43)
where:
N
sSin — o 1
F(aNR.R,) = — -
N Rale — Ra—NI‘.!
—
2
R+ R2=(NI2) R (NI R 2-(NID)
2_{_1\7_2 N_2+N_2 N
2 2 2 2

and L = axial length of anodes.
a=1 the angular width of the gap between anode
segments.

In this expression the effect of the space-charge
density distribution and the effect of the electrode
geometry are essentially scparable. The space-charge
distribution appears in the factor:

N
ps Sin Py B

and the terms involving R, in the remainder of the ex-
pression.

Fig. 16—Space-charge spoke configuration, electrode geometry and
circuit assumed in calculation of induced current.
N =number of anode segments,
n=N/2.

There is little question as to the validity of the use of
R, as an inner boundary in the integration. Moreover,
R, is substantially constant for the ranges of frequen-
cies generally encountercd at constant magnetic field.
On the other hand, the terms including p, and 8 change
substantially over a typical volt-ampere characteristic
and bear further discussion. It is the variation in these
terms which causes the characteristics of the magnetron
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space charge as an induced-current gemerator to differ

from the characteristics of a constant-current generalor.

Substituting for p, from (38):

sin— 8
. N g [1 n der? Po — ¢a‘] 2 44)
e SIN — P = 0 ’
pERRETT p RE-R N (
2
but:
. BN
sin —
2 cos ¢ [t .
BN = 1r+0, rom (29)]
2 2

and the rms current generated by the magnetron can be
written:

S

2

8
K, = 75— wLr2fp.F(a, N, Ra, R.) amperes (46)
= ?JCZ(R“.Z. — &2)- volts, (47)
4+/2 Ke,
A convenient form for p, is:

NESOLY T2 W

e N\m N

R, is given by (14).
s

¢RF max

K =

¢;=the peak value of the fundamental traveling
wave. By substituting ¢;/@rrmax for K, using:

I,
~——— (rms)

| Vr|

and (30), and solving for I, we have:

K,

¢rF =

I, =- (49)

T
— 40
2 + K, cos 26

Tcos8 Ky | Y|

FREQUENCY PUSHING

If a simple parallel resonant circuit is assumed (Fig.
17) as follows:

Voo 1
QL cos 6

%
Yo = -
L

’

| vr| =

where:
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and Q. is the loaded Q of the circuit then:

I, 1
_— —— (50)28
I(l T _F 0
2
——— — 4 cos § cos 26
cos 8
1= K, (.
’ K2 Yoc
T
1./8 4*‘:0 ==C Gr L gc._

AAAAAAAAA.
VVWWVWW
AAAAAAAAA

&

Fig. 17—Equivalent circuit for oscillating magnetron.

T

This relationship is plotted in Fig. 18 for various
values of A4 against 6Q. [i.e.,, against frequency &
=(f—fo/fo)]. The auxiliary cquation, applicable to a
simple parallel resonant circuit,

26Q. =< tan § (51)

is used.

For conventional cw magnetrons the ratio K,/K, has
a value of the order of 500 to 1500 ohms.

Equations for the power and anode potential can be
written:

P I\ ?
—— E"!’coszﬂ(~» , (52)
G1.K,? K,
and
a — P I
? — , =4 " cos 6 cos 20. (53)
V2 KK, K,

These equations are plotted for various conditions in
Figs. 19, 20 and 21, again using (51). If it is assumed
that a direct proportionality exists between power and
dc anode current (as is usually the case) these curves
give the expected form of the frequency pushing and
volt ampere characteristics. (Compare Fig. 1a.)

VOLTAGE TUNING

When temperature-limited conditions prevail at the
cathode the total dc current cannot increcase beyond a
specified value as the anode potential is raised. Assum-
ing that the dc current has rcached this value, a par-
ticular phase-focusing diagram will apply (Fig. 13-2).
The current generated will be given by (43).

1, =1L _gr 2fp, si NBF( N, R, R.), (54
=== T Jps SIN — @, IV, Kg, Iy,),
V2 2
where p, is undetermined. The current density through
the spoke to the anode will be proportional to the tem-
perature-limited dc anode current:

% [t is reminded that @ is conventionally negative when it repre-
sents a lagging phase angle so that [(x/2) +6] < (x/2).

PROCEEDINGS OF THE I.R.E.

November

(pav)n = CilT, (5)

Ir=temperature-limited current
Cy=a constant

(psv) =arrival current at the anode.

The total amount of charge collected per second is
limited to Ir. An increase in anode potential, then,
must increase the arrival velocity of the electrons. We
may expect, therefore, that:

v = Cy¢pa.

(56)

Combining this relationship with (55), we have:

(o]

1.5 10 05 ]
-8Q

Fig. 18—Theoretically predicted current generated as a function
of 3Q. from (50) and (51).

We are assuming, a priori, that the circuit conditions
are such as to encourage voltage-tunable operation. We
may write:

’.EE C3¢a- (58)

Combining these conditions into (54) we have finally:

CyrC, . . N
I, = 8Lr>- o Ir sm?BF[A, N, Ri,, R). (59)
2
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T | ' T f 0
+ 1 4
.
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“Le—— APPLIES TO BOTH CONDITIONS |
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Fig. 19—Theoretically predicted form of frequency pushing curves and volt-power characteristics.

Qr,

GL=constant QL= QLland —

T - 0
- ;
Il 2
3
4
5
Az01 =
Yoc =10 Yoc, 7
- Qu= Qu B-SQL
| 9
20T T §
¢a‘¢ut —
Ya Fat 14 3
JéKKzo T To — 1 10
|
-2 [ : L1
|
-4 i‘ . 1.2
He 3
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i
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el S,
GL| Ktz

Fig. 20—Theoretically predicted form of frequency pushing curves and volt-power characteristics.
Q1 =constant GL=Gy, and 10 Gy,
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Fig. 21—Theoretically predicted form of frequency pushing curves and volt-power characteristics.
Kll
G =constant QL =constant K=K and T

The resulting current depends on frequency through the
variation of R, in the function F(a, N, R., R,). F varies
extremely slowly with frequency. Note also that I, is
directly proportional to Ir.

The constant, C;Cy/C,, has not been evaluated. How-
ever, if the circuit characteristics are known, prediction
of the shape of the power vs. frequency curve can be
based on the fact that a constant current generator re-
sults. The general relationships:

M

| ¥z
can be used.

The voltage-tuning curve can be predicted using the
definition of the synchronism velocity (1), the threshold
potential (25) and the expression relating anode poten-
tial to the threshold potential:

¢a - ¢ul
V2 K¢ry

The resulting relationship is:

P, =

cos 8, rF = (60)

LA
| ¥r|

= cos 20 [from (30) and (31)).

— I, B
= /2 K cos 26 + —r2f(R:2—~ 1)
| Yr| * n
m rl
— 27— — R, (61)
e nt

Equation (61) presents a strictly linear relationship be-
tween anode potential and frequency only for the condi-
tions that:

(1) I,, 8, | Yz| are not frequency dependent; and
(2) the f? term is negligible, i.e., for relatively large
magnetic fields.
The first condition also makes the power, given by
(60) a constant. These ideal conditions are illustrated
in Fig. 22.

P

¢a

Fig. 22—Ideal voltage tuning characteristics.

Equation (61) is general if (24) is used rather than
(25) for the threshold potential, thus including the
energy of radial velocities.

A lagging phase angle of the order of —20° to — 50°, and
a high input impedance, are desirable to achieve good
phase focusing. A circuit which has these characteris-
tics, as well as a constant admittance over a wide fre-
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quency range, is difficult to achieve, since the magnetron
anodes present a capacitance (a leading phase angle to
the interaction space). It is necessary, therefore, to add
inductance in parallel and work well below resonance.
This is under investigation at the University of Michi-
gan Laboratories by Mr.J. A. Boyd and Dr. J. S. Needle.

CONCLUSIONS

Frequency pushing and voltage tuning can be dis-
tinguished by the general statements: Frequency push-
ing is a relatively small variation in frequency associ-
ated with a large change in phase-position of the space
charge spoke. It may be expected when the phase angle
of the circuit external to the magnetron varies rapidly
with frequency (in a resonant circuit). Voltage tuning
is a large variation in frequency associated with little
or no change in phase position of the space charge
spokes. It may be expected when the phase angle of the
circuit does not vary, or varies slowly with frequency
(in a nonresonant circuit). Frequency pushing is char-
acteristic of space-charge-limited operation; the radio-
frequency current induced in the external circuit varies
(generally increases) as power output and frequency are
increased. Voltage tuning is characteristic of operation
with limited dc current (generally temperature limited);
the current induced in the external circuit is essentially
constant, i.e., the magnetron acts as a constant current
generator.

The author has studied pushing characteristics on
numerous cw magnetrons constructed by Litton Indus-
tires and Raytheon Manufacturing Company and in the
University of Michigan Laboratory. Voltage tuning
characteristics have been available from the General
Electric Research Laboratories and from the author’s
associates, Mr. J. A. Boyd and Dr. J. S. Needle. The
complete check of the theory presented here against ex-
periment requires complete and accurate information
on the admittance characteristics of the magnetron cir-
cuit and accurate knowledge of the magnetic field in-
tensity during the experiment. The latter knowledge is
particularly important in the checking of (30),

ba = ¢y €08 20 + st

since ¢q is linearly related to the magnetic field B and
(Pa—Pas)/bas is of the same order as AB/B where AB
is the expected deviation in magnetic field from a pre-
calibrated value of B for a given magnet current due to
hysteresis. The threshold for Hartree potential is fre-
quently observed not to coincide with predicted value.®
The term ¢; cos 20 in (30) above predicts the difference
between operating anode potential and the threshold (or
Hartree) potential ¢,;. Very large errors in correspond-
ence of measured and predicted 6 are thus introduced
using an incorrect value of the threshold potential.
Where sufficiently complete data were available com-
parisons of theory and experiment have been made. De-
tailed discussion of experimental results is beyond the
scope of this paper. The points of theory which have

(30)

» 0. Doehler, loc. cit., pp. 173-174. Note discrepancy in Fig. 1a.
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been confirmed by experimental resultsare the following:

a. The magnetron oscillates at frequencies below reso-
nance.?’

b. At approximately one-tenth of the maximum,
power generated the magnetron will operate between
(2/Qu)f, and (1/2Q.r)f, megacycles below resonance.
The range of operation is from this point to between
fo/2QL below resonance and fo.*"

c. The form of the pushing curve predicted by the
theory is a good approximation of the observed form.
This is significant since the form predicted, assuming a
constant current generator, is not a good approxima-
tion. The characteristics of the current generator which
are predicted, therefore, alter the resulting pushing
curve in the right direction.?”

d. The criteria favorable to voltage tuning are cor-
rectly predicted. The voltage tuning frequency charac-
teristic itself is predicted by (61).2® Condition (1) de-
scribed in connection with this equation is not so readily
obtained. The power characteristic depends on the de-
termination of the constants Ci, Cs, and Cs in (59). This
remains to be accomplished.

Experimental checks of the power levels predicted by
the theory of pushing are in question since the ap-
proximations made in considering particular magnetron
circuits are questionable. After consideration of the
theoretical approach the conclusion is that the weakest
point is in the calculation of the space-charge density.
The shape of the curves for I,/K; in Fig. 18 is also sensi-
tive to the variation of space-charge density with anode
potential and should be considered subject to this limi-
tation in the comparison with experimental results.

The general conclusion is that the theory offers a
reasonably accurate approach to the prediction of fre-
quency characteristics of magnetrons and that the
theory is partially confirmed experimentally if a relative
power scale is used rather than an absolute power scale.
The very critical relationship between the quantity
és— ba: and magnetic field makes difficult the experi-
mental confirmation of the relationship between anode
potential and frequency. However, as in the case of the
power-frequency characteristic, the form of the curve,
i.e., the change in voltage expected between two given
frequencies, can be determined.
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re=1.9 mm, n=6. In some cases the effects of radial velocities may
become appreciable.
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The Hyperbolic Transmission Line
as a Matching Section”
HERBERT J. SCOTTY, SENIOR MEMBER, IRE

Summary—A concentric matching section in which the character-
istic impedance of the section varies along the section as a hyperbolic
function provides a matching section which is relatively insensitive to
frequency change. The performance of the line is described in terms
of its reflection coefficient. Two lines are considered, one of which
has a characteristic impedance which varies as a hyperbolic tangent
along the section, the other line has postulated a reflection per unit
length of the form of a hyperbolic secant squared.

INTRODUCTION

N ANY TRANSMISSION LINE the voltage and
I[ current along the line are described by the differen-
tial equations:

dV/dx = — ZI (1)

dl/dx = — YV, (2

where:

V =the voltage across the line

I =the current in the line

Z =the series impedance per unit length of line
Y =the shunt admittance per unit length of line

all of these being functions of position on the line.
Separation of variables in (1) and (2) results in the
well known voltage equation

axw 1 dZ dv
—_————— = ZVV =0, (3)
dx* Z dx dx

which may also be written:
a?Vv d(InZ) dv
— — —ZYV = 0. )
dx? dx dx

Similarly, the current equation is:
@I d(nY) dI
—— — —ZVI = 0. (5)

dx? dx dx

Equations (4) and (5) readily lend themselves to
solution when Z and Y are constant along the line, the
solutions being the standard transmission line equations
for voltage and current. When Z and Y are not con-
stant, but instead are functions of position along the
line, the second order differential equations for voltage
and current are no longer linear. Under these conditions,

* Decimal classification: R117.12. Original manuscript received
by the Institute, September 29, 1952; revised manuscript received
January 13, 1953.

t University of California, Berkeley, Calif.

except for some special cases as the exponential line! and
Bessel line,? (4) and (5) do not yield to solution.

TRANSFORMATION TO FIRST ORDER NON-LINEAR
DIFFERENTIAL EQUATION

It is possible, however, to transform (4) or (5) into a
first order non-linear differential equation involving the
reflection coefficient. In carrying out this transforma-
tion let the following quantities be defined:

Zy =\Z]Y (6
Y =VZ¥ ()
vV
77
p=—F— (8)
= + 2o

where:

Zo=nominal characteristic impedance
v =nominal propagation factor
p =voltage reflection coefficient

all of these in general being functions of position on the
line.

By proper substitution of these quantities into (1) and
(2) there is obtained, after some manipulation:?

dp (1-p%» d(InZy) 5

2
St e

(9

It is to be noted that this expression is exact and no
restrictions of any kind have been imposed upon it.

REDUCTION TO FIRST ORDER LINEAR DIFFERENTIAL
EQuaTIioN

In any practical matching section, one of the require-
ments which must be met if the matching section is to
satisfy the purpose for which it is designed, is that the

1 C. R. Burrows, “The exponential transmission line,” Bell Sys.
Tech. Jour., vol. 17, pp. 555-573; October, 1938.

Harold A. Wheeler, “Transmission lines with exponential taper,”
Proc. I.R.E,, vol. 27, pp. 65-71; January, 1939.

* A. T. Starr, “The non-uniform transmission line,” Proc. L.R.E.,
vol. 20, pp. 1052-1063; June, 1932,

3 L. R. Walker and N. Wax, “Non-uniform transmission lines and
reflection coefficients,” Jour. A pplied Physics, vol. 17, pp. 1043-1045;
December, 1946.

Folke Bolinder, “Fourier transforms in the theory of inhomogene-
ous transmission lines,” Proc. I.R.E., vol. 38, p. 1354, November
1950; also Kungl. Tekn. Hégsk. Handl. Stockholm, no. 48; 1951,
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reflections due to any mismatch shall be small. Inso-
far then, as the assumption that p*<«1 is acceptable, (9)
reduces to:

dp 1 d(In Zo)

— =2+ — =

10
dx 2 dx (10)

As is customary in dealing with radio-frequency
transmission line problems, it will be assumed that the
line is loss-free and that the nominal propagation factor
is a pure imaginary and is independent of position, i.e.,
¥ =jB. Equation (10) then becomes:

d(In Zy)
dx B

dp
)

— 0. (11)

1
213P+7
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reflection coefficient at x =0, i.c., the sending end of the
matching section:

t1 dilnZ
p =f - _M.e—ﬂﬂzdx'
0

2 dx (12)

Consider now a concentric matching section extend-
ing from x=0 to x=/, in which the impedance at the
sending end is that of the connecting line Z, and the
impedance at the receiving end is that of the connecting
line Z; as indicated in Fig. 1. Let the nominal character-
istic impedance vary as the hyperbolic tangent along the
section so that

Zy+2Z Zy— 2 1
Zy = z l-{- : lta.nha(i——).
2 2 ! 2

(13)

This variation of Zy with x/! is shown in Fig. 2 when
Z,=50 ohms, Z,=150 ohms, and the taper constant®
a=6.

x=f

Fig. 1—Concentric matching section extending from x=0to x =land
terminated in impedances Z, and Z,.

APPLICATION TO A LINE WITH A GIVEN VARIATION
OF CHARACTERISTIC IMPEDANCE

Consider now a non-uniform line as a matching sec-
tion inserted between two transmission lines of im-
pedances Z, and Z, respectively as indicated in Fig. 1
and presume for convenience that these terminating
lines are indefinite in extent. A wave progressing from
the sending end towards the receiving end of the section
undergoes continuous reflection as it progresses out-
wards along the section. These reflections come about
as a result of the continuously varying section param-
eters and are directed towards the sending end. When
the wave arrives at the receiving end it meets an im-
pedance match and so, without any further reflection,
it passes into the uniform line beyond. As the wave
travels down the uniform line, its history and perform-
ance beyond the end of the matching section are of no
interest except for the realization that when x 2/ the
reflections per unit length of line,

d(ln Zo)

1
R(x) = —
() 2 dx

are zero. Under these conditions then, (11)*gives for the

¢ Bolinder (loc. cit.) obtains the solution of (11) in terms of a
Fourier integral; Walker and Wax (loc. cit.) by the substitution
p=¢i0 obtain a solution for 6 which is used in determining the resonant
wavelengths of tapered lines.

150

100
. A

50 —
0
0 0.2 0. 0.6 0.8 1.0

Fig. 2—Variation of
Za+ 2y Z:— Z x 1
Zy= 12 l'|"_—-22 ltanha(T-—?)

along the section when Z,=>50 ohms, Z,=150 ohms, and taper
constant @ =6.

With the variation of Z, as indicated in (13) there is
obtained:

1 d(]nZo) a ZQ—Zl
2 dx A Z,+ 27,

— = R(x), (14)

which upon substitution into (12) gives for p:

§ The taper constant a is chosen such that at the junction of the
matching section and the line the value of the hyperbolic tangent i.e.,
tanh(a/2), should be essentially unity. Actually for a=6 it differs
from unity by approximately 0.5%.
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p =

a Zy — Z]f'
2l Zz +Zl 0 Zz —'Zl X 1
1 tanh e

=B I-1D gy (15)
This integral cannot be evaluated in simple analytic
form. A plot of the variable part of (14) which appears
as a factor in the integrand was made and is shown in
Fig. 3 as a function of

)

//

\
//
/ (1]
-3 2 ) [ ' 2 3
o(i' - %)
Fig. 3—Variation of
1
hta( = - —
sech? 3
Z’ e Z| x 1
*arzeme(7-7)
with

z 1

a — — —

l 2

for Zy=50 ohms, Z,=130 ohms, and taper constant a =6.

The value of |p| was determined by means of standard
graphical methods. The value of lpl thus obtained was
normalized® and appears as a function of J/\, the length
of the matching section expressed in wavelengths and is
indicated as curve (a) in Fig. 4.

APPLICATION TO LINE WITH A GIVEN VARIATION
IN UNIT REFLECTION

When the nominal characteristic impedance is de-
fined as in (13) observe that the variable part of

1 d(ln Zo)
2 dx

¢ Normalization is with respect to the value [p| would have if the
lines were directly connected with no matching section in between
them.
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inherently becomes skewed with respect to

x 1
{ 2

(i.e., x=1/2). Suppose then that a different approach
to the problem is made by starting with a symmetrical
form for

1 d(In Zy)
2 dx

instead of with an assumed form for Z, and let this
symmetrical form be not greatly different from the
form of (14). Specifically let this be:

1 d(InZ,) x 1
= = ksech’a|— — —) (16)
2 dx ! 2
1.0
0.8—
s |\
[=]
N 0.6
-
L
A
2 1
2 \ &r(o)
0.4 '\
\ —~(C
0.2 ‘;. REC N
o=\ A\
\“\ I'I \\ '/// \\\ 7 =
0 \\ 1 \>"/’/ \\\\7\;;\ /;;-'\\
0 0.5 o, 15 2.0 2.5
by

Fig. 4—Variation of |p| with I/ for (a) hyperbolic section,
(b) exponential section, (c) Bessel section.

Since the section is matched at x=0 and at x =/, the
value of % is readily determined and (16) becomes:

7)

= —n —- ’

2 dx (17

and the nominal characteristic impedance is found to be:

(18)

The variable part of (17) is shown in Fig. 5 and the re-
sulting nominal characteristic impedance in Fig. 6.
These may be compared with Figs. 3 and 2 respectively.

ZO = ,\/lez,e[hnh a(z/1—-1/2)/(2 tanh 6¢/2)] +In ZlIZ|.
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The resulting expression for the reflection coefficient be-
comes:

Z
aln——z-

Z] ¢ x 1
—'—"f sech’a _——
0 l 2

a
4] tanh —
2

=
(19)

. e—izﬁl(sl —=1/2)dgx,

The normalized value of | p| from this expression, ob-
tained in the same manner as that for (15), is shown as
curve (a) in Fig. 4.7

RN NAN N
i\

-3 -2 - o 1 2 3

Fig. S—Variation of

x 1
sech? ¢ T 7
with
x 1
\T 72
for a =6.

COMPARISON OF REFLECTION COEFFICIENTS

For purposes of comparison, the normalized values of
[p| for an exponential matching section and for a Bessel
line are shown in Fig. 4 as curves (b) and (c) respec-
tively. It will be noted that the undulations in | p| pres-
ent in the latter two lines are absent in the hyperbolic
line. For a given length of matching section, the hyper-
bolic line is less frequency sensitive than either the ex-
ponential or the Bessel line. These in turn are far less
frequency sensitive than a matching section composed
of a length of uniform transmission line. This would
indicate that the hyperbolic line is relatively broad band
in its operation.

Once ipl has been determined the voltage standing
wave ratio may be evaluated from

14]e|

VSWR =
1—|pl

(20)

*The values of |p| obtained from (15) and (19) are so nearly the
same they cannot be shown as two separate curves in this illustration.
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Fig. 6—Variation of
Zo = A2\ 25 eltanb a(z/1=1/2))/(2 tank a/2) *1n 2,/Z3

along the section when Z,=50 ohms, Z3=150 ohms, and a =6.

DESIGN OF MATCHING SECTION

In the design of the matching section, once Zj is
known, the conductor contour may readily be deter-
nined from:

b
Zy = 138 logyo — > (21)
a

where:

b =inner radius of the outer conductor
a =outer radius of the inner conductor.

The conductor contour for the cases considered are
shown in Fig. 7. The contour for the line of (13) appears
in Fig. 7a and that for the line of (18) appears in Fig. 7b.

OUTER CONDUCTOR

0.5 GTITITEIITETIGEIGIIGEITEIII I SO ETSTTS ke s
(723
2
<
€0 (9)
[
2
0= %
=] «INNER [CONQUCTOR
1 v
o A7 //
)0 ) i
(o) 0.2 0.4 0.6 0.8 1.0
x
2
OUTER CONDUCTOR
0.5 ITITTIFIT TS III TSIV s P TS ETI TGS IITIIIIIES
(723
2
2 (b)
-
S3L
°'z'/ 7 % 7 INNER
> / ” CONOUCTDR
g 7/,/ 7
N 77 77
©
O V74 ré /ém// QAL A7
(o] 0.2 0.4 0.6 0.8 1.0
x
L

Fig. 7—Conductor contour, radius of inner and outer conductors as
functions of x/I for (a) line of Fig. 2, and (b) line of Fig. 6.
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Conformal Mappings for Filter Transfer
Function Synthesis*
GEORGE L. MATTHAEI{, ASSOCIATE MEMBER, IRE

Summary—In a previous paper the author outlined a general
method for synthesis of filter and amplifier transfer functions by
setting up fictitious electrostatic problems. This paper shows that
techniques utilizing conformal mappings provide practical ways for
solving these electrostatic problems. Analysis in the mapped plane
also yields convenient methods for predetermining the number of
poles and zeros required to meet given design specifications.

INTRODUCTION

YHIS IS ESSENTIALLY a sequel to the author’s
?I[ paper “Filter Transfer Function Synthesis.”!
There, the fundamental principles were presented
for a method of synthesis of system transfer functions
with bands approximating various constant amplitudes
in an equal-ripple manner. The method made use of the
electrostatic potential analogy and involved computa-
tion of flux distributions at the surfaces of fictitious
charged conducting plates. The purpose of this paper
is to show how the technical difficulties of determining
these flux distributions may be overcome.

As we shall see, the use of a conformal mapping en-
ables us in most cases to solve the flux distribution prob-
lem quite readily. The mapping is used to remold the
original potential field in a new plane where the prob-
lem will have symmetries which make it easy to solve.
After the problem is solved in the new plane, the solu-
tion is mapped back to the original plane to give the
desired results.

THE ELLiPTIC-TANGENT MAPPING

An excellent mapping for use in solving many low-
pass and high-pass filter or amplifier problems is the
elliptic-tangent function mapping:

— A n( k)_{sn(w,k)
pdmlm b = ek

(1)
Here we shall designate p as the complex frequency
variable p =0 +jw while w=u+jv is the corresponding
variable in the new plane. The functions tn (w, k);
sn (w, k); and cn (w, k) are respectively the elliptic
tangent, elliptic sine, and elliptic cosine functions
(Jacobian elliptic functions). The parameter & is called
the modulus of the elliptic function, and it will in this
case be fixed by wi/w., the ratio between the frequencies

* Decimal classification: R143.2. Original manuscript received by
the Institute, March 11, 1953.

t Elec. Eng. Div., University of California, Berkeley, Calif.

1G. L. Mgatthaei, “Filter transfer function synthesis,” Proc.
LR.E., vol. 41, pp. 377-382; March, 1953.

at the edges of the pass and stop band. The parameter 4
is merely a scale factor.2—$

Now let us note what this mapping does. Fig. 1 shows
the potential problem for the low-pass LC filter,! while
Fig. 2 shows this same problem after being mapped to
the w-plane. We may consider the mapping process as
having split the jw axis from j® to jw, and from —jo
to —jw (thus slicing the stop-band plates in half); then
having opened the splits by double right-angle bends at
Jws, jwi, —jan, and —jw,. In this manner the four quad-
rants of the infinite p-plane are mapped onto a finite
rectangle of width 2K and height 2K’. Herein this rec-
tangle will be referred to as a “quasi-cell.” Note that
each quadrant of the p-plane comprises one-quarter of
this rectangle and the point at infinity has been split to
appear on both the left and right side of the quasi-cell.

j oo
p-plane
I I
"o
-0'°¢ O'o o
-4 9
1T NAVA
-j o
Fig. 1—The p-plane potential problem.
* P. Franklin, “Methods of Advanced Calculus,” McGraw-Hill

Book Co., N. Y., chap. VII; 1944,

3 K. Knopp, “Theory of Functions,” Dover Publications, N, Y.,
part II; 1947.

¢ E. T. Whittaker and G. N. Watson, “Modern Analysis,” Cam-
bridge University Press; 1950, (For definition of mathematical term
“cell,” see n. 430.)

' E. Jahnke and F. Emde, “Tables of Functions,” Dover Publica-
tions, N. Y.; 1945.
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It is a property of conformal mappings that they
only distort a surface; they do not tear it. Let us call
this the “continuity property.” Due to this property the
quasi-cell in Fig. 2 will not exist by itself, but is sur-
rounded by similar quasi-cells oriented in various ways
so as to provide continuity of the mapping. Fig. 3 sug-
gests how they fit together. To see how continuity is
provided note that when crossing the jw axis in the p-
plane from quadrant I we must arrive at quadrant II.
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Fig. 2—The p-plane mapped to a w-plane quasi-cell.

In Fig. 3 the reader will observe that when crossing a
mapping of the jw axis from a mapping of quadrant I,
we shall always arrive at a mapping of quadrant II.
Because of the repetitive nature bf this mapping it is
known as a doubly-periodic mapping.

Fig. 3—A portion of the w-plane potential problem.

Perhaps we should note that technically each quasi-
cell of the w-plane should be considered as mapping to
a sheet which covers the entire p-plane. These sheets
are joined together along the jw axis by branch cuts.
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Thus the p-plane has a continuous Riemann surface
composed of an infinite number of sheets.® However,
since all sheets and quasi-cells are alike in our problem,
we need study only one sheet of the p-plane and one
quasi-cell of the w-plane.

To analyze the mapping quantitatively we may begin
by defining the scale factor:

A= wi. (2)

Next let us introduce the parameter &’ which is known
as the comodulus. The modulus & and comodulus &’ are
related by the equation:

k24 Rk =1. 3)
Now the parameters:
E k', K, and K’ (4)

are all uniquely defined 4f any one of them is defined.
(As shown in Fig. 2, K and K’ are respectively the width
and height of one quadrant of the quasi-cell.) For exam-
ple if &' is known, k can be found by (3), and then K
and K’ can be found from a table of elliptic func-
tions.5:7-# Most elliptic functions are not tabulated with
respect to the modulus k directly but instead are re-
ferred to a modular angle defined as:

6 = sin™! k. (5)
Now the parameter k&’ may be defined as:
k' = wl/wz. (6)

Thus the bandwidth ratio w)/we determines the parame-
ters (4) which in turn establish the proportions of the
quasi-cell rectangle. Knowing the parameters (4) and
the scale factor (2) any point in the p-plane may be
identified with its corresponding points in the w-plane
by the relation:

p=0c+jo=Atn (u+ jv k)
4 [(DB — DC*B) + j(B*C + D’C)], )

B? 4 D*C?
where
A =w, B=cn(u, k)cn (v, ¥),
C =sn (v, ¥)dn (4, k), and

D = sn (4, k) dn (v, ¥').

(The function dn (w, k) is another Jacobian elliptic func-
tion.) Along w-plane contours which are mappings of the
p-plane ¢ and jw axes, (7) simplifies considerably. In
Fig. 2, the line defined by juv=0 maps the p-plane by the
relations:

¢ R. V. Churchill, “Introduction to Complex Variables and Ap-
plications,” McGraw-Hill Book Co., N. Y., chap. 12; 1948.

7L. M. Milne-Thomson, “Jacobian Elliptic Function Tables,”
Dover Publications, N. Y.; 1950.

¢ G. W. Spenceley, and R. M. Spenceley, “Smithsonian_Ellip-
tic Functions Tables,” Smithsonian Inst., Washington, D. C.;
Nov. 1, 1947,
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Asn (u, k
L L ®
cn (%, k)
Similarly the line where ¥ =0 maps to:
c=0; jw=jdsn (v, k); 9)
the line jv=3K’ maps to the line:
74
c=0; Jo = ———; (10)
dn (u, k)
the line jv= —jK’ maps to:
_ —j4
ag=0; Jo = —: (11)
dn (%, k)
and the lines defined by #= + K map to:
0 j % (12)
MR ¥ sn (v, &)

SoME HELPFUL SYMMETRIES

When using the elliptic-tangent mapping a consider-
able amount of labor can be avoided by utilizing some
symmetry properties which the mapping possesses. If
a circle of radius:

wo = Vwywy,

(13)

is drawn in the p-plane (Fig. 1), then this circle will map
to straight lines down the centers of the w-plane quasi-
cell quadrants as is shown in Fig. 2. Now suppose that
the points o3 and ¢, are arranged so as to have geometric
symmetry with respect to the p-plane circle, i.e., they
are arranged so:

0304 = oot (14)

then these points will map to the quasi-cell so as to
have arithmetic or mirror symmetry about the center-
line through the quadrants. Consider points p; and Ds
on the radial line from the origin in Fig. 1. We shall
regard these points as being arranged with geometric
symmetry with respect to the circle if:

| 26l] 26 = wot. (15)

Note that in Fig. 2 these points have mapped so as to
have mirror symmetry about the quadrant centerline.
In general we may state: Any points in the p-plane ar-
ranged so as to have geometric symmetry with respect to
the circle of radius wo=/wyw. about the origin will map
to the w-plane quasi-cells so as to have mirror symmelry
about the straight lines which are the mappings of the
circle.

If we have a rational function F(p) with poles and
zeros arranged with even mirror symmetry about a line
(i.e., for every zero on one side of the line there is another
at the image point on the other side, and likewise for the
poles) then by reasoning from the electrostatic potential
analogy it can be shown that if p, and ps are symmetrical
points about the line of symmetry,

PROCEEDINGS OF THE ILR.E.

