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INSTITUTE NEWS AND RADIO NOTES

Annual Meeting of the Board of Directors

The annual meeting of the Board of Directors was held on January
2 at the Institute office and those present were C. M. Jansky, Jr., re-
tiring president; Stuart Ballantine, president elect; Melville Eastham,
treasurer; 0. H. Caldwell, Alfred N. Goldsmith, R. A. Heising, J. V. L.
Hogan, L. M. Hull, E. L. Nelson, Haraden Pratt, H. M. Turner, Wil-
liam Wilson, and H. P. Westman, secretary.

After approving the minutes of the last meeting, the meeting ad-
journed. Those whose terms of office continued through 1935 then re-
convened as the new Board of Directors. Melville Eastham was re-
appointed treasurer, H. P. Westman as secretary, and Alfred N. Gold-
smith as chairman of the Board of Editors for 1935.1,0. H. Caldwell,
Virgil M. Graham, J. V. L. Hogan, George Lewis and_A. F. Van Dyck
were appointed directors to serve during 1935.

John Scott-Taggert was transferred to the grade of Fellow and C. B.
Aiken, V. M. Brooker, T. R. Bunting, A. H. Carson and J. K. Johnson
were transferred to Member grade. M. M. Garrison was elected to the
grade of Member. Forty-seven applications for Associate membership,
two for Junior, and seven for Student grade were approved.

The budget for 1935 was approved and it is estimated that ex-
penditures and receipts will balance.

A joint meeting of the Institute and the American Section of the
International Scientific Radio Union is scheduled for April 26, 1935, in
Washington, D. C.

The Emergency Employment Service placed four men during De-
cember and a total of 695 are now registered.

Joint Meeting of the Institute and the
American Section,

Arrangements have been made between the Institute of Radio
Engineers and the American Section of the International Scientific
Radio Union for a joint meeting of the two bodies in Washington,
D. C., April 26. This meeting is an important annual feature of the
week which attracts to Washington every year an increasingly large
number of scientists and scientific societies. The first joint meeting last
year was highly successful. There was a large and representative at-
tendance, and a valuable program of papers was given.

91
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For the joint meeting this year, an all -day session for the presenta-
tion of papers on the more fundamental aspects of radio problems
has been planned. It is certain to be an interesting program. Further
details will be given in next month's issue of the PROCEEDINGS.

Committee Work

NEW YORK PROGRAM COMMITTEE

The New York Program Committee met in the Institute office on
Monday afternoon, January 7 and those present were A. F. Van Dyck,
chairman; Austin Bailey, H. A. Chinn, J. K. Henney, L. C. F. Hoyle,
and H. P. Westman, secretary.

It was necessary to arrange for meetings during February, March,
and April and a number of alternative papers were considered satis-
factory. The final choice will depend upon obtaining the acceptance of
the authors to present them and fitting them into the particular dates
open.

STANDARDIZATION
TECHNICAL COMMITTEE ON ELECTRONICS-I.R.E.

A meeting of the Technical Committee on Electronics was held on
the morning of January 4 and was attended by B. E. Shackelford,
chairman; M. J. Kelly, E. A. Lederer, G. F. Metcalf, 0. W. Pike,' B. J.
Thompson, P. T. Weeks, and H. P. Westman, secretary.

The personnel of the five subcommittees established by this com-
mittee was reviewed. The report of the Committee on Electronics of
the Sectional Committee on Electrical Definitions of the American
Standards. Association was recently approved and this together with
the 1933 report of the Institute and some material prepared by Dr.
Kelly showing wherein these two reports differ will be circulated to
members of the committee for future action. Each chairman of a sub-
committee reported on the activities of his particular group and ob-
tained such guidance as was necessary for future work.

SUBCOMMITTEE ON ELECTRON BEAM AND MISCELLANEOUS TUBES

TECHNICAL COMMITTEE ON ELECTRONICS-I.R.E.

This subcommittee met on the afternoon of January 3 and those
present were G. W. Metcalf, chairman; M. S. Glass, B. J. Thompson
and H. P. Westman, secretary.

The scope of the committee was discussed and it was. agreed that
initial work would be started on cathode ray tubes, magnetrons, and
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secondary -emission devices. Various members of the committee were
asked to prepare notes on these subjects for distribution and action at

the next meeting.

SUBCOMMITTEE ON GAS FILLED TUBES

TECHNICAL COMMITTEE ON ELECTRONICS-I.R.E.

0. W. Pike, Chairman; D. V. Edwards, H. E. Mendenhall, P. T.

Weeks, and H. P. Westman, secretary, attended a meeting of the above
subcommittee operating under the Technical Committee on Elec-
tronics of the Institute which was held on the evening of January 3 in
the Institute office. .

The scope of the committee's activities was briefly outlined and
immediate work started on graphical symbols for gas -filled tubes.
Those treated covered indications for gas filling in tubes, mercury pool
tubes, the indication of internal connections between elements, igni-
trons, shield grids, and gas tubes in general. Material is being prepared

on ratings of industrial electronic tubes and will be considered at a
future meeting of the committee. Definitions were prepared for shield
grid, cathode heat shield, and tube heat shield.

Institute Meetings

ATLANTA SECTION

The Atlanta Section met on October 25 at the Atlanta Athletic
Club. H. L. Reid, chairman, presided and the attendance was eighteen,
half of whom were at the informal dinner which preceded the meeting.

A paper on "Notes on Quarter and Half-Wave Antennas" was
presented by N. B. Fowler an engineer of the American Telephone and
Telegraph Company. In it he developed formulas for various forms of
antenna radiation and presented figures showing the efficiency of
quarter and half -wave antennas. The necessity of operating antennas
to radiate as effectively as possible was stressed. The paper was dis-
cussed by Professor Gerks.

BOSTON SECTION

A meeting of the Boston Section was held at Harvard University
on November 22. R. G. Porter, secretary-treasurer, presided and the
attendance was 175. Twenty were present at the dinner which pre-
ceded the meeting.

A paper on "Ultra -High -Frequency Transmission" was presented
by G. W. Pickard of the General Radio Company and A. F. Sise of the
Yankee Network.
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The past year's work on sixty megacycles was outlined. It covered
transmission over long nonoptical paths on land and sea, systematic
recording at Seabrook, N. H. from W1XAV at Squantum, Mass. and
the results of a boat trip along the New England coast. The records
from W1XAV show striking similarities to those obtained at much
lower frequencies, while the measurements over water indicate that
although the good service radius of an ultra -high -frequency station is
approximately twice the optical horizon, signals can be received under
normal transmission conditions up to nearly five optical horizons.

In the discussion, C. F. Brooks, Director of Blue Hill Observatory,
pointed out the relation of temperature gradients in the lower atmos-
phere to specific cases of good and poor transmission mentioned by the
authors. R. A. Hull, Associate Editor of QST, described his directional
work and the relations found between transmission and certain meteor-
ological elements. Additional discussion was presented by W. B. Bur-
gess, and E. B. Dallin.

BUFFALO -NIAGARA SECTION

The Buffalo -Niagara Section met at the University of Buffalo on
November 27. L. E. Hayslett, chairman, presided and fifty-one were in
attendance.

Walter Jones, commercial engineer for Hygrade-Sylvania Corpora-
tion presented a paper on "Problems Arising in the Manufacture of
Present -Day Vacuum Tubes."

The design problems encountered with the addition of each suc-
cessive element from the two -element vacuum tube to those of seven
elements were described. Particular problems in maintaining proper
characteristics and various changes in design and receiver requirements
were covered. Attention was drawn to the inadequacy of present-day
tube testing equipment. Slides illustrated various manufacturing and
testing processes. Messrs. Hayes, Nist, Wesselman, and others par-
ticipated in the discussion.

The paper was preceded by a demonstration of wave motion phe-
nomena with mechanical apparatus by Dr. Hector and short summa-
ries of several papers given at the Rochester Fall Meeting were pre-
sented by Eugene Wesselman, and F. M. Schmidt.

The December meeting was held on the 12th at the University of
Buffalo. The attendance was 101 and L. E. Hayslett presided.

"Practical Loud Speaker Trends" was the subject of a paper pre-
sented by Austin Armer of the Magnavox Company. He`gave first a
brief resume of the historical background of loud speaker develop-
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ment. A schematic diagram of a typical loud speaker was shown and
the vibrational motion of the various parts described and analyzed in

detail. The combination effects and reactions of the motions of these
interlinked parts and their various changes in structural material,
mass, shape, and size were covered. It was pointed out that "cut and

try" methods were still used considerably in loud speaker design. The

paper was discussed by Messrs. Crom, Guenther, Hayslett, Waud, and
Wesselman, and the meeting was closed with motion pictures showing
manufacturing processes employed in the Magnavox Company plant.

CINCINNATI SECTION

A meeting of the Cincinnati Section was held on September 25 at
the University of Cincinnati with_R. E. Kolo, chairman, presiding. The
attendance was forty.

J. R. Nelson of the Raytheon Production Corporation gave a paper

on "Output Systems in General Including Direct Coupled Amplifiers."
A substantial portion of the paper was devoted to the direct coupled
amplifier and its uses. A discussion of the static characteristics of
triodes, tetrodes, co -planar grid tubes, and high -mu triodes, with posi-
tive bias followed. The paper was discussed by Messrs. Flewelling,
Kilgourf and Knoblaugh.

The October meeting of the section was held at the University of
Cincinnati on the 23rd. R. E. Kolo presided and eighty-five were pres-

ent.
A paper on "Q' Measurements" was presented by J. J. O'Cal-

laghan who covered the subject of radio and intermediate-frequency
transformer and coupling unit design. The discussion was based chiefly
on the use of equivalent networks to represent conditions found in
commercial coils particularly those of the small universally wound
type. He covered the varying effects of capacitance and inductance on
the tubes which were coupled, the effect of shielding and mechanical
construction on the characteristics of the transformer, and touched on
the use of iron core coils for intermediate -frequency transformers.

The Nominations Committee was appointed and comprised Messrs.
Felix, Barbulesco, and Marshall.

The November meeting was held on the 20th at the University of
Cincinnati with R. E. Kolo presiding and fifty-eight were in attend-
ance.

C. E. Haller of the Ken Rad Corporation gave a paper entitled
"A Discussion of Cathode Ray Tubes and Equipment." In it he out-
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lined the history of cathode ray tube development. Some of the earlier
tubes as well as modern tubes of the simpler types were available for
examination. The construction of these tubes and the uses for which
they were suitable was explained. Notes were presented on the appli-
cation of the tube to oscillograph circuits. Power supply and timing cir-
cuits were described. The application of cathode ray oscillographs to
present measurement problems was discussed.

CLEVELAND SECTION

The Case School of Applied Science was the place at which the
December 20 meeting of the Cleveland Section was held. F. T. Bow -
ditch, chairman, presided and twenty-six members and guests were
present.

"New Tube Requirements of the New Receivers" was the paper
presented by W. R. Jones, commercial engineer for Hygrade-Sylvania.
He presented first the theory of the action of a triode and in an orderly
fashion introduced the screen grid, suppressor grid, and additional ele-
ments to complete the multielement tubes now used in broadcast re-
ceivers. The functions of these additional electrodes and their effects
on tube performance were described.

The election of officers was held and the following elected chair-
man, Carl J. Banfer of Sound Systems, Inc.; vice chairman, R. L.
Kline of Kladag Radio Laboratories; and secretary -treasurer, J. S.
Hill of Broadcast Station WH K.

CONNECTICUT VALLEY SECTION

The Connecticut Valley Section met on December 20 at the Hotel
Charles in Springfield, Mass. K. S. Van Dyke, chairman, presided and
the attendance totaled twenty-nine.

"Intermediate -Frequency Transformer Design" was the subject of
a paper by F. H. Scheer of the F. W. Sickles Company. He presented
first a classification of the various design considerations. Formulas for
computing and methods of measuring the 'Q' of inductances were then
presented. Structural considerations in design were explained and the
results tabulated. The design of trimming condensers and shield can
considerations were outlined. He then discussed coupling in relation to
stage gain and selectivity considerations. The resolution of classic in-
ductance theory to practice was accomplished in detail. The material
centered largely around wide band or high-fidelity selectors and the
design requirements involved. Half of those present particiDated in the
discussion.
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In the election of officers, J. A. Hutcheson of the Westinghouse

Electric and Manufacturing Company was named chairman; M. E.

Bond, and C. B. DeSoto were reelected vice chairman and secretary -

treasurer, respectively.

DETROIT SECTION

A meeting of the Detroit Section at which Samuel Firestone pre-

sided was held in the Detroit News Conference Room on December 21

and was attended by fifty-five. Fourteen were at the dinner which

preceded the meeting.
R. A. Wolfe, a research physicist in the Department of Engineering

Research of the University of Michigan, presented a paper on "Ther-

mionic Emitters." He introduced the subject with a historical develop-

ment of electron emitters from the original discovery by Edison. After

discussing the theory of thermionic activity he described the three

types of emitters in general use today which he classified as pure ele-

ments, doped emitters such as theoriated tungsten, and oxide coated

types. Their advantages and disadvantages and troubles encountered

in their production were outlined.
He then introduced a new emitter developed at the University of

Michigan which consists of a bariated nickle filament which is made

emissive by oxidizing its outer surface. Barium contents as high as

one per cent were found possible. Several advantages of these fila-

ments were outlined. The lack of gas given off by them and the small

effects of contaminating gasses and mercury vapor on the emission

were noted. Between five minutes and one hour are necessary to bring

the filament to full activity without preheating or high temperatures.

The material can be rolled, drawn, and workedthe same as nickle and

will stand rough handling. Its emission is as great or greater than from

oxide coated types and its work function is the same. The filament does

not become inoperative with age. It was felt to be ideally suited for

radio tubes.
Officers for 1935 were elected and are as follows: Chairman, A. B.

Buchanan of the Detroit Edison Company; vice chairman, H. S.
Gould, WMBC; and secretary -treasurer, E. C. Denstaedt of the De-
troit Police Department.

NEW YORK MEETING

The annual meeting of the Institute was held in the Engineering
Societies Building on January 2. Retiring president Jansky opened
the meeting and introduced the incoming president, Stuart Ballan-
tine, who then assumed the chair.