November

F(p1) = F(pa)e™. (16)

Here F(p;) denotes the conjugate of F(p,), and ¢ is a
constant angle (usually zero in practical cases) which
depends on the nature of the constant multiplier of the
rational function. Similarly if the poles and zeros of
F(p) are arranged so as to have odd mirror symmetry
about a line (i.e., for every zero on one side of the line
of symmetry there is a pole at the symmetrical point on
the other side), then it can be shown that if p, and p,
are symmetrical points and if p, is any point on the
the line of symmetry,

(17)

The elliptic-tangent function mapping shows that any
function having even or odd geometric symmetry with
respect to a circle can be mapped to a plane where it
will appear with even or odd mirror symmetry with
respect to straight lines. Thus we see that (16) and (17)
will also apply for functions having even or odd geo-
metric symmetry with respect to a circle of radius | pol
about the origin. In this case, p, and p; will be points
having geometric symmetry with respect to the circle
and p, is any point on the circle.

The upshot of the preceding phenomena is that if a
function has either mirror or geometric symmetry and
if the function is defined on one side of a contour of
symmetry, it is defined implicitly on the other side
also. Because of this, when synthesizing the H(p) func-
tions! after finding the locations of the poles and zeros
which lie within a quarter-circle, the rest can be located
by use of the symmetry properties.

Tae LC FILTER POTENTIAL PROBLEM

Let us consider Fig. 1 as representing the LC filter
potential problem.! The conducting plate in the pass
band carries eight units of negative charge while each
of the two stop band plates carries four units of posi-
tive charge. To be mathematically correct we should
consider this potential problem as being set up on each
sheet of the p-plane Riemann surface. Then each sheet
of the p-plane maps to one quasi-cell of the w-plane as
shown in Fig. 3. The plates from the infinite number of
p-plane sheets are mapped together in the w-plane so as
to form an infinite number of parallel plates which are
infinitely long. Each quasi-cell has eight units of posi-
tive and negative charge associated with it, and due to
the symmetrical arrangement of the plates, this charge
is evenly distributed giving a uniform flux variation at
the surfaces of the plates. Using the double-charge
quantization procedure described elsewhere in the liter-
ature,® the quantized filaments or poles and zero in the
w-plane will appear as in Fig. 4.

® G. L. Matthaei, “Filter transfer function synthesis,” Proc.
L.R.E., vol. 41, p. 380 (Fig. 8); March, 1953.
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Observe that the array of poles and zeros in Fig. 4
has a continuous repetition of odd mirror symmetry in
the horizontal direction and even mirror symmetry in
the vertical direction. This will cause the corresponding
p-plane function to have odd geometric symmetry with
respect to the circle of radius we and even mirror sym-
metry with respect to the real and imaginary axes. Thus
by mapping the w-plane double-zeros which occur at
w=jv=jv(1/4)K’and w=jv=j(3/4)K’ to the p-plane by
use of (9), the entire II(p) function is quickly found by
virtue of the symmetries. Having found the H(p) func-
tion the remainder of the transfer function synthesis
proceeds as described.!

w- PLANE
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Fig. 4—Part of the infinite array of poles and zeros of the
function H'(w) for an LC filter example.

SoruTioN ofF RC FILTER POTENTIAL PROBLEM

This time let us discuss the solution of the RC filter
potential problem.® There is a small degree of freedom
available to us in the locating of real-axis poles and
zeros. They must be located so as to yield a maximum
number of saddle points on the real axis, and if in addi-
tion they are located with odd geometric symmetry
with respect to the circle of radius go=wo=vwws, a
great deal of labor can be saved. Let us imagine that in
Fig. 1 of this paper there are unit filaments of positive
charge at +o; and unit filaments of negative charge
at +o., where /o0, =00. If the pass-band plate has
four units of negative charge and the two stop-band
plates each have two units of positive charge, this will
be the RC filter potential problem.}

When our RC filter potential problem is mapped to
the w-plane, the pass- and stop-band plates will once
again map into an infinite set of parallel plates. How-
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ever, this time there will be positive filaments between
the plates at the points which are mappings of o3 and
negative filaments at the points which are mappings of
+0 It appears that this problem is most easily solved
in two steps: First, all of the plates are grounded and
the flux distribution at the surfaces of the plates due to
induced charge is determined; second, the induced flux
distribution caused by the presence of the charged fila-
ments having been accounted for, the remaining part of
the flux at the surface of the plates will be distributed
like the flux field between charged plates without fila-
ments, and this flux is easily determined. Due to the
repetitive symmetries of the potential problem in Fig. 3,
it will suffice to solve the quantization problem in one
quadrant of one quasi-cell.

To solve the grounded-plate problem we shall use a
“simulating function” which will imitate the effects of
the boundary conditions and filaments associated with
one quadrant of a quasi-cell. Note that in Fig. 3 the
boundaries of the quadrant Il marked by arrows A
and B are lines of even symmetry, and hence will be
lines of constant flux, The boundaries marked by arrows
D and E are contours of constant potential (grounded
plates), and hence can be simulated by a line of odd
symmetry since a line of odd symmetry will be a line
of constant potential. This potential field can therefore
be represented by the logarithm of the array of poles
and zeros in Fig. 5. For the representation to be exact
this array of poles and zeros should continue on sym-
metrically out to infinity. Such an array can be achieved
by use of elliptic functions; however, excellent results
can be obtained by use of only a few chains of poles and
zeros constructed from trigonometric functions.!® The
function:

o(w =Sin_[(7f_/K)(w—3)] sin [(v/K)(w—s—j2K’)]
sin [(x/K)(w+s)] sin [(x/K)(w+s—j2K")]

sin [(_r/K)(w—s+j2K’)]

sin [(r/K)(wts+j2K")]

yields the three chains of poles and zeros shown in Fig.
5, and by the electrostatic potential analogy it can be
seen that the equation:

Vo+jbs=In|gw)| +jarg g(w) + M, (19)

for values of w within the shaded region of Fig. 5 will
give a very accurate approximation of the complex po-
tential field in quadrant II when the filaments are
present but the plates are grounded. In (19) V, is the
scalar potential, ¢, is the flux, and M is an arbitrary
complex constant which determines the potential and
flux zero references.

Breaking the sine functions of (18) into their real and
imaginary parts, the flux at the surface of the grounded

(18)

19 This very useful technique for approximating elliptic functions
by use of trigonometric or hyperbolic functions was first introduced
to this author by Mr. D. K. Weaver, Stanford Research Inst., Menlo
Park, Calif.
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plate at side E of quadrant 11 (Fig. 3) is found to be:

$o(9) = —1{2 tan™! [—tanh (vx/K) ctn (sv/K)]
+2 tan™! [—tanh (v—2K")r/K ctn (s7/K)]
+2 tan—! [— tanh (94 2K")x/K ctn (s7/K)]
+Im M}. (20)

For simplicity, the constant (Im M) is evaluated so
¢,=0, and the minus-one multiplier is introduced so
¢¢(v) will be positive in the region from v=0 to y=K".

eiﬁ——o—ﬂ——(?_*—a ’ H—T—0 H—T—0—~
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& / 14 / |
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. 7/ |8, 7 p
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Fig. 5—Part of the array of poles and zeros of a “simulating function”
used in the solution of an RC filter example.

If the ground connections are removed from the plates
in Fig. 3 and if additional positive and negative charge
is deposited on the stop- and pass-band plates respec-
tively, then the total flux at the surface of the pass-
band plate on side E of quadrant I1I will be given by the
equation:

$:(v) = ¢(v) + 70, 1)

where 7 is a constant. To evaluate 7 recall that in this
case the pass-band plate in Fig. 1 carries four units of
negative charge and hence terminates a total of 8r lines
of flux coming from the four quadrants. Thus the part
of the plate bordering on quadrant II terminates 27
lines of flux. Then in the w-plane, since ¢,(0) =0,

$:(K') = ¢o(K') + 7K’ = 2, (22)

and 7 can be evaluated.

Using the single-charge quantization procedure de-
scribed,! filaments of negative charge (or zeros) are
established where ¢.(v) equals 7/2 and 37/2. Since the
H(p) function in the p-plane will have even mirror
symmetry with respect to the ¢ and jw axes and odd
geometric symmetry with respect to the circle of radius
wo, we need only map to the p-plane the filaments
associated with the right half of quadrant II. We can
then easily find the locations of all of the poles and
zeros of the H(p) function by virtue of the electrostatic
potential analogy and the symmetries.
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PREDETERMINATION OF ATTENUATION RATIOS

Generally the fundamental design specifications which
are significant in the synthesis of low-pass filter transfer
functions such as those discussed are the bandwidth
ratio wy/w,,!! the allowable ripple amplitude in the pass
band, and the attenuation ratio between pass and stop
bands. The designer is at the outset faced with the
question of how many poles and zeros will be required
in order to give a transfer function which will meet the
specifications. Let us see how this problem can be dealt
with in our low-pass examples. The same techniques
can be adapted to most any case.

H(jw) +C

W w,
W —

Fig. 6—The function H($)+C for p=juw.

Fig. 6 shows the function H(p)+ C when p=jw for
our four-pole LC filter being designed by the double-
charge quantization procedure. It was noted! that the
magnitude of the completed filter transfer function for
steady-state frequencies p =jw will in this case be:

|TGw) | = vEGw) + C.

Let us assume that our design specifications are given
in the form of the bandwidth ratio w;/w,, the pass-band
ripple ratio:

max. amplitude in pass band H(jun) + C
p = Tom EPTLCE] = 4/,
min. amplitude in pass band C

(23)

and the attenuation ratio:

min. amplitude in stop band

G ¥ C

min. amplitude in pass band B C

- (25)

The constant C can be eliminated from (24) and (25)
to give:
H(iw,) G |

y = = . 26
H(wy) p? — 1 (26)

1t The actual values of w; and w; need not be considered during
synthesis since if the bandwidth ratio is correct, the scale can always
be adjusted to meet the requirements of the application. During the
synthesis it is convenient to let \/@w; =wo=1,
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In this manner our initial design problem becomes the
problem of designing an H(p) function having a band-
width ratio wi/w; and an amplitude ratio which will
satisfy (26). If a single-charge quantization procedure
is used,'? (26) becomes:

H;(jwz) Y — 1
y = = .
H.(jor) p—1

When the synthesis of H(p) is begun, w)/w; is used to
fix the elliptic function modulus, and » is used to de-
termine the number of poles and zeros which will then
be required. It is easiest to determine the number of
poles and zeros required by calculations in the w-plane.
This is possible because, for example, a function H'(w)
having the infinite array of poles and zeros shown in
Fig. 4 (with an appropriate constant multiplier) is re-
lated to the H(p) function by:

H'(w) = H(A tn (w, k)) = H(p).

(27)

(28)

Thus H(jw,) and H(jws) can be determined by evaluat-
ing H'(w) at w-plane points which are mappings of
jwy and jws.

An array of double poles and zeros such as is shown
in Fig. 4 can be generated exactly by use of the elliptic
function dn(w, k) squared. However, it is simpler to use
an approximation. Note that the function cosh (w) con-
sists of an infinite set of zeros located at intervals of pi
along the w=jv axis and an infinite order pole located in
an essential singularity at w= . Therefore a chain of
double zeros such as appears along the line # =0 in Fig. 4
and a chain of double poles such as appears along the
line #= — K can be generated by the function:

[ cosh (nrw/2K’) (29)

cosh [nr(w + K)/ZK']] '

where 7 is an even number which designates the number
of double poles and zeros in the H(p) function. The
function (29) approximates H'(w) within a limited
region, so by use of (29) we obtain:
Q ’ 2!
v= g(iw—z)- = H—(M ~ [cosh (nwK/2K’) I'. (30)
H(jw) H'(jK')

For cases where # is an odd number an equation
analogous to (29) is constructed from hyperbolic sine
functions and computation of » yields (30), so (30)
holds for  either odd or even. If a single-charge quanti-
zation procedure is used:

v =~ [cosh (nrK/2K") ]2 (31)

Knowing K, K’, and », the number of poles and zeros
required is easily determined by either (30) or (31)
whichever is appropriate.

The reader may wonder how accurate (30) and (31)

18 | this case the right sides of (23), (24), and (25) will not have
square roots, but the right side of (23) will require a magnitude sign.
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are. A sample H(p) function having w,/w:=0.7660 and
six simple poles and six simple zeros has »=1,500. For
this example (31) yields about 1,50S. Equations (30)
and (31) will always be a little on the optimistic side,
but their accuracy increases with either an increase in
n or a decrease in w;/w2.

In the case of RC filter design things are a bit more
complicated. More than one constant may be used when
manipulating the H(p) function; hence, equations such
as (27) are only approximate though probably suffi-
ciently close for most cases. The ratio v = H(jws)/H (jw)
can be determined by approximations similar to (30)
and (31), but in this case the designer must also be care-
ful to define the real-axis poles and zeros of H(p) so
that there will be a maximum number of saddle points
on the real axis. The author found that these matters
are easily taken care of by setting up part of H'(w) in
analog form on a rectangular sheet of Teledeltos paper'?
which represents one quadrant of a w-plane quasi-cell.
Since the borders of each quadrant of the quasi-cells are
lines of even mirror symmetry, the edges of the sheet
are left open-circuited. Constant-current electrodes
(corresponding to poles and zeros) placed on the paper
cause a voltage field to be set up which is proportional
toIn IH'('w) | .24 In this manner the number of poles and
zeros required is easily determined experimentally, and
the requirement that there be a maximum number of
saddle points on the real axis of the H(p) function re-
solves into experimentally adjusting the electrodes on
the sheet so that the potential field on the edge which
maps to the p-plane ¢ axis will have a maximum num-
ber of ripples of magnitude. If the accuracy required is
not too high, the function H'(w) may be completely
determined by use of the analog, so it is then unneces-
sary to compute a solution for the potential problem.!*

MAPPINGS FOR OTHER PROBLEMS

With the aid of simulating function techniques such
as were used in the RC filter example, a wide variety
of low-pass and high-pass filter and amplifier problems
can be solved by use of the elliptic-tangent function
mapping. In many cases satisfactory band-pass or band-
stop functions can be obtained from a low- or high-pass
function by use of an additional mapping. For example,
by mapping the poles and zeros of a low-pass filter
function T(p) to a new plane by use of the mapping:

? ?I wol
——
’

é wo' ?

(32)

13 Conducting paper used in facsimile machines by Western
Union Co.

14 R. E. Scott, “Network synthesis by the use of potential ana-
logs,” Proc. I.R.E., vol. 40, pp. 970-973; August, 1952.

16 G, L. Matthaei, “A General Method for Synthesis of Filter
Transfer Functions as Applied to L-C and R-C Filter Examples,”
Tech. Report No. 39, Elec. Research Lab., Stanford University; Au-
gust 21, 1951, (Also dissertation for the Ph.D. degree, Stanford Uni-
versity; October, 1951.)
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a band-pass transfer function T'(p’) can be constructed.
In (32) p' is the new complex frequency variable,
wwo'ws’

8= ———

wy'?

— W >, (33)
~ o

and
(34)

where w; is the pass-band edge for T'(p), and w,’ and
w’ are to be the pass-band edges of T”(p’). Labor can
sometimes be saved by use of the fact that when T7(p’)
is constructed in this manner it will necessarily have
even geometric symmetry with respect to the circle of
radius wo’ about the p’-plane origin and even mirror
symmetry with respect to the real axis.

For many problems other mappings will be more de-
sirable than the elliptic-tangent mapping. All of the

7 7 7
wo' = vV, w,
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mappings of trigonometric, hyperbolic, Jacobian elliptic,
and some hyper-elliptic functions have value for the
solution of various different synthesis problems. Further
discussion of the use of other mappings is presented, as
previously described by the author.%
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Complex Magnetic Permeability of
Spherical Particles*
JAMES R. WAIT}

Summary—The effective complex magnetic permeability of an
array of spherical conducting permeable particles is computed.

Curves are presented which illustrate the dependence of the con-.

ductivity, permeability and radius of the particle and the frequency.

INTRODUCTION
MAGNETIC MATERIALS are used in many

aspects of communication. Cores made up of a

very fine powder or dust of ferromagnetic par-
ticles, with an insulating binder, are used in high-Q rf
coils. It is known that the eddy-current losscs are the
most important and these are reduced by using small
particles. Cores of dust-iron particles have also been
used for low frequency loop antennas to improve their
sensitivity. At microwave frequencies the magnetic
properties of an artificial medium composed of an array
of highly conducting metal particles are often utilized to
attain a low effective magnetic permeability.

It is therefore considered desirable to discuss in a
general way the magnetic properties of an array of con-
ducting permeable spherical shaped particles embedded
in a dielectric medium. Although the electromagnetic
response of a sphere to a plane wave has been studied by
many,! little effort has been expended in preparing con-
venient charts or curves that show the nature of the
combined effect of conductivity and permeability of the
particles.

* Decimal classification: R282.3. Original manuscript received by
the Institute, February 13, 1953.

CanL(ljZaadio Physics Laboratory, Defense Research Board, Ottawa,

! J. A. Stratton, “Electromagnetic Theory,” p. 563, McGraw-Hill
Book Co., New York, N. Y.; 1941.

In this paper the theory of a single permeable con-
ducting particle is outlined. Using this result, the ef-
fective complex permeability of an array of such par-
ticles is computed and a set of convenient curves is
presented. The MKS system of units is used through-
out and the fields vary with time as exp (jwt).

OUTLINE OF SOLUTION

It is convenient to consider first a single spherical
particle of radius a, conductivity ¢, dielectric constant €,
and magnetic permeability x imbedded in an infinite
and homogeneous dielectric medium of electrical con-
s_t_a)mts € and po. A uniform alternating magnetic field

Hy is now applied to the sphere. The angular frequency
w is sufficiently low so that the dimensions of the sphere
aresmall compared to the wavelength in the dielectric.
If this condition is satisfied the secondary magnetic
fields outside the sphere are expressible in terms of the
equivalent magnetic di_p)ole that is induced in the sphere.

This dipole moment M is in the same direction as the
q
applied field Hoand is in general a complex quantity.
q
The resultant field H is then

—

_)
H = Hy, — grad &, (1)

where ® is the magnetic potential of the induced dipole
and is given by
- =
M-R

® o (2)
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p—
where R is the vector of magnitude R directed to the
point of observation from the center of the sphere.
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For small packing of the spherical particles such that
V<1 these formulas simplify to

The expression for the dipole moment, neglecting any w
hysteresis effects, was given previously in a convenient —=1-pV, (11)
form by the author.? Ho
and
— — .
M = — Hop + 79), 3) p
. . — V. (12)
where the real quantities p and ¢ are given by Ho
. 3 [2u(sinh @ — acosh a) 4 po(sinh @ — « cosh a@ 4 a?sinh @)
p+ig=——|—72 : - (4)
2 Lu(sinh @ — a cosh a@) — po(sinh @ — a cosh a + «? sinh a)
and where DiscussioN OF RESULT
a = (jouw — epw?)?a The quantities p and ¢ which are functions of the con-
d ductivity, permeability, dielectric constant, and particle
an

v = 4ra?/3. (%)

Now if there are NV such spherical particles per unit
volume arranged in a cubic lattice the dipole moment
m per unit volume per unit applied field is

m=—V(p+ 39, (6)

where V= Nv is the volume of the spherical particles.
The Clausius-Mossotti relation of dielectric theory? can
now be used directly to obtain an expression for the
effective complex permeability u, of the array of spheri-
cal particles, so that

ho = #0(1+1—Lm/3>’

where po is the magnetic permeability of the matrix or
binding medium. As in the completely analogous di-
electric counterpart, this relation is valid not only for a
cubic lattice, but also for any regular distribution of the
particles that gives rise to macroscopic magnetic proper-
ties that are isotropic. It is also required that the separa-
tion of the particles be much less than a wavelength.

The effective permeability u. can be written in terms
of a real and imaginary part as

Q)

pe = ps — jud’ (8)
where
pe _ B+ pNE = 2pV) — 2¢°V? ©
Ho @+ pV)* + ¢*V?
and
pe’! 9V

G+ gt (10)

2 J. R. Wait, “A conducting sphere in a time varying magnetic
field,” Geophys., vol. 16, p. 666; October, 1951,

3 H. Frohlich, “Theory of Dielectrics,” p. 169, Oxford University
Press, London, England; 1949.

radius are given by (4) in terms of the hyperbolic func-
tions with a complex argument «, for which tables are
available.*

For applications to iron dust cores, and even for
microwave lenses the conduction current in the particle
is also much greater than the displacement current,
that is

o> ew
and therefore
a4 = (1 + j)42-12

where 4 = (ouw)?a. The quantities p and ¢ are plotted
as a function of 4 which can be called the relative
radius, in Figs. 1 and 2. A wide range of values of the
relative permeability, K=u/uo, of the particle are
chosen, and they are indicated on the curves.

It is apparent that when the relative radius 4 is much
less than unity the conduction or eddy-current losses
are very small and the magnetic flux penetrates to the
center of the particles. Under these conditions the quan-
tity p approaches its maximum negative value p» and ¢
becomes very small. The effective permeability then
approaches its maximum value p/™* given by

roax — :| = [1 L] (13)
MHe = He A-o_ Ho 1+ me/3 ’ )
where
B — po
m=—3|—-] 14
. [# + 2#0] (14)
or more concisely
(u + 2p0) + 2V(p — #o)]
X = . 15
g #o[(#+2#o) = V(g — po) =

¢ A. E. Kennelly, “Tables of Complex Hyperbolic and Circular
Functions,” Harvard University Press, Cambridge, Mass.; 1927.
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Fig. 1—The “in phase” component of the induced magnetic dipole of a conducting permeable sphere in an alternating magnetic field.

This equation is identical to the dielectric counterpart
where the effective dielectric constant ¢, is given by (15)
and the permeabilities u and u, are replaced by the re-
spective dielectric constants e and ¢,. Eckhart® has given
charts for this quantity to facilitate the calculation of
the dielectric constant of such mixtures. His charts can
also be used for the magnetic case so long as the eddy-
current losses are small, corresponding to the case 4 <K1.

A large effective permeability, of course, is a desirable
characteristic for core materials, and if u>>uo and V is
not too near unity, then

142V
e oD,

-V =

which can be considerably greater than ue. If V is close
to unity and u is not too large then,

[TPR=—TR

8 G. Eckhart, “A dielectric constant of mixtures,” Zesls. fiir ange.
Phys., vol. 4, p. 134; April, 1952.

For truly spherical particles this latter situation is
never realized although for very tight packing of slightly
non-spherical particles it is a good approximation.
When the relative radius 4 approaches the value of
unity, the eddy currents become appreciable. These cur-
rents are out of phase with the applied field for inter-
mediate values of 4. For this reason the effective per-
meability of the array has a finite imaginary part. At
very large values of 4 the flux does not penetrate the
particle to any appreciable extent and the induced cur-
rents are largely on the surface. These currents are in
anti-phase with the exciting field. The quantity p ap-
proaches its maximum pcsitive value pon and g again
becomes very small. The effective permeability then
approaches its minimum value u,®* given by
VPOm
‘min = U, = 1 - — .
S ]A-,, ”°[ L+ Vpom/3] G

where

pom = 3/2
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Fig. 2—The “quadrature” component of the induced magnetic dipole of a conducting permeable sphere in an altern ating magnetic field.

or ticles. This is often a desirable characteristic for micro-
e l:l _ V]_ ) wave lenses.
2+V ACKNOWLEDGMENT
Under these conditions the effective permeability is less The valuable assistance received from Mr. M. C

than the permeability of the medium between the par- Keating in preparing the curves is greatly appreciated.

CT2E==T0

CORRECTION
The following error in the paper, “RLC Lattice Net- Page 1142, column two, sentence commencing on line
works,” by Louis Weinberg, which appeared on pages eleven, should read
1139-1144, of the September, 1953 issue of the Pro- “Such cases are characteristic by the fact that the
CEEDINGS OF THE I.R.E., has been brought to the at- even function Re [P(jw)] has all its zeros at w equal

tention of the editors by the author: to zero or infinity.”
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A Method of Band-Pass Amplifier Alignment”

J. J. HUPERTY, SENIOR MEMBER, IRE, AND A. M. RESLOCK{

Summary—A method of alignment of band-pass amplifiers is
discussed based on the oscilloscopic display of second order har-
monic distortion as a function of the carrier frequency departure
from the pass-band center. This method of alignment is thought par-
ticularly effective for band-pass amplifiers requiring high degree of
linearity of transfer phase versus frequency function, such as for
example, low-distortion FM intermediate frequency amplifiers.

INTRODUCTION

T ISGENERALLY KNOWN that in linear band-
]:[ pass pulse amplifiers and amplitude-limited FM

amplifiers linearity of transfer phase variation with
frequency is required for the absence of nonlinear dis-
tortion.

Thus, the display on the oscilloscope of the amplitude
function alone does not give the observer any quantita-
tive idea as to the performance of the investigated cir-
cuit. In fact, for a given number of natural modes of the
circuit, the maximally flat amplitude response, does not
represent the best condition of adjustment from the
point of view of distortion of transient and FM signals.
It can be proved! that second harmonic distortion of the
modulation frequency of an FM signal passing through
a network can be expressed as

d*¢
| D| = %“"mlﬁ 1)

w0
where

| D3| =absolute value of the second harmonic dis-
tortion.
w,/2m =modulation frequency.
AQ/27 ={requency deviation.

d’¢

dw?

=absolute value of the second derivative of
the transfer phase versus frequency func-
tion at the carrier frequency (or first de-
riative of the differential time delay

do/dw.

The above formula is valid for small AQ and for con-
ditions of quasi-stationary operation. The phase-fre-
quency curve and its derivatives may be computed from
the frequencies and attenuations of the natural modes of
the network.!

The authors have attempted to design a system of os-
cilloscopic presentation of the interstage alignment dis-
playing the second harmonic distortion of an FM signal

w11

* Decimal classification: R363.12. Original manuscript received
by the Institute, December 24, 1952; revised manuscript received
May 19, 1953.

t A. R. F. Products, Inc., River Forest, Ill.

1], J. Hupert, “A method of evaluation of the quasi-stationary
digsstortion of F'M signals in tuned interstages,” Proc. NEC (Chicago);
1952.

passing through the tested network on one axis and the
carrier departure on the other. As a consequence of (1),
such a display presents quantitatively the data concern-
ing delay slope (or phase curve curvature) value in the
region of frequencies of interest. Since the audio-fre-
quency harmonic measuring apparatus is rather easily
constructed, this proves an experimentally more prac-
tical method than that of displaying the transfer phase
or delay. Furthermore, the quality requirements in mod-
ern FM transmission are such that significant distor-
tions are introduced by phase characteristic curvatures
which certainly could not be discerned by an oscillo-
scopic observation of the phase-frequency plot.

EXPERIMENTAL VERIFICATION OF THE PERFORM-
ANCE OF INTERSTAGES AS COMPARED WITH
THEORETICALLY COMPUTED DATA

Values of |D;| were measured for constant w,/2m
(modulation frequency) and AQ/2r (frequency devia-
tion) and the results plotted as a function of the carrier
frequency around the center of the pass band for several
typical interstages. The following precautions have to
be taken in order to safeguard correct conditions of the
measurements:

(a) The phase of the outgoing IF voltage should be

formed in a stage of the chain prior to limiting.

(b) There should be no noticeable regeneration in the
amplifier chain.

(¢) The loading of the interstages tested should be
linear (not dependent on the value of the RF or
IF level).

(d) The contribution of the discriminator to the
measured distortion should be negligible even at
frequencies deviating from the crossover fre-
quency by a value comparable to the half-band-
width of the selective network under test.

(e) The distortion introduced by the network under
test should predominate in the test circuit.

Fig. 1 represents the block diagram of the test circuit.
The sensitivity of the RC-type amplifier is adequate to
safeguard the saturation at levels available from the
signal generator. The distortion introduced by ele-
ments of the demodulating circuit is insignificant. Also,
the distortion introduced by the discriminator does not
depend significantly on the frequency of the modulation.

On the other hand, the proportionality of the distor-
tion data shown in Figs. 2, 3, 4, and 5 to the modulation
frequency has been firmly established. Figs. 2, 3,4, and 5
show the experimental data obtained in comparison to
the theoretically computed curves. The theoretical data
were obtained using
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r=m { 2

o arctan (v, — vn)
rmel Oy d‘l),

waAQ

| Da| =
wolay?

2)

where
w./2m =modulation frequency.
AQ/2x =frequency deviation.
wy/2m =frequency of the center of the pass band.
a1=1/2Q,=fractional attenuation associated with
natural mode 1.
r=running subscript varying between 1
and the total number of natural modes
of the system m.
v, =Aw/wea, normalized frequency variable.
Aw=Q—wo=difference between the angular frequen-
cies of the carrier and the band pass
center (treated as a variable).
gr=a,/ay.
v,»=frequency of the natural mode » ex-
pressed in units of normalized frequency
variable v,.

INTERSTAGE | INTERSTAGE 2
ittt = —=T=- 1
1 | | ]
' I A
i { ]
weur kS L ! i
= % e I
] ] !
g #1023
t | : ‘ * ¢
FROM b - J b -
FM SIGNAL w
(cGAEEIE‘:A:l&‘:UINCY 2-; :4.3MC, Q=47 INALL INTERSTAGES.

VARIABLE IM SWALL
INCATNENTS )

INTERSTAGE 4
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AMPLIFIER AND

8 WIDE-BAND |
~— LIMITER

DISCRIMINATOR

WAVE
ANALYZER

BANOWIOTN 4 MC

CENTER AT 4.3 MC
GAIN 40db{, 109N I°

Fig. 1—Experimental circuit for the measurement of second harmonic
distortion versus carrier frequency in four double-tuned inter-
stages connected in cascade.

The formula (2) is quoted here without proof, which
is given elsewhere.! It becomes greatly simplified in the
case of a double-tuned interstage, since in that case
m=2 and o,=1 for both circuits having the same Q.
It can be proved that in this case vy=+%Q and v;
= —kQ, where k is the coupling coefficient and the Q
value gpplied to each circuit of the double-tuned inter-
stage individually.

For N identical double-tuned stages (2) takes the
form

1 w,AQN| d?

s [arc tan (v — kQ)
v

| D = wola? | d

2

+ arc tan (v + kQ)] (3)
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where
v =1 =9 = 2(Q/w)Aw.

Figs. 2, 3, 4 and 5 show the comparison of theoretical
computations with the experimental results. | Dy|ris
the value calculated from (3) and (4) and plotted against
Aw treated as an independent variable, while | De ¢ is
the result of measurements. The following data apply to
the plots shown in these figures. In all figures

ws/2m = § kc.
AQ/27 = 20 kc.
wo/2r = 4.3 mc.
0 = 47.
1
a = —— = 0.0106.
2Q
v = 2QAw/wo
Aw/2r = % = 45.7v (in kilocycles).

The kQ data in Figs. 2, 3, 4 and § in individual inter-
stages are
Fig. 2: Q=1 in all four interstages.
Fig. 3: kQ= 0.6 in all four interstages.
Fig. 4: kQ=1.5 in all four interstages.
Fig. 5: 20 =0.6 in two interstages.
kQ=1.5 in the other two interstages.

SECOND HARMONIC
DISTORTION

VA
—
/

Iy

T L.
+100 T iald

=100

-30 +30

Fig. 2—Theoretical and experimental data. Four interstages
of kQ=1 connected in cascade.

Since in the alternative of Fig. S there are two pairs
of identical stages connected in cascade we have in this
particular case

wAQ | d?
| D;| = — [arc tan (v — 1.5)
dv?

wo’a"'

+ arc tan (v + 1.5) + arc tan (v — 0.6)

+ arc tan (v 4 0.6)]|. (4)
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Fig. 2 depicts the case of four maximally flat (in
amplitude) interstages. Fig. 3 represents the case of
four stages maximally flat in delay. The reader will no-
tice that in this case not only | D], a value proportional
to the first derivative of the delay, vanishes at the origin
but that d|D;|/dw vanishes as well—which fact is a
criterion of the maximal delay flatness. The conven-
tionally used oscilloscopic alignment method showing
the amplitude transfer versus frequency is not capable
of showing the condition of maximum flatness of delay.

o] 2

’ !
T

\:Ib
xNig

KC

Fig. 3—Theoretical and experimental data. Four interstages
of kQ=0.6 connected in cascade.

In all figures showing the results of the experiments
there is a general agreement of expected shape and of
positions of expected maxima and minima of distortion.