98 Institute News and Radio Notes

A paper by C. B. Jolliffe and A. D. Ring of the Federal Communi-
cations Commission on "The Allocation of Broadcast Facilities" was
presented by Dr. Jolliffe and is summarized as follows:

"It is estimated that the radio broadcast industry today represents
a total investment in transmitting and receiving equipment of ap-
proximately a billion dollars. The usefulness of this equipment depends
on the maintenance of an orderly and technically sound allocation of
the available facilities. The responsibility for this allocation is now
vested in the Federal Communications Commission. This paper gives
the historical development of the present allocation, the effects thereon
of technical developments, of various changes in the radio law and the
technical standards used in considering allocation problems. Future de-
velopments in broadcast allocation and the possibilities of approaching
nearer to an ideal allocation, taking into account engineering and eco-
nomic principles without artificial restrictions, are discussed."

The second paper of the evening was on the "Case Method Treat-
ment of Certain Broadcast Allocation Problems," by C. M. Jansky,
Jr., S. L. Bailey, M. M. Garrison, and G. I. Jones of Jansky and
Bailey. It was presented by Mr. Jansky and is summarized as follows:

"This paper presents a discussion of certain fundamental problems
involved in the quantitative evaluation of broadcast service and inter-
ference on shared channels by a detailed consideration of the steps
taken by which the coverage of a certain shared channel station was
increased approximately 500 per cent. First, field measurements were
made to evaluate the service obtained from the original transmitter
site. These led to the selection and removal of the transmitter to a far
more favorable location at which a highly efficient radiating system
was installed. Permission was then obtained to increase the power of
the station from 250 to 1,000 watts after field measurements using an
automatic recorder proved that a further large increase in coverage
could be obtained with practically no detriment to the service of any
other broadcast station."

The attendance was 150.

PHILADELPHIA SECTION

December 6 was the date of a meeting of the Philadelphia Section
at the Engineers Club. It was presided over by Knox Mcllwain, vicechairman, and 200 were present. Sixteen attended the dinner.

A paper on "General Considerations of Tower Antennas for Broad-
cast Use" was presented by H. E. Gihring and G. H. Brown of the
RCA Victor Company. In it they summarized the factors influencing
the action of towers when used as radiators. It was shown that the
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results predicted from the simple theory of sinusoidal distribution of

current on the tower differ to a major extent from the actual results.

A series of measurements using small models of actual antenna struc-
tures resulted in data correlating closely with the performance of full

size structures and showed that departures from simple theory are due

to nonsinusoidal current distribution.
Several types of recently installed antenna towers were shown

to be less effective than the simple theory predicted, particularly with
regard to reduction of sky wave and fading. Means for correcting cur-
rent distribution and improving these characteristics were pointed out.
The ground system and earth currents were considered from theoreti-

cal and experimental viewpoints. A simple method of measuring earl It

currents was described and it was pointed out that such measure-
ments indicate whether the antenna current is ,inusoidal or not. The

paper was discussed by Itsrs. Kellogg, Hurray. and others.
The second paper by W. F. Diehl of the RCA Victor Company was

entitled "A Complete Portable Cathode Ray Oscillograph." The in-
strument weighing only thirty-eight pounds employs a three-inch
cathode ray tube with electrostatic deflection in both directions and
is completely alternating current operated. Two identical single stage
compensated amplifiers linear from twenty cycles to ninety kilo-
cycles are incorporated to increase the sensitivity to one volt per inch
on both the horizontal and vertical axes.

Switches are provided to disconnect the amplifiers for high -fre-
quency analysis. Gain controls on each amplifier allow the wave under
observation to be spread out in each direction. A linear sweep circuit
with a range from twenty cycles to fifteen kilocycles is incorporated.
Controls are provided to shift the beam in both horizontal and vertical
directions permitting greater equivalent screen size and spot location.
The switch is provided so the timing axis may be synchronized with an
external source, internal sixty -cycle supply source, or a portion of the
voltage of the wave under observation. Synchronizing voltage control,
safety switch and fuse are also included.

A new synchronizing impulse generator to be used with the oscil-
lograph for radio and intermediate -frequency circuit analysis was also
described. The circuit arrangement results in two waves being on the
screen simultaneously when misalignment occurs. Correct alignment
is indicated when the two waves coincide perfectly.

Lissajous figures, phase shift, distortion, intermediate and radio -
frequency resonance curves were shown and numerous other applica-
tions demonstrated with the equipment. Messrs. Shank, Wolfe, and
others discussed the paper.
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PITTSBURGH SECTION

The Pittsburgh Section met at the Fort Pitt Hotel on December 18.
Chairman C. K. Krause presided and the attendance was thirty-four.

W. P. Place, research engineer for Union Switch and Signal Com-
pany, presented a paper on "Use of Copper Oxide Rectifiers for Detec-
tion and Automatic Volume Control." He stated that no one knew the
theory of rectification due to oxide films but pointed out that effective
use of these devices could be made in spite of this if their performance
characteristics were known.

Many slides were shown of the rectifier and circuits were given for
using it as a half and full -wave rectifier, an automatic volume control
device, a mixer in a superheterodyne, a second detector, a B battery
economiser a volume level control, and for many other unique pur-
poses. A general discussion was held and participated in, among others,
by Messrs. Gabler, Krause, Lazich, Noble, Peters, Shreve, Stark, and
Wyckoff.

ROCHESTER SECTION

The Rochester Section held a meeting on December 20 at the Saga -
more Hotel at which 118 were present.

N. C. Schmid, sales engineer for the Taylor Instrument Company,
presented a paper on "Air Conditioning and its Control as Applied to
N.B.C. Broadcast Studios at Radio City." The author described briefly
what was meant by air conditioning and discussed in detail the un-
usually severe requirements of a broadcast studio. Basing many of his
explanatory remarks on the large studio at Radio City, he pointed out
that a quiet audience was imperative and to accomplish this the
audience must be comfortable. Air conditions are controlled accurately
by means of automatic controllers actuated by sensitive elements lo-
cated in the exit air from the room under control. Slides and diagrams
showed not only air conditioning apparatus but also the studio arrange-
ments and he described the reasons for the construction used and how
these factors influenced the broadcast results.

SAN FRANCISCO SECTION

The San Francisco Section met at the Bellevue Hotel on December
19 with Ralph Shermund, vice chairman, presiding. Fourteen attended
the informal dinner which preceded the meeting.

A paper on "Broadcast Allocation" was presented by V. F. Greaves,
Chief Federal Communications Commission Inspector of the western
area. In it he presented a clear picture of the many difficulties en-
countered in allocating broadcast channels to the best advantage of



Institute News and Radio Notes 101

the country. Many of the difficulties were illustrated by specific ex-

amples.
SEATTLE SECTION

A meeting of the Seattle Section was held on October 26 at the
University of Washington with Howard Mason, chairman, presiding.
Forty-six were present.

A paper on "Statewide Radio Communication Systems of the
Washington Highway Department" was presented by J. R. Jordon of
the State Highway Department. The paper dealt with the advantages
of a radio communication system between fixed and mobile stations,
the latter for the most part being on snow plows, in controlling traffic
in the event of snow slides and similar disturbances and in maintaining
close coordination between the activities of the highway, police, forest,
and park forces. Plans were outlined for a statewide network of stations
consisting of headquarters, key, and regional installations. Mr. John
Greig then informally described the technical features of the present
highway department equipment.

The November meeting of the Seattle Section was held on the 30th
and seventy-five attended. The meeting was at Tumor Institute in
Seattle and Howard Mason presided.

A demonstration of X -Ray equipment of the Tumor Institute was
presented by J. E. Rose assisted by Doctors Henderson, Loughridge,
and Ward. Doctors Rose and Ward are of Tumor Institute and the
others are from the Physics Department of the University of Wash-
ington.

The audience was conducted in small groilps through the room
housing the X-ray tube proper. The treatment room where patients
are irradiated, the control room, the room where atomic research is
conducted, and the room where tubes or "seeds" are filled with radon
gas for therapeutic treatment. All then congregated in the lecture room
where Dr. Rose discussed unique electrical features of the 800 -kilovolt
tube and problems involved in its design. Doctors Loughridge and
Henderson outlined some research in which they plan to study atomic
structures by use of the tube. The paper was closed by Dr. Ward who
explained the advantages of hard rays generated by the high -voltage
tubes in the treatment of malignant growths and described the tech-
nique of such treatment and successes with it.

The December meeting was held on the 28th at the University of
Washington. Thirty were present and Howard Mason presided.

A. V. Eastman of the Department of Electrical Engineering of the
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University of Washington presented a paper on "Recent Developments
and Applications in Mercury -Vapor Tubes." Professor Eastman's
paper was devoted to the application of power services of gaseous
tubes, particularly the ignitron and thyratron. The function of the
grid and baffle in the thyratron and of the ignitor used in the ignitron
were described in detail as were the mechanical designs of the tubes,
problems of commutation, and circuits for inversion and rectification.
The paper was discussed by Messrs. Fisher, Libby, Renfro, Tolmie,
Williams, Willson, and others.

The annual election of officers was held and R. C. Fisher was named
chairman; E. D. Scott, Puget Sound Power and Light Company, vice
chairman; and C. E. Williams, Navy Department, secretary-treasurer.

WASHINGTON SECTION

A meeting of the Washington Section was held on November 12 at
the Potomac .Electric Power Company Auditorium. T. McL. Davis,
chairman, presided and sixty-three attended. Twenty-four were
present at the dinner which preceded the meeting.

A paper on "The Conferences of the U.R.S.I. at London and the
C.C.I.R. at Lisbon"kwas presented by J. H. Dellinger, Chief of the
Radio Section of the National Bureau of Standards. Dr. Dellinger
summarized the problems considered at each of these conferences, the
manner in which they were considered and disposed of, and recited
new problems assigned for the next session.

The December meeting was held on the 10th in the same audi-
torium. T. McL. Davis presided; the attendance was seventy-eight;
and eighteen were at the dinner held before the meeting.

A. S. Clarke and L. A. Shuttig of the Radio Research Company
presented a paper on "Broadcast Transmitter Fidelity." Mr. Clarke
discussed in considerable detail the measurements conducted on the
type of emissions from broadcast transmitters and reported concerning
actual tests on some transmitters. The study was intended to furnish
material for improving transmission particularly as regards harmonic
content, frequency response, and noise.

Mr. Shuttig then described in detail apparatus developed for
making these measurements and demonstrated its operation. A number
of those present participated in the discussion of the paper.

At the annual election of officers, E. K. Jett of the Federal Com-
munications Commission engineering staff, was named chairman;
C. L. Davis, of the Radio Corporation of America, vice chairman; and
W. B. Burgess of the Navy Department, secretary -treasurer.
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TECHNICAL PAPERS

HOT -CATHODE MERCURY RECTIFIER TUBES FOR HIGH
POWER BROADCAST TRANSMITTERS*

By

H. C. STEINER
(Vacuum Tube Engineering Department, General Electric Company, Schenectady, N. Y.)

Summary-This paper describes the new and large hot-cathode mercury-vapor
rectifier tube that is used in the plate power rectifier of the Crosley (W LW) 500 -

kilowatt broadcast transmitter.
Design features resulting in improved operation of mercury-vapor tubes are

discussed together with the operating characteristics.
An analysis of the advantages of the unit half -wave type of rectifier tube is made.

WITH the solution, several years ago, of certain fundamental
problems in gaseous discharges1.2,3 and improvement in
vacuum tube manufacturing and design technique, the de-

velopment of the hot -cathode mercury-vapor rectifier tube was made
possible. Because of the increased efficiency and the reliability of oper-
ation of this type of rectifier tube; older forms of high voltage rectify-
ing devices became obsolete for radio transmitter services. Tubes of
sufficient capacity were developed4'5 to supply not only the few kilo-
watts of power required in small radio transmitters but the several
hundred kilowatts required in the larger broadcagt transmitters.

This paper describes the design and operating characteristics of a
new hot -cathode mercury-vapor rectifier tube that (properly grouped-
six tubes) is capable of rectifying over 3000 kilowatts of power at di-
rect voltages suitable for radio broadcast transmitters.

* Decimal classification: R356.3. Original manuscript received by the In-
stitute, June 7, 1934. Presented before Ninth Annual Convention, Philadelphia,
Pa., May 28, 1934.

1 K. H. Kingdon, "Neutralization of electric space charge by positive ioniza-
tion at very low gas pressures," Phys. Rev., vol. 21, April, (1923).

2 H. M. Mott -Smith and Irving Langmuir, "The theory of collectors in
gaseous discharges," Phys. Rev., October, (1926).

3 A. W. Hull, "Gas filled thermionic tubes," Trans. vol. 47, no. 3;
July, (1928).

' 0. W. Pike and H. T. Maser, "A new type of rectifier tube for amateur
use," QST, vol. 12, no. 2; February, (1929).

5 H. C. Steiner and H. T. Maser, "Hot -cathode mercury-vapor rectifier
tubes," PROC. I.R,E., vol. 18, no. 1, pp. 67-87; January, (1930).
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POWER SUPPLY -500,000 -WATT TRANSMITTER

The design of a suitable plate power supply for the WLW 500,000-
watt transmitter involved a consideration of the available sources for
obtaining a high voltage direct -current output of about 1000 kilowatts.
Direct -current power outputs of this magnitude could be obtained
through parallel operation of rectifier tubes of the size used in the
50,000 -watt transmitters; through rectification with a new tube of
sufficient capacity to carry the required current directly; or possibly as
practiced in Europe, through the use of mercury -arc tank rectifiers.

Parallel operation of tubes whose capacity is smaller than that re-
quired to convert directly the desired power involves proper division
of the load current, limitation of short-circuit currents through in-
dividual tubes to nondestructive values, and the effect of tube life on
service. Proper division of the load current may be obtained by anode
current -dividing reactors, the use of separate transformer windings for
each anode, or separate transformers for each group of tubes. Separate
transformers offer perhaps the most effective limitation to short-circuit
currents although in most radio rectifiers these do not become exces-
sive. The effect of tube life involves the theoretical consideration that
if six tubes, each having an average life of 6000 hours, are used in a
rectifier, one tube renewal will be required on the average of every
1000 hours. Tube renewals do not in most cases mean an interruption
of service since, in general, adequate warning is given of the approach-
ing end of life and renewals may be made in idle periods. If twelve or
twenty-four tubes with the same average life are used to supply the
same load, replacements may be required every 500 or 250 hours.
Economically too, the cost of the tube complement is greater with
parallel operation as with a given design of tube the cost per kilowatt of
output decreases with increased tube capacity.

Experience with mercury -arc tank rectifiers for high voltage service
is limited in this country although reported in Europe. Certain differ-
ences between the multianode tank rectifier and the half -wave sealed-
off unit seem outstanding. Economically the initial cost of the tank
rectifier (particularly if continuity of service is insured by a spare tank)
is considerably higher than that of the equivalent rectifier with half-
wave tubes. Obsolescence in a field of rapid technical advancement also
requires a high rate of amortization. The charges of interest, amortiza-
tion, repairs, and service for the tank rectifier must be balanced against
the cost of tube replacements. Technically, there are fundamental
differences between the two types. In the half-wave unit there is no
ionization during the inverse voltage period while in the multianode
unit ionization is present during all of this period. The inverse voltage
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across a half -wave unit for a given output is only half of that between
an anode and the cathode of a tank rectifier. In addition, the higher
inverse voltage of the tank anode combined with bombardment of the
positive ions gives the probability of an increased number of arc-backs.6
Adaptability of the half -wave unit to the full -wave type of rectifier
circuit permits greater utilization of the transformers and the use of
standard designs. Water cooling is used in the tank rectifier for vapor
pressure control-air cooling with the tube. Efficiency difference,

while small in percentage, is in favor of the half -wave unit type of
rectifier.

General Characteristics
The outstanding characteristics of hot-cathode gas or mercury-

vapor rectifying tubes are those of a low and nearly constant arc -drop
while carrying current and of a high impedance during the inverse
voltage part of the cycle. Anode current is carried mainly by ther-
mionic emission of electrons from a heated cathode. Gas molecules
ionized by the electrons form, in conjunction with the electrons, a
"plasma"' region of nearly constant potential. This ionized gas effec-
tively neutralizes the space charge existing in high vacuum tubes. In
addition, since neutralization of the space charge permits electrons to
be drawn through holes and from crevices, heat -shielded and conse-
quently more efficient cathodes may be used.

The use of an "inverted" anode in contrast to one shaped to con-
form to an equipotential line of the inverse electrostatic field results in
a decided improvement in operating characteristics. At the end of the
conduction period positive ions in the space diffuse to the walls of the
tube or are drawn to the anode. With high inverse voltages these ions
obtain sufficient momentum to remove particles from the anode. Con-
tinual bombardment causes the walls of the tube to become coated
with this sputtered material. With peak inverse potentials below about
ten kilovolts this coating gives little trouble, but at higher inverse
potentials the changing potential gradients may exceed the critical.
breakdown value of the gas and cause arc -back. When the anode sur-
rounds the cathode the effects of positive ion bombardment are reduced
to a negligible quantity.

The gas pressure for optimum operating conditions governs the
temperature limits of operation. Too high a pressure causes breakdown
of the gas when the anode potential is negative. Too low a pressure in -

J. Slepian and L. R. Ludwig, "Backfires in mercury arc rectifiers," Trans.
A.I.E.E., vol. 51, no. 1; March, (1932).

' L. Tonks and Irving Langmuir, "General theory of the plasma of the
arc," Phys. Rev., September, (1929).
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creases the arc -drop and may result in cathode disintegration through
excessive positive ion bombardment. Also, too low a pressure reduces
the initial value of current that can be conducted and may cause
sputtering of the cathode. In the higher current tubes the optimum
vapor pressure range is from about three to ten microns, which corre-
sponds to condensed mercury temperatures of 30 to 50 degrees centi-
grade. Since the vapor pressure is determined by the temperature of
the coldest part of the tube control is easily maintained. Fig. 1 shows
the small volume of air required.
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Fig. 1-Curves showing regulation of condensed mercury temperature

with forced air cooling.

RADIOTRON RCA -870
The new rectifier tube, Radiotron RCA -870, is shown in Fig. 2.

Physically the tube is approximately ten inches in diameter and
twenty-five inches tall. Fig. 3 illustrates the construction of the tube.

The cathode is of the "Wehnelt" or oxide -coated type and consists
of a stack of coated disks enclosed by suitable heat shields. A coiled
tungsten heater running coaxially with the coated disks supplies heat-
ing energy. The efficiency of the shielded cathode is high-the cathode
supplying a peak emission of approximately 1.25 amperes per watt in
comparison with the usual 0.05 ampere per watt for an open -type rib-
bon filament. High efficiency, however, is accompanied by an increase
in the time required to bring the cathode to operating temperature.

r.0
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Heating and cooling time temperature curves are shown in Fig. 4. As
illustrated, the heating time may be reduced by applying overvoltage
to the heater initially and reducing to normal when the operating tem-
perature is reached. Also a spare tube may be operated with the
cathode hot without appreciably affecting the life.

Fig. 2-Hot-cathode mercury-vapor rectifier
Ratings:

Cathode heater voltage
Cathode heater current
Peak anode current
Average anode current
Peak inverse voltage

tube, Radiotron RCA -870.

5.0 volts
65.0 amperes

450.0 amperes
75.0 amperes

16,000.0 volts

Tube Ratings

In addition to the usual ratings of maximum peak inverse voltage
and maximum peak anode current that represent, respectively, a safe
inverse voltage for tube operation and the designed peak cathode emis-
sion, it is important in the larger tubes to consider ratings which indi-
cate the heat dissipating ability as a function of load, and the ability
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of the tube to conduct the high transient currents that occur when the
rectifier is short-circuited.

The maximum average anode current represents the average load
current that the tube is designed to carry continuously. The arc -drop
in a mercury-vapor rectifier tube is nearly constant with variation in

CATHODE D.516

HEAT SHIELDS

HEATER
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CATHODE HEATER

ANODE

CATHODE

BULB

Fig. 3-Longitudinal section through tube showing construction.

load current. Losses in the arc, therefore, vary more nearly with the
average value of the load current than with the root-mean -squarevalue. In the case of fluctuating loads or overloads it is necessary to
define an integration period over which the load is to be averaged. In
common with vacuum tubes which have elements of small mass, and
consequently small heat storage capacity, the integration period ismuch shorter than that encountered in transformers or rotating ma-chinery. Tubes are fundamentally maximum rather` thannominalrated devices.
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Fig. 5-Curves showing effect of condensed mercury
temperature on tube drop voltage.
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Under short-circuit conditions whether caused by arcs in the trans-
mitter or arc -backs in the rectifier the current through the tube is
limited almost entirely by the leakage reactance of the power trans-
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formers and associated voltage regulating equipment. The tubes, be-cause of the arc characteristics of the discharge, offer very little im-pedance and the cathodes of the tubes are capable of supplying surge

PLASMA

CA177-100E
ANODEFig. 6-Voltage distribution between anode and cathode in gas -filled tubes.emission currents of many times the rated value. In order to indicatethe available transient current carrying capacity and the ability of thetube to withstand short-circuit conditions a maximum surge current
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id8CONDENSED MERCURY TEMPERATURE- °C.Fig. 7-Curves showing effect of condensed mercury temperature on arc -backvoltage and on initial anode current at the start of conduction.
rating sometimes is given. Experience indicates that the impedance ofmost radio rectifiers in combination with the speed of relaying that isrequired to protect the transmitting equipment in case of,flashover pro-vides ample protection from the rectifier tube standpoint.
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Operating Characteristics
The arc -drop voltage as a function of peak anode current for con-

densed mercury temperature within the recommended operating range
is shown in Fig. 5. Fig. 6 illustrates the voltage distributions between
the anode and cathode of hot -cathode mercury-vapor tubes of the de-

sign shown in Fig. 3.
Fig. 7 illustrates the effect of gas pressure on breakdown of the gas

or arc -back as a function of the peak inverse voltage across the tube.
The effect of gas pressure upon the initial peak current that can be
conducted is also shown. Exceeding these initial peak currents may
cause sputtering of the cathode until higher cathode temperatures are
reached (automatically) to "balance" the effect of low gas pressure.
Interpretation of the arc -back or flash -back curves require a knowl-
edge of the short-circuit impedance of the power transformer. In gen-
eral, with high impedance transformers "incipient" arc -backs may be
commutated without noticeable disturbance in either the tubes or cir-
cuit. With low impedance circuits "incipient" arc -backs may develop
into disturbances of sufficient magnitude to require clearing of the
circuit.

CONCLUSION

As previously at maximum ratings
will convert over 3000 kilowatts at voltages suitable for the plate
power supply of radio broadcast transmitters. With this power supply
transmitters of over 1000 kilowatts may be built. If, however, the need
for greater outputs should arise, the experience and technical informa-
tion gained in the development of the new rectifier tube indicate that
hot -cathode mercury-vapor rectifier tubes of eves greater capacity can
be built successfully.

In conclusion, acknowledgment is due Messrs. R. B. Ayer and L. E.
Record for their able cooperation throughout the development.

8 E. D. McArthur, "Electronics and electron tubes," Gen. Elec. Rev.,
March-September, November, December. (1933).

+.--><filim.--+



Proceedings of the Institute of Radio Engineers
Volume 23, Number 2 February, 1935

NOTE ON VACUUM TUBE ELECTRONICS AT
ULTRA -HIGH FREQUENCIES*

B Y

F. B. LLEWELLYN
(Bell Telephone Laboratories, Inc., New York City)

Summary-The work described in a previous paper' is extended and revised.
An alternative method of solving the fundamental equation is presented. Applicationto the positive grid oscillator is treated and oscillation criteria in general are dis-cussed.

INCE the previous papers on vacuum tube electronics was pub-
lished in the PROCEEDINGS, further study as well as a series of
letters between W. E. Benham in England and the writer have

indicated several interesting points in the theoretical side of the de-
velopment and have brought to light certain flaws in its application.
The fundamentals are, however, further supported by this study, and
methods of arriving at the results with a somewhat more straightfor-
ward attack than that employed originally have been found. It is the
purpose of this note to discuss these points with a view toward bringing
the date.

Benham has questioned the validity of extending the boundary con-
ditions as was done in the previous paper on the basis that the resulting
formulas gave a value for the alternating -current component of the
electric force which became infinite at a virtual cathode. Such a result
is naturally not in accord with the physics of vacuum tubes and would
seem at first sight to cast doubt upon the validity of the entire develop-
ment. However, when the fact is taken into account that the expressionin question is an approximation obtained by making the assumptionthat the alternating-current components are small compared with the
direct -current components, it is evident that the approximation cannot
be expected to be valid at a virtual cathode where the direct -current
component of the electric force is zero while the alternating-current
components may remain finite. This does not, however, preclude the
accuracy of the approximate formula when applied to points where the
approximation is valid; namely, anywhere except so close to the vir-
tual cathode that the direct-current component of the force is not large
compared. with the alternating current.

* Decimal classification: R130. Original manuscript received by the Insti-tute, October 23, 1934.
1 F. B. Llewellyn, "Vacuum tube electronics at ultra-high frequencies,"Puoc. I.R.E., vol. 21, pp. 1532-1574; November, (1933).
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In order to illustrate this point in a more exact style as well as to
exhibit what is thought to be a more straightforward method2 of arriv-

ing at the result, equation (3) in the original paper may be taken as a
starting point. This equation expresses the relation between the total

current, J, between two parallel planes and the velocity, u, of electrons

in the space between them. Thus we have
e47 -J u - u

at ax

aa

but u is a function of x and t so that
du au au- - -
dt at

u
ax

and (1) may be written

(1)

e d2u d3x
4ir -J = = (2)

m dt2 dt3

As explained before, the current J is a function of t only. We take it to
consist of two parts, and write

e47 -J = K (A' (t)
m

(3)

where K is a constant and cp'"(t) is the third derivative with respect to t
of some function of t, say Be'. Thus from (2) and (3) we have

d3x
= K "'(t) . (4)

dt3

Before the integration of this equation is attempted, it will sim-
plify matters if a change of variable is made by.putting

t = to T (5)

so that dt= dT and (4) becomes
dax

= K " (to ± T) (6)
dT3

whence, on successive integrations,
d2x

= KT + cl)"(to T) c1 (7)
dT2

dx
= u = ZKT2 (I,' (to + T) Tc1 c2 (8)

dT
x = -IKT3 gto T) 1T2c1 Tc2 + ca. (9)

2 A somewhat similar method is employed for analysis of diodes by Johannes
Muller, "Elektronenschwingungen in Hochvakuum," Hochfrequenz. and Elek-
troakustic, May, (1933).
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We may now put x = 0 when T =0 so that we find from (9) that
c3= -q(to). This merely determines the origin of our measurement of
distance, and imposes no physical conditions. From the physics it can
be seen in conjunction with (9) that if there were only the direct-
current component present, then 4) would be zero, so that under condi-
tions of complete space charge we should have zero velocity and
acceleration at the origin where T =O. This would lead to the result
that c1= 0, c2 = 0, c3 = 0, so that

d2x
= KT u = 2KT2 x = 6KT3

dT2

The last of these three equations suggests a change of variable which
will effect an enormous simplification. We introduce a new variable, T,
in place of T and put in general

x = 6KT3 (10)

In the absence of alternating current it is evident that r and T are
identical. In the presence of alternating current they will not be the
same, so that we write

T T E (11)

and proceed to interpret these quantities.
7 is the time it would take an electron to move from the origin to a

point x = 6K1-3 if there were no alternating component to the current.
T is the time which is actually required by the electron to reach the
same point, and differs from T by an amount E. When the alternating
component of the current is small compared to the direct current, then
the difference between T and T will be small, so that an analysis based
upon the premise that E<<T will be an acceptible approximation for
small values of alternating current.

On this basis we can write

0(4) T) = 4)(4 + r e) = (t0 T)

4)'(to r) 120"(t0 T) + .
so that, with the value of c3 already found, (9) becomes
1-K7-3 = + 3 + + r) eCkl(t0 r) 1201 (to T) .