Za

10,/

+100
Aw
Zw- K€

Fig. 4—Theoretical and experimental data. Four interstages
of kQ=1.5 connected in cascade.

Discrepancies observed are due mainly to the neglected
effect of terms containing higher order derivatives of the
phase function and to inaccuracies of tuning of indi-
vidual interstages by the bandwidth adjustment meth-
od. There is also some error resulting from the fact that
the assumption of the quasi-stationary conditions ap-
plies only as an approximation.

PROCEEDINGS OF THE ILR.E.

November

SECOND HARMONIC
DISTORTION

%o,

82 KC

-~ ——

+100 +150

T +—
- 150 -100 -50 o] +50

Fig. 5—Theoretical and experimental data. Two interstages of
kQ=0.6 and two interstages of #Q=1.5 connected in cascade.

APPARATUS FOR OsCILLOSCOPIC DISPLAY OF SECOND
HarMmonNIC DisTorTION (DELAY DERIVATIVE) AS
FuncTtioN OF FREQUENCY

The block diagram and basic components of the in-
strument will be discussed shortly. Fig. 6 shows the
block diagram of the apparatus used in preliminary ex-
periments.

FM
GENERAT
ws, e MIXER
75 5KC
;—{,‘-,zoxc
\ EQUIPMENT UNDER TEST
4.3 INTERNEDIATE
FREQUENCY AMPLIFIER
SWEPT
OSCILLATOR f
1 RC COUPLED AMPLIFIER
60dLGAIN AT 4.3 NC
O0SCILLATOR LINITING STAGES
30CPS *
f WIDE = BAND
PHASE DISGRIMINATOR
:g#lasggsﬂf OF LOW DISTORTION
PEAK SEPARATION- 2 NC
CENTER FREQUENCY 4.3
CATHODE ~ RAY
OSCILLOSCOPE
FILTER
(ELIMINATES 5 KC |
PASSES 10 KC ONLY)
\' H
d ‘P

Fig. 6—Apparatus for oscilloscopic presentation of the second har-
monic distortion as a function of Aw-block diagram. (Aw/2x
=carrier departure from the pass band center.)

The signal of intermediate frequency 4.3 mc is formed
by mixing the outputs of FM signal generator (modula-
tion frequency 5 kc) and swept frequency oscillator
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(sweeping rate approximately 30 cps), and then applied
to the tested network in the form of a signal simultane-
ously modulated in frequency and swept at a lower fre-
quency rate. The limiter and discriminator circuits re-
main as described previously. The second harmonic
voltage of the demodulated signal is applied to the ver-
tical plates of the cathode-ray oscilloscope. The 10 kc
filter should be adjusted to avoid excessive ringing as a
consequence of fast changing levels and, at the same
time, provide selectivity adequate for suppression of
both fundamental and third harmonic voltage.

The attenuation of the filter for S kc signals is of the
order of 60 db. Oscilloscopic displays obtained for vari-
ous adjustments of the intermediate-frequency ampli-
fier under test agree well with curves obtained using
step-by-step method. Fig. 7 shows the oscillogram taken
for four interstages of 2Q=1 (slightly misaligned).

In conclusion it can be stated that the method of dis-
playing second harmonic distortion or (in another scale)
delay derivative versus frequency, provides more dis-
tinctive means of recognizing the conditions of network
alignment than the conventional magnitude versus fre-
quency display. The authors feel it may provide a useful
means of aligning amplifiers intended for the reproduc-
tion of FM or transient signals.

Stegen: Excitation Coefficients and Beamwidths of Tschebyscheff Arrays

1671

Fig. 7—Typical oscilloscopic presentation.
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Excitation Coefhicients and Beamwidths
of Tschebyscheft’ Arrays®

ROBERT J. STEGEN+

Summary—In this paper, exact expressions are obtained for the
excitation coefficients of a Tschebyscheff array by equating the array
space factor to a Fourier series whose coefficients are readily cal-
culated.

A set of curves is presented showing half-power beam width
versus antenna length for various side-lobe levels. An approximate
though very accurate expression for the half-power beamwidth is
derived.

INTRODUCTION
I[)OLPHl SUGGESTED that a Tschebyscheff

polynomial could be made to coincide with the

polynomial representing an antenna pattern. He
then proved rigorously that the resulting pattern would
yield a minimum beamwidth when the side-lobe levels
are fixed and a minimum side-lobe level when the beam-
width is specified. He derived the expressions for the cur-
rents of the Tschebyscheff arrays as

* Decimal classification: R125.1/R325.11. Original manuscript re-
ceived by the Institute, February 16, 1953; revised manuscript re-
ceived June 1, 1953,

1 Member, Technical Staff, Hughes Research and Development
Laboratories, Culver City, Calif.

1 C. L. Dolph, “A current distribution which optimizes the rela-
tionship between beamwidth and side-lobe level,” Proc. I.R.E., vol.
34, pp. 335-348; June 1946.

1 N
Iq _{qu_l’”—’zo’f“—- Z IkAzq_x""“} (1)

- 2
Y P k=gt1

for 2N elements and

I, =

{A,,,’”Zo’v - i I,,Azq”‘} (2)

A 2q2q kmg4-1

for 2N +1 elements where

Q b 2n
et (LG e
p=n—m \p—nt+m/ \2p &
Zo=}{ [r+vr=1]v4 4 [r—/rP=1]um}, 4)
Tu(Zo) =r =the main beam to side-lobe voltage
ratio, ()
M =one less than the number of elements in the
array,
Tx(Z)=cos (M arc cos Z), ]Zl =1, (6)
Twu(Z)=cosh (M arc cosh Z), | Z| =1, (7
and

Tu(@Z)=3Z+VZP—D)M+2Z—-/Z7=1)¥], allZ.  (8)
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By clever algebraic manipulation, Barbiere? was able to
obtain expressions for the currents which were much
easier to handle than those of Dolph. The Barbiere cur-
rent expressions are

(2N - 1)(g+ N — 2)!

N
Iy = — 1)N-9Zy2¢-1 9
E,( ) (= B g+ k— 1IN — g)! &2

for 2N elements and

Iy = i (_I)N—qzozq (ZN)(q + N — 1)'

(10)
s (g— Blg+ HUN — 9!
for 2N +1 elements.
In addition Barbiere also proved that
1
Zy = cosh | — arc cosh r 11
’ (M ) Y

which is much easier to evaluate than (4) by either
using tables or appropriate series expansions. These
expressions of Barbiere are a big improvement over
those of Dolph; however, they have one serious draw-
back. This is the factor (—~1)¥=9, in (9) and (10), which
results in the currents being the difference of two large
and almost equal numbers. For example, take the calcu-
lation of I, in a 24 element array designed to have —40
db side-lobe level. Z,=1.02665 and I, then becomes
1,=93,040,583.6338 — 93,040,569.0594 = 14.5744. Six sig-
nificant figures are lost in this calculation. It was neces-
sary to keep Z,* accurate to 12 significant figures
to obtain this result, i.e., Z, was assumed to be
Zo=1.02665000000. As the number of elements in the
array becomes larger, the number of significant figures
required increases.

The use of Dolph’s or Barbiere’s expressions for calcu-
lating the current distributions of Tschebyscheff arrays
requires a tremendous amount of calculations for an
array having a large number of elements. It is also pos-
sible to determine the excitation coefficients of the
Tschebyscheff array by equating the array space factor
to a Fourier series whose coefficients are readily calcu-
lated. This leads to expressions for the currents which
are somewhat more amendable to calculations.

THE TSCHEBYSCHEFF-FOURIER COEFFICIENTS
The space factor of a Tschebyscheff array is given by?

N
Tox(Z) = D In cos (2mu) (2N + 1 elements)

(12)
me0
and
N—1
Tox_1(Z) = D Imy1cos (2m + 1)u (2N elements) (13)
M0
where

I. = the excitation coefficient of- the mth element on

each side of the array center-line,

2 D. Barbiere, “A method for calculating the current distribution
of Tschebyscheff arrays,” Proc. I.R.E., vol. 40, pp. 78-82; January,
1952,

3 C. L. Dolph, “Discussion on a current distribution,” Proc.
I.R.E., vol. 35, pp. 489—492; May, 1947.
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Z =2Zscosu (14)
Td

(15)

% = —sin f
A

and Z, is defined by (4) or (7).

The excitation coefficients, I, are real and sym-
metrical about the array center because the power
pattern is symmetrical and the space factor is real.

Whittaker and Robinson® and Sokolnikoff® present a
method of finding a sum

F(x) = D (@m cos mx + by, sin mx)

mw=0

(16)

which furnishes the best possible representation of a
function #(x) when we are given that u#(x) takes the
values uq, %1, %2, U3, - + - #,—1 when x takes the values 0,
2r/n, 4w /n, - - - 2(n—1)7w/n, respectively, where n=2r
+1. The coefficients are evaluated by use of the follow-
ing equations

1 n—1

ao=_zuh

7N k=0

2 n—1
Am = —

N k=0

(17

2kwm

% COS

’ (18)

and

2 n—1
bm = — 2 uxsin

N k=0

2kmm

(19)

The excitation coefficients of the Tschebyscheff array
are easily determined by equating the Tschebyscheff
polynomial to (16) and solving for the I, in terms of the
am and b, coefficients. The space factor for the Tscheby-
scheff array of 2N 41 elements, (12) may be equated to
the Fourier series (16) by setting 2« =x and N =r. Then

In=a¢n m=0,1,2,--- N, (20)
bm =0, (21)

and
n=2r+1=2N+1. (22)

Zo may be calculated from (4) or (11).
The values of #(x) are obtained from

x
u(x) = TzN(Z) = TzN(Zo Cos u) = TzN (Zo Cos 3-*) (23)
at the 2N +1 values of x, namely,
27
x = s
2N + 1

, §=0,1,2,.--,2N. (24)

Tox(Z) may be computed using the appropriate closed
forms (6), (7), or (8).

The expressions for the excitation coefficients of the
Tschebyscheff linear array then become

¢ E.T. Whittakerand G. Robinson, “The Calculus of Observation,”
D. Van Nostrand Company, New York, N. Y., pp. 260-267; 1924.

§ ]. S. and E. S. Sokolnikoff, “Higher Mathematics for Engineers
and Physicists,” McGraw-Hill Book Co., Inc., New York, N. Y., pp.
545-550; 1941.
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2] The excitation coefficients of a 144-clement array having

Io= IN + 1 '_Zo (%) (25) 40 db side-lobe level were calculated using (35). The
] values of I3; and I obtained from (35) were exactly
[“0 + Z u, 4 Z u,] (26) the same as those calculated from (1) or (9). This was
2N +1 —1 =Nt1 used as a check for errors in the calculations of Tan_,
and (Zo cos sw/2N).8
2 2N 2smm . - -
I, = > @5 Z 27 TuE HaLr-PowER BEAMWIDTH
2N + 1.5 2N + 1 The beamwidth of a Tschebyscheff array may readily
2 Z 2sTm be calculated using (5) and (7). The maximum ampli-
-3 - N c S . .
v + [“0 + par 1, CO IN + 1 tude of the main beam is
2N s Twx(Zo) = r = cosh (M arc cosh Z,) (36)
+ 2 wu,cos ] (28)
sm= N41 2N + 1 or
The 2N+1—% term of 1
1 N erm e Zy = cosh <— arc cosh r). 37
2H] sT s2mm M
> Ton <Zo cos ) cos (29) .
s N1 2N + 1 2N 4+ 1 At the half-power points
is
Tu(Zy) = — (38)
(2N + 1 — k) 22N + 1 = Bymm \/2
Tan [Zo cos————— ] cos ————— (30)
2N + 1 2N +1 or
e [ p wk ] 2kmm 31) 1 >
= — Zy cos s = — .
2N 0 N+ 1 o N1 Zy = cosh <M arc cosh \/.2_> 39)
and, since Tox(Z)=Ton(—2Z), this 2N+1—F% term be- here
comes the same as the kth term of
21 = Zo COS %, (40)
i ol 7 sT s2mm - wd
o Tw\lecos ) w1 B2 # = — (sin 6y — sin 6) (41)
Since there is this asymmetrical term by term cor- = . .
respondence, the two summations are equal. The ex- 0=the angle of the main beam from broadside
pressions for the excitation coefficients become and
L s d =the element cing.
Io= .[r + 2 Tax <zo cos "~—>] (33) € clement spacing )
2V +1 o1 2N + 1 Half-power beamwidth for broadside beam (8=0°) is
and Onp = 20, (42)
7 2 l: 42 i . <Z s ) 2smm ] (34)
m=— cos cos
v+ 1l T s T\ v ) Py F 1
where and is shown in Fig. 1 for a spacing
m=123---,N. d= (43)

A similar procedure for a Tschebyscheff linear array
of an even number (2N) of elements results in the fol- The spacing of the elements has only a minor effect on

low expressions for the excitation coefficients: the beamwidth. For other than broadside beams, i.e.,
1 =l s svr(2m + 1)

Imgy = r+ 2 Ton— <Z cos——)cos — ] 35

=]+ 2 T (200 . (35)

¢ Method of determining excitation coeﬁicnents suggested by
C. L. Dolph, “Discussion on a current distribution,” Proc. I.R.E.,
where pp. 489-492; May, 1947. Expressions (33) (34), (35), were obtained
by Mrs. Wilma Bottaccini and Dr. N. H. Enenstein (unpublished
m=20,12,---,N—1, work).
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80°, (41) may be used to obtain values 6,* and 6,~
which correspond to the positive and negative values of
uy, respectively. The half-power beamwidth is then

fup = 01+ — 0, . (44)

100
80

60
40

20

100
8.0

6.0
4.0

8,p N DEGREES

2.0

1.0
0.8,

0.6
04

| 5 10 50
APERTURE IN WAVELENGTHS
Fig. 1—Beamwidth of a Tschebyscheff array.

An approximate expression for the broadside half-
power beamwidth may be obtained, which is quite ac-
curate for the smaller beamwidths, by letting
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coshy =14 —2-; (46)

1
arc cosh r = log 2r — —-, (47)

4r®

and

! = Md = the length of the array. (48)

By direct substitution the final expression becomes

sin ?H_P=;/‘/i log,? 242 log, 2 log, r—}—-log' r. (49)
2 an¥V 4 2
For
Bup < 12°
bur = 020 1 /0.360 + 0.693 log. r + BT (50)
I\ 272
-4 (51)
1N

where 4 depends on the side-lobe level r. Some values
are listed below.

r (db) A (degrees)
-20 S1.1
-25 56.0
—30 60.6
—-35 65.0
—40 68.7

'lh2

costhy=1——,

(45)

These may be compared with the value 85p=50.9/1/\
for a uniform array.

Contributors to Proceedings of the I.R.E.

For a photograph and biography of
MARVIN CHODOROW, see page 163 of the
January, 1953 issue of the PROCEEDINGS OF
THE [.R.E.
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Kenneth W. Goff was born in Salem,
West Virginia, in 1928. He received the B.S.
degree in electrical engineering from West
Virginia University
in 1950. After gradu-
ation, Mr. Goff
joined the Staff of
the M.I.T. Acoustics
Laboratory and en-
tered the M.LT.
Graduate School. He
received his M.S. de-
gree in electrical en-
gineering from
M.L.T. in 1952, and
is now working to-
ward his D.Sc. de-
gree. His work in the M.I.T. Acoustics Lab-
oratory has been in the field of Acoustical
Instrumentation with particular attention

“
Ly

KENNETH W, GOFF

given the application of correlation tech-
niques to the localization of sound sources.

Mr. Goft is a member of Eta Kappa Nu,
Tau Beta Pi and Sigma Xi.

°
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John N. Hines, (S'47-A’50) was born in
Tientsin, China, on March 9, 1920. He re-
ceived the B.S. degree in electrical engineer-
ing from the Uni-
versity of Connecti-
cut in 1943 and en-
tered the Armed
Forces as a Radio
Officer in the Signal
Corps until the fall
of 1946. Mr. Hines
then enrolled in the
graduate school of
the Ohio State Uni-
versity where he was
awarded the M.Sc.
degree in electrical
engineering in 1949. He is presently em-
ployed as a research associate at the An-

Jonn N. Hings

tenna Laboratory there, working on the
problems of traveling-wave slot antennas. He
is also a member of the technical school staff
of Franklin University, Columbus, Ohio.
Mr. Hines is a member of the AIEE.

°
o

Julius J. Hupert (SM'48) was born on
May 6, 1910, in Tarnopol, Poland. He re-
ceived the M.S. (El. Eng.) degree from the
Polytechnic Institute
of Warsaw, Poland,
in 1933 and the
Ph.D. degree from
Northwestern Uni-
versity in 1951.

Dr. Hupert's con-
siderable experience
in research and de-
velopment in the
field of communica-
tions was acquired
as head of the Trans-
mitter Department,

J. J. HUPERT
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Bureau of Research of the State Tele- and
Radio Establishment in Warsaw before the
outbreak of World War I1, and as temporary
Senior Scientific Officer (Naval Service as-
signment) at the British Admiralty Signal
Establishment during World War II.

Dr. Hupert has also been active in the
teaching field as lecturer (radio transmitter
design) at the Polish University College in
London (1943-1947) and, after his arrival to
U.S.A., in 1947, as a member of the faculty
of the Physics Department of De Paul Uni-
versity in Chicago, where he conducts
graduate courses and thesis work in elec-
tronics.

Since 1947, Dr. Hupert has also been
associated with A.R.F. Products, Inc.,
River Forest, Ill., as consulting engineer and
project engineer on research and develop-
ment projects, mostly in the field of elec-
tronic instrumentation. He now holds the
position of Director of Research of A.R.F.
Products, Inc.

Dr. Hupert is a member of the American
" Institute of Physics and of Sigma Xi.
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Rudolf Kompfner (F'50) was born in
Vienna, Austria, on May 16, 1909, He at-
tended the Realschule and Technische
Hochschule in Vien-
na, and was gradu-
ated from the faculty
of architecture in
1933. In 1934, he
went to England to
continue his studies
in architecture pri-
vately, and became
the director of a
building firm in 1937,
He has devoted much
of his spare time to
the study of tele-
vision, radio, and physics.

Mr. Kompfner entered the Admiralty
Service in 1941 as temporary experimental
officer, beginning in the physics department
at Birmingham University. In 1944 he be-
came associated with the Clarendon Labo-
ratory at Oxford University, England. Since
1952, he has been at the Bell Telephone
Laboratories, Murray Hill, N. J., working
on microwave tubes,

RuporF KOMPFNER

[

For a photograph and biography of
George L. Matthaei, see page 400 of the
March, 1953 issue of the PROCEEDINGS OF
THE L.R.E.
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Thomas A. Pendleton (A’52) was born
in Philadelphia, Pennsylvania, on March 31,
1930. He received the B.E.E. degree from
Rensselaer Polytech-
nic Institute in 1952,
As a graduate fellow
in electrical engineer-
ing at the University
of Maryland, he re-
ceived the M.S. de-
gree in 1953.

Since 1952, Mr.
Pendleton has been
engaged in work on
primary standards of
frequency and time
for the High-Fre-

&I

T. A. PENDLETON

Contributors to Proceedings of the I.R.E.,

quency Standards Section, Central Radio
Propagation Laboratory, National Bureau
of Standards, Washington, D.C.

Mr. Pendleton is a member of Tau Beta
Pi, and an associate member of Sigma Xi.
o<

Alfred M. Reslock was born in Sioux
City, Iowa, in 1925, and received the B.S.
degree from Tri-State College of Engineer-
ing, Angola, Indiana,
in 1947,

At that time Mr.
Reslock joined Mo-
torola, Inc. as an as-
sistant engineer in
the Communications
Department and was
chiefly concerned
with the design of
mobile communica-
tions receivers.

In 1950, Nir. Res-
lock joined the engi-
neering staff of A.R.F. Products, Inc., River
Forest, Ill. as an electrical engineer. He has
done much work of a practical nature on in-
termediate frequency amplifier design, par-
ticularly from the standpoint of design for
low distortion of FM signals.

A. M. REsLock
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D

D. K. Ritchie was born in Newtonville,
Ontario, Canada, on December 28, 1925, In
1948 he received the B.A.Sc. degree in Engi-

neering Physics from
the University of
Toronto.

Mr. Ritchie spent
one year at the

s National Research

: [ Council at Ottawa

o~ where he was em-

G ployed as a Junior

) Research Officer. In

Vo) 1950 he returned to

the University of

D. K. RiTCHIE Toronto for post-

graduate work and
obtained the degree of M.A. in 1951,

Since that time Mr. Ritchie has been
employed as an engineer group leader in the
Research Department of Ferranti Electric
Ltd., Toronto, where he is carrying out work
on data handling systems involving both
analogue and digital techniques.

<

V. H. Rumsey (SM’'50) was born in 1919,
in Devizes, England. He graduated from
Cambridge in 1941 with an honors degree
with distinction in
Part III of mathe-
matical tripos, In the
United Kingdom civ-
il service, he was a
third-class assistant
in 1941, a junior sci-
entific officer in 1942,
and a scientific of-
ficer in 1943 at TRE,
Great Malvern, Eng-
land. From 1943 to
1945 he was the head
of the antenna sec-
tion of the Combined Research Group at the
Naval Research Laboratories in Washing-

Yy

V. H. RuMsEYy
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ton, D. C. As a senior scientific officer in the
United Kingdom civil service from 1945 to
1948, he worked as a theoretical physicist at
the Canadian atomic energy project. Since
1948, Mr. Rumsey has been supervisor of
the Antenna Laboratory at Ohio State Uni-
versity.

Mr. Rumsey is a member of the IRE
Committee on Antennas and Waveguides,
chairman of the Antenna Instrumentation
Subpanel of the Research Development
Board panel on antennas and propagation
and a member of the URSI #1 Commission
on Radio Standards and Measurements.

2
D

Herbert J. Scott (A’'19-M'42-SM’43)
was born in Baltimore, Maryland, on Febru-
ary 12, 1897. He received the B.Sc. degree in
electrical engineering
in 1927 and the E.E.
degree in 1933 from
the University of
Washington. From
1915 to 1923 he wasa
radio operator for
the American Mar-
coni Company and
the Radio Corpora-
tion of America; from
1927 to 1234 he was
a member of the
technical staff of the
Bell Telephone Laboratories engaged in
radio research and development. In 1934 he
was appointed assistant professor of electri-
cal engineering at the University of Cali-
fornia, associate professor 1941. From 1942
to 1947 he served as a commander, U. S.
Navy, in the design branch, electronics di-
vision, Bureau of Ships, Navy Department.
In 1947 Professor Scott resumed his teaching
duties at the University of California. He is
a member of Tau Beta Pi, Sigma Xi, and
Eta Kappa Nu.

HERBERT J. ScorT

2
D

Robert J. Stegen was born in Peru,
Illinois, on February 24, 1921. He received
the B.S. degree in E. E. from the University
of Illinois in 1942
and attended the
California Institute
of Technology that
summer. From 1942
to 1946 he was an of-
ficer in the U. S.
Naval Reserve. Fol-
lowing his discharge,
he became a staff
member and gradu-
ate student at the
Electrical Engineer-
ing Research Lab-
oratory, University of Illinois, and received
the M.S. degree in E. E. in 1947, While at
the University of Illinois, he was engaged in
research at the higher microwave frequencies.

In 1947 to 1949, Mr. Stegen was em-
ployed by Convair (Consolidated Vultee
Aircraft Corporation), San Diego, Calif., as
an electronic engineer doing research and
development work on airplane, missile, and
radar antennas. Since 1949 he has become a
member of the Hughes Research and De-
velopment Laboratories.

Mr. Stegen is a registered professional
engineer in electrical engineering of Cali-
fornia and a member of Eta Kappa Nu.
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Ping King Tien (§'49-A’51) was born in
Checkiang, China, on August 2, 1919. He
received the B.S. degree in electrical engi-
neering from the Na-
tional Central Uni-
versity of China in
1942, and the M.S.
and Ph.D. degrees
from Stanford Uni-
versity in 1948 and
1951 respectively.

From 1942 to
1947, Dr. Tien was
an’ engineer at the
Tien-Sun Industrial
Company, Shanghai,
China. He was re-
search assistant from 1949 to 1951 and re-
search associate from 1951 to 1952 at
Stanford University. In 1952, he joined the
Bell Telephone Laboratories as a member of
the technical staff and has been concerned
with microwave tube research.

Dr. Tien is a member of Sigma Xi.

PinG King TiEN

<

Arthur F. Van Dyck (Charter Member
1912—F’25) was born in Stuyvesant Falls,
N. Y., May 20, 1891. He received the degree

of Ph.B. in E.E. from

| Yale University in
1911,
! Mr. Van Dyck

started in radio as an
! amateur in 1906, con-
| tinued as commercial

operator at sea during

college summers, and
except for three years

as instructor in E.E,

at Carnegie Institute

of Technology, and

two years in high
voltage research at \Westinghouse, has been
in radio continuously ever since.

Mr. Van Dyck has done research with
the Fessenden Co. at Brant Rock and with
RCA, New York; design and production
with Marconi, General Electric, and RCA,
Camden; with the U. S, Navy in both World
Wars. From 1930 to 1943 he was Manager
of the Industry Service Laboratory of RCA,
and is now Staff Assistant to the Vice Presi-
dent and Technical Director of RCA.

Mr. Van Dyck was an observer at the
Bikini atom bomb tests and is Vice Chair-
man of the New York Committee on Atomic
Information. He is a Past-President of IRE
(1942) and Captain USNR (Retired)

A. F. Van Dyck
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For a photograph and biography of DR.
JaMmEs R, WaIT, see page 1254 of the October
1952 issue of the PROCEEDINGS OF THE
L.LR.E.
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Carlton H. Walter (S'48-A’'51) was
born on July 22, 1924, in Willard, Ohio.
After completing high school, Mr. Walter
joined the Army,
serving one year at
the University of
Chicago in an Army
Air Forces Training
Program and two
years as a radar tech-
nician. On his dis-
charge in February
1946. He enrolled at
the Ohio State Uni-
versity, obtaining the
B.E.E. degree in
June 1948, and the
M.S. degree in Physics in 1951. Since 1948,
Mr. Walter has been employed as a research
associate at the Ohio State University Re-
search Foundation's Antenna Laboratory
where his work has been primarily concerned
with flush mounted antennas.

Mr. Walter is a member of Tau Beta
Pi, Eta Kappa Nu and Sigma Pi Sigma.

C.H. WALTER

X3

For a photograph and biography of
Louls WEINBERG, see page 1192 of the Sep-
tember, 1953 issue of the PROCEEDINGS OF
THE L.LR.E.
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H. William Welch, Jr., (A'47) was born
in Beardstown, Ill., on October 21, 1920, He
received the B.A. degree in physics and was
elected to Phi Beta
Kappa at DePauw
University in 1942,
After a summer with
the Eastman Kodak
Company test labo-
ratories, he spent a
year at the Univer-
sity of Wisconsin in
graduate study, re-
search, and teaching,.
In 1943 he went to
the Harvard Univer-
sity Radio Research
Laboratory as a research associate, where he
became involved in magnetron research and
development. After spending the first six

H.WiLLiaM WELCH
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months of 1946 as a part-time instructor of
physics at Purdue University he went to the
University of Michigan Engineering Re-
search Institute as a research physicist. In
this position he was concerned with problems
of microwave-tube electronics in the De-
partment of Electrical Engineering Electron
Tube Laboratory. He is presently project
engineer of the Electronic Defense Group,
also in the Electrical Engineering Dept.

Dr. Welch received the M.S. degree in
physics at the University of Michigan in
1948 and the ’h.D. degree in electrical engi-
neering in 1952. He is a member of Sigma
Xi and the American Physical Society.

02
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Neal T. Williams was born March 16,
1921, in East Orange, N. J. From 1942 to
1944 he served as draftsman, production en-
gineer and finally
supervisor of engi-
neering on 10 cm.
magnetrons and kly-
strons at the Fair-
mont, W. Va., plant
of the Westinghouse
Electric Corp. From
1944 until the end of
the war he was en-
gaged as a research
associate on the Co-
lumbia Radiation
Laboratory develop-
ment program concerned with 1.25 cm and
6 mm magnetrons.

In 1945 he returned to undergraduate
school, receiving the A.B. in physics in 1948
from Cornell University. At this time he re-
joined the staff of the Columbia Radiation
Laboratory to continue earlier work on
metal-ceramic vacuum seals and short wave-
length magnetrons. In 1949 Mr. Williams
became associated with the Electronic Tube
Division of the Westinghouse Electric
Corp., Bloomfield, N. J., as a development
engineer on TR, ATR, and pre-TR tubes.
In 1951 he became a member of the techni-
cal staff of the Bell Telephone Laboratories,
Murray Hill, N. J. where he worked on the
backward wave oscillator and amplifier. He
joined the L. L. Constantin and Co., Lodi,
N. J.,in 1952, as chief engineer on metal to
glass vacuum seals. At present, he is associ-
ated with the Edison Laboratory of T. A.
Edison, Inc.,, West Orange, N. J., as a re-
search engineer on fire detection systems,

Mr. Williams is a member of the Ameri-
can Physical Society.

NEeAL T. WiLLIAMS
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W. L. Everitt Receives
IRE Medal of Honor

Dr. William L. Everitt, renowned radio
authority and Dean of the College of Engi-
neering, University of Illinois, has been
named the recipient of the Institute of
Radio Engineers Medal of Honor for 1954,
the highest annual technical award of the
radio engineering profession. The award was
made “for his distinguished career as author,
educator, and scientist; for his contributions
in establishing electronics and communica-
tions as a major branch of electrical engi-
neering; for his unselfish service to his coun-
try; for his leadership in the affairs of the
Institute of Radio Engineers.”

Dr. Everitt is a Fellow, Director and
Past President of the Institute of Radio
Engineers.

The presentation of the Medal of Honor
will be made during the annual banquet at
the Waldorf-Astoria Hotel, New York,
N. Y., on March 24, 1954 during the Insti-
tute’s National Convention.

Calendar of
COMING EVENTS

Conference on Radio Meteorology,
University of Texas, Austin, No-
vember 9~12

Fourth Annual Meeting of the IRE
Professional Group on Vehicular
Communications, Hotel Somerset,
Boston, Mass., November 12-13

IRE Kansas City Section Annual
Electronics Conference, Hotel
President, Kansas City, Mo.,
November 13 and 14

Joint IRE-AIEE 6th Annual Confer-
ence on Electronic Instrumenta-
tion in Medicine and Nucleonics,
New York City, November 19-20

IRE PGME Symposium on Elec-
tronic Plethysmography, Univer-
sity of Buffalo Medical School
Auditorium, Buffalo, N. Y., De-
cember 10-11.

IRE-IAS-ION-RTCA Conference on
Electronics in Aviation, Astor
Hotel, New York City, January
27.

1954 Sixth Southwestern IRE Con-
ference and Electronics Show,
Tulsa, Okla., February 4-6

1954 IRE National Convention, Wal-
dorf Astoria Hotel and Kings-
bridge Armory, New York, N. Y.,
March 22-25

Society of Motion Picture & TV En-
gineers, 75th Annual Convention,
Hotel Statler, Washington, D. C.,
May 3-7

IRE-AIEE-IAS-ISA National Tele-
metering Conference, Morrison
Hotel, Chicago, Ill., May 24-26

1953 STUDENT BRANCH AWARDS

The annual IRE Student Branch
Awards for 1953, as well as the name of the
Student Branch in which the student winner
was enrolled and the local Section giving the

award are listed below. This is the second
year that these awards have been made by
the IRE Sections under a plan established
in 1952 by the IRE Board of Directors.