± ET + e)2c1 (T e) C2 - ((t0) 
In solving this under the assumption that e is small compared with r itwill be a permissible approximation to neglect all powers of e higherthan the first. The result is
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r) 1T2C1 TC2

E

1KT2 4)'(to T) Tci +

It was pointed out above that the c's are all zero in the absence of
alternating current so that it may be inferred that they are of the same
order of magnitude as the alternating -current components. This means
that the term 1KT2 in the denominator of (12) is by far the largest term,
and would seem to indicate that the others may be neglected with the
same degree of approximation involved in the neglect of the higher
powers of e. Before this step is taken, however, it must be noted that
near the origin where T is very small, the term 1KT2 approaches zero
while the terms involving 4 remain different from zero. Thus, any solu-
tion where the denominator of (12) is replaced by 1KT2 cannot be em-
ployed for values of T so small that the remaining terms become ap-
preciable.

Keeping this in mind we write

T) IT2c1 Tc2 - 4,(to)
E =

-IKT2

(12)

(13)

except when T-0.
With the aid of (11) and (13) the value of u can be found from (8)

and gives, to the same approximation,

2 2
u = 4.-KT2 - - gto r) - O' (to + r) - c2. (14)

In this expression the constant c2 is still undetermined and may be
found if the value of u at a certain value of T is given. Thus, the condi-.
tion, when T

u = IKT12+ f(t)
= 1K7-12 + f(to + + . (15)

can be used to find c2, giving

2 2
c2 = - - 0(t0 Ti) - O(t0) 4'(10 Ti) - f(to TO (16)

Ti

so that
2 2

u = iKT2 - - (6(to - O(to) + 4,'(to
T T

2 2
4- - 4,(to - - O(to) - (g(t0 -F f(to + TO (17)
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Here we have u expressed in terms of to whereas it is more useful to
express it in terms of t. This can be done by using the relation,

to=t-r-e
neglecting, as before, terms of the order I 21 . The result is

u = 1K7-2 -
2
- (t)t)

2
- (gt - 7-) + (1)'(t)

2
4)(t - T + T1)

T1

2
- - egt - T) '(t T T1) f(t - 7 + T1) . (18)

Ti

This equation is in agreement with (18) in the original electronics
paper. In order to reduce it to the same form it is only necessary to put

and,
Ont) = Beim

f(t) = (M (19)
iN)eiP1 }

It is thought that the above analysis, dealing with ordinary differ-
ential equations instead of the partials employed in the previous paper,
illustrates better the extent of the approximations and their signifi-
cance, at the same time eliminating the cumbersome arbitrary func-
tions which are now replaced by constants of integration. In particular,
the reason why the solution cannot be applied directly to points very
close to the origin is explained by (12) and (13).

In the original paper, (18) was used to find the potential difference
between the origin and a point corresponding to T1. It would seem at
first sight that the difficulty at the origin should cause the result to be
in doubt. The fact that this is not the case may be shown, however.

To do this we return to (7) which gives the acceleration of the elec-
trons, and note that

d2x-E = -= e) (1)"(to r) cim dt2

whence from (13)
e 2 2 2-E = KT + (t) "(to + T) - - ON + 7) + - 00) - - C2m 7.2 7.2 T

or, with (16)
e 2 2 4-E = Kr + 404 + r) - - (1)(10 ± r) + - O(to) + - 4)(4 + Ti)m T2

T2 TT1
4 2 2- - r(to) - - (tV(to + TO + -f(to + Ti).rri 7 T
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When to is expressed in terms of t this becomes

e 2 2 4
-E = KT + CI)

"(t) - -cb (t) + - Cgt - T) + - Cgt - r + T1)

m T2
7.2 TT1

4 2 2- - 4)(t - T) - - irtol(t - r -I- TO + - f(t - r + T1) (20)
T T 1 T T

The forcp E is related to the potential V through the equation

b 1 fr b
V b -V a = - f Edx = - - KT2Edr (21)

a 2 e.
a

where the integration is carried out by the use of (20), regarding t as a

constant.
If the lower limit T a in (21) approaches zero, where the approxima-

tion used in finding (20) leads to erroneous results, it is still true from
(20) that T2E approaches zero as T becomes small. This means that the
potential varies very little in the neighborhood of the origin, and is a
true result in the presence of space charge. It follows, then, that as
T2E does not affect the answer for small values of Ti the equation used
for E in that region is inconsequential, and the approximate form (20)
will serve just as well as an exact one. Farther away from the origin
where the form of E does influence the result, the approximation is
sufficiently good for most practical purposes, and can be made as exact
as we like by taking the alternating component of the current to be
small compared with the direct current.

The difficulty near the origin is therefore of' more academic than
practical importance although naturally it is imperative that its
significance be investigated thoroughly so that proper reliance may be

placed upon the final results.
The next point in the previous paper which requires further atten-

tion is the application of the fundamental equations to the perform-
ance of an oscillator tube operating in the Barkhausen manner with its
grid, at a high positive potential while its plate is operated at a po-
tential just far enough positive to prevent electrons from turning back
toward the grid. It is also postulated that the grid -plate spacing is just
sufficient to allow complete space charge in the grid -plate region with
the formation of a virtual cathode close to the plate. Under these con-
ditions the equations were applied to find the relation between current
and potential difference. It has been found by the writer, however,
that in this application an error in algebraic signs has occurred which



118 Llewellyn: Vacuum Tube Electronics

affects (34) and (35) and alters Figs. 11 and 15. Figs. 12 and 13 being
intended primarily to illustrate a theoretical principle, will still illus-
trate this point as they stand.

In regard to the algebraic signs, it will be remembered that the
fundamental equations, (24-a) in the original paper, or (21) in this
note, were written for the condition that the origin was taken at the
virtual cathode and that the electrons moved away from the origin.
In the grid -plate region the origin will be at the virtual cathode near
the plate, but the electrons will be moving toward the origin. Fig. 1
illustrates the comparative relations in the two regions. Near the

120>1

0

J p

PT = T1 pT = t

Fig. 1-Nomenclature for positive grid triode.

cathode, the assumed alternating current, J is in the same direction
as the electron motions so that pr = n where n is the transit angle and
is taken as positive. Near the plate conditions are different. If the plate
were perforated so that electrons could pass through it, then in the
space to the right of the plate the current and velocity would both havethe same direction just as they do near the cathode, and the transitangle E = pr would be a positive number.

To the left of the plate, however, with the same origin, values of
pr would be negative, so that if the transit angle is to be regardedas a positive number then we must put = - E. When this has
been done, the integration of (21) between the limits E.= pr. = 0 and= prb = gives the following in place of (34) in the previouspaper:

a3
e 9 2)(M iN) [(1 -cost)

- - sin ] J,Zp. (22)
It will be noted that the difference between this and the originalequation lies in the algebraic signs in the first term on 4he right, the

remaining symbols having the same meaning as in the previous paper.
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In order to investigate oscillation conditions, it will be convenient
to extend the treatment given in the previous paper in such a way that
a better physical picture may be obtained. To this end, we introduce
the following symbols:

A = 1 - cos r
B= - sin

4
D = (1 - cos 0 + 2 sin

1F - (n - sin n)
'7

H = - (1 - cos '7)
'7

I = 1 + cos .1 - - sin '7

2 2
K = - - sin n - - cos n

P = 2 cos n + n sin n -2
Q = n + - 2 sin n + n COS n.

Using these symbols, we can write:

12r,
Zi, = i D

Y4

(23)

(24)

2m od 4irJ- - (M
p2o

iN) = (M iN)
97)2

12r
Je (I + iK) for complete space charge (25)i4

12r

Vc - Vo = JcZe =

Jc (F iH) for no space charge (26)

12r,
4

(P iQ) for complete space charge (27)

iJc= - for no space charge (28)
pC

where C is the cathode -grid capacitance.
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In these expressions r is the magnitude of the low-frequency tube
impedance and the subscripts c and p refer to cathode and plate regions,
respectively.

In the triode now under consideration there is a certain approxima-
tion in taking V, to be the potential of the grid wires, whereas it is
more nearly the potential of a point midway between two of the grid
wires. For the negative grid triode it would not be permissible to as-
sume that these two potentials are the same, because the electrons are
constrained to flow through only a part of the space between the grid
wires. On the other hand, the positive grid tube does not force this con-
dition on the electrons, and their density varies only slightly at differ-
ent points in the grid plane. Consequently the approximation of calling
Vp the potential of the grid wires in the positive grid tube may be ex-
pected to yield reasonably valid results. In its application, the reserva-
tion should always be made that VG is properly the potential of the
space between grid wires, and that there may be a certain impedance
(which is small with positive grid tubes) between that point and the
wires themselves.

Keeping this in mind, (22) may be written in the form
V, - VP = V9) .1Zp (29)

where, for complete space charge, and since rp/r,= 2/712, we have

n2 (I iK)(A - iB)
=

(P
(30)

For no space charge near the cathode the value of /A is

12rpipC
=

14
(F iH) (A - iB). (31)

Equation (29) taken in conjunction with (30) and (31) shows that
in many respects the operation of the positive grid triode is similar to
that of the negative grid tube, while in other respects conditions are
quite different. The equivalent circuit of the positive grid triode is
shown in Fig. 2 and illustrates the similarities as well as the differences.

Jc J p

4. SVc Zc Vg
Z p V pp (vc - Vg)

Fig. 2-Equivalent circuit for positive grid triode.

Foremost among the differences is the location of the grid V, in
series with the cathode -plate circuit. This condition comes about solely
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because of the assumption that the grid potential is the same as that
of the space between grid wires, and has nothing to do with the mathe-
matics dealing with conditions within the electron stream. It is not
improbable that an equivalent circuit applicable to all conditions
could be obtained by supposing the grid wires to be coupled to the elec-
tron stream in the space between wires through a suitable impedance.
In the case of the negative grid tube this impedance would be a pure
capacity, and at low frequencies its reactance would be high enough to
mask any other impedance in the cathode -grid path, while at high fre-
quencies its impedance has decreased more rapidly than that of the
electron stream between cathode and the grid plane, leaving the re-
sistive component of the electron stream an important factor in de-
termining the cathode -grid impedance. Such a convention would be in
general accord with experimental data and deserves further investiga-
tion at a future date.

With the positive grid tube and at the very high frequencies at
which these tubes operate this impedance between grid wires and elec-
tron stream is quite certainly low enough to .be neglected as a first
approximation, especially when applied in the manner illustrated in
Fig. 3 which will also be used for illustration of oscillation conditions,
for here the impedance Zo may be considered as including the impe-
dance between grid wires and the electron stream.

Fig. 3-Oscillator circuit with positive grid triode.

In the circuit of Fig. 3 an impedance Zo is connected between grid
and plate terminals of the tube while the cathode and plate potentials
are taken to be the same for alternating as well as for direct current so
that a short may be placed between them. The circuit equations may
be written in the determinant form

Jo Jp
Zo - Zo

lac -Z Zp Zo
= 0
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whence the required value of Zo is given by

1 1

Zo ze Z,

In this equation the factor p is contained in the various terms. It
will be remembered that the solution of the fundamental equation (1)
was obtained by writing the alternating current in the form of the
exponential eio. The various steps in the development would have
followed in exactly the same manner if we had written en", say, where
m is complex in general. Thus (32) will hold if p is replaced by ( -im)
and the current now appears as a transient which will either build up
or die down depending on whether the real part of m is positive or
negative. Thus, writing

= a+i$
it is clear that p is merely the value taken by 3 when a is zero.

Consider the function of m given by (32):

1 1 At

f ("I) = -Z + + -Z

cc = CONST = 0
/3 INCREASING)

/3 = CONST
a. INCREASING

Fig. 4-Properties of complex variables.

(32)

Suppose that we take a to be zero and plot the real part of this func-
tion against the imaginary part for various values of $ = p. We are used
to considering such a plot as representing the effect of a frequency
change. Actually it is a special case of a much more general function.

In Fig. 4 Alf(m) represents a short segment of such a plot obtained
by holding a equal to zero and increasing j3. Now suppose that a were
to be made just a little different from zero and the curve were replotted
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for the same range of values of 13. What would be the relation between
the new curve thus obtained and the original Alf(m) with which we

started?
The answer may be found in one of the fundamental properties of

complex variables which is demonstrated in any text on the subject.3
This property may be stated as follows:

If,

f(m) = x iy (33)

is a monogenic function of m = a-Fif3, then

ax ay ax ay-= - and - - - (34)
af3 as a«

Thus, if a is held constant while 13 is varied, we have from (33)

ax ay

A#

and this gives the short segment of the curve shown in Fig. 4 and
marked Alf (m).

Suppose now that we return to the point marked A in the figure
and find what happens to the function if t3 is held fixed but a is varied.
Under this condition, from (33)

Alf (m)

ay
A2./(m) =

ax
i 06,42

but, fro:1m (34) this may be written

Alf (m)
ay .ax

= -
al3 a13

(35)

(36)

Comparison of (35) and (36) now shows two things. The first is that
Aif and A2f are perpendicular to each other, and the second is that
when AO and Ace are both positive, then 6,2f considered as a vector
points to the right with respect to Alf also considered as a vector. This
means that points just to the right of the curve correspond to positive
values of a while those just to the left correspond to negative values
of a.

The problem now is to show how this apparent digression has a
very important bearing on the prediction of oscillation properties from
(32). In Fig. 5 the curved segment represents a short portion of the

a For instance, "Functions of a Complex Variable," by T. S. Fiske.
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curve of f(m) =1/ Zo+ 1/ze-FA/Zp plotted for zero values of a and in-
creasing values of 13 as shown by the arrow. Equation (32) demands
that f(m) shall be zero. This means that a curve representing f(m) will
pass through the origin for some value of m= a The particular
curve drawn in the figure shows that when m = 0-Fii3 the curve passes
very near the origin. What change should be made in a in order that
the curve shall be shifted to the right a sufficient amount to pass
through the origin?

We have found above that points lying just to the right of the
curve for a =0 represent positive values of a while points lying just to
the left of the curve represent negative values. In Fig. 5 the origin is a
point lying just to the right of the locus of a =0 and hence a positive

iy

f (m)

x

Fig. 5-Segment of typical curve representing locus of zero decrement.

value of a will satisfy (32). This means that transient currents will
build up in amplitude so that oscillations will start when the curve
f(0-Fif3) is located as in Fig. 5. If the origin lay just to the left of the
curve, then (32) would be satisfied by a negative value of a and
transients would die out.