Student Branch

Uriversity of Akron (Joint Branch)
University of Arkansas

University of British Columbia
(Joint Branch)

Polytechnic Institute of Brooklyn
(Joint Branch)

Carnegie Institute of Technology
(Joint Branch)

Clarkson College of Technology
Columbia University

(Joint Branch)

Cooper Union (Joint Branch)
Cornell University (Joint Branch)
University of Dayton

University of Detroit (Joint Branch)
1linois Institute of Technology
University of Illinois (Joint Branch)
Johns Hopkins University

(Joint Branch)

University of Kansas

(Joint Branch)

Kansas State College

Louisiana State University

(Joint Branch)

University of Louisville
Manhattan College (Joint Branch)
Michigan State College

(Joint Branch)

University of Michigan

(Joint Branch)

Missouri School of Mines & Metallurgy
(Joint Branch)

Newark College of Engineering
College of the City of New York
New York University

(Joint Branch)

Northwestern University

(Joint Branch)

University of Notre Dame

(Joint Branch)

Pennsylvania State College

(Joint Branch)

University of Pittsburgh

Pratt Institute

Princeton University (Joint Branch)
Rensselaer Polytechnic Institute
(Joint Branch)

Rutgers University

(Joint Branch)

Seattle University

Southern Methodist University
(Joint Branch)

University of Syracuse

(Joint Branch)

University of Toronto

(Joint Branch)

Tulane University (Joint Branch)
Utah State Agricultural College
University of Utah (Joint Branch)
University of Washington

(Joint Branch)

Wayne University

(Joint Branch)

Student Branch Award Winner

Vincent J. DiCaudo
Clarence R. Alls
Harold Palmer

Sectson

Akron
Kansas City
Vancouver

Kenneth C. Kelly New York
William M. Kaufman Pittsburgh
Harold R. Ward Syracuse
Lewis L. Haring New York
Israel Kalish New York
Lester F. Eastman Svracuse
Donald A. Bange Dayton
Jerome T. Lienhard Detroit
Charles M. Knop Chicago
John L.. Muerle Chicago
Francis J. Witt Baltimore
Melvin Spry Kansas City
Bruce W. Bell Kansas City

Luong Van Be

Dallas-Ft. Worth

Raymond F. Irby Louisville
Alfred E. Diebold New York
Lawrence M. Scholten Detroit
Michael E. Mitchell Detroit
Charles C. Poe St. Louis
Ernest A. Preuss New York
Norman Nesenoff New York
A. W. Charmatz New York
Reinhold F. Nylander Chicago
Edward R. Byrne Chicago
Richard A. Santilli Emporium
Donald K. Bauerschmidt Pittsburgh
Robert C. Wagner New York
Thomas C. Henneberger, Jr. Princeton
Herbert L. Thal, Jr. Schenectady
Arthur W. Crooke Princeton
Arthur J. Burgh Seattle

Carl M. Schwalm
Paul Dodge
David E. Noble
Frank X. Remond
Alvin G. Laird
Ferril A, Losee
Charles R. Bryant

Clifford S. Winters

Dallas-Ft. Worth
Syracuse
Toronto
Dallas-Ft. Worth
Salt Lake City
Salt Lake City
Seattle

Detroit



1678

Professional Group News

ULTRASONICS ENGINEERING

The Professional Group on Ultrasonics
Engineering conducted a panel on ultra-
sonics at the National Electronics Confer-
ence, held in Chicago at the Hotel Sherman
on September 28-30.

The following papers were presented: “A
Non-contact Microdisplacement Meter,” by
H. M. Sharaf; “Ultrasonics and Medicine,”
by J. F. Herrick; “Ultrasonics and Indus-
try,” by O. Mattiat; “Characteristics of
Ultrasonic Delay Lines Using Quartz and
Barium Titanate Ceramic Transducers,” by
J. E. May, Jr.; and “A Temperature Con-
trolled Ultrasonic Solid Acoustic Delay
Line,” by E. S. Pennell.

Mr. Morris Kenny of the Naval Ord-
nance Laboratory, White Oak, Maryland,
has been appointed the new Secretary of
the IRE Professional Group on Ultrasonics
Engineering.

VEHICULAR COMMUNICATIONS

The Fourth Annual Meeting of the Pro-
fessional Group on Vehicular Communica-
tions will be held November 12 and 13, at
the Hotel Somerset, Boston, Mass.

The theme of this meeting will be design,
planning, and operation of mobile commu-
nication systems. Several papers have been
offered. For example, RCA and Oklahoma
Natural Gas Co. have offered a paper on
“Integration of Microwave and Mobile Sys-
tems”; George Doddrill of REA has offered
a paper on “Radio Systems for Rural Power
Companies”; F.C.C. has offered a paper on
“Railroad Communication Companies”;
New England Telephone & Telegraph has
offered a paper on “Maintenance Problems
of Mobile Equipment”; Bill Claypoole of
U.S.D.A. has offered a paper on “Systems,
Designs and Operations for Forestry”; Phila-
delphia Electric has offered a paper on
“Planning and Engineering Mobile Com-
munication Systems”; and Motorola, Inc.
has offered a paper on “Portable Commu-
nication Systems.”

The Executive Committee of the IRE
has recently approved the establishment of
the Boston Chapter of the Professional
Group on Vehicular Communications. Rob-
ert Lewis and S. M. Wolf will act as Interim
Chairman and Secretary, respectively.

MEebicaL ELECTRONICS

The Sixth Annual Conference on Elec-
tronic Instrumentation and Nucleonics in
Medicine, sponsored jointly by the IRE Pro-
fessional Group on Medical Electronics and
the American Institute of Electrical Engi-
neers, will be held on November 19 and 20
at the Hotel New Yorker, New York, N. Y.

On Thursday, November 19, papers will
be given on the following subjects: “Multi-
channel Electromyography-Instrumentation
and Application,” John F. Davis, Allan
Memorial Institute, McGill University,
Montreal Canada; “A Stimulus Monitor—
Its Use in Electrophysiology,” Hal C.
Becker, Tulane University; “Application of
Positron Emitting Isotopes to the Localiza-
tion of Brain Tumors,” G. L. Brownell,
Massachusetts General Hospital, Boston,
Mass.; The “Application of Ultra-Sonic
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Mechanical Waves to the Visualization of
Normal Soft Tissue Structures and Disease
Processes, Including Cancer,” Douglas H.
Howry, Veterans Administration, Fort
Logan, Colo.; “Isodose Plotting Instru-
ment for X-Rays,” John S. Laughlin,
Memorial Center, New York, N. Y.; “The
X-Ray Microscope,” S. P. Newberry, Gen-
eral Electric Company.

The Thursday evening session will be de-
voted to the discussion of the application of
motion-picture technique to the field of
fluorgraphy, which has produced the new
field of “cinefluorgraphy” providing the di-
agnostician with a new tool capable of re-
cording the dynamics of the bone structure
and various organs of the body. Sydney A.
Weinberg of the University of Rochester will
conduct a semi-popular type of session on
the subject. He will discuss the three-di-
mensional techniques in use at his institution
and will moderate a panel discussion on
cinefluorgraphy. Material will be introduced
on the new image brightness intensifiers and
their impact on the field. Motion pictures
will be included describing the work of the
Westinghouse Electric Corp. in the field of
image intensification. There will be an op-
portunity for audience participation in the
session since it is anticipated that many will
have questions for the panel to answer in this
stimulating new field.

Papers to be heard at the morning ses-
sion, Friday, November 20, are “A Method
for the Exact Determination of Volume
Concentration and Non-conducting Par-
ticles in Conducting Solvent,” Herman P.
Schwan and Theodore P. Bothwell, Moore
School of Electrical Engineering, University
of Pennsylvania; “An Instrument for Rapid
Dependable Determination of Freezing
Point Depression,” Robert L. Bowman, Na-
tional Institute of Health, Bethesda, Md.;
“Blood Serum Analysis by a Quantitative
Paper Electrophoresis Apparatus,” E. L.
Durrum and S. R. Gilford, Army Medical
Center and National Bureau of Standards,
Washington, D. C.; “An Electrical Method
for Determining Action Spectra of CO-
Inhibited Respiration,” L. R. Caster and
Britton Chance, Johnson Foundation for
Medical Physics, Philadelphia, Pa.; “An
Infra-red Analyzer for Continuous Respira-
tory CO; Analysis,” Max D. Liston, Liston
Becker Co., Stamford, Conn. At the after-
noon session, papers will be heard on:
“Physiological Effects of Condenser Dis-
charge with Application to Tissue Stimu-
lation and Ventricular Defibrillation,” R. S.
Mackay, University of California at Berke-
ley; “A Dynamic Heart-Body Simula-
tor,” E. Frank, Moore School of Electrical
Engineering, University of Pennsylvania;
“Application of Analogue Computer Tech-
niques to Biological Problems,” E. P. Rad-
ford, Harvard University; “A Method of
Determination of Dispersion of Ultrasonic
Velocity in Liquids,” Edwin L. Carstensen,
Moore School of Electrical Engineering,
University of Pennsylvania.

The Group will also sponsor, with the
Medical and Electrical Engineering Schools
of the University of Buffalo, a symposium on
electronic plethysmography, to be held in

the auditorium of the new University of
Buffalo Medical School, December 10 and
11. The keynote speaker will be Dr. Jan
Nyboer, of Dartmouth College. The Buf-
falo-Niagara Chapter, under the chairman-
ship of Wilson Greatbatch, is handling local
arrangements. A complete program will ap-
pear in the December issue.

METEOROLOGICAL FACTORS IN
RAD10-WAVE PROPAGATION

The Physical Society of England has
available copies of the proceedings of a joint
conference by the Royal Meteorological So-
ciety and the Physical Society held at the
Royal Institution in London on April 8, 1946.

Twenty papers on the subject of “Me-
teorological Factors in Radio-Wave Propa-
gation” were read at the conference and are
included in the report.

Reports may be secured by writing to
the following address: The Physical Society,
1 Lowther Gardens, Prince Consort Rd.,
London, S.W. 7, England, for 24 shillings,
inclusive of postage, or 15 shillings each for
orders of 12 or more.

SPECIAL PROCEEDINGS
ISSUE ON COLOR
TELEVISION

A special and greatly expanded
issue of the PROCEEDINGS devoted ex-
clusively to the subject of Color Tele-
vision will be published in January
1954. The issue will contain several
hundred pages of important contribu-
tions including the technical mono-
graphs of the National Television
System Committee, reports of various
NTSC panels and officials, and papers
presenting the latest developments in
this timely subject.

Single copies of the January 1954
issue may be purchased at $3.00 per
copy. IRE members may purchase
one extra copy at $1.25. Public li-
braries, colleges, and subscription
agencies may order copies at the
special rate of $2.40. For copies
shipped outside of the United States
and Canada, there is an additional
charge of $0.25 for mailing. You are
urged to send your order in promptly
with your remittance to the Institute
of Radio Engineers, 1 East 79th
Street, New York 21, N. Y.

The second Color Television issue
combined with the first Color Tele-
vision issue published in October 1951
will form a complete bibliography of
major historical importance. Copies
of the first Color Television issue are
still available at the following prices:
$1.00 for IRE members; $2.25 for
nonmembers,
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IRE People

John L. Drew (M’45), electrical
engineer in the Engineering and
Technical Division of the War De-
partment, Washington, D. C., passed
away this past winter.

Born in Pennsylvania on June 12,
1888, Mr. Drew received the B.S. de-
gree in electrical engineering from
Villanova College in 1911. He also
held a Certificate in the Elements of
Radio Engineering from George
Washington University received in
1942.

Mr. Drew was a student engineer
with the Philadelphia Electric Co.
and the General Electric Co. in Lynn
and Pittsfield, Mass., from 1911 to
1917. He was an associate engineer in
the design, manufacturing and ap-
plication of electrical machinery when
he joined the U. S. Corps of Engineers
in 1917, serving until 1920 in the
operation of scarchlights for anti-
aircraft defense.

From 1920 to 1927 Mr. Drew was
associated with the Gray & Davis
Corporation and the American Bosch
Magneto Corporation as a research
and experimental engineer working on
the design, manufacturing and ap-
plication of automotive, starting,
lighting, and ignition equipment.

Following these associations Mr.
Drew did sales promotion until 1939.
After a two-year illness he joined the
Office of the Chief Signal Officer in the
War Department, supervising re-
search and development of radio com-
munication equipment. In 1945 he
transferred to the Engineering and
Technical Division as an electrical
engineer.

John Ruze (S'39-A'40-M’'46) has been
appointed director of the Gabriel Laborato-
ries, Necdham Heights, Mass.

Since 1946 Dr.
Ruze has been with
the Air Force Cam-
bridge Research Cen-
ter, specializing in
microwave  optics.
He had been assist-
ant chief of the An-
tenna  Laboratory;
more recently he was
with the Radar Lab-
oratory.

Joun Ruze Dr. Ruze was

born in New York
City on May 24, 1916. He received the B.S.
degree in electrical engineering from the Col-
lege of the City of New York in 1938, the
M.S. from Columbia University in 1940, and
the Sc.D. from Massachusetts Institute of
Technology in 1952.

Previous to joining the Air Force Cam-
bridge Research Center, from 1940 to 1946

Dr. Ruze was with the Signal Corps Engi-
neering Laboratories, where he headed the
antenna design section of the Evans Signal
Laboratory after 1942. Here he directed the
development and design of radar and IF an-
tenna systems.

Elliot Mehrbach (M'41) has been ap-
pointed chief engineer of the Maryland Elec-
tronic Manufacturing Corp. of College Park,
Md.

Previously, Mr.
Mehrbach had been
with Allen B Du-
Mont Labs., Inc.
since 1950 as project
engineer in charge of
the transmitter sec-
tion in the Research
Division, where he
was responsible for
much of the uhf tele-
vision  transmitter
development, includ-
ing a commercial SKW transmitter and a
low power experimental station now operat-
ing as KE2XDR in New York City.

Mr. Mehrbach was born in New York
City in 1916. He received the B.S. degree in
electrical engineering from the Newark Col-
lege of Engineering in 1938.

From 1938 to 1942 Mr. Mechrbach was a
radio engineer for Federal Telegraph Co.,
Newark, N. J., where he worked on the de-
sign and development of air navigation aids
and miscellaneous transmitting equipment.
He then joined the J. H. Bunnel and Co.,
where he later became assistant chief radio
engineer. He was a project engineer with
Radio Receptor Co. and the Curtiss Wright
Co. before going to the DuMont Labs.

Mr. Mehrbach is a member of Tau Beta
Pi.

E. MEHRBACH

John H. Howard (SM'50), senior re-
search engincer with Burroughs Corpora-
tion, Philadelphia, has been elected chair-
man of the Joint Computors Committee of
the AIEE, IRE and Association for Com-
puting Machinery; also chairman of the Pro-
fessional Group on Electronic Computers.

Before joining Burroughs Mr. Howard
had his own consulting firm. During 1949 he
was a senior project engineer on a special
study project with Sperry Gyroscope Co.

Mr. Howard was born on November 14,
1913, in Topeka, Kan. He received the B.S.
degree in electrical engineering from Kansas
State College in 1935 and the M.S. in electri-
cal engineering from Massachusetts Insti-
tute of Technology in 1939. From 1935 to
1942 he was a staff member of the electrical
engineering department of MIT, working on
cinema integraph, development of a rapid
selector, and in charge of a NDRC project.
He then became a special consultant on
Navy development and operational work.
Until 1946 he was on active duty with the
Navy, and received the Legion of Merit.

From 1946 to 1948 Mr, Howard, as one
of the founding menibers, was director of de-

velopment of the Engineering Research Ase
sociates, St. Paul, Minn,

John E. Gorham (A’42-M’46-
SM'49), chief of the Thermionics
Branch of the Signal Corps Engineer-
ing Laboratories, Fort Monmouth,
N. J., died recently.

As chief of the Evans Signal Labo-
ratory Dr. Gorham was responsible
for the planning and directing of re-
search, design, development, con-
struction, standardization, and quali-
fication testing of electron tubes and
solid-state devices for the Depart-
ment of the Army, and of the Air |
Force.

Dr. Gorham was born on No-
vember 11, 1911, in Moline, Ill. He
received the B.S. and M.S. degrees
from Iowa State College in 1933 and
1934. He received his Ph.D. from Co-
lumbia University in 1938, having
been a teaching assistant in the
physics department since 1934.

In 1939 and 1940, Dr. Gorham
was associated with Hawley Prod-
ucts Co. of St. Charles, Ill, as a
loudspeaker design engineer, with Bel-
mont Radio Co. of Chicago, Il
where he was concerned with the de-
signing, setting up and maintenance
of production test equipment for
home receivers, and the Continental
X-Ray Corp. of Chicago, where he
designed high-voltage industrial X-
ray equipment, including transform-
ers and switching gear.

In 1940 Dr. Gorham joined the |
U. S. Signal Corps Engineering Labo-
ratories as an associate physicist in
the Engineering Branch, serving as
chief of the circuit subsection, where
he developed modulator circuits to
test developmental uhf transmitting
tubes. In 1942 he became chief of the
special components subsection, being
responsible for radar development of
modulators, transmitters, and indi-
cator circuits. He then became chief
of the vacuum tube development sec-
tion of the Thermionics Branch,
where he was responsible for all
vacuum tube development work for
the Signal Corps, before attaining his ||
position as chief of the Branch.

Dr. Gorham was the author of
many technical papers and held a
number of patents dealing primarily
with electron tubes. He served on
many military and professional com-
mittees dealing with electron tubes
and solid-state devices.

Dr. Gorham was a member of the
Advisory Council for the Electrical
Engineering Department of Prince-
ton University, Delta Upsilon, Sigma
Xi, Phi Kappa Phi, Pi Mu Epsilon,
Delta Sigma, and the Armed Forces
Communications Association.
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The Science of Color by the Committee on
Colorimetry of the Optical Society of Amer-
ica

Published (1953) by Thomas Y. Crowell Company,
432 Fourth Ave., New York 16, N. Y. 340 pages +232-

page index+xii pages+22-page references. 10
figures. 25 color plates+40 tables. 6§ X91. $7.

The Committee consists of L. A. Jones and R. M.
Evans, Eastman Kodak Co.; E. Q. Adams, Cleveland,
Ohio; B. R. Bellamy, Munsell Color Co.; Charles
Bittinger, Washington, D. C.; E. C. Crittenden, Na-
tional Bureau of Standards; C. Z. Draves, General
Dyestuffs Corp.; J. W. Forest and F. W. Jobe, Bausch
& 'Lomb Optical Co.; C. E. Foss, Princeton, N. J.;
H. P. Gage, Corning, N. Y.; K. S. Gibson and D. B.
Judd, National Bureau of Standards; I. H. Godlove,
General Aniline & Film Corp.; A, C. Hardy, Massa-
chusetts Institute of Technology; E. M. Lowry, D. L.
Macadam, and S. M. Newhall, Eastman Kodak Co.;
M. Luckiesh, General Electric Co.; Dorothy Nicker-
son, U. S. Department of Agriculture; Brian O’Brien,
University of Rochester; M. R. Paul, Eagle-Picher
Co.; L. L. Sloan, Johns Hopkins University.

In 1921 the Colorimetry Committee of
the Optical Society of America prepared a
report outlining the state of the art in color
measurement and presenting tables, charts,
and other data useful in that field. This re-
port achieved considerable success and ten
years later steps were taken to bring it up
to date. Various causes delayed the project
but some tentative chapters were published
separately as papers in 1943-45. The present
volume is the final outcome of this revision.

The work is designed to appeal to a wide
audience, ranging from artists and students
to manufacturers, engineers and scientists,
and to serve as an authoritative and up-to-
date source of information, and data. Its
publication is particularly timely for the en-
gineer engaged in color television, whose
responsibilities and interests require an
understanding of scientific color evaluation
and measurement.

In order to sustain the interest of this
wide audience, the successive chapters have
been planned to be of graduated difficulty.
The early chapters are simple and elemen-
tary, and the later ones become more techni-
cal and are particularly compiled for special-
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ists. The scope runs from historical back-
ground on the appreciation of color, through
a discussion of the physiology of vision and
an analysis of the concepts involved in
measurements of light and color, and closes
with quantitative data on methods and
equipment of colorimetry.

‘This great range of subject matter re-
quires a nice selection of topics. Much
thought has apparently been put into it,
and in the resulting choice the various
classes of readers each can find substantial
fare not only in their own but in surrounding
fields.

As an example, the engineer will find his
principal interest in the second half of the
book. However, his habits of considering
phenomena definitely and objectively will be
tempered by the background on the many
and varied sensory effects which change
color perceptions according to ambient con-
ditions, and on the difference among sur-
faces, aperture, volume, and other modes of
appearance of color. Only somewhat more
remote to him are the treatments on esthetic
and emotional responses to color, the nature
of color blindness, and the nature of the
nerve transmission of visual responses.

Criticism could perhaps be offered that
the early chapters tend to labor “pet” topics
and are marred by an unduly verbose style.

The second half contains many useful
tables on color data compiled at various
times. It is unfortunate that it was not
feasible to keep those involving color tem-
perature up-to-date with revisions in the
constants of Planck’s law. Thus the wary
user of these tables must constantly regard
the listed temperature as only normal, sub-
ject to a correction which must be made
each time to obtain consistency with the
present standards adopted in 1948.

PIERRE MERTZ
Bell Telephone Laboratories
New York, N. Y.

Synchros Self-Synchronous Devices and
Electrical Servo Mechanisms by Leonard R.
Crow

Published (1953) by the Scientific Book Publishing

Co., Vincennes, Ind. 222 pages +X pages. 163 figures.
5§ X83%. $4.20.

Leonard R. Crow is an educational specialist and
director of research and development of the Universal
Scientific Company.

The first purpose of the author, as ex-
pressed in the preface, is to present the basic
principles of all types of self-synchronous
devices and their methods of application in
control systems. In thisaim he has been quite
successful, and the book contains very good
descriptions of the various self-synchronous
devices and their operating principles.

A second objective was to “cover all the
important ideas and concepts that are essen-
tial to complete understanding of self-
synchronous control systems.” In this the
author has been less successful, as indeed,
such an ambitious objective would have been
impossible of fulfillment in this small vol-
ume. As an example, the important problem
of stabilization of closed-loop control sys-
tems is covered by a few sentences regarding
“anti-hunt” devices.

Most of the material is descriptive with a
minimum of analysis. It is presented on the
trade school level and was obviously in-
tended for use in technical schools of the
Armed Forces. This book is new and will
undoubtedly serve a useful purpose in help-
ing technicians understand the principles of
widely used self-synchronous devices. The
descriptive material is quite complete on the
various types of remote control and indicat-
ing devices commercially available and
widely used.

W. C. TiNus
Bell Telephone Laboratories
Whippany, N. J.
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ACOUSTICS AND AUDIO FREQUENCIES

534:061.3 2855

Trends in Electro-acoustics—(Wireless
World, vol. 59, pp. 352-354; Aug., 1953.) Report
of the proceedings at the International Electro-
acoustics Congress held in the Netherlands,
June, 1953. The subjects covered were (a) sound
recording, (b) public-address systems, (¢) acous-
tic measurements, (d) hearing aids and audiom-
eters, (e) electro-acoustics in ultrasonics, (f)
clectro-acoustics applied to musical instru-
ments, (g) sound insulation of light-weight
structures.

534.01 2856

Response of Linear Time-Dependent Sys-
tems to Random Inputs—D. B. Duncan.
(Jour. Appl. Phys., vol. 24, pp. 609-611; May,
1953.)

534.21 2857

On a Variational Principle in Acoustics—
O. K. Mawardi. (Acustica, vol. 3, pp. 187-191;
1953.) A generalized theory is presented for the
propagation of sound waves in a tube of rec-
tangular cross section with staggered openings
in thin partitions placed at periodic intervals.
A variational principle is applied to determine
the wave-propagation constant for the laby-
rinth, and the phase velocity and attenuation
for the simpler type of waves propagated are
evaluated.

534.213.4-14 2858

Propagation of Acoustic Waves in a Liquid-
Filled Cylindrical Hole surrounded by an
Elastic Solid—N. V. Somers. (Jour. Appl.
Phys., vol. 24, pp. 515-521; May, 1953.) The
theory of propagation in gystems in which dis-
continuities in the physical parameters occur
along coaxial cylindrical surfaces is developed
for an annular impulsive source. The field prob-

L with publishers’ addresses

The index to the Abstracts and References published in the PROC. LR.E,,
from February, 1952 through January, 1953, is published by the Wireless
Engineer and may be purchased for $0.68 (including postage) from the Insti-
tute of Radio Engineers, 1 East 79th St., New York 21, N. Y. As supplies are
limited, the publishers ask us to stress the need for early application for copies.
Included with the Index is a selected list of journals scanned for abstracting, l

—
|
|

1

lem is solved for a basic model consisting of a
cylindrical liquid column surrounded by an
elastic solid.

534.22:534.321.9~14 2859

A New Precision Method for the Measure-
ment of Ultrasonic Velocities in Liquids—B. R.
Ras and K. S. Rao—(Nature [London], vol.
171, pp. 1077-1078; June 13, 1953.) Descrip-
tion of a simple method based on diffraction
effects in a resonant liquid column. It is suitable
only for transparent liquids and cannot be used
at very high frequencies. Results obtained at
frequencies in the range 1-3 mc are quoted for
water and some organic liquids.

534.231 2860

Remarks on the Concept of Acoustic Energy
—A. Schoch. (Acustica, vol. 3, pp. 181-184;
1953.) The conventional expressions for acous-
tic energy are shown to have characteristic
properties which justify their use in acoustics.
Sec also 2194 of August (Markham).

534.244[538.566:535.3 2861
The Scattering of Waves at an Uneven Sur-
face—Brekhovskikh. (See 2968.)

534.24+4[538.566:535.3 2862
Scattering of Waves by a Statistically Irreg-
ular Surface—M. A. Isakovich. (See 2969.)

534.321.9:534.23 2863

Transmission of Ultrasonic Waves through
a Plane Plate made of Viscoelastic Material
Immersed in a Liquid Medium—Y. Torikai.
(Jour. Phys. Soc. [Japan}, vol. 8, pp. 234-242;
March/April, 1953.) Formulas relative to trans-
mission through a nonabsorptive plate in a
liquid medium are quoted and the correspond-
ing formulas for the case of an absorptive plate
are derived. The expression for the ratio of the
incident and transmitted energy is of the same
form as for the nonabsorptive plate, but the
propagation constants are complex quantities.
When the absorption coefficient of the plate is
appreciable, a simple approximate formula can
be applied which gives results in good agree-
ment with experiment.

534.321.9~-14 2864

Demodulation of Ultrasonic Waves in
Liquids—K. Altenburg and S. Kistner. (Ann.
Phys. {Lpz.], vol. 11, pp. 161-165; Nov. 20,
1952.) The relations between the ultrasonic-
wave energy density, If sound amplitude and
the depth of modulation, for a modulated ultra-
sonic wave, are investigated theoretically and
experimentally. In water, the If amplitude
increases linearly with the depth of modulation
and is also proportional to the energy density of
the carrier wave. The second harmonic of the
If sound is proportional to the square of the

depth of modulation. The experimental method
may be used to determine the energy density
of ultrasonic waves of intensity 0.25 ubar.

534.522.1 2865

The Application of the Phase Method in
Visualizing Ultrasonic Waves—Y. Torikai and
K. Negishi. (Jour. Phys. Soc. [Japan], vol. 8,
pp. 119-124; Jan./Feb., 1953.) Theory of the
phase microscope is extended to the visualiza-
tion of ultrasonic waves and confirmed experi-
mentally, Comparison is made with the
schlicren method.

534.6144534.64 2866

The Properties of Water-Filled Tubes for
Acoustic Impedance and Velocity Measure-
ments.—W. Kuhl. (Akust. Beihefte, no. 1, pp.
111-123; 1953.)

534.64 2867

The Practical Representation of Standing
Waves in an Acoustic Impedance Tube—
W. K. R. Lippert. (Acustica, vol. 3, pp. 153—
160; 1953.) The pressure/distance envelope
function is considered for highly reflecting to
normally absorbing samples and for highly
absorbing samples. Measurement of the SWR
is described, and the detection of disturbances
of the equipment, by comparison of envelope
curves derived from theory with those obtained
by experiment, is illustrated by examples. A
definition of the resolving power of an imped-
ance tube is proposed and discussed.

534.641 2868

Acoustic-Impedance Measurement by the
Transmission-Characteristic Method—A. F. B.
Nickson and R. W. Muncey. (Acustica, vol. 3,
pp. 192-198; 1953.) The transmission-charac-
teristic method used by Harris (3577 of 1945)
is applied to the determination of acoustic
impedance of materials at various frequencies
and angles of incidence. The most suitable di-
mensions are determined for the reverberation
chambers used, and their construction is de-
scribed. Allowances can be made for the im-
pedance of the bare walls, so that for compari-
son measurements over a range of frequencies,
wooden boxes lined with sheet metal are satis-
factory.

534.75 2869

Contribution to a Scientific Theory of
Single-Channel Transmission of Sound: Part 3
—P. Burkowitz. (Funk u. Ton, vol. 7, pp. 241-
249; May, 1953.) Data required in measure-
ment and calculation of sound intensity and
transit time are considered. Reverberation
effects are discussed in relation to the theory.
Part 2: 1890 of July.
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534.75:534.322.1 2870

The Influence of Nonlinear Distortions on
the Audibility of Frequency Vibrator—E.
Zwicker and W. Spindler. (Akust. Beihefte,
no. 1, pp. 100-104; 1953.) Investigations were
carried out on musical intervals with FM in
the range 0.8-6.0 cps, the loudness level at the
receiving headphones being adjusted overa 2:1
range and nonlinear distortion introduced. The
more consonant the musical interval, the sooner
additional beats appecar when the applied dis-
tortion is increased. This effect is partly due to
the nonlinearity of the characteristic of the ear.

534.839 2871

The Measurement of the Attenuation of
Impact Sound Sinusoidal Excitation—T. Lange.
(Acustica, vol. 3, pp. 161-168; 1953. In Ger-
man.) Sinusoidal excitation, instead of the
standard hammer impact, is used to determine
the attenuation of sound by ceilings. The two
methods are compared.

534.843 2872

The Effect of Wall Shape on the Decay of
Sound in an Enclosure—]. W. Head. (Acustica,
vol. 3, pp. 174-180; 1953.) The method of
Feshbach (4026 of 1944) is applied to determine
the effect of regularly spaced symmetrical pro-
jections on the natural frequencies and normal
modes of a two-dimensional room. An explana-
tion is given of the superior subjective proper-
tics of rooms with rectangular coffering, as
shown experimentally by Somerville and Ward
(14 of 1952).

621.395.623.7:534.62 2873

Direct Measurement of the Efficiency of
Loudspeakers by Use of a Reverberation Room
—H. C. Hardy, I. l1. Hall and L. G. Rainer.
(Proc. NEC (Chicago)], vol. 8, pp. 99-107;
1952.) A relatively simple method is described
for integrating the power output from a loud-
speaker excited by a warble tone in a large re-
verberation room. Typical measurement results
are presented and correlated with results calcu-
lated from free-field measurements.

621.395.623.7:681.142 2874
An Analogue for Use in Loudspeaker Design
—J. J. Baruch and . G. Lang. (See 3050.)

621.395.625.2 2875
The Calibration of Disc Recordings by
Light-Pattern Measurements—P. E. Axon and
W. K. E. Geddes. (Proc. IEE, part III, vol.
100, pp. 217-227; July, 1953.) Analysis of the
light-pattern formation suggests that more
accurate results are obtained if the light pat-
tern is observed in the focal plane instead of on
the disk surface. In the apparatus developed,
the pattern width is measured as the distance
between centers of twin images after they have
been adjusted to lic edge to edge. Other simpli-
fications enable calibration accuracy to be at-
tained with compact equipment involving rela-
tively inexpensive optical items. Experimental
results confirm theoretical expectations.

621.395.625.3 2876

Interference Effects in Magnetic Recording
Heads—A. H. Mankin. (Proc. NEC [Chicago],
vol. 8, pp. 108-112; 1952,)

621.395.625.3.001.4 2877

Noise Test for Magnetic Recording Media
—R. C. Curtis. (Electronics, vol. 26, pp. 216-
222; July, 1953.) Dc bias current sufficient to
saturate the medium to be tested is supplied
from a filtered dc source through a resistance
high compared with that of the head. Varia-
tions of voltage across the head are fed, after
amplification, to a tube voltmeter. Ttis meas-
ures total noise. With a suitable filter or har-
monic wave analyzer inserted the noise contri-
bution in various parts of the spectrum can be
measured. Typical test curves are shown and
discussed.
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ANTENNAS AND TRANSMISSION LINES

621.315.212 2878

Noise-Free Instrument Cable—(Commun.
Eng., vol. 13, pp. 22, 39; March/April, 1953.)
Spurious electrical signals caused by mechani-
cal shock and vibration arise in instrument
cables due to the separation of static charges at
the surfaces of the dielectric. Covering the
inner and outer surfaces of the dielectric by a
well-bonded conductive coating suppresses
these unwanted signals. Details of laboratory
procedure for making short lengths of noise-
free cable are given. See also Electronic Eng.,
vol. 25, p. 293; July, 1952.

621.392.029.63/.64 2879

The Use of Short Transmission Lines in
Ultra-High Frequency Techniques—P. Rohan.
(See 2917.)

621.392,21:512.831 2880

Synthesis of Uniform Transmission Line—
D. W. C. Shen. (Electronic Eng., vol. 25, pp.
287-289; July, 1953.) The application of
matrix theory to network synthesis is illus-
trated. The uniform line is treated as an infinite
number of quadripole networks and the limit-
ing values of the associated matrixes are evalu-
ated.

621.392.26 2881

Attenuation and Surface Roughness of
Electroplated Waveguides—F. A. Benson.
(Proc. IEE, part I1I, vol. 100, pp. 213-216;
July, 1953.) Examination of the surfaces of
copper- and silver-plated waveguides shows
that the plated surfaces are generally rougher
than and bear no relation to the original drawn-
tube surface. After 19 weeks’ exposure of wave-
guides to weathering, the attenuation at 9.375
kmc showed increases of up to 229%,.

621.392.26 2882
Field in a Rectangular Waveguide with
Conducting Membrane—H. L. Knudsen. (Onde
élect., vol. 33, pp. 217-234; April, 1953.) Gen-
eral theory is given of the field in a waveguide
divided into several homogeneous sections by
longitudinal conducting membranes parallel to
one of the walls. The only possible waves in
such waveguides are the longitudinal H and E
types. Calculation of the components of these
waves involves the solution of a transcendental
equation wliose roots are, in general, complex.
A detailed study is made of the TEmo waves in
a rectangular waveguide with a single mem-
brane. The dependence of the types of wave on
the position of the membrane, the resistance
per unit of surface, and the frequency, is shown
by a curve in the complex plane for cach type
of wave. From these curves the attenuation and
phase constants and the field configuration for
the different types of wave can easily be found.
Such calculations are made for typical cases.
With suitable choice of the position of the
membrane and of its unit-surface resistance, a
value of the attenuation or phase can be ob-
tained, for a given type of wave, that is fairly
independent of frequency over a wide band.
Theory of attenuators in which the conducting
membrane does not extend from one waveguide
wall to the opposite one is being developed.

621.392.26 2883

Electromagnetic Propagation through
Waveguides of Rhombic Cross-Section—W. B.
Swift and T. J. Higgins. (Proc. NEC [Chicago],
vol. 8, pp. 274-283; 1952.) Analysis is presented
for waveguides of rhombic cross section which
permits deterinination of the effects produced
in rectangular waveguides by deformation. The
frequency of the lowest possible mode is calcu-
lated for waveguides (a) with sides of equal
width, (b) with sides of width 2¢ and a, the
smaller angle of the cross-section ranging from
60° to 90°. 36 references.

621.392.26 2884
The Theory of a Waveguide containing a
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Spiral, Partly Filled with a Dielectric—V. P.
Shestopalov. (Zh. Tekh. Fis., vol. 22, pp. 414
425; March, 1952.) Mathematical theory is de-
veloped which enables determination to be
made of the structure of the field in the wave-
guide, the phase velocity and dispersion, the
energy flow inside and outside the spiral and
in the dielectric, and the losses in the spiral and
in the waveguide wall. The advantages and dis-
advantages of this type of waveguide are enu-
merated.

621.392.26 2885

Duo-Dielectric Coaxial Waveguide—R. E.
Beam and D. A. Dobson. (Proc. NEC {Chi-
cago], vol. 8, pp. 301-312; 1952.) Analysis is
presented for a cylindrical waveguide with
coaxial polystyrene rod. The guide wavelength
is determined and curves are given showing its
variation with frequency for the Eq¢s, E, Ho
and HE; modes. Representative field-distribu-
tion curves are also given for the various modes.
The characteristic impedance for the principal
and Egy is determined. This mode has an axial
component of electric field which vanishes at
zero frequency. At high frequencies the field is
concentrated mainly within the polystyrene
rod and the radius of the outer conductor has
little effect on the propagation in the wave-
guide.

621.392.26 2886

Cut-Off Frequency for Circular Waveguides
containing Two Coaxial Dielectrics—R. D.
Teasdale and G. N. Crawford. (Proc. NEC
[Chicago], vol. 8, pp. 296-300; 1952.) A condi-
tional equation is derived for a cylindrical
waveguide with a coaxial dielectric rod. The
solution of this equation determines the cut-
frequency of the structure in the TMyg; mode.
A graphical method of solving the equation is
described and curves are given which show how
the cut-off frequency of the composite wave-
guide compares with that of the same wave-
guide without the dielectric rod.

621.392.26 2887

Electromagnetic Transients in Waveguides
—G. I. Cohn. (Proc. NEC [Chicago], vol. 8,
pp. 284-295; 1952.) Transient effects in cylin-
drical waveguides with arbitrary driving func-
tions are determined in terms of Fourier inte-
grals, the form of which gives some information
on the general characteristics of the propaga-
tion of transients in waveguides. The Fourier
integral is put into a forin suitable for compu-
tation and a solution is obtained for the case
of an applied sine-wave voltage with a unit-
step-function envelope.

621.396.26:538.614 2888

Modes in Waveguides containing Ferrites
—M. L. Kales. (Jour. Appl. Phys., vol. 24,
pp. 604-608; May, 1953.) Formal solutions are
obtained of the equations for wave propagation
in waveguides of circular section containing a
ferrite material, and with an axial magnetic
field. TE, TM, and TEM modes are shown to
be nonexistent. Variation of the relative phase
of the two circularly polarized wave compo-
nents with distance along the waveguide is
demonstrated, corresponding to the Faraday
effect. Similar results have been obtained by
Suhl and Walker (2710 of 1952).

621.392.26:538.614 2889

The Faraday Rotation of Waves in a Circu-
lar Waveguide—H. Gamo. (Jour. Phys. Soc.
[Japan], vol. 8, pp. 176-182; March/April,
1953.) Exact solutions for the magnetic rotation
of waves in a circular waveguide of infinite
length are obtained, the rotational terms in
both magnetization and electric polarization
being considered. The effect of the applied field
is to produce two partial waves, with right-
hand and left-hand circular polarization, which
are ncither pure TE nor TM modes, but reduce
to these for zero field. Curves showing the fre-
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quency dependence of the propagation con-
stants for both partial waves are given for the
quasi-TE), and quasi-TMy; modes for particu-
lar values of the coefficients of the rotational
terms. The dependence of the cut-off frequen-
cies on these coefficients is determined. For
TM modes, the cut-off frequencies of both
partial waves are identical.

621.392.26:538.614 2890

Experiments on the Faraday Rotation of
Guided Waves—A. A, T. M. van Trier. (Appl.
Sci. Res. B, vol. 3, pp. 142-144; 1953.) A cylin-
drical waveguide, with a Ni-ferrite rod mounted
axially and a movable plunger sliding on the
rod, was used to determine the Faraday rota-
tion at 24 kme. The two resonance lengths for
each magnitude of the axial magnetic field
were measured and the specific rotation calcu-
lated.

621.392.26(083.75) 2891

Rigid-Waveguide Specifications—(Com-
mun. Eng., vol. 13, p. 32; May/June, 1953.) A
table and graphs show the frequency range,
attenuation, dimensions and maximum power-
handling capacity of American standard sizes
of rigid waveguide.

621.392.26.016.3 2892

High-Powered Microwave Dummy Loads—
T. N. Anderson. (Tele-Tech., vol. 12, pp. 92-94,
164; May, 1953.) The development of a series
of dry dummy loads for waveguides is described
The loads are designed for operation, without
auxiliary cooling, at 2-kw average power dis-
sipation at frequencies in the range 2.6-12.4
kmec.

621.396.67 2893

An Experimental Investigation on Models
of Aerials with Passive Directors—D. M. Viso-
kovski. (Zh. Tekh. Fiz., vol. 22, pp. 1477-1482;
Sept., 1952. German translation, NachrTech.,
vol. 3, pp. 59-62; Feb., 1953.) Measurements
are reported on reduced-scale models of systems
comprising a radiating dipole with a somewhat
longer reflector and several shorter directors.
The radiation patterns obtained differ consid-
erably from those published by Uda and Yagi
and reproduced in many textbooks. The dis-
crepancy is attributed to the unsuitability of
their methods. The influence of the number of
directors on the antenna gain and beam width
is discussed.

621.396.67 2894

The Absorption Gain and Back-Scattering
Cross-Section of the Cylindrical Antenna—
S. K. Dike and D. D. King. (Proc. I.R.E., vol.
41, pp. 926-934; Aug., 1953.) Discussion on
2716 of 1952.

621.396.67:621.396.828 2895

New Antenna Fittings reduce P-Static In-
terference—C. de Vore. (Tele-Tech, vol. 12,
pp. 77-79. 143; May, 1953.) Ilustrated de-
scription of insulated antenna fittings, devel-
oped at the Naval Research Laboratory, which
reduce precipitation interference.

621.396.67.029.64 2896

Recent Investigations on U.H.F. Dielectric
Aerials—H. Aberdam, (Electronique [Paris],
no. 77, pp. 27-34; April, 1953.) The design
and performance of various dielectric antennas
are discussed and compared, including an omni-
directional type described by Ducot (La Re-
cherche Aéronautique, May/June, 1949), which
takes the form of a thin disk with central aper-
ture. Compared with a biconical antenna this
has the advantage of reduced size. It is par-
ticularly useful for frequencies of the order of
10 kmc, whereas the type described by Mueller
(1205 of 1952) is preferred for use at 25 kmc.

621.396.676:621.396.933 2897
FM Altimeter Slot Radiators—L. E. Raburn.
(Tele-Tech., pp. 73-75, 180; April, 1953.) The
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use of single-slot and double-slot radiators, in
conjunction with a 440 mc FM altimeter (1863
of 1946), is described and the best location and
type of radiator for conventional aircraft are
indicated. An outline of the method of measure-
ment of feed-through between the transmitter
and receiver is given, and radiation patterns of
dipole single-slot and double-slot radiators
are shown.

621.396.677 2898

Free-Space Radiation Impedance of Rhom-
bic Antenna—]. G. Chaney. (Jour. Appl.
Phys., vol. 24, pp. 536-540; May, 1953.) The
expression for the driving-point impedance of a
generalized electric circuit is partially inte-
grated, and the physical significance of certain
terms is discussed in connection with their ap-
plication to antenna problems. Assuming an
unattenuated traveling wave as a first approxi-
mation to the current along a terminated rhom-
bic or V antenna, a formula is derived for the
free-space radiation impedance of each. The
registive component of the impedance of the
rhombic antenna is in agreement with the radi-
ation resistance given by Lewin.

621.396.677 2899

Radiation Field of a Conical Helix—]. S.
Chatterjee. (Jour. Appl. Phys., vol. 24, pp.
550-559; May, 1953.) If a conical helix is used
instead of a cylindrical helix, the axial mode of
radiation can be maintained over a much wider
band of frequencies. The radiation pattern of
a conical helix (base diameter 60 cm, linear
taper to 20 cm at top in 10 turns, height 112
cm, ground plane 100 cm in diameter) was stud-
ied experimentally. The axial mode of radiation
was maintained from 150 to 450 mc. The band-
width can be increased by increasing the num-
ber of turns. Radiation diagrams are given for
various feed arrangements,

621.396.677 2900

U.H.F.-TV Radiators using Slot Arrays—
R. J. Stegen. (Electronics, vol. 26, pp. 152—155;
July, 1953.) Slot arrays consisting of longitudi-
nal slots offset from the center line of the broad
face of a waveguide are considered. Graphs,
scale-model results and typical azimuth pat-
terns indicate methods of design and range of
application. The advantages include simplicity
of feed arrangements, low cost, low transmis-
sion-line power loss, improved aperture effi-
ciency and ease in obtaining shaped vertical-
plane patterns.

621.396.677 2901

Experimental Investigation and Calculation
of End-fire Aerial Arrays—D. M. Visokovski.
(Compt. Rend. Acad. Sci. ([URSS], vol. 89, pp.
41-44; March 1, 1953. In Russian.) A short
account of an investigation of the dependence
of the radiation characteristics on the number
of radiator dipoles and on the length of the
director elements.

621.396.677.537.226 2902

The Properties of Artificial Dielectrics Com-
prising Arrays of Conducting Elements—
M. M. Z.Kharadly and W. Jackson.(Proc. IEE,
part III, vol. 100, pp. 199-212; July, 1953.)
Analysis is made of the effective permittivity of
rectangular arrays of perfectly conducting ele-
ments of simple geometric shapes, such as cir-
cular-section rods, thin strips, spheres and
disks, and results of experimental investigations
at 1 kc are given. Representation of the ele-
ments as simple dipoles is inadequate at high
concentration; higher-order multipole interac-
tion between them must be taken into account.
In cases where this interaction can be evalu-
ated, experimental and theoretical permit-
tivity values are in close agreement over the
whole range of concentrations investigated.
The same method was applied in calculations
of the dielectric properties of a cubical array of
imperfectly conducting spheres. Agreement
with experiment is good except where the con-
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ducting elements occupy more than about 20%
of the total volume.

621.396.677:621.392.26 2903

Waveguide Arrays with Symmetrical Con-
ductance Functions—H. D. Griffiths. (Canad.
Jour. Phys., vol. 31, pp. 520-528; May, 1953.)
Formulas for the efficiency and for the radi-
ation pattern of nonresonant slotted-waveguide
arrays are derived and methods are described
for calculating the patterns from the asym-
metrical near-field distributions produced by
symmetrical arrays. Experiinental results for
two arrays with squint angles of 1.75° and
5.25° are shown graphically and are in satisfac-
tory agreement with theory.

621.396.677.012.12:621.317.755 2904
Aerial Radiation Patterns. Apparatus for

Cathode-Ray-Tube Display— T. T. Ling.
(See 3069.)
621.396.677.5 2905

Radiation Resistance of a Small Circular
Loopin the presence of a Conducting Ground—
J. R. Wait. (Jour. Appl. Phys., vol. 24, pp.
646-649; May, 1953.) The total power flow
from an oscillating vertical magnetic dipole
above a flat homogeneous conducting earth is
evaluated. The result is used to derive an ex-
pression for the radiation resistance of a small
horizontal wire loop. For the case of earth with
finite conductivity, the radiation resistance is
very great when the height of the loop is a small
fraction of A.

621.396.677.6 2906

Null Characteristics of the Rotating Adcock
Antenna System—]J. G. Holbrook (Jour. Appl.
Phys., vol. 24, pp 530-532; May, 1953.) Math-
ematical analysis indicates that the optimum
spacing of the dipoles for the most clearly de-
fined nonmultiple nulls approaches the value of
the shortest wavelength for which the system
is designed, whereas the usual practice is to
adopt a A/2 spacing.

CIRCUITS AND CIRCUIT ELEMENTS

621.3.011.21:517.75 2907

Geometrical Transformation of Impedance
Diagrams—H. Briner and W. Graffunder.
(Helv. Phys. Acta, vol. 25, pp. 487-488; Sept
15, 1952, In German.) Note on the use of graph-
ical methods and of Riemann’s number sphere
in impedance calculations.

621.3.018.41 2908

The Concept of Instantaneous Frequency—
P. Poincelot. (Onde élect., vol. 33, pp. 214-216;
April, 1953.) Discussion shows that this con-
cept can properly be applied to the cases of
demodulation by a linear discriminator and
FM of a self-oscillator by variation of a parame-
ter of the circuit, but its use in other cases, such
as calculation of the harmonic distortion of a
simple tuned circuit, leads to erroneous results.
This is demonstrated by rigorous calculation
of the distortion introduced by an LGC circuit
in the anode circuit of a pentode amplifying
stage.

621.314.3%1 2909

Theory of the Magnetic Amplifier with Free
Magnetization—L. Kithn. (Frequenz. vol. 7, pp.
89-94; April, 1953.)

621.314.3 2910

Comparison of Methods of Analysis of Mag-
netic Amplifiers—L. A. Finzi and G. F. Pitt-
man, Jr. (Proc. NEC [Chicago], vol. 8, pp. 144~
157;1952.)

621.314.3¢ 2911

Types of Magnetic Amplifiers—~Survey—
J. G. Miles. (Trans. Amer. IEE, vol. 71, part
I, pp. 229-238; 1952.) A scheme for classifying
magnetic amplifiers under three main headings,
with subdivisions by number and letter, is pro-
posed and discussed.
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621.314.3% 2912

The Figure of Merit of Magnetic Amplifiers
—]J. T. Carleton and W. F. Horton. (Trans.
Amer. 1EE, vol. 71, part I, pp. 239-244; 1952.)

621.316.54.512 2913

Sketch for an Algebra of Switchable Net-
works—]. Shekel. (Proc. L.R.E., vol. 41, pp.
913-921; Aug., 1953.) A combination of com-
plex-number and Boolean algebra is outlined
which can be applied in the analysis and syn-
thesis of networks containing switches.

621.318.572:621.314.7 2914

A Method of Designing Transistor Trigger
Circuits—F. C. Williams and G. B. B. Chaplin.
(Proc. 1EE, vol. 100, part III, pp. 228-244;
July, 1953. Discussion, pp. 245-248.) A fairly
general technique was developed after the war
for designing circuits that would operate with
tubes having characteristics which varied with-
in fairly wide tolerances, without component
adjustments being necessary when tubes were
changed. A similar technique is outlined for
point-contact transistors; this is based on tube-
circuit technique, and particularly on the anal-
ogy between the characteristics of transistors
and pentodes. Basic pulse circuits considered
include 2-state devices, timing circuits, count-
ers and relaxation oscillators. Their application
in digital computers is reviewed in detail.

621.319.4 2918

Nonlinear Condensers—B. G. Lewis.
(Radio & Telev. News. Radio-Elecironic Eng.
Sec., vol. 49, pp. 3-5, 25; May, 1953.) The
properties and applications of high-permit-
tivity materials containing TiO, are discussed,
with particular reference to the dependence of
the dielectric constant on temperature and on
the voltage applied. Applications of the vari-
tion of capacitance with the dc bias voltage in
a modulator and in a capacitor-type amplifier is
described.

621.319.4:621.315.612.4 2916

The Nonlinearity of Titanate Capacitors—
M. Kornetzki. (Frequens, vol. 7, pp. 121-127;
May, 1953.) Ferroelectric and ferromagnetic
materials are compared and expressions for the
“specific nonlinearity” are derived for both.
These expressions give the hysteresis loss/cm?
referred to unity circular frequency and a reac-
tive power of 1W/cm? The specific non-
linearities of (a) (Ba, Sr)TiO; material with a
dielectric constant of 2000 and (b) (Mn, Zn)
ferrite with an initial permeability of 1100 are
of the same order of magnitude.

621.392.029.63/.64 2917
The Use of Short Transmission Lines in
Ultra-High-Frequency Techniques—P. Rohan.
(Philips Tech. Commun. [Australia], no. 1, pp.
3-12; 1953.) Lines of length <\ are considered;
their uses as inductances, capacitances and
resonant circuits are reviewed. Numerical ex-
amples are given. Applications as filters and
impedance transformers are described.

621.392.21.011.21 2918
New H.F. Proximity-Effect Formula—A. C.
Sim. (Wireless Engr., vol. 30, pp. 204-207;
Aug., 1953.) Arnold's results (1017 of 1947) are
somewhat complex. A new agymptotic formula
was therefore developed which is valid when-
ever the proximity effect is so great that the
registance of the pair of parallel conductors is
more than doubled. A combination of the
Maxwell-equation and integral-equation ap-
proaches is used in deriving the new impedance
formula, which is rigorous and very simple.

621.392.5+621.396.615 2919

The Equivalent Q of RC Networks—D.A. H.
Brown. (Electronic Eng., vol. 25, pp. 294-
298; July, 1953.) The effective Q factor of a
RC phase-shift network is defined as one half
the rate of change of phase with frequency at
the operating point. For networks commonly
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used as frequency-determining elements the
effective Q value is about unity, but a ca-
pacitance type of bridged-T network may have
a Q value of 10.

621.392.5 2920

Design of Low-Frequency Constant-Time-
Delay Lines—C. M. Wallis. (Trans. Amer.
1EE, vol. 71, part I, pp. 135-140; 1952.) Full
paper. See 1603 of June.

621.392,5:534.321.9 2921

Ultrasonic Delay Lines—(Elecironics, vol.
26, pp. 210, 216; July, 1953.) Survey of the
characteristics and operation of delay lines
using fused-quartz or glass rods with quartz-
crystal transducers.

621.392.5.029.64 2922

A New Non-reciprocal Waveguide Medium
using Ferrites—E. H. Turner. (Proc. LR.E,,
vol. 41, p. 937; Aug., 1953.) A narrow ferrite
strip is attached along the wall of a circular-
section waveguide and subjected to a trans-
verse magnetic field. A difference in phase
constant exists for the two directions of trans-
mission along the guide. For suitable ferrite
dimensions, a nonreciprocal rotation of the
plane of polarization of an em wave takes
place. A more complete theoretical explanation
is to be published. The case of an axial ferrite
rod with an applied axial field has been con-
sidered by Hogan (1233 of 1952).

621.392.52 2923

Semifinite-Terminated Electric Wave Fil-
ters—S. S. L. Chang. (Trans. Amer. IEE, vol.
71, part I, pp. 149-156; 1952.) Intended for
use either as channel filters or to work between
a finite resistance at one end and a very high
or very low impedance at the other. Two de-
sign methods are presented, one based on the
equivalent image-parameter filter, the other on
Norton and Darlington's insertion-loss proce-
dure. The minimum ratio of terminating resist-
ances lies between 5 and 50 for most applica-
tions.

621.392.52 2924

A New Approach to Optimum Filtering—
E. W. Pike. (Proc. NEC [Chicago], vol. 8, pp.
407-418; 1952.) In filter problems, if enough is
known about the signal and the noise to de-
scribe them accurately by their power spectra,
conventional methods based on Wiener's origi-
nal method will provide the most effective fil-
ters. An alternative procedure for computing
optimum filters, based on description of the sig-
nal in terms of a partial sum of orthogonal
functions, is presented. This will specify good
filters with far less labor than is necessary in
the Wiener method, and it has a wider range of
practical application. A table of summation-
orthogonal analogues of the Laguerre functions,
which are useful in this procedure, is appended.

621.392.52 2925

Synthesis of a Dynamically Variable Elec-
tronic Filter—]. G. Truxal and J. N. Warfield.
(Proc. NEC [Chicago], vol. 8, pp. 419-426;
1952.) The principles of network synthesis are
applied to the design of a variable-bandwidth
filter with an upper cut-off frequency which
can be varied dynamically over the frequency
range 1-10 kc. The bandwidth variation isauto-
matically controlled by voltages applied to the
control grids of pentodes, slight changes occur-
ring in selectivity and midband gain.

621.396.6 2926

Printed and Potted Electronic Circuits—
G. W. A. Dummer and D. L. Johnston. (Proc.
1EE, vol. 100, part III, pp. 177-186; July,
1953. Discussion, pp. 187-191.) Survey and
assessment of production techniques, and de-
scription of some applications.

621.396.611(083.72)(47) 2927
Russian Circuit Notations—G. F. Schultz.
(Proc. LR.E., vol. 41, p. 936; Aug., 1953.)

November

The methods adopted for indicating the values
of resistors and capacitors on Russian circuit
diagrams are explained.

621.396.611.1 2928

A Relation between Susceptance Slope and
Selectivity for Oscillator Design—W. A. Edson
and R. D. Teasdale. (Proc. NEC [Chicago],
vol. 8, pp. 427-434; 1952.) Two quantities, (a)
the slope of the susceptance curve, computed
at an antiresonance frequency, () the dimen-
sionless selectivity factor Q, are significant in
specifying the performance of oscillatory cir-
cuits. The relation between the two quantities
for practical resonant circuits is discussed and
general conclusions are drawn relating to reso-
nant-circuit design. These conclusions are ap-
plied to the comparison of the Clapp and Col-
pitts types of oscillator and to the study of the
equivalent circuit of a quartz crystal operating
near resonance.

621.396.611.1 2929
Subharmonics in a Series Nonlinear Circuit
as Influenced by Initial Capacitor Charge—
W. J. McKune and M. F. Brust. (Trans. Amer.
1EE, vol. 71, part I, pp. 200-205; 1952.)

621.396.611.1 2930

Note on “The Response of an LCR Circuit”
—S. V. Soanes. (Proc. LR.E., vol. 41, p. 935;
Aug., 1953.)) Comment on 3041 of 1952
(Marique).

621.396.611.3:621.392.26 2931

The Transvar Directional Coupler—K.
Tomiyasu and S. B. Cohn (Proc. LLR.E., vol.
41, pp. 922-926; Aug., 1953.) The coupling
element consists of n closely spaced identical
apertures, separated by (n—1) grid wires, in
the common narrow wall between two wave-
guides. By changing the relative longitudinal
position of the two waveguides, the number of
exposed apertures, and hence the effoctive
coupling length, can be changed. Power trans-
fer is variable between 0 and 100%,. Maximum
power transfer is available at one frequency
only, and hence bandwidth depends on the
tolerable decrease in power transfer. Two
models, with n=22, and differing only in grid-
wire diameter, having maximum power trans-
fer at about 9 and 10 kmc respectively. Agree-
ment between theory and performance is close.

621.396.611.4 2932

External Influences on the Circuit Proper-
ties of U.H.F. Resonators—G. Megla. ( Nachr-
Tech., vol. 2, pp. 323-336; Nov., 1952.) The Q
of a cavity resonator depends not only on its
physical dimensions and the material of which
it is made, but also on the surface finish. The
influence of the material and its finish on the
fundamental damping and resonance resistance
is investigated for resonators of various types.
An examination is made of the degree of rough-
ness permissible, with reference to standard
specifications on surface finishes. Effects due
to variations of atmospheric temperature, pres-
sure and humidity, and methods of eliminating
these effects, are also discussed.

621.396.611.4 2933

Interaction of Modes in a Microwave Cav-
ity Resonator—S. K. Chatterjee. (Jour. Indian
Inst. Sci., sect. B, vol. 35, pp. §9-69; April,
1952.) The minimum energy differences be-
tween the desired and undesired modes in a 9-
kmc cylindrical resonator are calculated by
considering the em field inside the resonator as
due to an infinite number of harmonic oscilla-
tors. Expressions for the mutual energy and the
coefficient of coupling between the companion
modes TEq,; and TM;,, are derived. The sig-
nificance of the total energy of a microwave
cavity resonator is discussed.

621.396.615 2934
Power Spectrum of a Nonlinear Oscillator
perturbed by Noise—A. Blaquiere. (Ann.
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Radioélect., vol. 8, pp. 153-179; April, 1953.)
Analysis of the effect of background noise in
producing amplitude fluctuations. If the steady
state of an oscillator is disturbed, recovery
takes place exponentially with a time constant
7 which is the principal factor affecting the
noise-power spectrum. Simple relations be-
tween 7 and the circuit parameters are derived
which show that for minimum noise power os-
cillations of large amplitude should be used,
without introducing too many harmonics, and
the phase of the feedback should vary only
slowly with frequency. See also 968 of April
and back references.

621.396.615 2935

Two RC Oscillator Circuits—H. L. Arm-
strong. (Electronics, vol. 26, pp. 234-238; July.
1953.) Cathode-coupled and transitron types of
RC oscillator are described which operate at
frequencies of about 400 kc and 20 kc respec-
tively.

621.396.615 2936

Low-Power Blocking Oscillators—]. R.
Clark. (Proc. NEC [Chicago], vol. 8, pp. 231-
235; 1952.) Information of use in final adjust-
ment of blocking oscillators, particularly as
regards requirements for short rise-times and
narrow pulses, is reviewed. A linearized equiva-
lent circuit is used to derive an explicit expres-
sion for pulse duration which gives results in
agreement with experiment, particularly when
the grid coupling capacitor is small.

621.396.615:621-526 2937

Use of Servo Techniques in the Design of
Amplitude-Stabilized Oscillators—A. W. Dick-
son. (Proc. N EC [Chicago], vol. 8, pp. 166-176;
1952.) Expressions for the oscillation amplitude
in terms of the stabilizing-signal voltage are
derived and the amplitude-stabilizing system is
discussed as a negative-feedback loop. Experi-
mental and theoretical results for a high-Q
oscillator are compared.

621.396.615:621.314.7 2938

F.M. Transistor Oscillator—H. H. Wieder
and N. Cass. (Electronics, vol. 26, pp. 198-202;
July, 1953.) A titanate capacitor is coupled to
the resonant-circuit inductor of the transistor
oscillator, the transformation ratio being chosen
at will. Varying the potential applied to this
capacitor alters its effective capacitance and
hence the resonance frequency. A polarization
potential is applied from a Zamboni pile to
keep the capacitance variations within the
linear range. A 2.5-mc oscillator constructed
uged a CK722 junction transistor and had a
power output of 1 mw when supplied from a
30-v battery. The titanate capacitor consisted
of two series-connected 100-pF units. A 3.5-mc
oscillator using a Type-1698 point-contact
transistor gave similar results. Some form of
afc is desirable in view of the temperature vari-
ations of the components.

621.396.615:621.316.722.1 2939

An Oscillator with Constant Qutput Voltage
—L. Ensing and H. J. J. van Eyndhoven.
(Philips Tech. Rev., vol. 14, pp. 304-312; April,
1953.) The theory and design of an output-
voltage stabilizer circuit are given. By a suit-
able choice of the values of two resistors and of
the constant reference voltage, the oscillator
output voltage is made virtually independent
of tube characteristics and circuit impedance.
An application to the calibration of tube volt-
meters is described.

621.396.615:621.316.729 2940

Mechanism of the Synchronization of LC
Oscillators—]. van Slooten. (Philips Tech.
Rev., vol. 14, pp. 292-298; April, 1953.) The
pulling effect on the phase and frequency of an
LC oscillator due to interference is considered.
The phase change is calculated for the case of
a single interfering pulse, a series of equidistant
pulses, and a sinusoidal voltage. Interfering
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pulses occurring at an oscillator voltage peak
affect the amplitude, those occurring at zero
voltage cause a change in phase only. These
phase changes are permanent. A differential
equation, relating oscillator-voltage phase de-
viation, time, peak oscillator voltage and the
magnitude of the interference current, is solved
and the conditions for synchronism are ob-
tained.

621.396.615:621.396.611.21 2941

Some Aspects of Mixer-Crystal Perform-
ance—P. D. Strum. (Proc. I.LR.E., vol. 41, pp.
875-889; Aug., 1953.) A method of calculating
conversion loss and conductances of a crystal
mixer is presented, and their dependence on
terminations at the image frequency and at the
sum frequency is considered. Experimental
data from various sources support the calcula-
tions. Graphs showing (a) excess crystal noise
versus output frequency, and (b) mixer noise
temperature versus crystal noise temperature
for varying conversion loss, are derived and ap-
plied, together with the conversion-loss data, to
practical calculations of optimum mixer con-
figuration and optimum if. Two examples are
worked out. Experimental confirmation of re-
sults was obtained.

621.396.615.142.2:621.316.726.078 2942

Automatic Frequency Control of High-
Power Klystrons—R. F. Denton, T. A. Wilson
and A. R. Margolin. (Proc. NEC [Chicago],
vol. 8, pp. 56-63; 1952.) A method of control
is described in which a cavity resonator and
two microwave crystals are used as a standing-
wave discriminator in a system for automatic
frequency search and lock for a pulsed klystron
oscillator. Frequency stability to within 1 part
in 104 is achieved.

621.396.615.142.2:621.396.822 2943

Length of Coherent Microwaves Generated
by an Electronic Oscillator—K. Shimoda.
(Jour. Phys. Soc. [Japan], vol. 8, pp. 131-132;
Jan./Feb., 1953.) Investigation of the noise
associated with the generation of oscillations,
of frequency 8 kmc, by a reflex klystron showed
a bandwidth of about 3 kc. This is attributed
to fluctuation of the electron beam.

621.396.615.17 2944

The Square-Wave Generator—E. Piepgras.
(Funk u. Ton, vol. 7, pp. 230-240; May, 1953.)
The circuit of a multivibrator type of generator
with stabilized input is shown and a complete
analysis based on the characteristics of the
double triode, Type ECC40, is given.

621.396.615.17 2945

A Reliable Locked-Oscillator Pulse Timer
—P. G. Sulzer. (Tele.-Tech, vol. 12, pp. 68-69;
173; April, 1953.) Description, with complete
circuit diagram and method of adjustment, of
a highly stable locked-oscillator pulse timer
providing pulses with recurrence frequency
25/seconds from a 100-kc input. The frequency
divider has previously been described (944 of
1952). The unit has an over-all phase stability
to within ~0.1us per wvolt of line-voltage
change.

621.396.615.17 2946

An Analogue Reciprocal-Function Unit for
Use with Pulsed Signals—P. A. V. Thomas.
(Electronic Eng., vol. 25, pp. 302-304; July,
1953.) A monostable multivibrator operates so
that the width of the pulse generated is ap-
proximately inversely proportional to the peak
voltage of an input pulse. The pulse-width vari-
ation is converted to a corresponding amplitude
variation of sawtooth output pulses by means
of a constant-velocity timebase circuit.