These conclusions apply only so long as the origin lies near enough
to the curve so that no singular or branch points are contained in the
region containing the origin and the neighboring segment of the curve.
The only way in which we can assure ourselves that this condition is
fulfilled is to find a value of the external impedance Zo such that the
curve for a =0 passes exactly through the origin. Then, when this is
done the curve may be shifted slightly to right or left by placing a
noninductive resistance in parallel with Zo so that the value of re-
sistance which will just allow oscillations to start is thus determined.
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In the actual application of this procedure to the solution of (32)
a simplification occurs when it is realized that the impedance Zo is
under our control to the extent inherent in the properties of passive
circuit elements. Hence, since the remaining terms are determined by
the properties of the vacuum tube, it will be convenient to plot the
graph of the portion of the equation

F(m) =
1-+ (37)

ze Zp

in the ordinary manner, regarding m as equal to ip. When this is done
it will be relatively easy to determine what properties of Zo are neces-

sary in order to cause the curve to pass either just to the right or just
to the left of the origin and thus to find whether oscillations can be pro-
duced with possible values of Zo.

The values of the real and imaginary components of zc have been
computed and are given Fig. 1 of the previous paper for the condition
of no space charge. Likewise Z,, is given in Fig. 10 of the same paper.
This leaves only the computation ofµ to be performed. Writing (37)
in terms of the symbols in (23), we have for complete space charge

1
n20

zc Z 12r p(Pd-iQ)[ D

1 1
1 +- (KA -1B)-i - (1 A +KB)] (38)

and for no space charge

1 µ FA + HB ( HA -
+ -= pC + i 1 . (39)

z, Zp

The latter of these is the more easy to visualize. Here all of the
symbols are intrinsically positive at all frequenCies, whence it follows
that the real part of F(ip) is always negative. Thus it is clear that
positive values of the resistive component of Zo will be required to
shift the curve toward the origin. This, at least, is satisfactory since a
negative resistance requirement for Zo would have been awkward to
obtain practically, and moreover, experiment has shown that negative
external resistances are not required for positive grid oscillators.

The required form of Zo may be derived by reference to Fig. 6
which shows the real part of (39) plotted against the imaginary part
for two ratios of transit angle. It will be seen in both cases that an anti -
resonant circuit will be satisfactory in shifting the curves toward the
origin. The impedance of a moderately good tunable circuit may be
written

1

Zo
-1+ (coC -

coL
(40)

R
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The plot of this function would be a straight line parallel to the
imaginary axis located at a distance 1/R to the right of it. Thus at the
resonant frequency where the curve crosses the axis of reals, the addi-tion of Zo to the graph of Fig. 6 would move the segment of the curvebetween =1.8 and = 2.36 to the right by an amount proportionalto 1/R. Also, the greater the antiresonant impedance R, the less

12.6

3.6
40 ..

3.14.

2.8.

2.36 = V

12 1. 8 6 4 2
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Fig. 6-Zero decrement locus for positive grid triode when n = f.Fig. 7-Zero decrement locus for positive grid triode when n =4;-.

12

14

16

18

would the curves of Fig. 6 be shifted. It follows then, that for oscil-lations
Cp rp

R > - when n = 21 (41)C, 2 . 2and,
Cp rp

R > when n = (42)C, 4.65
where Cp and C, are the plate -grid and cathode -grid capacities, re-
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spectively, measured when the vacuum tube is cold, that is, when no
electrons are in the interelectrode spaces.

As explained in the earlier paper, the condition that n=r is a limit-
ing condition that cannot be attained in actual practice because the

grid captures a large number of electrons in their passage through its

mesh. The curve for n=ii corresponds to a condition that can be

duplicated experimentally, and shows the possibility of oscillations
when the transit angle between grid and plate is about two radians.

This indicates a lower frequency than the erroneous curves of the
original paper, and corresponds better with experimental conditions,
although it must be remembered that these equations apply directly

to parallel plane structures whereas the cylindrical form is more often

used in practice. This difference will affect the conditions between
cathode and grid to a much greater extent than conditions between
grid and plate, as the relative radii of grid and plate cylinders are
usually more nearly equal than those of cathode and grid. The equa-
tions will be affected mostly through the µ-factor in (29) or the velocity

(M-FiN) in (22). They apply only when all electronics hit the plate.
The same procedure as that just outlined could be carried through

in connection with (38) instead of (39). However, the possibility of ob-
taining new information from carrying out the lengthy calculations
does not at the present appear to warrant the time which would be
required.

Finally we come to discuss the analysis of conditions when electrons

are turned back at a virtual cathode and return again toward the grid.

Benham called the writer's attention to the fact that (40) in the
original paper does not follow from (39). To see wlay this is, we have to
remember that ?Lc, refers to an electron traveling in one direction while

ub refers to another electron traveling in the opposite direction. Hence

the relation
du. dub

dt dt

holds for a single value of t only; namely, the instant when the two
electrons are passing each other. Hence, the equation is not a general
one and cannot be integrated blindly as was done in the original paper.

This means that analysis of the negative plate Barkhausen oscil-

lator is still lacking, and that (49), (52), and (53) together with Figs.
14 and 16 of the original paper are not correct. It is greatly to be re-
gretted that these errors have occurred, particularly as they tend to
weaken the presentation of the fundamental method of approach. Re-

vision of the faulty equations is now in progress and it is hoped that,
the correct solution for the negative plate tube can be presented at an
early date.
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A METHOD OF MEASURING NOISE LEVELS ON SHORT-
WAVE RADIOTELEGRAPH CIRCUITS*

By
H. 0. PETERSON

(R. C. A. Communications, Inc., Riverhead, L. I., New York)

Summary-This method is essentially a means for continuously measuring thepercentage of elapsed time during which the noise level exceeds a certain predeter-
mined voltage level. The predetermined voltage level may be made any level at whichdata are desired. The device consists of a biased tube circuit such that when inputsignal exceeds a certain level, the output tube passes a normal value of plate current
through a ballistic meter of slow period. If the input continuously exceeds the thresh-old level, the ballistic meter reads "100 per cent." The data obtained are particularly
useful in connection with the engineering of short-wave radiotelegraph circuits,since these are usually operated through vacuum tube relay devices at the receivingend, set to register normal output whenever the signal "marks" at any level above acontrollable threshold value.

1HE general function of noise data is to enable a prediction to bemade of the signal strength required to afford a given quality of
service, or conversely, to enable prediction of the quality of serv-ice possible with a given signal level available. In nearly all cases oftelegraphic communication, intelligence is transmitted by on -off key-ing of the transmitter carrier. The carrier is broken to form dots anddashes of full radiation separated by spaces of no radiation. In the

following discussion, "carrier -on" will be spoken of as "mark" and"carrier -off" will be spoken of as "space." The durations of these ele-ments of mark and space will be inversely proportional to the rate atwhich intelligence is transmitted.
Radio -frequency noise energy passing through the receiving sys-tem may cause false "mark" to be registered where there should be((space" or may in some cases oppose the signal to cause "space" toappear where there should be "mark." If these false elements are pres-ent, the speed of transmission may be slowed down to a rate at whichthe lengths of the shortest signaling elements are two or three times aslong as the false elements. If the false elements are relatively long butoccur infrequently, it will be preferable to transmit at a higher rateand send each word or message twice in succession. It accordingly fol-lows that noise data indicating the lengths and frequency of occur-rence of false elements will be useful in predicting the effects of noiseon circuit quality.

* Decimal classification: R270. Original manuscript received by the Institute,May 15, 1934; revised manuscript received by the Institute, July 9, 1934.
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A device for indicating per cent "mark" together with a means for

measuring durations of "marks" will therefore yield useful data. In
Fig. 1 is shown a circuit which will indicate per cent "mark." With

A

B

Fig. 1-Schematic diagram circuit for measuring per cent mark.

no signal (space element) the plate of tube C draws current through a
resistor so as to place a large negative bias on the grid of tube D. For
this condition, tube D draws zero plate current. Any value of rectified
signal (mark element) above a certain value will bias the grid of tube
C negative beyond cut-off. For this condition, tube C draws no plate
current and the grid bias of tube D is such as to allow plate current to
flow. This flow of plate current actuates ballistic galvanometer G. The
period of galvanometer G may be made quite long so as to make the
reading a fairly steady indication of average percentage "mark." The
calibration of the system will be determined by the amount of plate
current drawn by tube D for "mark" and by the value of the resistor
R.

By some additions to this circuit, we can also provide means for
measuring durations of the "mark" elements. The way this may be
accomplished is shown in Fig. 2. This circuit functions the same as

C-
_1 A7D

Fig. 2-Circuit for measuring per cent mark and duration of impulses.

the circuit of Fig. 1 to cause tubes B and D to draw plate current when-
ever rectified signal above a certain level flows through the input re-
sistor. Plate current through tube D causes galvanometer G to read
"per cent mark." Plate current is at the same time drawn by tube B.
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This may be a screen -grid tube having the characteristic of drawing
constant plate current over a wide range of plate voltage. Hence, thevoltage drop across capacitor E will increase at_a constant rate during
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the length of time that tube B draws plate current. Consequently,the voltage drop across the capacitor reaches a value proportional tothe duration of the "mark" element. The peak values reached for the
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successive mark elements are currently indicated on the cathode ray
tube H. At the end of each mark element, the charge on the capacitor
is discharged through tube C which is connected so as to become con-
ductive during all "space" elements. The scale on the cathode ray tube
may be calibrated to read milliseconds, the sensitivity being governed
by the capacitance of the condenser and by the operating constants of
tube B.

These circuits may be used with automatic recording instruments.
Such combinations may be applied to a variety of research problems.
Fig. 3 indicates average results obtained in some test runs made with
the circuit of Fig. 1 and a recording galvanometer. The antenna used
was situated at Riverhead, New York, and was sharply directive for
reception from the northeast.

By taking "per cent mark" readings for various values of receiver
sensitivity, interesting information as to the nature of noise voltage
may be obtained. Fig. 4 indicates the results obtained in a typical set
of such readings. It will be noted that only two per cent of the time
did the noise voltage exceed 7 microvolts at the receiver input. The
noise voltage was found to exceed 1.5 microvolts 35 per cent of the
time, and 1.2 microvolts 55 per cent of the time. This curve indicates
that signal voltage greater than 8 microvolts would be required to ob-
tain a radiotelegraph channel free from noise under this set of condi-
tions.

Selected References

(1) Karl G. Jansky, "Directional studies of atmospherics at high fre-
quencies," PROC. I.R.E., vol. 20, pp. 1920-1932; December, (1932).

(2) R. K. Potter, "High -frequency atmospheric noise" PROC. I.R.E., vol.
19, pp. 1731-1765; October, (1931).
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THE IONIZING EFFECTS OF METEORS*

By
A. M. SKELLETT

(Princeton Universiby, Princeton, New Jersey, and Bell Telephone Laboratories, Inc., New York)

Summary-It is shown that a meteor of average velocity has enough energy tocause ionization of atmospheric gases by impact. Recent experimental work byFrische and others on collisions of ions is interpreted as supporting the hypothesis
that meteoric collisions do result in ionization. The afterglow of nitrogen is con-sidered as a possible example of the process by which a meteor train remains glowingfor a period of minutes and the coincidence of the region in which such trains aregenerally observed and of the E region of the upper atmosphere is pointed out. Thespectra of bright meteors, while not showing atmospheric lines, are shown not to beinconsistent with the above hypothesis.

The behavior of the transatlantic short-wave radio telephone circuits of theAmerican Telephone and Telegraph Company, during 1930, 1931, and 1932, isexamined for possible meteoric effects. It is concluded that, in general, a rather largeshower is necessary to affect them appreciably. This was to be expected since these
circuits are normally under a continuous bombardment by random meteors. It seemspossible that a certain degree of the variability (rapid fading, etc.) of received signalsover such paths is due to this bombardment.

Results of radio pulse studies of the upper atmosphere, particularly by Schaferand Goodall, which are strongly suggestive of meteoric ionization, especially at timesof special meteoric activity, are (1) sudden increases in ionizaton in the E regionlasting for a period of minutes or less, and (2) increases of longer duration withmaxima coincident in time with those of observed meteoric activity. Such tests madeduring the Leonid shower of November, 1932, were successful in correlating suddenincreases in ionization in the E region with the visual observations of a number ofbright meteors passing overhead. For the brightest meteor observed, the ionizationincreased to a value in excess of summer noon conditions.
It is pointed out that meteoric showers might take place in the F region whichwould be unobservable by ordinary visual means.
Taking into account the energy spent by the meteor in ionization, a mass forthe brightest meteor, for which correlative data was obtained is roughly calculated tobe 0.3 gram. Its estimated brightness was -1 magnitude.
The recombination coefficient at the height of the E region is calculated from therate of decrease of ionization after the passage of a meteor, to be less than 0.2 X10-8cubic centimeters per second.

INTRODUCTION

THE first suggestion that meteors affect radio waves was pub-lished by Nagaoka' in 1929 in the Proceedings of the Imperial
Academy, Tokyo. The possibility that the passage of meteorsthrough the upper atmosphere might effect radio transmission was con-

* Decimal classification: R113.5 Original manuscript received by the Insti-tute, October 5, 1934.
1 Proc. Imp. Acad. (Tokyo), vol. 5, p. 233, (1929).
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sidered by the writer in 1930, who was then unaware of Nagaoka's
suggestion, and a preliminary review of meteoric and available radio
data was published,2 which indicated that the passage of a meteor of
sufficient energy might produce enough ionization through the upper
atmosphere to affect radio transmission. According to Nagaoka's hy-
pothesis the passage of meteors should reduce the electron content of
the region through which they pass by a clean-up effect, while accord-
ing to the hypothesis of the present author an increase in ionization
should result from the dissipation of the energy of the meteor.

The present investigation has proceeded along two general lines:
the search for evidence of ionization by meteors from meteoric and
physical data and the search for evidence of such ionization from radio
data. The results of these are presented in Parts II and III. In Part I
a very brief résumé of the physical nature of the properties of the upper
atmosphere important in radio transmission is given. Part IV is con-
cerned with further discussion of various phases of the problem.