621.396.645:621.313.2 2947

Calculations for a Power Amplifier for
[driving] a D.C. Motor—]. Zakheim. (Onde
élect., vol. 33, pp. 235-239; April, 1953.)
Analysis of a symmetrical class-A amplifier sup-

1687

plying energy to a motor connected in the
cathode circuit of the output stage. See also
687 of March.

621.396.645.029.3 2948

High-Power Audio Amplifiers—L. F. Deise
and H. J. Morrison. (Proc. N EC [Chicago], vol.
8, pp. 81-88; 1952.) Recent applications for
af power up to 10kw include vibration work,
servomechanism studies, pulsed service, and
variable-frequency power sources, all of which
require response, distortion and noise-level
characteristics similar to those for broadcasting
gervice. In high-power amplifiers with class-B
push-pull output, the output transformer is the
largest and most expensive item in the equip-
ment and may weigh some hundreds of pounds.
A new equivalent circuit is used in the design
of such transformers. Harmonic distortion
caused by the transformer is analyzed and
methods of improving the performance of class-
B amplifiers are described. A few details are
given of a 5/10-kw amplifier with a response
curve flat to within 1 db from 10 cps to 30 kc.

621.396.645.029.62/.63 2949

General Design Considerations of a Cavity-
Type Power Amplifier—W. S. Elliott. (Proc.
NEC [Chicago], vol. 8, pp. 64-72; 1952.) De-
tails are given of the construction of a single-
stage amplifier using a Type-2C39A triode tube.
Constant-current curves for class-C grounded-
grid operation were used to determine the oper-
ating parameters of the triode. A 3-stage ampli-
fier using Type-2C39A and Type-5893 triodes
is described, with performance details.

621.396.645.3.029.424 2950

A Simple Low-Frequency Amplifier—]. R.
Beattie and G. K. T. Conn. (Electronic Eng.,
vol. 25, pp. 299-301; July, 1953.) Description
of a tuned-amplifier circuit for the range 1-3
cps, incorporating a damped phase-shift oscil-
lator with independent control of resonance fre-
quency and Q-factor.

621.396.822:621.3.014.1.025 2951
Differential Law for the Intensities of Elec-
trical Fluctuations, and Influence of Skin Effect
—M. A. Leontovich and S. M. Rytov. (Zh.
Eksp. Teor. Fiz., vol. 23, pp. 246-252; 1952.)
An investigation is made of the form of the cor-
relation function of the external field which ex-
presses the thermal electrical fluctuations in a
conductor, and of the “differential law” on
which Nyquist’s integral formula (1) is based.

621.396.822:[621.316.86+621.314.63 2952

On the Temperature Dependence of Con-
tact Noise—Y. Inuishi. (Jour. Phys. Soc. [Ja-
pan], vol. 8, p. 128; Jan./Feb., 1953.) Results
of noise measurements on Se and Cu,O recti-
fiers and on carbon resistors over different tem-
perature ranges between —40° and 130°C are
shown graphically.

GENERAL PHYSICS

534.01 2953

Subharmonic Oscillations in Nonlinear Sys-
tems—C. Hayashi. (Jour. Appl. Phys., vol. 24,
pp. 521-529; May, 1953.) The order of the
subharmonics in systems with nonlinear re-
storing force is closely related to the form of the
nonlinearity. A detailed analysis is presented
for the subharmonic oscillation of order }, for
the cases in which the nonlinearity is expressed
by a cubic or a quintic function. Stability is
discussed by means of the criterion previously
given (2361 of August).

535.12:535.31 2954

Step-By-Step Transition from Wave Optics
to Ray Optics in Inhomogeneous Absorbing
Media: Part 1—Equations for Wave Normal,
Refractive Index and Polarization—K. Suchy.
(Ann. Phys. [Lpz.], vol. 11, pp. 113-130; Nov.
20, 1952.) The transition is made by successive
approximations. Each approximation is consid-
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ered from the physical point of view and the
physical significance of the equations derived is
considered.

537.37 2955

Luminescent Layers and Films with Poly-
viny! Alcohol as Protective Colloid and Binder
—F. Eckart. (Ann. Phys. [Lpz.], vol. 11, pp.
169-174; Nov. 20, 1952.)

535.37:537.228:621.32 2956

Electroluminescence—Electrical and Opti-
cal Properties—J. F. Waymouth, C. W. Jerome
and W. C. Gungle. (Sylvania Technologist, vol.
5, pp. 54-59; July, 1952.) Electro-optical meas-
urements are reported on electroluminescent
lamps operating on the principle described by
Payne et al (1341 of 1951), and fundamental
properties of electroluminescent phosphors are
studied.

537.12 2957

Method for Measurement of the Charge of
Fast Electrons—R. Fleischmann and R. Kol-
lath. (Z. Phys., vol. 134, pp. 526-529; April 17,
1953.) A method is outlined for determining
whether the variation of m/e with the electron
velocity depends entirely on m.

537.12 2958

Measurement of Charge on Electrons in
Motion—R. Kollath and D. Menzel. (Z. Phys.,
vol. 134, pp. 530-539; April 17, 1953.) No vari-
ation in the electron charge was detected in the
range 2.5-30 keV. The method used was that
outlined by Fleischmann and Kollath (See 2957
above).

537.525.5:621.327.43:538.561 2959

Oscillatory Phenomena of Arc in Hot-
Cathode Discharge Tube: Part 1—Experimen-
tal (Characteristics of Oscillation)}—H. Yosi-
moto. (Jour. Phys. Soc. [Japan], vol. 8, pp. 59~
68; Jan./Feb., 1953.)

537.525.5:621.327.43:538.561 2960

Oscillatory Phenomena of Arc in Hot-
Cathode Discharge Tube: Part 2=—Theoretical
(Mechanism of Oscillation)-——H. Yosimoto.
(Jour. Phys. Soc. [Japan], vol. 8, pp. 69-76;
Jan./Feb., 1953.)

537.533:537.525.92 2961

Space-Charge Spread of Reflected Electron
Beams studied by a Photographic Method—
J. T. Wallmark. (Jour. Appl. Phys., vol. 24,
pp. 590-597; May, 1953.)

537.533.7:537.241:530.145.61 2962

The Self-Charge Spreading of a Focused
Electron Beam—H. Griimm. (Ann. Phys.
[Lpz.], vol. 11, pp. 131-144; Nov. 29, 1952.)
Simple formulas, derived from wave-mechani-
cal considerations, are obtained for the upper
limits of the self-charge effects, i.e., spreading
of beam, and displacements of image plane and
Fraunhofer plane.

537.582 2963

Energy Distribution of Thermo-electrons
in Electron-Beam Devices—II. Boersch. (Na-
turwissenschaflen, vol. 40, pp. 267-268; May,
1953.) Experiments are described which show
that the energy distribution of the thermo-
electrons in oscillograph tubes, electron micro-
scopes, etc., is not of the Maxwell type. The
deviations from the Maxwell distribution, par-
ticularly in the low-encrgy range, are attributed
to reciprocal dynamic effects.

538.114 2964

On the Theory of the Ising Model of Fer-
romagnetism—G. F. Newell and E. W. Mon-
troll. (Rev. Mod. Phys., vol. 25, pp. 353-389;
April, 1953.)

538.122+537.212 2965

The Two-dimensional Magnetic or Electric
Field above and below an Infinite Corru-
gated Sheet—N. H. Langton and N. Davy.

PROCEEDINGS OF THE LR.E.

(Brit. Jour. Appl. Phys., vol. 4, pp. 134-137;
May, 1953.)

538.311 2966

A Conducting Permeable Sphere in the
presence of a Coil carrying an Oscillating Cur-
rent—]. R. Wait. (Canad. Jour. Phys., vol. 31,
pp. 670-678; May, 1953.) The secondary mag-
netic fields due to the sphere are calculated for
frequencies <500 cps.

538.311 2967

Current Element near the Edge of a Con-
ducting Half-Plane—R. F. Harrington. (Jour.
Appl. Phys., vol. 24, pp. 547-550; May, 1953.)
“The two-dimensional problem of the Maxwel-
lian field from a line source of current adjacent
to a conducting half-plane is treated by a trans-
form method of solution. Expressions in the
form of contour integrals are given for the
current induced in the conductor and for the
radiated field.”

538.566:535.3]+534.24 2968

The Scattering of Waves at an Uneven Sur-
face—L. M. Brekhovskihk. (Zh. Eksp. Teor.
Fiz., vol. 23, pp. 275-304; 1952.) An approxi-
mate method is proposed for calculating the
fi;ld of acoustic and electromagnetic waves
scattered by an uneven surface, the irregulari-
ties being large in comparison with the wave-
length, Particular cases considered inclucde that
of sinusoidal corrugations.

538.566:535.3]+534.24 2969

Scattering of Waves by a Statistically Irreg-
ular Surface—M. A. Isakovich. (Zh. Eksp.
Teor. Fiz., vol. 23, pp. 305-314; 1952.) A
method is proposed for calculating the field of
plane waves scattered by a perfectly reflecting,
statistically irregular surface, the irregularities
being large in comparison with the wavelength.
The method can be used for acoustic as well as
electromagnetic waves.

538.566:537.562 2970

Quenching of Afterglow in Gaseous Dis-
charge Plasmas by Low-Power Microwaves—
L. Goldstein, J. M. Anderson and G. L. Clark.
(Phys. Rey., vol. 90, pp. 486—487; May 1, 1953.)
Continuation of work noted in 2637 of Septem-
ber. Results are reported for neon of the effect
on the plagsma decay of applying microwave
pulses at various time intervals after the pro-
duction of the plasma. The state of decay was
determined by observing the afterglow by
means of photocells, and displaying the ampli-
fied photocurrent on an oscilloscope. Decrease
of light intensity observed during the applica-
tion of the pulse is most probably due to reduc-
tion of the recombination rate. Differences in
the traces observed at pressures of 20 mm Hg
and 1 mm Hg are discussed. The effect may be
useful for detecting em energy.

GEOPHYSCIAL AND EXTRA-
TERRESTRIAL PHENOMENA

523.72:621.396.822 2971
On Some Features of Noise Storms—T.
Hatanaka and F. Moriyama. (Rep. Ionosphere
Res. [Japan], vol. 6, pp. 99-109; June, 1952.)
Discussion of solar RF emission of abnormally
high intensity on meter wavelengths. The radi-
ation ig circularly polarized, may last for several
hours, and is often associated with sudden
bursts of nonpolarized radiation. The associ-
ation of such noise storms with large and mag-
netically active sunspots is considered.

550.384 2972
Time Variation of the Earth’s Magnetic
Field at the Time of Bay Disturbance—Y.
Kato and J. Ossaka. (Rep. Ionosphere Res.
[Japan], vol. 6, pp. 37-41; March, 1952.)

550.385 2973

Distribution of S.C* of Magnetic Storms—
T. Nagata. (Rep. Ionosphere Res. [Japan], vol.
6, pp. 13-30; March, 1952.) The abbreviation
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S.C.* is used to denote the reverse impulse pre-
ceding a sudden commencement. The distribu-
tion with respect to local time and latitude was
examined from records obtained at five U.S.
stations during a period of 3} years, and also
from world-wide records of individual geomag-
netic storms. The reverse impulses appear
chiefly in the afternoon, with a maximum at
about 1600 local time. The pulse magnitude,
as well as its ratio to the succeeding main pulse,
increases markedly with geomagnetic latitude.

550.385 2974

The Recurrence Tendency of Magnetic
Storms—M. Ota. (Rep. Ionosphere Res. [Japan]
vol. 6, pp. 212-214; Dec., 1952.) Data relative
to 196 storms observed at Aso Magnetic Ob-
servatory during the period Sept., 1949-Aug.,
1952 are analyzed. 23 storms showed no recur-
rence tendency. The rest are divided into 33
groups, each containing several storms recur-
ring at intervals of about 27 days.

550.385:523.755 2975
Correlation of Magnetic M-Storms with the
Monochromatic Corona—R. Miiller. (Observa-
tory, vol. 73, pp. 75-77; April, 1953.) Results
obtained at Wendelstein show that a maximum
of geomagnetic activity is observed 3.7 days
before the central-meridian passage of a region
of high coronal activity, or 3.1 days after the
appearance of bright coronal emission at the
east solar limb. Similar characteristics are
found for the minimum epochs. The relation
apparently holds good only when no visible or
significant sunspot phenomena exist.

550.385+551.594.5]:621.396.9 2976

Radio Echoes observed during Aurorae and
Terrestrial Magnetic Storms, using 35- and
74-Mc/s Waves Simultaneously—L. Harang
and B. Landmark. ( Nature [London], vol. 171,
pp. 1017-1018; June 6, 1953.) A report of ob-
gervations at Tromsd, near the auroral zone,
and at Kjeller, near Oslo. The two pulse trans-
mitters at each station had common pulse
modulators, so that the shape and energy of the
pulses could be made identical. The peak pulse
power was 25 kw and repetition frequency
50/seconds. Echoes on 35 mc appeared regu-
larly at Tromsd during auroral displays and in
a number of cases also on 74 mc. Study of the
results led to the conclusion that the echoes
were not due to direct scatter from the ionos-
phere, but could be explained by reflection ot
backwards scatter from land or sea via the E,
layer, the ionization of which increases greatly
during auroras and geomagnetic storms. In all
cases, the echoes on 35 mc showed a smaller
range than those on 74 mc, the difference in
range usually exceeding 100 km. Differences
between the echo patterns on the two frequen-
cies are noted. A full account of the observa-
tions will be given in Jour. Atmos. Terr. Phys.

550.385(98) 2977

Constitution of Polar Magnetic Storms—
T. Nagata and N. Fukushima. (Rep. Ionos-
phere Res. [Japan], vol. 6, pp. 85-97; June,
1952.) Analysis of data obtained in the Inter-
national Polar Year indicates that polar mag-
netic storms consist of a number of elementary
disturbances which occur successively. The
equivalent current system corresponding to
these disturbances can be represented approxi-
mately by that due to an electric dipole located
in the auroral zone.

550.385(98) 2978

Constitution of Polar Magnetic Storms—
N. Fukushima. (Rep. Ionosphere Res. [Japan],
vol. 6, pp. 185-193; Dec., 1952.) An examina-
tion of world-wide data relative to the polar
magnetic storm on April 30, 1933, confirms the
conclusions noted in 2977 above.

551.510.534:551.524.7 2979
Annual Variation of Reduced Density and
Mean Temperature of Atmospheric Ozone in
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Afghanistan—A. Khalek. (Compt Rend. Acad.
Sci. [Paris], vol. 236, pp. 2424-2426; June 22,
1953.)

551.510.535+523.71 2980

Abbreviated Codes of European Ursigrams:
Part 2—(URSI Inform. Bull., no. 78, pp. 16-37;
March/April, 1953.) The codes here given are:
(a) Data on Monochromatic Intensity of the
Solar Corona, “CORON” code; (b) Data on E,
Critical Frequency (fE,), “ESFRE” code; (¢)
Data on Fj Critical Frequency (foFs) “FODEU”
code for foF2 hourly values, “SYMBO” code
for descriptive symbols for the values given;
(d) Terrestrial Magnetism, “MAGNE” code;
(¢) Ionospheric-Disturbance Warning, “PER-
TU” code, (f) Radio Solar-Emission Observa-
tories, “SOLER” code. Part 1: 2650 of Septem-
ber.

$51.510.5354523.71 2981

European Ursigrams—(U RS Inform. Bull.,
no. 78, p. 16; March/April, 1953.) Correction
to 2650 of September.

551.510.535 2982

Some Characteristics of Ionospheric Storms
—T. Obayashi. (Rep. Ionosphere Res. {Japan],
vol. 6, pp. 79-84; June, 1952.) Analysis of data
for the F, region. The frequency of occurrence
of disturbances in this region is closely related
to its seasonal height, being greater in summer
than in winter.

551.510.535 2983

Classification of F,-Layer Storms with Re-
spect to their World-Wide Distribution and
Characteristics: Part 1-—H. Uyeda and Y.
Arima. (Rep. Ionosphere Res. {Japan], vol. 6,
pp. 1-12; March, 1952.) Analysis of available
data shows that there is no correlation between
Fj-layer storms and sunspot activity, but close
correlation with geomagnetic storms. A classifi-
cation of these storms with respect to their
distribution over the geomagnetic latitudes is
suggested, based on layer-height or critical-
frequency charactertics.

551.510.535 2984

On World-Wide Distributions of foFy—Y.
Aono. (Rep. Ionosphere Res. [Japan], vol. 6,
pp. 69-78; June, 1952.) Hourly values of foF
observed at 40 stations, distributed all over the
world, during the period May 8-11, 1948, are
analyzed, contour lines being used to indicate
places with common critical frequencies. Dia-
grams are also given showing (@) the distribu-
tion of the difference between foF3y and its
monthly mean value at 0700 and 0800 on May
9, 1948, (b) the distribution of foFs for noon
local time on the same date, (¢) the latitude
distription of foF; for noon local time on
longitudes 135°E and 75°W.

551.510.535 2985
On the Cause for Unnatural Distribution of
Occurrence of fE, and fninsF—H. Uyeda, K.
Miya and T. Kobayashi. (Rep. Ionosphere Res.
[Japan], vol. 6, pp. 179-183; Dec., 1952.) Ob-
servations carried out at Kokubunji indicate a
correlation between receiver interference and
the frequency of occurrence of fE, and fmioF.

551.510.535:550.384.4 2986

A Relation between F,-Layer Disturbance
and Geomagnetic Condition—F. Fukushima
and T. Hayasi. (Rep. Ionosphere Res. {Japan],
vol. 6, pp. 133-136; Sept., 1952.) A correlation
is found between the daily mean value of the
electron density of the F, layer and the stormi-
ness of the geomagnetic field. The Fa-layer elec-
tron density appears to decrease in local sum-
mer and increase in local winter in the middle-
latitude regions of both the northern and south-
ern hemispheres.

551.510.535:550.385 2987
Characteristics of Ionospheric Disturbances
during Severe Magnetic Storms—K. Miya and

Abstracts and References

N, Wakai. (Rep. Ionosphere Res. {Japan), vol.
6, pp. 137-146; Sept., 1952.) Analysis of world-
wide data from 40 jonosphere stations for the
period May 8-11, 1948, including two geomag-
netic storms with sudden commencements (sc),
shows that an inospheric disturbance coinci-
dent with a sc in a region of high geomagnetic
latitude spreads down to lower latitudes. In
high latitudes the disturbances travel at a high
velocity, which is about 300 km/hr in the vicin-
ity of Japan. The intensity of the disturbance
decreases with latitude. The connection be-
tween the time of occurrence of a sc and dis-
turbance of radio communication is briefly dis-
cussed.

551.510.535:551.594 2988

Studies on Ionospheric Storms—H. Uyeda.
(Rep. Ionosphere Res. {Japan], vol. 6, pp. 169-
177; Dec., 1952.) A definite relation is found
between the types of storm discussed by
Appleton and Piggott (891 of 1950) and the
seasons in which they occur. The development
of ionospheric storms is discussed in some de-
tail. The need for further world-wide ionos-
pheric investigations, particularly in high lati-
tudes and at intervals less than an hour, is
stressed.

551.510.535:621.3.087.4 2989

Modern Ionosphere Sounding Equipment of
the Netherlands P.T.T.—P. L. M. van Berkel.
(Tijdschr. ned. Radiogenoot., vol. 18, pp. 149-
165; May, 1953. In English.) Full descrip-
tion, with block diagram, of a l-kw pulse
equipment for the range 1-20 mc. Pulse dura-~
tion is adjustable from 50 to 100 us; repetition
frequency is 50/seconds. A complete frequency
sweep can be made in either 10 or 20 seconds.
Two cr tubes in parallel provide monitoring and
photographic facilities.

551.510.535:621.396.11 2990

C.C.I.LR.—U.R.S.I. Cooperation. Exchange
of Information for Forecasts and Warnings—
(See 3092.)

551.510.535(98):537.56:550.385 2991
Anomalous Ionization in the Upper Atmos-
phere over the Auroral Zone during Magnetic
Storms—M. Sugiura, M. Tazima and T. Na-
gata. (Rep. Ionosphere Res. [Japan], vol. 6, pp.
147-154; Sept., 1952.) The depth of penetration
of and the rate ofiionization by protons of ex-
traterrestrial origin are estimated. An explana-
tion is given of the rapid variations of the geo-
magnetic field in and near the auroral zone.

LOCATION AND AIDS TO NAVIGATION

621.396.9 2992

Magnetic Modulators for Pulsed Radar—
W. S. Melville. (B.T.—H. Activ., vol., 23 pp.
169-173; Nov./Dec., 1952.) The use of mag-
netic materials with rectangular B/H charac-
teristics for the generation of pulses is de-
scribed. The principles of polarization and cas-
cade discharge are outlined and the operation
of a marine radar modulator is described. Con-
structional features of magnetic switches,
termed pulsectors, are mentioned. Magnetic
and electronic modulators are compared, the
principal advantages of the former being low
radiated interference, instantaneous operation
and the facility with which high-power pulses
can be generated.

621.396.9:551.508.11 2993

Pulse Observations of Wind by Radio
“Echosonde” without Responder—J. Lugeon.
(Compt. Rend. Acad. Sci., {Paris], vol. 236, pp.
2426-2428; June 22, 1953.) A description is
given of a method in which the radiosonde
oscillator, quiescent in the intervals between
its pulse transmissions, is triggered by a pulse
from the ground station. The distance between
ground station and radiosonde ia found by the
usual radar method. *
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621.396.9:551.578.1 2994

Vertical Recording of Rain by Radar—S. K.
H. Forsgren and O. F. Perers. (Chalmers Tek.
Hogsk. Handl., no. 107; 19 pp. 1951.) Reprint
681 of 1952,

621.396.93 2995

Radio Rescue Beacon—(Wireless World,
vol. 59, pp. 381-382; Aug., 1953.) Short de-
scription of a small battery-operated trans-
mitter, with a RF pulse power of about 16 w,
designed for attachment to an airman’s life-
saving jacket. Known as “Sarah” (Search And
Rescue And Homing) the apparatus, when
brought into action, continues to transmit
omnidirectiona! pulse signals for about 20
hours. One version of the equipment also pro-
vides for two-way speech communication over
a limited distance.

621.396.93 2996

Radio Navigational Aids—A. van Weel.
(Tijdschr. ned. Radiogenoot., vol. 18, pp. 129~
148; May, 1953.) Survey of the basic principles
and characteristics of (a¢) nondirectional bea-
cons and radio compass, (b) radio range, (¢)
instrument landing system, (d) directional bea-
cons, (¢) distance-measuring equipment, (f)
loran and decca systems.

621.396.932/.933].2 2997

Radio Direction Finding. Influence of Bur-
ied Conductors on Bearings—F. Horner. (Wire-
less Eng., vol. 30, pp. 187-191; Aug., 1953.)
“The currents induced, at low frequencies, in a
buried cable in good contact with the ground
may greatly exceed those in a similar cable
insulated from the ground. These currents may
lead to large errors in a loop direction finder,
even when the length of the cable is a small
fraction of the wavelength. The errors are
likely to be small if the direction finder is near
one end of the cable. Formulas are derived for
the currents induced in a buried conductor and
these lead to calculated errors in reasonable
agreement with measured errors, at a frequency
of 10 ke. The results show that the effect of
burying a cable in soil of good conductivity is
to increase errors at low frequencies and to
reduce errors at high frequencies. The transi-
tion frequency depends on the length of the
cable and is, for example, about 300 kc for a
cable 200 meters long. Adcock direction finders
are less liable to errors due to cables, but there
is some risk of errors if a cable is laid in close
proximity to an antenna feeder.”

621.396.933 2998
Continuous-Indicating Loran Navigator—
R. B. Williams, Jr. (Electronics, vol. 26, pp.
166-169; July, 1953.) A 12-tube unit is added to
the standard Sperry Mark-2 indicator to
synchronize it with the received signals, main-
tain correct pulse amplitude as shown on the
cr tube screen and maintain pulse superposition
in height and time. Details are given of the cir-
cuits provided for age, automatic amplitude-
balance control, pulse-amplitude sampling with
time-sharing relay, afc, automatic time-differ-
ence control and pulse-position detection. The
time-sharing relay is an em servo-type switch.
One unit gives continuous indication of one
line of position of the aircraft. Two units
synchronized on separate pairs of stations give
continuous indication of exact position.

MATERIALS AND SUBSIDIARY
TECHNIQUES

53.087.3:537.311.33 2999

A Micromanipulator for Electrical Investi-
gations of Semiconducting Materials—A.
Kelen. (A ppl. Sci. Res. B, vol. 3, pp. 125-128;
1953.) The construction is described of a simple
instrument for the accurate location of 1-5
point contacts,

531.788.7 3000
A Cylindrical Magnetron Ionisation Gauge
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—A. H. Beck and A. D. Brisbane. (Vacuum,
vol. 2, pp. 137-146; April, 1952.) The gauge is
essentially a diode with an axial magnetic
field, its cylindrical structure distinguishing it
from the Penning-type gauge. Its working
range is 1074-10"* mm Hg and when used in a
bridge type of leak detector its sensitivity is of
the same order as that of the mass spectrome-
ter.

531.788.7 3001

Degassable Penning Gauge—A. Boben-
rieth. (Le Vide, vol. 8, pp. 1302-1304; March,
1953.) Description of a gauge whose electrodes
can be degassed by the Joule effect, AF heating
not being required.

535.215+537.323]:546.36.863 3002

Some Experimental Studies of the Conduc-
tivity and Thermo-electromotive Force of
Cs;Sb  Photo-Cathodes—T. Sakata. (Jour.
Phys. Soc. [Japan], vol. 8, pp. 125-126; Jan.
/Feb., 1953.) Experimental results are shown
graphically. The thermo-emf ranges from 1.1
mV/deg at 268° to 0.3 mV/deg at 343° K. The
resistivity is given by the formula p=pe exp
(¢/kT), where T is the absolute temperature
and ¢ is about 0.2-0.3, p-type conductivity
being indicated.

535.215.1:621.396.822 3003

Noise Measurements on Thin-Lead-Sul-
phide Photoelectric Layers—F. Eckart. (Ann.
Phys. [Lpz.], vol. 11, pp. 166-168; Nov. 20,
1952.) Electrical noise measurements were
made on PbS layers treated with oxygen. The
absolute value of noise input is proportional to
the cell current for both thermal and photo-
electric excitation. The dark current and mean
noise input are proportional to the es field
strength. The mean life of the charge carries is
estimated to lie between 1.3 107 %and 3.7X107%
seconds,

5§35.218.2 3004

Photoelectric Emission and Energy Struc-
ture of Cs;Sb—H. Miyazawa. (Jour. Phys. Soc.
[Japan], vol. 8, pp. 169-175; March/April,
1953.) Spectral distributions of the emission
and energy distributions of the photoelectrons
were determined for Cs;Sb at room tempera-
ture, 195°K and 90°K. A possible energy struc-
ture is discussed.

535.3714535.3774535.215.1):546.47-13 3005

Photodielectric Effect, Ferroelectricity and
Thermoluminescence in Zin¢ Oxide under Ul-
traviolet Irradiation—J. Roux. (Compt. Rend.
Acad. Sci., [Paris], vol. 236, pp. 2492-2494;
June 29, 1953.) The sample of ZnO considered
had a greenish fluorescence under ultraviolet
irradiation, was thermoluminescent but not
phosphorescent, and had a marked photodi-
electric effect (permittivity variation) affected
by the intensity of an applied es field and also
by infrared light during and after the excita-
tion. The material is ferroelectric under excita-
tion at room temperature.

535.377 3006

The Characteristics of a Class of Sulphate-
Base Phosphors—M. A. Konstantinova-
Shlezinger, N. A. Gorbacheva and E. 1.
Panasyuk. (Zh. Eksp. Teor. Fiz., vol. 23, pp.
588-592; 1952.) Attenuation and thermal
luminescence curves are plotted for PbSO4-Sm
with different fluxes, and also thermal lumi-
nescence curves for CdSOy activated with Mn,
Pb and Mn-Pb and for PbSO, with the double
activator Sm-Ce,

537.226 3007

The Properties of Very Small Ferroelectric
Particles—M. Anliker, W. Kinzig and M.
Peter. (Helv. Phys. Acta, vol. 25, pp. 474-475;
Sept. 15, 1952. In German.) Preliminary report
of investigations of anomalies in the ferroelec-
tric state about the Curie point.

PROCEEDINGS OF THE LR.E.

537.226:537.533.8 3008

The Secondary Emission from Dielectrics
under Single-Impulse Conditions—A. R.
Shul'man and V. L. Makedonski. (Zh. Tekh.
Fis., vol. 22, pp. 1540~1542; 1952.) The coeffi-
cient of secondary emission ¢ varies with time
owing to changes taking place in the surface
layer of the target. To eliminate these effects in
measurements of ¢, single pulses may be used.
A circuit was developed by the aid of which it
is possible to measure the ¢ of dielectrics with
constant primary current, with periodic im-
pulges. The main requirements of this circuit
are discussed and a block diagram is given.

537.226:546.431.824-31 3009
The Dielectric Properties and Optical
Anomalies of BaTio; Single Crystals—I. N.
Belyaev, N. S. Novosil'tsev, E. G. Fegenko
and A. L. Khodakov. (Zh. Eksp. Teor. Fiz.,
vol. 23, pp. 211-216; 1952.) Three groups of
BaTiO; crystals were investigated, of which two
were grown from a solution and one was ob-
tained by reaction between BaCoyand N2a,TiOs.
The temperature and frequency dependence
of permittivity and loss angle were studied.

537.226:546.431.824-31 3010

The Effect of Deviations from the Stoichio-
metric Composition on the Properties of BaTiO,
Ceramics in Strong Fields—N. S. Novosil'tsev,
A. L. Khodakov and M. S. Shul'man. (Zh.
Eksp. Teor. Fiz., vol. 23, pp. 336-339; 1952.)
An experimental investigation shows that even
slight deviations from the stoichiometric com-
position (from 1.024 to 0.940) seriously affect
the dielectric properties of BaTiO;. The de-
pendence of permittivity and loss angle on the
composition was investigated at mains fre-
quency and several anomalies in strong fields
were observed,

537.226:546.431.824-31 3011

Theory of the Dielectric Properties of
Barium Titanate in Stationary Fields—A. E.
Glauberman and A, F. Lubchenko. (Zh. Eksp.
Teor. Fiz., vol. 23, pp. 188-198, 1952.) Approxi-
mate calculations are made of the effective
field in BaTiO; and of its permittivity below
the Curie point. The calculations are based on
the concept of the existence of a covalent bond
between the Ti ion and one of the oxygen ions,
taking account of the lattice structure. Theory
is developed for the qualitative determination
of the temperature dependence of permittivity
for temperatures below the Curie point, and a
method is indicated for calculating the de-
pendence of permittivity on the intensity of the
external field and also the dependence of spon-
taneous polarization on temperature.

537.226.33:546.431.824-31 3012

Hysteresis Loops of Ceramic Barium Ti-
tanate at Higher Frequencies: Part 1—K.
Kambe, I. Nakada and H. Takahasi. (Jour.
Phys. Soc. [Japan], vol. 8, pp. 9-14; Jan./Feb.,
1953.) Report of observations, using pulse volt-
ages, of polarization hysteresis loops at fre-
quencies up to 3 mc and temperatures from
room temperature up to 150°C.

537.226.33:546.431.824-31 3013

Hysteresis Loops of Ceramic Barium
Titanate at Higher Frequencies: Part 2—K.
Kambe. (Jour. Phys. Soc. [Japan), vol. 8, pp.
15-20; Jan./Feb., 1953.) Investigations show
that with pulse voltage the shape of the
hysteresis loops corresponds to the initial shape
on applying direct voltage. The loop shape is
almost independent of pulse width and shape
and varies only slightly in the range 10~100 kc.

537.228.1:534.213 3014

On the Theory of Sound-Wave Propagation
in Piezoelectric Crystals—R. Meier and K.
Schuster. (Ann. Phys. [Lpz.], vol. 11, pp. 397-
406; Feb. 10, 1953.) Formal treatment of the
propagation of $lane acoustic waves, taking
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account of electromechanical reactions. Calcu-
lations are made of the velocity of propa-
gation and oscillation directions in quartz,
LSH(Li;SO4H,;0) and ADP crystals.

537.311.33 3015

Theory of Thermal Rectification: Part 1=
Thermal Rectification Effect—K. B. Tolpygo
and I. M. Tsidil'kovski. (Zh. Tekh. Fiz.,vol. 22,
pp. 1442-1454; Sept., 1952.) A theoretical dis-
cussion of the effect discovered and investi-
gated by Amirkhanov et al. (Bull. Acad. Sci.
URSS, sér. phys., vol. 5, p. 447; 1941.) The
voltage/current characteristic is derived for a
homogeneous semiconductor with no resist-
ances at the electrodes but with a temperature
gradient in the direction of the electric field.
See also 2552 and 2602 of 1946 (Amirkhanov).