PART I. THE IONOSPHERE

The general distribution of ionization3 in the atmosphere is as
shown in Fig. 1. At the latitude of Deal, New Jersey (40° 15'), it has
been found that during a severe magnetic storm, the regions are greatly
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Fig. 1-The value of the maximum in the E region is of the order of 10'electrons
per cubic centimeter and in the F region from 10' to 107.

disturbed and it is not possible to differentiate clearly between them.
Besides this the ionization may be increased. The well-known correla-
tion of the appearance of the aurora at such times and the coincidence
of its position with that of the ionosphere indicate that the light of the

2 Phys. Rev., vol. 37, p. 1668, (1931).
3 For the fine structure of the ionosphere see Schafer and Goodall, Nature,

vol. 131, no. 3318, p. 804; June 3 (1933).
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aurora is due to this abnormally large ionization of the ionosphere. In
view of this it seems probable that the faint permanent aurora which
is known to be present at any place and on any night is also the glow
of the ionized gases of the ionosphere. Slipher's4 recent work on the
light of the night sky, in which he found great numbers of radiations
throughout the whole spectrum, confirms this idea. Until measures of
the heights at which this latter type of aurora occurs are obtained,
however, such a coincidence must remain speculative.

PART II. EVIDENCE OF THE IONIZING EFFECTS OF METEORS
FROM METEORIC DATA

According to the old theory which is found in text books, a meteor
becomes heated by friction with the gases of the atmosphere until its
surface liquefies and vaporizes, thus surrounding it with a luminous
gas mantle. If small, it will be entirely consumed in this manner. Theonly effect on the atmospheric gases postulated by this theory is that
of heating. At the time that this theory was first proposed ionization
as such was unknown. One of the purposes of this paper is to show that
when meteoric data are reconsidered in the light of our present knowl-
edge, strong evidence is found that meteors act as ionizing agents inthe upper atmosphere and in particular in those regions which are ofespecial importance to radio transmission.

This evidence may be had from two sources: (1) theoretical con-
siderations based on undisputed data concerning meteors, and (2) ob-servational data, the character of which indicates ionization phe-nomena.

THEORETICAL

Consider a meteor entering the atmosphere with a velocity of 40
kilometers per second. It will suffer collisions with atmospheric mole-
cules, the energy of which will depend on the mass of the molecule aswell as on this velocity. It may readily be shown that the energy of suchan impact is more than sufficient (1) to dissociate or ionize the mole-cule, (2) to ionize the constituent atoms, or (3) to release a molecule
from the body of the meteor. For instance the energy of impact of amolecule of nitrogen would be 230 volts, of oxygen 262, of helium 33,and of hydrogen 16. The ionization potentials of these atoms are:nitrogen 14.48, oxygen 13.56, helium 24.47 and hydrogen 13.54. Thesecond and third ionization potentials are 34.94 and 54.88 for oxygenand 29.50 and 47.4 for nitrogen.' Ordinary lattice and dissociation po-tentials are even less than the ionization potentials.

4 Paper presented at meeting of Am. Phil. Soc., April, (1933).6 C. E. Moore, "Multiplet Table," Princeton, (1933).
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It remains to be shown that molecular and atomic collisions at such
velocities actually do result in ionization. Unfortunately, we do not
have any experimental data bearing directly on this problem. In an
investigation of positive ion impacts in various gases, Frische8 has
roughly determined the effective energy at which ionization sets in for
several gases. For nitrogen this energy value was of the order of 170
volts which is less than that given above. Thus we may interpret these
data as indicating that meteoric impacts with nitrogen and also with
oxygen molecules (since their masses are not greatly different) would
result in ionization of these gases.

Lindemann and Dobson,' Sparrow,8 and Maris° have formulated
theories attempting to describe in greater detail the physical nature
of meteor phenomena. These have departed from the older "textbook"
theory in the following ways: According to both the theory of Linde-
mann and Dobson, and that of Sparrow, the meteor begins to shine
when the temperature of its surface becomes high enough so that
copious evaporation takes place. The former assume that such heating
can only be due to a gas cap formed in front of the meteor; that heating
of the meteor is inappreciable before this cap forms. Sparrow assumes
that direct impact of the air molecules on the meteor itself will cause
sufficient heating and that the assumption of a gas cap to explain such
heating is unnecessary. According to Maris' theory, the direct impacts
of air molecules on the surface of the meteor cause miniature explo-
sions liberating a number of molecules of the meteor at each impact.
The subsequent collisions of these liberated molecules, with air atoms
or molecules, result in atomic or molecular excitation which gives the
light of the meteor trail.

A good deal of controversy has arisen over some of the assump-
tions and conclusions of these theories, none of which is of particular
concern in this discussion. The one point on which they all agree is
that the impacts at the meteor's surface will be inelastic and that
ionization will occur. Maris" states . . . "the energy of complete in-
elastic impact of an air -molecule with a meteoric mass is generally
over 150 volts, which is equivalent to the ionization potential of very
soft X-ray radiation; we would expect then a large percent of the radia-
tion of the meteor trail to be in the ultra -violet or even soft X-ray
region as suggested by Lindemann and Dobson."" If this assumption is

 Phys. Rev., vol. 43, p. 160, (1933).
7 Proc. Roy. Soc., vol. 100, series A, p. 411, (1922).
8 Ap. J., vol. 63, p. 90, (1926).
9 Terr. Mag., vol. 34, no. 4, p. 309, (1929).

10 Loc. cit., p. 315.
Loc. cit., p. 418.
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justified, such radiation, would provide an additional means of ioniza-
tion since quanta in this region are exceedingly effective for the
ionization of the air. Maris" further concludes, "thus less than 0.02
of the energy of the meteor will be expended directly against air resis-
tance and the remaining 0.98 must be spent as suggested by Lindemann
and Dobson" in ionization and excitation -impacts beyond the main
mass of the meteor which lead to radiation of light."

OBSERVATIONAL
Meteor Trains

It is well known that occasionally a meteor will leave a glowing
train which remains in the sky for a period ranging from a few seconds
to more than an hour. Considering, for the present, only those trains
which are observed at night, the following facts have been established:
They are self -luminous; they range from ten to thirty miles in length
and are often several kilometers or more in diameter; they expand
rapidly and, as mentioned above, may persist for a good many min-
utes. Obviously they cannot be explained on any basis of high tempera-
ture; it would be impossible for such an amount of material in any
state to remain incandescent at the conditions encountered in the
upper atmosphere for such long periods.

The mechanism of the process involved must be one in which
energy is stored for an appreciable length of time in the gas and then
emitted as light. The only such mechanism that is known, which is not
inconsistent with the facts, is the storage of this energy in the atoms or
molecules by excitation or ionization. When they return to the normal
neutral state, light is emitted. An experimental fact lends particular
support to this assumption. It is the production in the laboratory of a
similar phenomenon (afterglow in air) by electrical discharge.

C. C. Trowbridge" has shown that meteor trains are similar to the
afterglow in color, type of spectrum, rate of diffusion, and nature ofdecay; also that they are both produced at about the same gas pres-
sures. He was able to obtain a duration of the afterglow of only 19
minutes. Knipp" with nitrogen alone has recently extended this to 187minutes.

According to Ruark and Urey" the nitrogen afterglow spectrum isdue to the neutral molecule. They conclude that the active nitrogen
is probably composed of both unexcited and metastable atoms, mole-

12 Loc. cit., p. 316.
'3 Loc. cit., pp. 418 and 423.
14 Ap. J., vol. 26, p. 114, (1907).
15 Phys. Rev., vol. 39, p. 181, (1932).
16 "Atoms. Molecules, and Quanta," p. 512, (1930).
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cules in a metastable state, and a large amount of ordinary nitrogen.
None of these are ions; i.e., none has actually lost an electron, but
such states differ from the ionic state only in the degree of excitation.
The afterglow represents merely a by-product of the intense ionization
of the primary discharge, without which it has never been produced.
Reasoning along these lines, if the train of a meteor is identical with the
afterglow observed in the laboratory, its presence may be taken as an
indication of an intense ionization which fostered it.

It seems possible that the train may be due partially to the after-
glow and partially, at least in its first stages, to the emission from ions
which have been slow in recombining.

One of the most important results of Trowbridge's investigation
was the discovery that the trains were produced only in a particular
region or layer of the upper atmosphere. The mean height of this layer
was found to be 87 kilometers. None were observed to extend above
103 kilometers nor below 70 kilometers. Moreover the longest train
observed was the nearest to being horizontal; i.e., the exciting meteor
had traveled the greatest distance inside this layer. At the time of this
investigation the ionosphere as such was unknown (though the sug-
gestion of a conducting upper region had been made). In the light
of our present knowledge, however, it is at once apparent that this is
the E region or lower layer of the ionosphere. This coincidence is, in itself,
good evidence that meteor trains are ionization phenomena.

Little is definitely known about the spectra of meteor trains. Trow-
bridge reviewed all of the meteor spectra data available up to the time
of his death in 1918. His results and conclusions were published post-
humously." From visual spectroscopic observations he was able to
show that the spectra of meteor trains were not unlike those of the
afterglow in various gases. These visual observations are of course
rather unreliable, the comparisons being made from memory.

It is probable that the spectrum of the light given off during the
passage of a meteor may be quite different from that of the glowing
train which remains. Thus the light of the meteor itself might be due
mainly to the bright mantle of vapor closely surrounding it, which
distills off the meteor nucleus, while the train is of larger dimensions,
less bright, and due mainly to the ionization of the atmosphere in the
neighborhood of the trail. In support of this hypothesis are a number
of observations of trains changing color. Unfortunately the pure spec-
trum of a train taken independently of that of the meteor has never
been photographed.

Trains seen in daylight are apparently due to a different cause.
17 Nat. Acad. Sci., vol. 10, p. 24, (1924).
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Trowbridge" shows that the heights at which they usually appear(from 40 to 65 kilometers) are below the region in which the night
trains are seen. They have the appearance of smoke so that there isgood reason to believe that they are due to the reflection of sunlight
by dust resulting from the disintegration of the meteor.
Meteor Spectra

The spectra o f very bright meteors have been obtained in a number
of cases by means of objective prisms. These all consist of bright linesand show little or no continuous emission-usually none at all. Theline spectra may differ greatly from one to another.

In an investigation of all available photographically recorded me-teor spectra, P. M. Millman" identified lines of iron, calcium, and ion-ized calcium, also magnesium and ionized magnesium, manganese,aluminum, and chromium. In none of the spectra was he able to identi-fy lines due surely to the atmosphere. But as H. N. Russe1120 has
pointed out the ultimate lines of the atmospheric gases are so far inthe ultra -violet that this result is not surprising. Furthermore, if, assuggested above, the light of the small incandescent mantle of vaporis much more intense than the light of the larger train we should notexpect the lines of the latter to show. Thus the fact that meteor spectrado not include lines due to the atmospheric gases is not necessarily in-
consistent with the idea that these gases are ionized by the meteor.These spectra do prove that the elements of which the meteor is com-posed are highly excited and, in some cases at least, are highly ionizedwhen they leave the main mass of the meteor.
Meteoric Glow

At times of great meteoric showers a number of observers havenoted a curious glow in the sky. It has often been reported as beingprominent in the region of the meteoric radiant. Challis,21 however,records it on Nov. 13, 1866, as being. "throughout the heavens." Ac-cording to his observations and those of his assistants it was of thesame appearance as the auroral light but was never accompanied bystreamers. The earth's magnetic field as recorded at Greenwich wasunusually quiet during the night.
Suppose that each individual meteor on its passage through theupper atmosphere left a train of ionized gas. For the fainter meteorsthese trains would have been invisible individually but taken as a
18 Pop. Sci. Monthly, vol. 79, p. 191, (1911).12 Annals Harvard Col. Obs., vol. 82, p. 6, (1932).22 Discussion at Meeting of A.A.S., Dec., 1932.21 Challis, M.N.R.A.S., 27, 75, 1867.
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whole, the combined ionization might .well have been great enough to
produce the effect observed. This explanation was first suggested by
Trowbridge. From his reasoning one would infer that the glow was
restricted to the lower layer. This may not necessarily be true, for if
a meteor can produce ionization in the lower layer it must, a fortiori,
produce it higher up, before it has penetrated so deeply. Thus the glow
is possibly due to excitation and ionization, present throughout the
whole ionosphere.

PART III. EVIDENCE OF THE IONIZING EFFECTS OF
METEORS FROM RADIO DATA

Let us calculate the order of magnitude of the ionic concentration
which may be produced by a meteor, for comparison with the ionic
concentration generally assumed in order to explain short-wave radio
phenomena. If the mass of the meteor is taken as one gram, the veloci-
ty as 40 kilometers per second the path length as 200 kilometers, and
the range of ionization around the path as one-half kilometer,22 the
concentration of ionization on the assumption that a large proportion
of the energy of the meteor goes into ionization, would be of the order
of 106 per cubic centimeter. The maximum ionic density deduced from
radio data is also of the order of 106 electrons per cubic centimeter.
Since there are something like 1013 molecules in each cubic centimeter
at a height of 100 kilometers, only a negligibly small fraction need be
ionized for maximum radio effects.

CORRELATIONS AT TIMES OF METEORIC MAXIMA

The data of the New York to London radiotelephone short-wave
circuits for 1930, 1931, and 1932 were examined with particular regard
to those times of the year when activity from a known meteoric radiant
was to be expected. Since a magnetic disturbance even of moderate
character is apt to affect these circuits adversely it was necessary to
exclude all those days during which such a disturbance was in progress.
No correlation was found23 except possibly in the case of the Leonids
which, being near the maximum in their 33 -year cycle, were more than
usually active.

n Meteor trains, several kilometers in diameter, have been seen a number
of times.