537.311.33 3016
Electronic Conductivity of Anthracene
Single Crystals—H. Mette and H. Pick. (Z.
Phys., vol. 134, pp. 566-575; April 17, 1953.)
The preparation of pure anthracene crystals is
described. Meagurements in the range 85-190°C
established an exponential dependence of the
conductivity on the temperature. The results
show that the crystals are semiconductors.

537.311.33 3017

Cyclotron Resonances, Magnetoresistance,
and Brillouin Zones in Semiconductors—W.
Shockley. (Phys. Rev., vol. 90, p. 491; May 1,
1953.)

537.311.33:538.632 3018

The Adiabatic Hall Effect in Semiconduc-
tors—V. A. Johnson and F. M. Shipley. (Phys.
Rev., vol. 90, pp. 523-529; May 15, 1953.) The
relative difference between the adiabatic and
isothermal Hall coefficients is calculated for the
following cases:—(a) “classical” impurity semi-
conductor; (b) degenerate impurity semicon-
ductor; (¢) “classical” semiconductor at high
temperature, For the thermal and electrical
conductivities characteristic of Si and Ge, the
relative differences are of the order of 1% or
less. Tables are presented from which the rela-
tive difference may be calculated for any semi-
conductor of known electrical conductivity,
thermal conductivity, and variation of carrier
density with temperature.

537.311.33:[546.863.221 + 546.873.221 3019

Electrical Properties of Sb,S; and Bi,S,—
G. Galkin, G. Dolgikh and V. Yurkov. (Zh.
Tekh. Fiz., vol. 22, pp. 1533-1539; 1952.) The
temperature dependence of electrical conduc-
tivity of SbeS; and Bi;S; samples was investi-
gated. The value and sign of the temperature
coefficients of sulphides as well as of the thermo-
emf of the metal/semiconductor couple depend
essentially on the heat treatment of the sam-
ples and on the temperature range under inves-
tigation. Theresultsobtained are discussed from
the standpoint of the band theory of semicon-
ductors.

537.311.33:621.314.7 3020

Impurity Diffusion and Space-Charge Lay-
ers in “Fused-Impurity” p-n Junctions—J. S.
Saby and W. C. Dunlap, Jr. (Phys. Rey., vol.
90, pp. 630-632; May 15, 1953.) Diffusion cal-
culations for various impurities, heating times
and temperatures show that diffusion for even
a few seconds at very moderate temperatures
regults in the introduction of more than 2X 101
atoms per cm? in the case of the common donors
or acceptors. Diffusion of this order ensures the
location of the space-charge layer entirely
within the base material.

537.311.33:621.314.7 3021
Transistors: Theory and Application: Part S
—Point-Contact Transistor Operation—A.
Coblenz and H. L. Owenas. (Electronics, vol. 26,
pp. 158-163; July, 1953.) A simple but de-
tailed analysis of current theory of operation.
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537.311.33:621.396.822 3022

Boundary-Layer Noise in Semiconductors
—W. M. Buttler. (Ann. Phys. [Lpz.], vol. 11,
pp. 362-367; Jan. 16, 1953.) Starting from
Gisolf’s formula for current fluctuations (667 of
1950) and considering mean-square field
strength, an expression is derived which gives
the total noise figure, taking account of both
boundary-layer noise and noise originating
within the semiconductor.

537.311.33:621.396.822 3023
Boundary-Layer Noise in CdS Single Crys-
tals—W. M. Buttler. (Ann. Phys. [Lpz.), vol.
11, pp. 368-376; Jan. 16, 1953.) The expression
derived in 3022 above forms the basis of a new
theory of boundary-layer noise, which is the
greater the less the length of the semiconductor.
Experiments to determine the dependence of
noise on the applied voltage are described. Re-
sults indicate that in CdS the noise originates
predominantly in the boundary layer.

538.221 3024

Determination of the Coercive Force of
Nonuniformly Magnetized Specimens—A. I.
Bulanova, M, N. Mikhnevich and V. B. Perets.
(Zh. Tekh. Fiz., vol. 22, pp. 1325-1333; Aug.,
1952.) Results are given of an experimental and
theoretical investigation of the errors which
arige in the determination of coercive force in
specimens of complex configuration and mag-
netically anisotropic structure.

538.221 3025

Ferromagnetism and Order in Nickel/Man-
ganese Alloys——G. R. Piercy and E. R. Mor-
gan. (Canad. Jour. Phys., vol. 31, pp. $29-536;
May, 1953.)

538.221 3026

Theoretical Considerations on the Effect of
Ellipsoidal Inclosures, of Dimensions Small
compared with the Thickness of the Bloch
Wall, on the Ferromagnetic Coercive Force—
E. Schwabe. (Ann. Phys. [Lpz.], vol 11, pp.
99-112; Nov. 20, 1952.)

538.221 3027

The Structure of the Ferromagnetic State
in a Fe and some Fe Alloys—G. Heber. (Ann.
Phys. [Lpz.], vol. 11, pp. 155-160; Nov. 20,
1952.)

538.221:538.652 3028

On the Theory of Magnetostriction and of
Other Even Effects in Strong Magnetic Fields
—G. P. D'yakov. (Zh. Eksp. Teor. Fiz., vol. 23,
pp. $25-531; 1952.) A mathematical theory is
developed for multicrystal ferromagnetic ma-
terials. Formulas are derived for calculating
even effects in non-textural materials, and the
following conclusions are made: (1) the law of
the approach of even effects to saturation re-
lates all the main characteristics of a ferromag-
netic material to one another; (2) on the basis
of this law it is possible, from measurements of
magnetostriction in multicrystal samples, to
determine all the main constants of ferromag-
netic materials; (3) from the experimental vari-
ation of magnetostriction when approaching
saturation it is possible to determine the con-
stant of the magnetic energy anisotropy and
its sign. The relations obtained are generalized
to cover the case when elastic stresses are pres-
ent in the material, and the following two limit-
ing cases are considered: (g) when stresses are
nonuniform, (b) when stresses are uniform and
coincide with the direction of the magnetic
field.

538.221:621.396.822 3029

The Space Correlation of Noise of Cyclical
Magnetic Reversals—A. A. Grachev. (Compt.
Rend. Acad. Sci. [URSS], vol. 85, pp. 741-744;
Aug. 1, 1952. In Russian.) Investigations on
permalloy wires.

Abstracts and References

538.221:669.15.782-194 3030
Grain-Oriented Iron-Silicon Alloys—G. H.
Cole. (Elect. Eng., vol. 72, pp. 411-416; May,
1953.) Chemical compositions and graphs of
the magnetic properties of typical alloys are
given. The maximum permeability is obtained
when the orientation is in the direction of roll-
ing, parallel to the applied field. This gives also
the condition for minimum power losses. Ap-
plications of such materials are noted.

539.234:537.311.31 3031

Experimental Study of the Electrical Con-
ductivity of Very Thin Metal Films obtained by
Thermal Evaporation—N. Mostovetch. (Ann.
Phys. [Paris], vol. 8, pp. 61-125; Jan./Feb.,
1953.) Full report and discussion of results of
investigations on various metal films of thick-
ness <100 deposited on glass, quartz and
mica. Results obtained show (a) that the action
of absorbed gases causes a decrease in resist-
ance, (b) exponential variation of resistance
with temperature, (¢) a linear relation between
log R and F? where R is resistance and F is
the intensity of an applied electric field of be-
tween 1 and 50 V/cm. See also 376, 1634
(Mostovetch and Duhautois), and 2192 (Mosto-
vetch et al.), of 1952.

539.234:546.289 3032

Evaporation of Germanium Films from a
Carbon Crucible—K. Lehovec, J. Rosen, A.
MacDonald and J. Broder. (Jour. Appl. Phys.,
vol. 24, pp. 513-514; May, 1953.) Equipment
for evaporation of Ge in vacuo at various meas-
urable rates is described. The activation energy
of evaporation is 3.5 eV, a value in close agree-
ment with data recently published by Searcy.

546.28 1 546.289 3033

The Solubility of Silicon and Germanium in
Gallium and Indium—P., H. Keck and J.
Broder. { Phys. Rev., vol. 90, pp. 521-522; May
15, 1953.) Solubility values for the temperature
range of interest in preparing junction transis-
tors are presented in graphs. Si crystals of fair
purity have been obtained by slow cooling of
saturated solutions.

546.831:621.385.032.461 3034

Quality Estimation for Powdered Zirconium
for use in Valve Manufacture—H. Figour and
H. Bonnell. (Le Vide, vol. 8, pp. 1305-1306;
March, 1953.) A simple method of evaporation
in vacuo is suggested for rapid determination of
the quality of Zr intended as getter material.

548.7:[546.723-31+546.711.241 3035

The Antiferromagnetic Structure Deforma-
tions in CoO and MnTe—S. Greenwald. (Acta
cryst., Camb., vol. 6, part 5, pp. 396-398; May
10, 1953.)

548.7:546.76.86 3036
Crystal Structure and Antiferromagnetism

of CrSb—B. T. M. Willis. (Acta cryst., Camb.,

vol. 6, part 5, pp. 425-426; May 10, 1953.)

621.315.615.9 3037

Some Fluorinated Liquid Dielectrics—N. M.
Bashara. (Elec. Eng., vol. 72, p. 424; May,
1953.) Digest only. The remarkable properties
of fluorocarbon materials, including stability at
high temperatures, high dielectric strength,
low power factor, non-inflammability, etc.,
make them suitable for many electrical applica-
tions.

621.318.2.042.15 3038

Micropowder Magnets—(Elect. Jour.,
vol. 150, pp. 1645-1646; May 8, 1953.) Short
account of the properties of permanent mag-
nets now manufactured in England. Coercive
forces approaching 1000 oersted can be obtained
with pure iron power, the best results being
obtained with a particle size between 0.01 and
0.1u. The best micropowder available includes
30% Co and has an energy factor equivalent to
that of alnico, but its density of about 4.5
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gm/cm?® gives it a great advantage over cobalt,
steel or similar alloys. Similar accounts in
Engineering [London], vol. 175, pp. 682—684;
May 29, 1953, and Engineering [London], vol.
195, pp. 740-741; May 22, 1953.

621.318.23 3039

Optimum Design of Permanent Magnets—
H. K. Ziegler. (Elec. Eng., vol. 72, p. 44S;
May, 1953.) Digest only. Discussion of the use
of the average value of the glope of minor loops
of the B/H demagnetization curve, in the re-
gion of the maximum energy product, for opti-
mum magnet design. Design curves are given
for Alnico V, VI and XII.

621.383.4:546.817.221 3040
Effect of Oxygen on Conductivity and
Photoconductivity of Lead-Sulphide Photo-
resistors—S. M. Rivkin and L. N. Malakhov.
(Compt. Rend. Acad. Sci. [URSS], vol. 85, pp.
765-768; Aug. 1, 1952. In Russian.) The varia-
tion of conductivity with the degassing time at
temperatures in the range 32.5-63°C was in-
vestigated. The characteristics of PbS photo-
resistors are apparently determined solely by
the effect of oxygen on the properties of the
interstitial layer surrounding the grains of PbS.
See also 702 of 1952 (Ehrenberg and Hirsch).

MATHEMATICS

517.63 3041

A Contribution to the Clear Interpretation
of the Laplace Transformation—FI. F. Schwenk-
hagen. (Elektroiech. Z., Edn A, vol. 74, pp. 133-
136; March 1, 1953.) Discussion of analytical
methods and the connection between Fourier
and Laplace transforms.

681.142 3042

Linear-to-Logarithmic Voltage Converter—
R. C. Howard, C. J. Savant and R. S. Neijs-
wander. (Electronics, vol. 26, pp. 156-157;
July, 1953.) For use with analogue computers.
The logarithmic output is obtained by adjust-
ment of anode voltage and anode and cathode
resistors in a triode circuit with a large grid
registor and a much smaller input-to-cathode
resistor. A cathode-follower stage cancels the
offset voltage and also isolatcs the converter
from the actual output. Logarithmic bases and
output voltages obtainable with various types
of tube are listed. The logarithm base can be
adjusted, after conversion, by changing the
gain.

681.142 3043

The Analog Computer—D. H. Pickens.
(Prod. Eng., vol. 24, pp. 176-185; May, 1953.)
Description of the different types of element
used in analogue computers, and their combina-
tion for the solution of specific problems.

681.142 3044

Analog Computer for the Roots of Algebraic
Equations—L. Léfgren. (Proc. I.R.E., vol. 41,
pp. 907-913; Aug., 1953.)

681.142 3045

DINA, a Digital Analyzer for Laplace, Pois-
son, Diffusion, and Wave Equations—C.
Leondes and M. Rubinoff. (Trens. Amer. IEE,
vol. 71, part I, pp. 303-308; 1952. Discussion,
pp. 308-309.)

681.142 3046

Basic Features of a Programme for a Chess-
playing Computer—G. Schliebs. (Funk u. Ton,
vol. 7, pp. 257-265; May, 1953.)

681.142:519.272.119 3047

Simple Computer Automatically plots Cor-
relation Functions—A. H. Schooley.(Tele- Tech,
vol. 12, pp. 71-73, 158; May, 1953.) An ana-
logue computer for use in evaluating the auto-
correlation and cross correlation functions of
time functions is described. Loops of 35-mm
film, cut to the shape of the time functions, are
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moved by two sprockets at a uniform speed.
Slide-wire resistors are operated by levers rest-
ing against the cut edges of the films; the re-
sistor outputs are passed via a RC filter to the
amp}iﬁer and paper-strip recorder.

681.142:621.314.3t 3048

The Single-Core Magnetic Amplifier as a
Computer Element—R. A. Ramey. (Trans.
Amer. IEE, vol. 71, part I, pp. 442-446; 1952).

681.142:621.315.612.4 3049

Ferroelectric Materials as Storage Ele-
ments for Digital Computers and Switching
Systems-—]. R. Anderson. (Trans. Amer. IEE,
vol. 71, part I, pp. 395-401; 1952.)

681.142:621.395.623.7 3050

An Analogue for Use in Loudspeaker De-
sign—]J. J. Baruch and H. C. Lang. (Proc.
N EC (Chicago], vol. 8, pp. 89-93; 1952. Trans.
IRE, vol. AU-1, pp. 8-13; Jan./Feb., 1953.)
Description of a computer designed to facilitate
analysis of loudspeaker performance as a func-
tion of frequency.

MEASUREMENTS AND TEST GEAR

621.3.018.41(083.74):[621.314.7
+621.396.611.21 3051

Precision Transistor Oscillator—P. G.
Sulzer. (Radio & Telev. News, Radsio- Electronic
Eng. Sec., vol. 49, pp. 18, 29; May, 1953.) See
2064 of July.

621.3.087.4:551.510.535 3052

A 16-kW Panoramic Ionospheric Recorder
—R. Lindquist. (Chalmers Tek. Hégsk. Handl.,
no. 109, 41 pp.; 1951.) Reprint. See 1425 of
1951,

621.314.7.001.4 3053

Methods and Equipment for Transistor
Testing—B. J. O'Neill and A. Gutterman.
{Electronics, vol. 26, pp. 172~175; July, 1953.)
Description of cro equipment for tracing char-
acteristics, and of an accessory circuit for re-
forming defective units.

621.317.3:538.632 3054

On the Geometrical Arrangement in Hall
Effect Measurements—V. Frank. (Appl. Sci.
Res. B, vol. 3, pp. 129-140; 1953.) The short-
circuiting effect of the current electrodes in
Hall-effect measurements is discussed for the
case of an arbitrary geometrical arrangement
For singly connected geometries the correction
to be applied is a universal function of a single
parameter characteristic of the geometry. This
parameter can be determined experimentally.
The theory was verified experimentally for a
particular geometry by measurements on cop-
per.

621.317.3:621.396.822](083.74) 3055

Standards on Electron Devices: Methods
of Measuring Noise—(Proc. I.R.E., vol. 41,
pp. 890-896; Aug., 1953.) Standard 53 IRE
7S1.

621.317.331.028.3 3056

Measurement of Multimegohm Resistors—
A. H. Scott. (Jour. Res. Nat. Bur. Stand., vol.
50, pp. 147-152; March, 1953.) Measurements
made by a null method using an electrometer
are described. A variable air-dielectric capaci-
tor supplies the charge flowing through the re-
sistor on test. The potential is maintained con-
stant by decreasing capacitance at the correct
rate. Protracted measurements on resistors in
the range 10°-10" Q show that the most stable
resistors available are subject to fluctuations of
0.5-1.0%, and are generally sensitive to voltage
change. For a shorter account, see Tech. News
Bull. Nat. Bur. Stand., vol. 37, pp. 90-92;
June, 1953,

621.317.335 3057

Use of Classical Circuits for the Measure-
ment of Dielectric Constants and Losses at
Frequencies between 80 c¢/s and 40 Mc/s—R.

PROCEEDINGS OF THE LR.E.

Dalbert. (Rev. gén. Elect., vol. 62, pp. 237-246;
May, 1953.) Analysis is made of three methods
using known bridge arrangements in which the
required determination is effected by obtaining
a balance. The accuracy of these methods is
evaltuated, and the influence of parasitic circuit
elements on the validity of the approximations
introduced is studied.

621.317.336:621.315.212 3058

More on the Sweep-Frequency Response of
RG/6U Cable——D. A. Alsberg. (Proc. I.R.E.,
vol. 41, p. 936; Aug., 1953.) Comment on 3168
of 1952 (Blackband).

621.317.35:621.3.018.783 3059

The Rigorous Basis of an Intermodulation
Method of Nonlinear-Distortion Measure-
ment—H. Stding. (Frequens, vol. 7, pp. 127-
133; May, 1953.) The mathematical repre-
sentation of the intermodulation factor of an
amplifier having a characteristic of order n is
congidered. The measurement circuit used is
shown schematically and the method of exact
determination of the intermodulation factor
from two voltage readings is established. See
also 2734 (Bloch), 2735 (Maxwell), 2736 (Roys),
and 2737 (Scott), of September,

621.317.4:538.221 3060

Measuring Methods for some Properties of
Ferroxcube Materials—C. M. van der Burgt,
M. Gevers and H. P. J. Wijn. (Philips Tech.
Rev., vol. 14, pp. 245-256; March, 1953.) For
measurement of permeability and losses in
weak fields a resonance method is applied using
(a) lumped circuit elements for the frequency
range 50 ke~10 me, (b) a coaxial line for che
range 5 mc-3 kmc. Sources of error and limita-
tions of the methods are discussed. In strong
ficlds, determination of the magnetization
curve replaces permeability measurement. For
measurement of losses, a calorimetric or
coaxial-line method may be used according to
flux density and operating frequency. Distor-
tion is measured by a selective voltmeter or, at
frequencies below about 2 k¢, may be deter-
mined from the hysteresis resistance. See also
2823 of 1952 (Went and Gorter).

621.317.41 3061

Apparatus for Bulk Tests on Sheet Iron—
E. Wettstein. (Helv. Phys. Acla, vol. 25, pp.
488-490; Sept. 15, 1952. In German.) Outline
description of equipment for rapid measure-
ment of permeability and thickness.

621.317.444:621.396.645.35:621.317.755 3062

An Integrating Amplifier for the Oscillo-
graphic Recording of Magnetic Flux—S,
Ekelsf, L. Bengtson, G. Kihlberg and P.
Leithammel. (Chalmers Tek. Hogsk. Handl.,
no. 120, 23 pp., 1951.) Reprint. See 2276 of
1952,

621.317.7:621.396.61/.62 3063

Test Equipment for the TD-2—A. S. May.
(Bell Lab. Rec., vol. 31, pp. 187-193; May,
1953.) INlustrated descriptions are given of (a)
transmitter/receiver testing equipment used at
all the stations of this radio relay system; this
includes if (70 mc £25 mc) and RF (3.74.2
kmc) variable-frequency generators, signal-
power meters and oscilloscope, (b) equipment
for terminal stations only, including oscillo-
scope, FM test set and linearity test set.

621.317.72 3064

An Isolating Potential Comparator—T. M.
Dauphinee. (Canad. Jour. Phys., vol. 31, pp.
577-591; May, 1953.) A double-pole double-
throw chopper, with a capacitor connected be-
tween the vibrating contacts, is used with a
galvanometer or electronic amplifier to indicate
the inequality between two emf’s such as those
of two thermocouples. There is no net current
flow between the circuits. Theory of the
method is given and applications are suggested.

November
621.317.73.012.11 3065
Automatic Smith-Chart Plotter—K. S.

Packard. (Tele-Tech, vol. 12, pp. 65-67, 183;
April, 1953.) An outline description of the Im-
pedance Plotter is given. This instrument is
designed to cover 100-400 mc in two ranges,
either range being swept at 2 cps. The meas-
ured impedance/frequency curve is traced out
on a cr screen with a Smith-chart overlay.

621.317.75:621.392.26 3066

A Direct-reading Standing-Wave Indicator
—A. C. Grace and J. A. Lane. (Jour. Sci.
Instr., vol. 30, pp. 168-179; May, 1953.) A
waveguide squeeze-section (Montgomery, 2865
of 1948, is used together with a cro to give an
instantaneous indication of changes in SWR
at wavelengths of the order of 1 cm. One side
of the squeeze-section is fixed, while the other
is given a small transverse displacement by
means of a cam driven at about 10 rps. The
test signal, modulated at 10 kc, is obtained
from a reflex klystron giving about 20 mw
and is detected by a Type-VX-4042 crystal.
Load matching to within about 29, can be
achieved.

621.317.755 3067

A Direct-Reading Oscilloscope for 100-kV
Pulses—R. C. Hergenrother and H. G. Ruden-
berg. (Proc. I.R.E., vol. 41, pp. 896-901; Aug.,
1953.) Description of the design, construction
and performance of a unit using es deflection,
and responding to pulses of duration of a frac-
tion of a usec.

621.317.755:531.765 3068

A Recurrent-Sweep Chronograph—H.
Moss. (Electronic Eng., vol. 25, pp. 282-286;
July, 1953.) The operation and circuit details
of a counter-type chronograph designed for
ballistics measurements are described. Timing
signals are displayed on a cro so that confusion
with spurious noise signals is avoided. In the
form of clipped pulses they are traced on a
10-line raster on which a 10-line time scale is
superimposed. Line-sweep and frame-sweep
generators are controlled by a 1-ke tuning fork
operating through decade frequency dividers.
The maximum period measurable is 10%us; time
resolution, 15 us.

621.317.755:621.396.677.012.12 3069
Aerial Radiation Patterns. Apparatus for
Cathode-Ray-Tube Display—T. T. Ling.
(Wireless Eng., vol. 30, pp. 192-195; Aug.,
1953.) The receiving antenna under investiga-
tion is mounted on a turntable rotatable at
1 to 30 rpm. The RF power picked up by the
antenna from a pulsed magnetron transmitter
(3.2 cm A) is converted to a sine wave whose
amplitude is proportional to the power of the
received signal. The gsine wave is applied to the
primary of a magslip, geared to the turntable,
via a cathode follower. The outputs from the
two mutually perpendicular secondaries, after
amplification, are fed to the x and ¥ coils of a
cro with long-persistence screen. As the turn-
table rotates, a luminous area is swept out on
the screen, the contour representing the an-
tenna polar diagram. With suitable blanking
arrangements, the contour only is obtained.
Typical radiation patterns are illustrated.

621.396.611.21.029.45/.51 3070

The Sunbury Portable Frequency Standard
for 100 c/s to 100 kc/s—A. H. Morser. (Elec-
tronic Eng., vol. 25, pp. 290-293; July, 1953.)
Description, with complete circuit details, of a
tone source designed for calibrating electronic
tachometers. It provides an output >25V
rms and accurate to within 0.1%, at 100, 10,
1 or 0.1 kc, derived from a vacuum-mounted
100-kc quartz crystal. Frequency division is
effected by regenerative modulation.

621.396.619.13:621.317.755 3071

A Method for Establishing the Modulation
Index of Periodic F.M. Signals—A. H. Phillips
and M. Cooperstein. (Sylvania Technologist,
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vol. 6, pp. 31-34; April, 1953.) The case of
modulation by a single sinusoidal voltage is
considered. By means of a mixing process the
original FM signal is used to derive a new FM
signal whose carrier frequency is less than the
FM excursion, so that over certain parts of the
modulation cycle the instantaneous frequency
is “negative,” corresponding to a negative rate
of change of phase. The output from the mixer,
after passing through a low-pass filter, is dis-
played on an oscilloscope, and the modulation
index is deduced from the observed number of
oscillations between the points of stationary
phase. The use of high-order side-frequency
components for rapid interpretation of large
modulation indexes is demonstrated.

OTHER APPLICATIONS OF RADIO
AND ELECTRONICS

534.522.1:539.3 3072

Ultrasonic Waves measure the Elastic
Properties of Polymers—G. W. Willard.
(Bell Lab. Rec., vol. 31, pp. 173-179; May,
1953.) Ultrasonic light-diffraction apparatus
operating on the principle previously described
(3754 of 1947) is used to measure the velocity of
ultrasonic waves in the polymer; the elastic
constants of the material can then be deter-
mined.

535.82:621.397.611.2 3073

Flying-Spot Microscope—F. Roberts, J. Z.
Young and D. Causley. (Electronics, vol. 26,
pp. 137-139; July, 1953.) See 1733 of 1951
(Young and Roberts). Other applications of
this microscope are briefly mentioned.

537.533:535.417 3074

Electron Beam Interferometer—L. Marton,
J. A. Simpson and J. A. Suddeth. (Phys. Rev.,
vol. 90, pp. 490—491; May 1, 1953.) A practical
forn of the instrument discussed previously
(Marton, 2562 of 1952) uses a three-crystal
beam-splitting device.

621.316.7:681.142 3075

Analysis of Control Systems involving Digi-
tal Computers—\W. K. Linvill and J. M.
Salzer. (Proc. LLR.E., vol. 41, pp. 901-906;
Aug., 1953))

621.384.611/.612 3076

The Synchrocyclotron at Amsterdam: Part
4—Details of Construction and Ancillary
Equipment—F. A, IHeyn and J. J. Burgerjon,
(Philips Tech. Rey., vol. 14, pp. 263-279;
March, 1953.) Part 3: 223 of 1952 (Heyn).
Please note change in UDC numbers for par-
ticle accelerators.

621.384.622.2 3077

Axial Motion of Electrons in a Linear Ac-
celerator with 8=1—]J. Swihart and E. Akeley.
(Jour. Appl. Phys., vol. 24, pp. 640-643; May,
1953.)

621.384.622.2 3078
Study and Development of a Standing-
Wave Linear Accelerator for Electrons—A.
Sarazin. (Ann. Radioélect., vol. 8, pp. 134-152
and 228-263; April/July, 1953.) Theoretical
and experimental investigations relating to an
accelerator giving 1.2-Mev electrons.

621.384.622.2:537.291 3079

Effect of Variation of the Amplitude of the
Accelerating Field on the Motion of Ions in
Linear Accelerators—M. Y. Bernard. (Compt.
Rend. Acad. Sci. [Paris], vol. 236, pp. 2226~
2228; June 8, 1953.)

621.385.833 3080

A Method of Observing Selected Areas in
Electron and Optical Microscopes—]. F.
Nankivell. (Brit. Jour. Appl. Phys., vol. 4,
pp. 141-143; May, 1953.) Brief description of
simple apparatus for positioning plastic replicas
as desired on electron-microscope specimen
grids, to enable direct comparison to be made
of electron- and photo-micrographs.

Abstracts and References

621.385.833 3081

Aberrations of Electronic Images of Irregu-
lar Emissive Cathodes—F. Bertein. (Jour.
Phys. Radium, vol. 14, pp. 235-240; April,
1953.) Investigation of the astigmatism, field
curvature and distortion resulting from surface
irregularity. The astigmatism can appreciably
reduce the resolution.

621.385.833 3082

The Field Emitter: Fabrication, Electron
Microscopy, and Electric-Field Calculations—
W. P. Dyke, J. K. Trolan, W. W. Dolan and G.
Barnes. (Jour. Appl. Phys., vol. 24, pp. §70—
576; May, 1953.)

621.385.833 3083

Practical Calculation of the Third-Order
Aberrations of Centred Electromoptical Sys-
tems—M. Barbier. (Ann. Radioélect., vol. 8,
pp. 111-133; April, 1953.)

621.385.833+621.392.5].001.362 3084

Representation of Optical or Electronic
Lenses by Quadripoles consisting of Pure Re-
sistances—F, Bertein. (Compt. Rend. Acad.
Sci. [Paris], vol. 236, pp. 2494-2496; June 29,
1953.) The equivalence is established for cer-
tain types of lens.

621.387.42 3085

Low-Voltage Counter Tubes—P. Kunze
and G. Schulz. (Ann. Phys. {Lpz.], vol. 11,
pp. 225-238; Jan. 16, 1953.) Discussion of de-
sign requirements and report of experimental
investigations on tubes with Ne, He, Ar and
Hg-vapor filling.

621.387.424 3086

The Functioning of Geiger-Miiller Self-
Quenching Counters—D. Blanc. (Jour. Phys.
Radium, vol. 14, pp. 260-269; April, 1953.)
Review of theory of operation, different types,
and applications. 152 references.

621.387.424 3087

Geiger-Miiller Counters with External
Cathode and Pure Methyl-Alcohol Filling, for
Intense Radiation—D. Blanc. (Jour. Phys.
Radium, vol. 14, pp. 271-272; April, 1953.) A
counter of this type, 8-cm long and 2-cm di-
ameter, with vapor pressure of 2 cm Hg, has
a threshold voltage of 1.3 kv, a plateau of 500
v with a slope of 2%, per 100 v, and a counting
rate of 20,000/min. It can deal with radiation
much more intense than counters with usual
fillings.

621.387.424 3088

The Photoelectric Sensitivity of Self-
Quenching Geiger Counters with Glass En-
velope and External Cathode—H. Schwarz.
(Z. Phys., vol. 134, pp. 540-545; April 17,
1953.)

621.387.424 3089

The Maze Counter—A. Aron. (Z. Phys.,
vol. 134, pp. 622-641; April 17, 1953.) In-
vestigation of the characteristics of G-M
counters with glass envelope and external
cathode.

PROPAGATION OF WAVES

621.396.11 3090

Radiocommunication on Frequencies ex-
ceeding Predicted Values—E. V. Appleton and
W. J. G. Beynon. (Proc. IEE, vol. 100, part
ITI, pp. 192-198; July, 1953.) Communication
data for BBC transmissions during 1943 at
frequencies around 20 mc showing cases of
satisfactory reception of frequencies higher by
1-6 mc than the predicted muf are analyzed.
A high proportion of the apparent anomalies
occurring during the winter and equinoctial
months can be explained in terms of reflection
from the normal E region and of variability of
F, normal-incidence critical frequency. The
remainder can be attributed to reflections from
the abnormal-E layer. Analysis of Japanese
30-mc data for the years 1935-1939 leads to
similar conclusions.
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621.396.11:535.42 3091

Some V.H.F. Experiments upon the Dif-
fraction Effect of Hills—G. C. Rider. (Marconi
Rev., vol. 16, pp. 96-106; 2nd quarter, 1953.)
Experiments at 160.2 mc on propagation over
steep hills show that the signal increase ob-
tained when passive repeater antennas are
used may be satisfactorily predicted by the
method normally used for calculating the field
in the shadow of a knife edge. Passive repeaters
are expected to be most useful in the uhf band.
For prediction of field strength across a valley,
when transmitter and/or receiver are close to
the hill, the spherical diffraction treatment
gives results in closer agreement with experi-
ment than the knife-edge method. A prelimi-
nary survey of the polarization and direction
of arrival of radio waves at receiver positions
round the hill was also made.

621.396.11:551.510.535 3092

C.C.I.LR.-U.R.S.I. Co-operation. Exchange of
Information for Forecasts and Warnings—
(URSI Inform. Bull.,, no. 78, pp. 42-54;
March/April, 1953.) Report on the steps taken
in the U.S.A. The current codes used by the
C.R.P.L. for forecasts and cosmic data are
given in an appendix.

621.396.11:551.510.535 3093

Some Calculations of Ray Paths in the
Ionosphere—S. K. H. Forsgren. (Chalmers
Tek. Hogsk. Handl., no. 104, 23 pp.; 1951.)
Reprint. See 782 of 1952.

621.396.11:551.510.535(98) 3094

Polar Blackouts Recorded at the Kiruna
Observatory—R. Lindquist. (Chalmers Tek.
Hégsk. Handl., no. 103, 25 pp.; 1951.) Re-
print. See 783 of 1952.

621.396.11:621.317.353.31 3095

The Theory of the Interaction of Radio
Waves in the Ionosphere—I. M. Vilenski. (Zh.
Eksp. Teor. Fiz., vol. 22, pp. 544-561; May,
1952.) An elementary theory of the Luxemburg
effect was given by Bailey (1934 Abstracts,
p. 606). In a subsequent paper by Ginzburg, a
kinetic theory of the phenomenon was pre-
gsented in which collisions between electrons
and ions were taken into account. These two
papers, however, considered only the depth
and phase of the cross modulation of the waves
which had passed through the “disturbed” re-
gion, and the hf terms of the interaction were
neglected. A more detailed investigation, tak-
ing account of all terms, is here given. In addi-
tion to cross modulation, “side” waves of com-
bination frequencies are found to appear.
Formulas are derived for determining the am-
plitudes of the “side” waves, and the effect of
collisions between electrons and ions is con-
sidered for various cases.

621.396.11.029.53 3096

The Influence of the Ionosphere on Me-
dium-Wave Broadcasting—G. J. Phillips.
(BBC Quart., vol. 8, pp. 40-54; Spring, 1953.)
A general summarized description of the iono-
sphere and its characteristic effects, with par-
ticular reference to those affecting mf broad-
casting. Reduction of fading achieved by use
of mast radiators designed to minimize the sky
wave may be limited by the diffuseness of re-
flection from the ionosphere. Quantitative
measurements of the angular scatter on reflec-
tion by the ionosphere are being made at me-
dium frequencies.

621.396.11.029.64 3097

Microwave Propagation in the Optical
Range—O. F. Perers, B. K. E. Stjernberg and
S. K. H. Forsgren. (Chalmers Tek. Hogsk.
Handl., no. 108, 20 pp.; 1951.) Reprint, See
789 of 1952.

621.396.812.3 3098

On the Frequency of the Scintillation
Fading of Microwaves—O. Tukizi. (Jour.
Phys. Soc. [Japan], vol. 8, pp. 130-131;
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Jan./Feb., 1953.) Experimental results are re-
ported which appear to support the theoretical
prediction of proportionality between the scin-
tillation-fading frequency and the mean wind
speed over the propagation path.

RECEPTION

621.396.621 3099

Counter-Circuit Multiplex Receiver—A. R.
Vallarino, H. A. Snow and C. Greenwald.
(Electronics, vol. 26, pp. 178-181; July, 1952.)
In a FM multiplex subcarrier system, a RF
receiver demodulates the RF signal and passes
the resulting FM 1-mc subcarrier to a second
receiver for demodulation. The subcarrier re-
ceiver described involves no alignment prob-
lems and introduces only 0.2%, distortion over
the modulation frequency band 250 cps=150
ke. Details are given of the 6-stage limiter using
cathode-coupled clippers, and of the counter-
discriminator circuit. Output voltage is a linear
function of input frequency.

621.396.722:551.594.6 3100
Existing and Planned Spherics Stations—
(URSI Inform. Bull., no. 78, pp. 38-41;
March/April, 1953.) The geographical posi-
tion, the frequency of operation and type of
equipment of 52 stations are tabulated.

STATIONS AND COMMURNICATION
SYSTEMS

621.39.001.11 3101

Information Theory—P. M. Woodward.
(Brit. Jour. Appl. Phys., vol. 4, pp. 129-133;
May, 1953.) An introduction to the early
work of Hartley and the newer statistical
theory developed by Shannon.

621.396.1:621.396.931 3102

Channel Spacings at 152 to 174 Mc/s—
H. E. Strauss. (Commun. Eng., vol. 13, pp. 17—
21, 48; March/April, 1953.) Mobile-radio tests
were made on frequencies around 160 mc,
using channel spacings of 60, 30 and 20 kc.
Tests covered range, adjacent-channel inter-
ference and intermodulation. A system having
30-kc channel spacing and +7.5-k¢ modula-
tion deviation was 4 or 5 db more sensitive
to noise than the systemn with 60-kc¢ channel
spacing. A system with 20-kc channel spacing
and +5-kc modulation deviation was 8 db
more sensitive to noise than that with 60-kc
spacing and had 15% less range.

621.396.41.018.424 3103

Bandwidth of Multiplex Channels—]J. S.
Smith. (Commun. Eng., vol. 13, pp. 22-23, 43;
May/June, 1953.) Discussion of factors in-
volved in the relation of channel response speed
to the subcarrier bandwidth.

621.396.619.13:621.3.018.78 3104
The Distortion Introduced by Frequency
Modulation of an Oscillator by a Perfect Reac-
tance Valve—P. S. Brandon. (Marconi Rev.,
vol. 16, pp. 88-95; 2nd quarter, 1953.) Assum-
ing no distortion present when the instan-
taneous angular frequency is given by 1/(LC)!,
analysis shows that a change in the inductance
or capacitance of the oscillatory circuit in-
troduces a form of amplitude modulation
which in turn causes an unwanted change in
frequency. Approximate expressions for the
fundamental and second harmonic of this form
of distortion are developed in terms of modula-
tion depth, angular frequency of modulation,
mean oscillator frequency and deviation.

621.396.619.16 3105

Consequences of the Amplitude Spectrum
[transformation) in Pulse Technology—H.
Kleinwichter and H. Weiss. (Funk u. Ton,
vol. 7, pp. 221-229; May, 1953.) A general ex-
pression relating pulse duration and bandwidth
required for transmission of square-wave pulse
trains is derived by Fourier analysis. The
bandwidth for which the signal/noise ratio is a

PROCEEDINGS OF THE I.R.E.

maximum and the mean power required for
pam transmission are calculated.

621.396.619.16 3106

Pulse-Code Modulation Systems—A. J.
Oxford. (Proc. L.LR.E., vol. 41, pp. 859-865;
Aug., 1953.) Principles of pcm systems are re
viewed and two modulator systems are con-
sidered in detail. In one system, the incoming
signal sample charges a capacitor, which is
then “examined” successively by 5 pulges, each
of 30-us duration, a charge of logarithntically
decreasing amplitude being added to or sub-
tracted from the capacitor before the arrival
of the next pulse. This provides a five-digit
code for transmission. In a simplified system,
the residual charge on the capacitor is ampli-
fied after each pulse, so that a fixed amount
of charge can be added to or subtracted from
the capacitor. Demodulation and synchroniza-
tion arrangements are also dealt with.

621.396.65 3107

A New Multiplex Microwave System—
N. B. Tharp. (Commun. Eng., vol. 13, pp. 31—
34, 46; March/April, 1953.) Types FR and FJ
equipments operating together at about 1.9
kmc can provide 30 two-way voice-frequency
channels. The Type-FR equipment comprises
transmitter-receiver, oscillator-modulator, afc,
power-supply, service-channel and test-meter
units. The Type-FJ] equipment is the multi-
plexing unit.

621.396.65 3108

Microwave Developments Overseas—V. I
Nexon. (Commun. Eng., vol. 13, pp. 19-21, 46:
May/June, 1953.) A survey of the vhf and uhf
radio link systems used in 16 countries in
Europe, North Africa and the Near East, and
in Australia.

621.396.65:621.396.41 3109

Multichannel Radio Link between Mestre
and Trieste—L. Bernardi. (Poste ¢ Telecom-
municazioni, vol. 6, pp. 159-167; April, 1953.
A description is given of the equipment used
for this link, which operates in the frequency
band 1.3-1.6 kinc and has a relay station at
Clauzetto, the lengths of the two sections being
respectively 98 and 92 km. Parabolic antennas
are used at all three stations, the antenna power
being 2.1 W. Performance curves for the whole
system are given.

621.396.65:621.396.41.029.64 3110

A Multichannel Microwave Relay System
—R. D. Boadle. (Proc. L.R.E. [Australia], vol.
14, pp. 80-89; April, 1953.) Description of the
devclopment in Australia of equipment based
on an American design (Lerlach, 3283 of 1947,
and back references).

SUBSIDIARY APPARATUS

621-526 3111

The Application of Nonlinear Techniques to
Servomechanisms—K. C. Mathews and R. C.
Boe. (Proc. NEC (Chicago], vol. 8, pp. 10-21;
1952,

621-526 3112

The Transient Response of a Single-Point
Nonlinear Servomechanism—K. N. Burns.
(Proc. NEC [Chicago], vol. 8, pp. 22-30; 1952.)

621-526 3113

Servo-System Comparators—M. Cooper-
stein. (Proc. N EC [Chicago], vol. 8, pp. 31-36;
1952.)

621-526:621.314.31 3114

Compensation of a Magnetic-Amplifier
Servo System—I. II. Woodson and C. V.
Thrower. (Proc. NEC [Chicago], vol. 8, pp.
158-165; 1952,

621-526:621.392.5.076.12 3115
Synthesis of Compensation Networks for
Carrier-Frequency Servomechanisms—R. S.

November

Carlson and J. G. Truxal. (Proc. NEC {Chi-
cago), vol. 8, pp. 37-49; 1952.)

621.3.013.783 3116

Screening of Test Rooms and Instruments
from Electromagnetic Fields—]. Deutsch and
O. Zinke. (Frequenz, vol. 7, pp. 94-101; April,
1953.) Screens made of wire mesh, metal foil
and sheet, and of materials with a high per-
mittivity or permeability are considered and
expressions are given for the attenuation of in-
cident em waves. Experimental curves for sheet
and mesh screens are given. The construction
of a large screened room is described and the
attenuation of magnetic fields in this room
(>70 db for frequencies from 200 kc to 500 mc)
is compared with that of other rooms. A novel
type of honeycomb wire-mesh-strip window
screen is described.

621.352.32 3117

Reactivating the Dry Cell—R. W. Hallows.
(Wireless World, vol. 59, pp. 344-347; Aug.,
1953.) Discussion of the effect on cell life of
repeated passage of current in the reverse
direction.

TELEVISION AND PHOTOTELEGRAPHY

621.397.24/.26 3118

The Television Transmission of the English
Coronation Ceremonies—A. W. M. Paling.
(Tijdschr. ned. Radiogenoot., vol. 18, pp. 167-
174; May, 1953.) An illustrated description of
the radio-link system and line-standard con-
verter devised to transmit pictures of the Coro-
nation ceremonies to Western Europe,

621.397.335:621-526].001.11 3119

Servomechanism Theory applied to A.F.C.
Circuit Design—G. D. Doland. (Tele- Tech, vol.
12, pp. 95-97. 155; May, 1953.)

621.397.5 3120

Television Study Centre—M. Boella.
(Ricerca Sci., vol. 23, pp. 799-802; May, 1953.)
A survey of activities up to the end of 1952. Of
the investigations undertaken during these first
few years, the most important are the choice of
the Italian television standard and the con-
struction of a scanning unit.

621.397.5:519.272 3121
An Application of Autocorrelation Theory
to the Video Signal of Television—M. B. Rit-
terman. (Sylvania Technologist, vol. 5, pp. 70~
75; July, 1952.) Autocorrelation theory is used
to analyze the power-density spectrum of a
video signal. Statistical parameters represent-
ing motion and complexity in the picture are
introduced. The problem is simplified by con-
sidering a signal representing only blacks and
whites, but extension of the conclusions to
cover intermediate greys is justified by refer-
ence to the work of Kretzmer (2904 of 1952).

621.397.5:519.272 3122

Application of Autocorrelation Theory to the
Video Signal of Television—M. B. Ritterman.
(Proc. NEC [Chicago], vol. 8, pp. 201-207;
1952.) The power-density spectrum of the tele-
vision video signal is derived, certain assump-
tions being made about the autocorrelation
function.

621.397.5:535.623 3123

Colorimetry in Color Television—F, J.
Bingley. (Proc. LR.E., vol. 41, pp. 838-851;
Aug., 1953.) Relations between colorimetric
quantities and the electrical signals into which
they are encoded for transmission are consid-
ered. The specific type of video signal envisaged
comprises a monochrome component together
with a color carrier, though the colorimetric
equations derived apply to any type of system,

621.397.5:535.623 3124

The National Television Systems Commit-
tee Color Television Transmission: Part 2—
R. M. Bowie and D. C. Livingston. (Sylvania
Technologist, vol. 5, pp. 36-40; April, 1952,) A
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mathematical treatment is given of the method
of vestigial-sideband modulation of the color
sub-carriers described in part 1 (Bowie and
Tyson, 2343 of 1952), and the question of
color phase alternation is considered quanti-
tatively.

621.397.5:778.5 3125

Reversible Process for Recording on and
Electronic Reproduction from Cinematograph
Films—P. Mandel. (Onde élect., vol. 33, pp.
206-213; April, 1953.) Description, with discus-
sion of the performance and limitations, of the
flying-spot method, which can be used either
to derive television pictures from cinemato-
graph films or, conversely, to record such pic-
tures on films.

621.397.61 3126
Television Transmitter at Wenvoe, Glamor-
ganshire—(Engineering [London), vol. 174, pp.
249-250; Aug. 22, 1952.) Description of me-
dium-power equipment in operation pending
installation of high-power transmitters.

621.397.61:656.134 3127

Mobile Television Transmitters—E. W.
Hayes. (Wireless World, vol. 59, pp. 372-375;
Aug., 1953.) A description is given of the BBC
mobile transmitters which provided a tele-
vision service for NE England, Northern Ire-
land, and the Brighton arca much more quickly
than would have been possible if permanent
stations had to be constructed. The equipment,
of a rugged type, is installed in a trailer 17
ft by 7 ft by 7 ft high. Duplicate vision transmit-
ters, with peak-white output power ~500 w
are provided; the duplicate sound transmitters
have a maximum carrier power of 200 w. The
frequency of the vision signals is adjustable
over the whole range of the present broadcast-
ing band (41-68 mc). The antennas used near
Newcastle-on-Tyne and near Belfast were of
the batwing type mounted on 250-feet lattice
masts. The station on the downs near Brighton
receives its vision signals direct from Alexandra
Palace, using a Yagi Antenna. The transmit-
tersfeed a vertically polarized dipole fitted with
a reflector and mounted on a 704t mast. The
Belfast station obtains its vision programme by
direct reception of the Kirk o' Shotts transmis-
sions until a permanent program link with
Britain can be provided.

621.397.611.2 3128
A Camera Tube with Photoconductive
Layer: the Conductron—B, Bartels and M.
Munsch. (Le Vide, vol. 8, pp. 1320-1325;
March, 1953.) Description of the characteris-
tics of the conductron in its present stage of
development, with an indication of possible
improvements. At present the internal photo-
electric inertia is about 0.1 seconds, which
should be reduced below 0.04 seconds if the
tube is to be used for ordinary television. Sce
also 1498 of 1951 (Veith). ’

621.397.62:535.623 3129

Theory of Synchronous Demodulator as
used in N.T.S.C. Color Television Receiver—
D. C. Livingston. (Sylvania Technologist, vol. 5,
pp. 60-63; July, 1952.) The opecration of the
synchronous demodulator [see also McGregor,
253 of January) is analyzed, and possible dis-
tortion effects are studied. These may result
from rectification of the color subcarrier or from
incomplete exclusion of the luminance signal.
The analysis indicates that each of these may
produce perceptible distortion. See also 3124
above.

621.397.62:535.623 3130
A 42-Tube Compatible Color Television

Receiver—K. E. Farr. (Proc. NEC [Chicago),

vol. 8, pp. 208-217; 1952.) See 1501 of May.

621.397.62:535.623 3131

The PDF [post-deflection-focusing] Chro-
matron—a Single- or Multi-gun  Tricolor
Cathode-Ray Tube—R. Dressler. (Proc.
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LR.E,, vol. 41, pp. 851-858; Aug., 1953.) Red,
green and blue phosphor strips, 15-mil wide,
are deposited on the image plate and are backed
with Al Directly behind the image plate is a
grid of parallel wires with one set of wires be-
hind the red and another set behind the blue
strips. The cr tube cone is made in two sections
to permit insertion of the color structure after
the front plate has been sealed on. Varying the
potential difference between the two sets of
wires directs the beam on to one of the sets of
colored strips. A focusing and accelerating po-
tential is applied between the wire grid and the
Al coating. Color distortion due to nonlinear
sweeps or misalignment of gun position is ab-
sent. Analysis of operation is given, and a three-
gun version is also described. The tube will op-
erate with existing color-television transmis-
sion systems,

621.397.621.2:621.385.832 3132

A Steel Picture-Tube for Television Recep-
tion—]J. de Gier, T. Hagenberg, H. J. Meer-
kamp van Embden, J. A. M. Smelt and O. L.
van Steenis. (Philips Tech. Rev., vol. 14, pp.
281-291; April, 1953.) The development of steel
cr tubes and df the lead-free “iron-glass” screen
is described.

621.397.645 3133

Video Amplifiers for Optimum Transient
Response—W, K. Squires and H. L. Newman.
Proc. NEC [Chicago], vol. 8, pp. 218-230;
1952.) From Laplace-transform analysis of
typical video coupling networks, relations
among the various parameters resulting in op-
timum transient response are derived. A design
procedure, based on these relations and on fig-
ures of merit for the tubes used, is presented
which is applicable to both triode and pentode
amplifiers. Examination of response curves and
tests of actual circuits show that the triode
amplifier is definitely superior to the pentode
amplifier when attainment of maximum voltage
is the major criterion. In addition, the triode
has certain advantages as regards the signal
/noise ratio of the synchronizing signal.

621.397.743 3134

Television Coverage of the National Politi-
cal Conventions—R. W. Ralston and B. D.
Wickline. (Elec. Eng., vol. 72, pp. 383-389;
May, 1953.) Detailed description of the wire
and microwave links used for the 1952 Chicago
Conventions,

TRANSMISSION

621.396.61.029.53/.55 3135

400-Watt H.F. Channellized Transmitter
Type HC. 100—P. W. Jinkings. (Marconi Rev.,
vol. 16, pp. 69-87; 2nd quarter, 1953.) Six
editions of this self-contained equipment, which
is suitable for use in the tropics, cover the
range 1.6-27.5 mc.

TUBES AND THERMIONICS

621.314.632:546.482.21 3136

Cadmium Sulfide as a Crystal Rectifier—
G. Strull. (Proc. NEC [Chicago}, vol. 8, pp.
510-521; 1952.) Tests on CdS crystals produced
for X-ray detection showed they were n-type
semiconductors with both rectification and
photoelectric properties. The optimum operat-
ing voltage for rectification is 6-8 v, but the
range of voltage extends from 0.1 v to 40 v.
The current at any given voltage can be varied
by changing the intensity of illumination. The
best performance is obtained with single crys-
tals mounted so that the field is down the
length of the crystal. The resistance of a typi-
cal crystal is ~100 k2 with 6 v applied in the
forward direction and an illumination intensity
of 30 lumens/fe2,

621.383.2 3137

On the Fatigue of Ag-Cs Photoelectric
Tubes—G. Kuwabara. (Jour. Phys. Soc.
[Japan), vol. 8, pp. 229-233; March/April,
1953.)
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621.383.2 3138

The Appearance of an Alternating Compo-
nent in the Photocurrent of Photocells under
Strong Illumination—I.. A. Vainshtein and
L. P. Malyavkin. (Zh. Tekh. Fiz., vol. 22, pp.
1315-1317; Aug., 1952.) It has been observed
that when an Sb-Cs photocell is illuminated by
a powerful source of light an af component
appears in the photocurrent, sometimes to-
gether with a hf component of the order of
several megacycles per second. Experiments
are described and oscillograms are shown. It is
suggested that these oscillations appear in the
space charge, and that the presence of gas is
necessary for this. In the case of vacuum celis,
gas is apparently liberated as a result of the
partial destruction of the photolayer by intense
illumination.

621.383.27 3139

On the Development of Secondary-Electron
Multipliers—F. Eckart. (Ann. Phys. (Lpz.],
vol. 11, pp. 181-202; Jan. 16, 1953.) The sec-
ondary-emission properties of various materials
and metal-based emissive layers are tabulated
and the sensitivities of different photocathodes
are noted. Different designs of multiplier are
described and their noise and dark-current
characteristics are discussed. The marked de-
crease in dark current of Ag-Cs.O multipliers
of mesh type is achieved by increasing the insu-
lation path between the individual electrodes.
83 references.

621.383.4 3140
Action of a Stream of Electrons on the Cur-
rent Sensitivity of Photocells—B. P. Angelov,
E. M. Lobanov and S. V. Starodubtsev.
(Compt. Rend. Acad. Sci. [URSS], vol. 85, pp.
733-735; Aug. 1, 1952, In Russian.) A report
of an investigation of the dependence of the
current in the external circuit of Se and AgsS
photocells on the energy (800-20000 eV) and
intensity of the primary electron stream.

621.383.4 3141

Tentative Interpretation of the Laws gov-
erning the Characteristics of Photocells—G.
Blet. (Jour. Phys. Radium, pp. 241-250; April,
1953.) Analysis of the action of the blocking
layer in a photocell enables a scheme to be
developed which permits qualitative and quan-
titative verification of observations relating to
the laws connecting illumination, voltage and
current. Formulas derived give results in good
agreement with experiment and permit cal-
culation of the quantum output of a photocell.

621.383.4:535.33-1 3142

The Application of Lead Selenide Photocon-
ductive Cells to Infra-Red Spectroscopy—V.
Roberts and A. S. Young. (Jour. Sci. Instr.,
vol. 30, pp. 199-200; June, 1953.)

621.385.012.6 3143

Investigation of the Fine Structure of Valve
Characteristics—H. Schneider. (NachrTech.,
vol. 3, pp. 274-279; June, 1953.) An electric
current can be expressed in terms of a Taylor
scries with electric potential as the independent
variable. If the differential coefficients are
known, the series can be evaluated. Two meth-
ods of evaluating the differential coefficients,
illustrated by considering the I,/ V, character-
istic of a triode, are shown in detail and the ex-
perimental determination of the coefficients is
described.

621.385.029.6:621.396.615.142.2 3144

Equations for the Oscillations in Uniform
Electron Beams—Yu A. Katsman. (Zh. Tekh,
Fiz., vol. 22, pp. 1467-1476; Sept., 1952.) The
electrodynamic processes taking place in
klystrons are discussed.

621.385.029.63/.64:621.396.822 3145

Noise Measurements on a Traveling-Wave
Tube—B. N. Agdur and C. G. L. Asdal.
(Chalmers Tek. Hégsk. Handl., no. 106, 9 pp;
1951.) Reprint. See 1152 of 1952,
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621.385.029.64/.65 3146
Experimental Observation of Double-

Stream Amplification—B. N. Agdur. (Chalmers
Tek. Hégsk. Handl., no. 105, 13 pp; 1951.)
Reprint. See 1154 of 1952.

621.385.029.64 3147

The Resistive-Wall Amplifiers—C. K.
Birdsall, G. R. Brewer and A. V. Hacff. (Proc.
LR.E., vol. 41, pp. 865-875; Aug., 1953.) In
the resistive-wall amplifier, the gain is obtained
through interaction between the electron-
stream charge and the wall charge induced by
the stream. Incrcasing bunching of the elec-
trons takes place and hence wave amplifica-
tion results. In contrast with the traveling-
wave tube, there is no interaction between the
highly-damped circuit wave and the stream.
Although some energy is dissipated in wall loss,
there is a finite rate of growth for all stream
currents. Theory is confirmed by experiments
performed at 1-4 kmc on streams passed
through glass tubes coated with tin oxide as the
registive material. IHelixes or resonant cavities
were used as input and output coupling circuits.
Gain and bandwidth are coinparable to those
of low-power traveling-wave tubes. The resis-
tive-wall amplifier is relatively insensitive to
changes in circuit parameters or operating
voltages, and there is no tendency to self-
oscillation, in wview of the high isolation
between input and output. Amplifiers of this
type with honcycomb or sandwich structure
are expected to give better performance,

621.385.032.213.2 3148

Metal Capillary Cathodes—H. Katz. (Jour.
Appl. Phys., vol. 24, pp. 597-603; May, 1953.)
The operating conditions of cathodes basically
similar to the L cathode L.cinmens et al, (773
of 1951), are discussed, and descriptions are
given of five variants with working tempera-
tures ranging from 1500° to 850°C and pulsed
emission from 3 to 5 A/cm?. A low working
temperature is advantageous, as surface evapo-
ration is reduced. The best cathode is that with
lowest evaporation and highest migration speed
of the substance used for reducing the work
function of the tungsten emitting surfuce. Sub-
stances other than tungsten, which may be
better as regards low evaporation and high mi-
gration speed, may not maintain their porosity
at the operating temperatures, but porous
tungsten may scrve as a base for surface layers
with better properties. A considerable increase
of emigsion was obtained from areas around
marks made on a cathode surface with an ordi-
nary pencil.

621.385.032.216:621.317.336 3149

Cathode-Interface Impedance and Its
Measurement—If. M, Wagner. (Proc. NEC
[Chicago), vol. 8, pp. 553-561; 1952,) In tubes
with oxide-coated cathodes, failure is some-
times due to the formation of an interface im-
pedance layer between the coating and its metal
base. This type of failure occurs more fre-
quently when tubes are operating in circuits in-
volving periods of anode-current cut-off [see
Waymouth, 1526 of 1951]. The cffect of inter-
face impedance is approximately equivalent to
the insertion of a resistor shunted by a capaci-
tor in the cathode lead. The effect is studied for
various pulse waveforms and a method for de-
termining the value of the impedance in any
particular tube is described which makes use of
rectangular voltage pulses. The measurcinent
of low values of impedance is made possible by
use of a difference amplifier; this produces an
output signal that represents the differcnce be-
tween the voltage across the load of the tube
under test and a variable fraction of the input-
pulse voltage.

621.385.032.216:621.396.822 3150

Temperature Dependence of Low-Fre-
quency Fluctuations in Thermionic Emitters—
T. B. Tomlinson. (Jour. Appl. Phys., vol. 24,
pp. 611-615; May, 1953.) A method is de-

PROCEEDINGS OF THE LR.E.

scribed for measuring the temperature varia-
tion of the flicker effect in diodes with oxide-
coated cathodes. The results show that in most
tubes the fluctuations of emission are minimum
for a cathode temperature near 1000°K. Two
geparate effects appear to be involved, one with
a rising and the other with a falling tempera-
ture characteristic. Various theories of the effect
are discussed; none is found completely satis-
factory. See also 281 of January.

621.385.032.216.1:546.841.4-31 3151

Measurements relating to the Filament of
Directly Heated Thoria Cathodes—G. Mes-
nard. (Le Vide, vol. 8, pp. 1326-1331; March,
1953.) The variations of heating current in the
tungsten wire carrying the thoria coating, and
of the wire resistance and applied power, are
shown graphically as a function of temperature
to indicate the effect of various heat treatments
of the cathodes. The effect of the thickness of
the thoria coating, and its relation to the spec-
tral emissivity in the red region and to the
thermionic emission, are also discussed. See also
2506, 2507, and 2508 of August.

621.385.032.216.2 n 3152

Double Activators in Oxide-Cathode Base
Alloys—A. Eisenstein, H. John and J. H.
Affleck. (Jowur. Appl. Phys., vol. 24, pp. 631-
632; May, 1953.) The existence of Si as a minor
impurity in a W-Ni cathode base metal with
4.7% \W was found to result in the formation,
towards the end of a 6000-hour life test, of a
high-resistance Ba,Si0Os interface compound,
the Si replacing W in the Bas\WOs interface
layer formed at first. Similar reactions between
Ti, Al and other interface compounds were ex-
amined.

621.385.24 3153
Squirrel-Cage Filament Structures—A. M.
Hardie. (Wireless Eng., vol. 30, pp. 196-204;
Aug, 1953.) “The solution of problemns of space-
charge-limited current flow is discussed with
particular reference to the squirrel-cage fila-
ment structure cominonly employed in high-
power tubes. Experimnents are described which
were made to determine the solid-cathode di-
ameter equivalent to squirrel-cage structures
containing an even number of wires up to 16.
An example is given of the large error caused in
the estimation of tube characteristics by an
optimistic assumption of cathode diameter.”

621.387 3154

Arc Drop and Deionization Time in Inert-
Gas Thyratrons—S. Pakswer and R. Meyer.
(Jour. Appl. Phys., vol. 24, pp. 501-509; May,
1953.)

621.387:621.316.722 3155

Variations in the Characteristics of Some
Corona-Stabilizer Tubes—F. A. Benson and
J. P. Smith. (Jowur. Sci. Instr., vol. 30, pp. 192—
194; June, 1953.) Measurements made on six
500-v tubes are reported. The effects of am-
bient-temperature changes and of excess cur-
rent are noted. An indication is given of the
drift of running voltage to be expected during
the first 1200 hours of life. The properties of the
tubes when operated with reversed polarity are
discussed.

621.387:621.395 3156

New Thyratrons for Telephone-Circuit En-
gineering: Part 1—Introduction—K. L. Rau.
(Frequens, vol. 7, pp. 134-139; May, 1953.)
Static characteristics of the simple, coincidence
and anticoincidence types of thyratron are dis-
cussed and the effects of grid resistance, grid-
cathode spacing and gas pressure are shown
graphically. The operation of these thyratrons
is compared with that of relays.

621.396.615.141.1 3157

Motion of Electrons in Retarding-Field
Tubes under Optimum Receiving Conditions—
M. Hirashima. (Jour. Phys. Soc. {Japan], vol. 8,
pp. 182-193; March/April, 1953.) Measure-

ments are described of the anode-current dis-
tribution in a tube with tungsten-filament
cathode, spinal grid, mesh anode, and a collect-
ing electrode, arranged coaxially. The energy
distribution of electrons flowing into the mesh
anode was also determined. A signal of fre-
quency near 550 mc, modulated at 1 kc, was
applied to grid and anode via a Lecher-line
system.

621.396.615.141.2 3158

Theory of the Multisegment Magnetron—
L. E. Bakhrakh, (Zh. Tekh. Fiz., vol. 22, pp.
1008-1015; June, 1952.) The phase focusing of
an electron beam passing consecutively through
a number of phase lenses is investigated and
the results obtained are used for explaining the
maintenance of oscillations in a multisegment
magnetron,

621.396.615.142.2 3159
Experimental Investigation of the Oscilla-
tion Mode and Bunching Efficiency of a Reflex
Klystron—M. de Bennetot. (Ann. Radioélect.,
vol. 8, pp. 103-110; April, 1953.) The method
of determining the oscillation mode, previously
described by Hamilton (3570 of 1948), is illus-
trated. From a law of similitude in electron
optics which takes account of space charge, two
relations are deduced which show how the phase
of the modulated current varies with slight
change of (@) the accelerating voltage, (b) the
reflector voltage. These relations enable the
bunching efficiency to be determined. Resuits
of measurements on a Type-KR331 klystron
are shown graphically. Both the oscillation
mode and the bunching efficiency must be
known if a satisfactory explanation of the
operation of the reflex klystron is to be given,
and since the combination of curved reflector,
space charge and drift space is not very amena-
ble to mathematical treatment, experimental
determination of the bunching efficiency is par-
ticularly useful for obtaining design data.

621.396.615.142.2 3160

A Coupled-Resonator Reflex Klystron—
E.D. Reed. (Bell Sys. Tech. Jour., vol. 32, pp.
715-766; May, 1953.) Output-power/repeller-
voltage and frequency/repeller-voltage charac-
teristics suitable for various applications of
variable-frequency oscillators are obtained by
means of a reflex klystron having two coupled
resonators instead of the usual single resonator.
The theory of the system is developed and an
experimental tube and circuit are described.
The characteristics can be adjusted to suit a
particular use by varying the coupling between
the resonators and the ratio of their Q values.
This advantage is gained at the expense of
using greater power to supply the losses in the
second resonator.

621.396.615.142.2:621.384.622.1 3161

High-Power Klystron Amplifier—]. Jas-
berg. (Electronics, vol. 26, pp. 244-248; July,
1953.) Description of a gridless three-cavity
klystron with oxide-coated indirectly-heated
cathode, designed for the 100-MeV linear elec-
tron accelerator at Stanford University. Beam
spreading is prevented by focusing coils sur-
rounding the cavities. Pulses of 2-us duration
at a repetition frequency of 60/seconds are
used, and peak output power is 17 mw at 10.5-
cm wavelength.

MISCELLANEOUS

53.08:061.4 3162

Industrial Instrumentation—(FElec. Rev.
[London), vol. 153, pp. 3-13; July 3, 1953.) A
survey of instruments exhibited at the British
Instrument Industries Exhibition at Olympia
London, June 30-July 11, 1953,

621.39:061.4 3163
20th National Radio Exhibition—(Wireless

World, vol. 59, pp. 397-406; Sept., 1953.)

Classified guide to the principal exhibits.