23 The disturbance of August 11 and 12, 1930, noted by E. Quack, Elek.
Nach. Tech., vol. 8, p. 46, (1931), and suggested by him as being possibly due to
a meteoric cause was also observed in the above -mentioned data. However, on
August 11 and 12, 1932, in spite of moderate magnetic activity on the 12th,
the circuits were generally good throughout the day and night although the
meteoric activity was not greatly different from that of the same period of 1930
according to visual observations.
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It may be concluded that in general, for these circuits, a meteoric
shower of good proportions is necessary for a major effect. This is not
surprising considering that normally the number of random meteors
passing through or near some portion of the path is great enough to
provide continuous bombardment. Furthermore, the increase in the
number of meteors at the times in question is generally only a few fold.
Minor effects can only be determined by data taken over a good many
years.24

Variability of Signals
If we assume with Shapley25 that 109 meteors strike the earth each

twenty-four hours, and that the radius of the influence of each extends
to one-half kilometer from its path, we can roughly calculate the aver-
age rate at which the path of the transatlantic radio waves will be
affected, i.e., will pass through the ionization or ionic turbulence
produced by a meteor. Taking two thirds of the actual length of 5600
kilometers as being in the ionosphere this rate turns out to be 300 per
hour or five per minute. On the assumption that each meteor intro-
duces a certain amount of ionization, it is evident that under normal
conditions some ionic turbulence is to be expected.

The amplitude of the received signals over this path varies con-
tinually with a normal rate of fading, according to Potter,26 of from
five to one hundred per minute. Often this rate increases to between 500
and 10,000 per minute. Now it is known that the received signal is
generally made up of a number of components which have traveled
over different paths. The role of the meteor in producing this fading
is, therefore, not at all likely to be a direct one; the fading will gener-
ally result from variations of the interference pattern at the receiving
antenna. These variations can only be produced by changes in the
transmission medium; they are thus an indication of a degree of tur-
bulence which is inconsistent with a strict interpretation of the clas-
sical idea, according to which the upper atmosphere exhibits iso-
thermal equilibrium. We know from visual observations that meteors
do introduce turbulence into the upper atmosphere." It, therefore,
seems possible that a certain degree of variability of the received signal
is due to the influence of random meteors. There is no other cause of
such turbulence for which we have any direct data.

24 G. W. Pickard has made a study of five years reception data from WBBMand Nauen, Germany, with particular reference to meteor showers and hourlyrates of observed meteors; PROC. I.R.E., vol. 19, p. 1166; July, (1931). Althoughhis data seem rather meager for this kind of a correlation study, he believes thathis results indicate a relation.
26 Harvard Circular No. 317, (1928).
26 PROC. I.R.E., vol. 18, p. 638; April, (1930).
27 L. J. Wilson, Publ. Leander McCormick Obs. 2, Part 4.
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Radio Pulse Studies
A preliminary perusal of radio pulse data taken by Schafer and

Goodall and by others indicated that this line of investigation was a
promising one. It was found that none of the earlier pulse measure-
ments, so far as could be learned, were made at times of special
meteoric activity. A series of tests were therefore planned for such
times. The first was made on the nights of July 27-28 and 28-29,1931.
Subsequent tests were made during the Perseid and Leonid showers of
both 1931 and 1932. Unfortunately, weather conditions were poor
throughout most of the tests. On three of the nights, however, the sky
was clear at least part of the time.

The transmitter and receiver" were operated by Messrs. Schafer
and Goodall, respectively, while the meteor observations were made
by the writer.

It is now well known that the upper atmospheric ionization often
increases during the nighttime hours.29 If the cause of such increases is
meteoric in origin, one would expect that the effect would be particu-
larly marked during meteor showers. This was actually found to be
the case in the lower layer for all of the meteor showers during which
tests were made. Moreover the greatest effects were observed during
the Leonid showers of 19313" and 1932.

EVIDENCE OF INDIVIDUAL EFFECTS

On several occasions during some of their earlier work, Schafer and
Goodall observed rather sudden increases in the ionization in the E
region at night which lasted for a comparatively short interval. Such
a case is shown as the dotted dip in the curve of Fig. 2 at 7:40 P.M.
This was an unusual occurrence and might be interpreted to mean
that a meteor had passed directly overhead or nearly so at that time,
leaving sufficient ionization to reflect the wave from this region. Then
as recombination set in the ionization decreased until it was no longer
sufficient to reflect the waves of the frequency used and the waves
penetrated to the F region once more.

Throughout all of the meteor showers during which observations
were made intermittent reflections of this type were observed. They
were from virtual heights ranging from 100 to 200 kilometers and ap-
peared and disappeared suddenly, lasting in general only for a few
seconds. They are apparently a definite characteristic of such observations
made during meteor showers and are not nearly so prevalent at other

38 For description of method and apparatus see PROC. I.R.E., vol. 20. p.
1131; July, (1932).

29 The after midnight dip of Fig. 2 is an example of this.
'° PROC. I.R.E., vol. 20 p. 1941; December, 1932.
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times. It seems reasonable to assume that when they are found at
other times, they are due to random meteors such as may be observed
on any night.

During the Leonid shower of 1931 this type of reflection was promi-
nent throughout all three nights on which observations were made but
was most frequent on the night of November 16-17, the night of
maximum for the shower as determined visually.

The suddenness with which this type of reflection disappears may
be explained by the character of the mechanism of recombination. The
decrease of ionization is at first very rapid, gradually tapering off. Nowthe reflection of any particular frequency exhibits a threshold effect;
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above a certain value of ionic density, reflection occurs and below itreflection does not occur. For an increase in ionization which raises itto a magnitude not greatly in excess of the threshold value, the dropback to this level will be correspondingly rapid. For a large increase,however, the ionic density should remain above the threshold valuea good deal longer. We shall see further on that this is apparently so.The most direct evidence of an ionizing effect due to a meteor wouldbe, of course, the correlation of a sudden increase in ionization with thevisual observation of the passage of the meteor overhead. We wereable to obtain this correlation once on July 29, 1931, and a number oftimes on the nights of November 14-15 and 15-16, 1932.
Observations on July 28-29, 1931

This was the time of maximum for the activity from the (5 Aquariidradiant. A few clouds appeared from time to time and an almost fullmoon further hindered the watch for meteors.
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The transmitter and receiver were located one kilometer apart and
the observer watching for meteors was situated on a small rise of
ground between the two buildings. The three locations were connected
with a system of microphones and loud speakers giving very efficient
and continuous communication between all three points. Observations
were started at 9:45 P.M., E.S.T. and were continued until daybreak
at about 4:00 A.M. The watch for meteors was concentrated directly
overhead.

The frequency used was 2398 kilocycles. Reflections from tie F
region were received throughout the night with the exception cited be-
low. Reflections from the E region began to appear in the interval be-
tween 10:40 and 11:15 and continued throughout the night.

The first meteor to pass near the zenith was observed at 1:05. It
was probably an Aquariid of about the second magnitude and passed,
according to estimate, within five degrees of the zenith. Coincident
with its appearance the reflections from the E region increased in
strength and a multiple reflection from this region appeared. Meteors
were then observed as follows:

1:12 A.M. 1 Z = 10°, probably an Aquariid.
1:18 A.M. 3m, Z = 0°, red and faint.
1:21 A.M. 1"I, Z = 5°, possibly a Perseid.
1:25 A.M. 2m, = 5°, possibly a Perseid.

Z is the zenith distance.
From 1:05 until 1:55 reflections from the E region were strong or

very strong and a multiple reflection was present. The virtual height
of the reflections during this period gradually decreased from 100 to
85 kilometers. These conditions indicate a strong increase in ioniza-
tion. At 1:32 the ionic density rose so high that the waves were not
able to penetrate the layer and the reflections from the F region dis-
appeared. This blanketing action continued until 1:51 when the re-
flections from the F region began to appear again. The multiple reflec-
tion disappeared at 1:55 and from then on reflections from both re-
gions were received in varying strength until dawn.

At 2:00 A.M. a third magnitude meteor passed close to the zenith
but no marked effect was observed. A number of other meteors were
recorded but these did not pass near the zenith and no marked effects
attributable to them were observed.

Sudden increases in ionization were not recorded for each of the
meteors noted above but this does not mean that such increases did
not occur. After the appearance of the meteor at 1:05 the ionization was
so far above the threshold value for the frequency used that it became
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rather insensitive to such increases. In such cases a frequency nearer
the. critical value would show the effects to a much greater degree. By
the time of the tests in 1932 the apparatus had been improved, facili-
tating a quick change of tuning, so that the frequency could be kept
more nearly at or near the critical value.
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Observations on November 14-15 and 15-16, 1932
Weather conditions were generally favorable throughout the firstnight and for the first part of the second night. However the moon wasnearly full so that the fainter meteors could not be seen.
The transmitter and receiver were located in adjoining rooms in thebuilding and the meteor observer was stationed about twenty feet tothe south of the building. Independent records were kept.In order to determine the ionic density, the radio frequency of thepulses must be changed. This necessitates a retuning of both transmit-

ter and receiver and for a wide range of frequencies a number of coilsmust be used which have to be changed in both transmitter and re-ceiver. Since as near a continuous watch as possible was desired, the
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radio apparatus was set on an optimum frequency and left there,
changing only at regular periods according to a prearranged program
or when specific occasion demanded it. The ordinates of Figs. 3 and 4
are therefore only roughly proportional to the ionic density. They give,
however, a fairly reliable indication of the relative variations of the
ionization.

A total of thirty-one meteors was observed on the first night and
nineteen on the second. Only those which passed within twenty degrees
of the zenith are recorded on the figures. They are indicated at the
proper times by the short lines at the top of each figure. The magnitude
and the zenith distance for each is recorded. They are also listed below.

Time Magnitude Zenith Distance Leonid? Train

November 14-15
1:47 1 10° yea :3 eec.
1:49 2 0 no -
2:34 1 0

November 15-16
ye, 1 sac.

11:35 1 5 yes 1 see.
12:04 1 10 you 5 bee.
12:24 2 0 ye. -
12:2t1 1 20 yes -
12:36 1 20 yea -
12:58; -1 0 yes 3 see.

1:12 1 0 yes 1 sec.
1:53 1 20 yes -

As shown by the figures at the time of each of these meteors the
ionization increased or tended to remain at a high value. The curve of
ionization is not a continuous one so that the actual variation of
ionization for the passage of each meteor could not be determined.
Neglecting those meteors which passed twenty degrees or more from
the zenith, for each of the remaining, the coincidence of increase of
ionization with the observation of the meteor was within the experi-
mental error (one-half minute) and in one case (mentioned below) in
which the disposition of apparatus and observers was particularly
favorable, this coincidence was as exact as could be determined. Fur-
thermore for all of the major increases in ionization a meteor was ob-
served to pass nearly overhead. There were a few moderate increases on
the first night, November 15, for which a meteor near the zenith was
not recorded. These may have been due to shooting stars of low visi-
bility but relatively high ionizing power; the full moon prevented ob-
servation of the fainter meteors.

When the bright meteor was sighted at 12:581 A.M. the meteor ob-
server and the operator at the receiver called out simultaneously. As
near as could be told, the ionization suddenly increased at exactly the
same time the meteor was sighted.
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The apparatus was set on the lowest frequency and at the above
time strong lower layer reflections appeared. The frequency range was
immediately run through to find the critical frequency. Eight minutes
later the frequency run had been completed; the equipment was tuned
to 8500 kilocycles and no reflections occurred though a minute or so
earlier 7600 kilocycles had shown reflections. 7600 was then tried againand reflections came in strongly, indicating that the ionization was of
the order of 106 electrons per cubic centimeter. This value is greater
than that usually observed at noon on a summer day, i.e., when the sun's
effect is greatest.
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PART IV. ADDITIONAL DEDUCTIONS AND DISCUSSION
Meteoric Activity in the Upper Layer

The general relation that meteors of greater velocity appear anddisappear higher in the atmosphere than those of lesser velocity is wellestablished. The two curves of Fig. 5, showing this relation, were plot-ted from data published by Kopff.n They are for mean heights. There
does not seem to be any reason why these curves should not be extra-polated to greater altitudes. On this basis, at heights of 250 to 300kilometers (the F region of the ionosphere) only those shooting starswith velocities ranging from about 150 to 170 kilometers per secondwould be seen. The hazy appearance of telescopic meteors believed tobe of high altitude is in keeping with the greater rarity of the atmos-phere in this region. Because of this hazy appearance and their greaterspeed it seems likely that such meteors if of average size would be muchharder to observe.

Shooting stars of these hyperbolic speeds have been observed tele-
21 Handbuch der Astrophysik 4, 482, 1929.
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scopically by the Harvard -Cornell expedition to Arizona." The results
of this expedition should shed much needed light on this subject. Pre-
liminary reports have indicated that the number of such meteors is

much greater than was expected.
It is not unlikely, therefore, that the F region may experience mete-

oric showers at random times which could only be observed visually by
telescopic means but which would be very effective in disturbing radio
transmission through this region. It is generally accepted that the F
region is the more important one in short-wave transmission over long
distances, hence such showers furnish a possible cause of the unex-
plained disturbances, mentioned in Part III, which do not coincide
with magnetic disturbances.

The Size of Meteors

The calculation of the size of a meteor is usually based on the as-
sumption that the major part of its energy goes into radiation. If some
of the energy is stored up for an appreciable amount of time in atmos-
pheric ionization and dissociation the usual computation of the size
of a meteor will need revision. It would be possible by employing a
plurality of radio pulse equipments to ascertain the extent as well as
the density of the resultant ionization and from these data alone to ar-
rive at a minimum size and mass for the meteor.

On the assumption that the refractive area effective in returning
the waves back to earth was of the order of several square wavelengths,
the minimum mass of several of the meteors for which data were avail-
able was calculated. This calculation was made as follows: Since the
longest wavelength used was about 180 meters," it was assumed that a
cylinder of average radius equal to one-half kilometer and length de-
pending on the observed length of trail was filled with gas, ionized to
the extent that there were n electrons per cubic centimeter. (The value
of n was estimated from the radio data.) Now knowing the amount of
energy necessary to ionize one atom or molecule, a value for the total
energy, spent in ionization along the path, could be calculated and set
equal to the kinetic energy of the meteor. Knowing also the velocity
of the meteor (if from a known radiant) a minimum mass could be
computed. For the brightest one observed, on November 16, of magni-
tude equal to - 1, this mass was 0.3 gram which is of the same order as
those generally calculated on the old assumptions..Since the ionic den -

S. L. Boothroyd, paper presented at meeting A.A.A.S., June 22, 1932.
" Since reflections were received on this wavelength immediately after the

passage of the brightest meteor observed, the large area over which the ioniza-
tion was apparently spread, in this case at least, could not have been caused by
diffusion in the ordinary sense.
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sity was not determined until eight minutes after the passage of the
meteor and the assumptions were very rough, little significance can be
placed on this estimate; the actual mass may have been much larger.

Recombination Coefficient

On the assumption that the sudden increase in ionization observed
at 12:582 A.M., November 16, 1932, was caused only by the meteor
observed at that time, it becomes possible to set an upper limit to the
recombination coefficient in the region through which the meteor
passed; i.e., the neighborhood of the lower layer of the ionosphere. The
ionic density was calculated (from the radio data) to be of the order
of 106 electrons per cubic centimeter eight minutes after the passage
of the meteor. From the formula for the ionic density n after time t,

the ionic density no at t = 0 is

no
n=

1 +anot

no =
n

1-ant
Putting n = 106 per cubic centimeter, and t= 500 seconds, no will be in-
finite when the recombination coefficient a equals 0.2 X 10-8 cubic centi-
meter per second. Therefore a must be smaller than this value. This
agrees with the work of Lenz34 according to which a value of the order
of 10-18 at 0.01 millimeter pressure would be expected. An improve-
ment in the mechanical details of the pulse equipments now in use will
enable a rapid and continuous determination of the ionic density. Thisshould enable an exact determination of a by this method.
Dust Effects

Though the several investigators, mentioned above, have concludedthat the passage of a meteor will result in some degree of ionization,
no one heretofore seems to have considered the possible effects of suchionization on radio transmission through the upper atmosphere.Hantaro Nagaoka,' recognizing the similarity of the mean height atwhich meteors are observed and the height of the lower layer of the
ionosphere, proposed the theory that meteors will affect radio transmis-sion by reducing the ionization already present. This action, he thought,takes place by an electron clean-up effect due to the dust resulting from
the disintegration of the meteor.

84 Zeits, f. Physik, 76, 660, 1932.
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In his first paper he assumed a size for the dust particles of from 0.1
to 0.01 micron, but in a later papern he estimates them to be of molec-
ular dimensions. As stated above it is likely that only a very small
fraction of the molecules at the heights of the ionosphere are ionized,
so that it is not apparent why molecules left by the meteor should be
more effective in attaching electrons to themselves than those already
present. On the other hand, the evidence given above strongly sup-
ports the hypothesis that the passage of meteors through the upper
atmosphere increases the ionization.
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ON THE IMPEDANCE OF A VERTICAL HALF -WAVE
ANTENNA ABOVE AN EARTH OF

FINITE CONDUCTIVITY*
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Summary-The complex impedance of a vertical half-wave antenna locatedany distance above an earth of given conductivity and dielectric constant is calcu-lated by the "induced electromotiveforce" method. Based on the assumption ko<<Ikl(where ko and k are the wave numbers for the atmosphere and earth, respectively),the results are applicable down to about 10 meters for any earth except a very dry
soil. The calculation is based on the Sommerfeld-von Hoerschlemann expressionfor the field of a dipole above a half space of arbitrary electrical character. After split-ting the total impedance into three parts, Z = Zi + Z2 + Z3, the component Z1 is shownto be the self -impedance of the antenna, Z, the mutual impedance between the an-tenna and its perfect image, and Z, an impedance component due to the finite con-ductivity of the earth. Zs is found to be proportional to two factors, one of which de-pends on the conductivity and dielectric coefficient of the earth and the wavelengthand the other of which depends only on the ratio h/X, where h = antenna height andX = wavelength. Z, is put in a form suitable for the computation of any given caseand curves are shown for four typidal examples. For X >10 meters and all exceptvery dry soil, the effect of the finite conductivity is quite small and the assumption,often made, of a perfectly reflecting earth thus is justifiedfor a large number of cases.The impedance is, except for very short waves or exceedingly dry soil, substantiallythat obtained for a perfectly conducting earth. A principle of similitude is stated,in which two antennas over the same kind of earth and having equal values of h/Xhave identical impedances.

INTRODUCTION

knowledge of the effective impedance of a given antenna asmeasured at its terminal connections is of fundamental impor-tance in the design and operation of the antenna, its transmis-sion line, and the associated power supply. The reduction of this class ofproblems to a more or less conventional type of electric circuit theoryby Pistolkors,' Bechmann,2 Carter3 and other investigators4-"repre-sents a decided step forward in the design of a suitable antenna andtransmission line for both transmitter and receiver. While a part ofthe effective impedance, the so-called "radiation resistance," has been
* Decimal classification: R120. Original manuscript received by the In-stitute, November 10, 1933; revised manuscript received by the Institute, May25, 1934.

.-

1 Numbers refer to Bibliography.
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known for the commonly used antenna configurations for many years,
and forms the subject of a large number of papers, it is only within
the last four or five years that a satisfactory method of calculating
the imaginary part of this impedance has been available. As a result
of these recently developed methods, the complex impedance of almost
any simple or composite antenna construction can now be calculated
with relative ease, provided that the earth is either neglected entirely
or assumed to be a perfectly reflecting plane of infinite extent.

The situation is quite different, however, when the earth (idealized
as the half space beneath the antenna) is considered to possess a finite
conductivity. For such a problem almost no progress has been made.
Although the radiation resistance for this condition forms the subject
of a group of several papers, no previous calculation of the complex
impedance of an antenna above a finitely conducting earth has, to the
author's knowledge, been published. In fact, nearly every question
involving electromagnetic wave propagation about a finitely conduct-
ing medium has presented considerable difficulties and most such prob-
lems are still only partially solved. One of the earliest and perhaps the
most fundamental attack on the problem of radio transmission above
an earth of arbitrary electrical character was made by Sommerfeld'233
in 1909 and his expressions form the basis of the present work, although
the problems considered are themselves different."-"

The radiation resistance and the real and imaginary parts of the
antenna terminal impedance are three significant quantities in any
antenna design. The radiation resistance is a fictitious property at-
tributed to the antenna which, when multiplied by the current squared,
yields the value of the radiant energy of the system ;* it is determined
solely by the radiation component of the total field (assuming the field
resolved into the usual radiation, induction, and static components).
The antenna impedance is an actual, measurable quantity and ex-
presses the relation between applied voltage and resultant current,
both as to magnitude and phase, at the antenna terminals. The real
part of this impedance is determined by the total power expended as
radiation, heat, etc. There is experimental evidence that the heat loss
in a practical antenna is negligible compared to the radiation loss;
consequently, the real part of the terminal impedance is quite approxi-
mately equal to the radiation resistance and thus in turn depends only
on the radiation field. In this paper, the power dissipated in heat within
the radiator will be assumed negligible. The reactive part of the ter-
minal impedance is of equal importance with the real part for the proper

* As generally used in antenna theory, the term "radiation resistance"
does not include the effect of 1112 losses in the antenna itself.
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matching of antenna and line. Essential for its determination are the
induction and static components of the field, while the radiation com-
ponent contributes nothing to its value. This situation is quite similar
to the reaction of a ground plane on the current distribution in a verti-
cal antenna, where, similarly, the radiation field plays no part in the
determination of the reaction on the antenna.

At present, there are two principle methods in use for calculating
the power radiated by an antenna. The first is sometimes called the
"Poynting vector method," and consists in determining the Poynting
vector for every point of a surface inclosing the radiator and then
integrating the normal component of energy flow over this surface.
Usually, this process can only be carried through by taking a surface
at a great distance from the radiator; as a result, it gives only the real
part of the impedance, or the radiation resistance, and, as used in an-
tenna theory, does not give a value of resistance including the effect
of RI2 losses in the conductors of the radiator. The important work ofStrutt" for vertical and horizontal radiators above a plane having
arbitrary electrical constants has this inherent limitation and thusgives no information as to the reactive component of the impedance.The second method has been called the "induced electromotive forcemethod," as it is based on a calculation of the total effective back
electromotive force appearing at the radiator terminals by the ele-ments of the radiator itself; either the Hertzian vector or the scalarand vector potentials may be used and the calculation can be com-
pleted for most of the antenna configurations of practical interest.The great power of the induced electromotive force method lies in thefact that it gives the real and the imaginary components of the im-pedance and thus furnishes the basis for an antenna circuit theory,which, as just discussed, the Poynting vector method was unableto do.

In the present paper the induced electromotive force method willbe used in connection with the expressions of Sommerfeld and vonHoerschlemann to derive an expression for the complex impedance ofa half -wave vertical radiator located at any height above a finitelyconducting ground. The electric constants of the earth and air arehere contained in the wave number:*

/20 ip.crce
k2 =

where ,

* The rational (i.e., 47r -free) mixed (i.e., electric quantities measured inelectrostatic units, magnetic quantities in electromagnetic units) system ofunits will be used throughout this paper.

c2
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e = dielectric constant (rational e.s.u.)

a = conductivity (rational e.s.u.)

= permeability = unity

c = velocity of light (3.101° cm per sec)

= 27f, f = frequency (cycles per sec)

X = wavelength in vacuum (cm)

i=
For the atmosphere the wave number has the value k0 = co/c = 27/X.

The following analysis will be based on the underlying assumption

ko « I k I , (1)

where ko refers to the atmosphere and k to the earth. While this as-
sumption imposes a certain limitation on the range of application
of the results, it is thought that a majority of the cases of practical
interest are within the scope of the investigation. The inequality (1)
may be written N>>1, where N = I kl /ko. The meaning of the >> de-

pends upon the accuracy desired; for most practical purposes, includ-
ing those of the present paper, it will be sufficient to require that N
be larger than or about equal to 10. Zenneck,14 Fleming," quite re-
cently Feldman,24 and others have given values for the electrical con-
stants of different kinds of earth and water at short wavelengths;
typical approximate values might be selected as follows:

sea water 80 5 X1011
fresh water 80 6 X108
wet soil 30 2 X109
dry soil 7 1 X108

The effect of the assumed inequality between wave numbers of at-
mosphere and earth may be considered as fixing a minimum wave-
length below which the derived formulas will not be valid. It is im-
portant to examine the values taken on by N for several wavelengths
and the above types of earth. The expression for N is

N=
and it is easily found

sea water

xo. y 11/2

27rc)

X = 1 meter, N = 16.6
X = 0.1 meter, N = 9.2
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wet soil X = 100 meters, N = 10.5
X = 10 meters, N = 5.7
X = 1 meter, N = 5.5

fresh water X = 100 meters, N = 9.3
X = 50 meters, N = 9.0
A = 10 meters, N = 8.9

dry soil A = 1000 meters, N = 7.3
= 100 meters, N = 3.0

A = 10 meters, N = 2.6.
Thus, it is seen that the case of an antenna over sea water is covered

quite well for wavelengths down into the decimeter region, while the
cases of wet soil and fresh water are fairly accurately represented downto about 10 -meter wavelengths; these regions include almost the entirewavelength range of contemporary importance. Only the case of avery dry soil is not well represented, although the results are stilluseful as a first approximation.

,-DIPOLE

z -a

z.a

--IMAGE
Fig. 1-Dipole above half space.

THE NATURE OF THE FIELD ABOVE A FINITELY CONDUCTING PLANE
. According to von Hoerschlemann,'3 the field in the air produced bya vertical dipole located at a height a above the finitely conductinghalf space may be derived from the following Hertzian vector:

eikoRt eikoR2 2k2HO = f ---J0(1r)e-412-k20(i+a)1d1 (2)Rl R2 o N
N = k202 - k02 +k0202 - k2.

The significance of r, R1, R2, z, a may be immediately seen from Fig.1, which presents the postulated geometric arrangeinent; Jo is thezero order, first kind Bessell function and l is the variable of integration.
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The electric field intensity, with which we are alone concerned in the
following work, is then given by

E = ko21 T ±
az2

82110

(3)

It has been shown by Sommerfeld" that under the assumed condition
ko<<I k I the second term in N may be treated as a correction term,
since the principle contribution to the integral then comes from the
pole at /2 = ko2, and /2 neglected in comparison with k2. With the ab-
breviation a = ilco2/ k (a complex number) it follows that

k2 1 1 (4)
N \/2_02_j2 -1/22 - k02 -a

The negative sign before a is taken because k2 B even for 1=0,
to be taken with a positive real part, and k is to be the root of k2 with
positive imaginary part.

Following Sommerfeld for the moment and considering only the
third term of (2), which has now become

1

.H03 = 2
efl - k02 - a

2

J 0(1r)e- 1 -ko`(z-Foldl

a simplification may be made as follows: the product 1103.eazis formed
and differentiated with respect to z. After multiplication with e-az,
the result may be written

a
e---0-103. ea.) = - 2

J
Jo(lr)e-'2-k,,(=+a)ldl.az0

Making use of the following relation

(A-eikA2) = -az R2

00

J 0(1r)e-V 12- k .2 (.-1-)aldl

(5)

(6)

(7)

between the symmetrical solutions of the wave equation in cylindrical
and spherical coordinates, (5) may be written at once as

ika a ( eoR2\
(IToa e as) = 2e az (8)

az az R2 )

Now, if F(x) is a function whose derivative is f(x), the definite integral
f(y)dy = F(x) - F(0) exists, where S2 is an arbitrary constant and

may conveniently be chosen so that F(S1)= 0. Performing this opera-
tion on (8) gives
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. a
ckno3eaz := 2 f ear

(9)a al- 14

fir = -02 + (f' + a)2, R2 = Vr2 + (Z ± a)2 .

The value of 0 required to make 1103( 0)  can vanish may be taken as
-00 , which value also insures the convergence of the inetgral; f2 = i00
is another equally usable value. Partially integrating (9) gives

eikoR, z eiktl y- at
1103 = 2 2ae-az

R2 Loo Rt
whereupon we are ready to consider again HO in its entirety.

Substituting (10) into (2) gives the expression:

(10)

eikoR, eik.R, z eihoyat
110 = + 2ae-az

(11)Ri R2 L ck
o R.

which completely determines the field under the assumed conditionko<<I kl. The three terms in (11) give rise to three separate componentsof the field, which will be denoted by the subscripts 1, 2, and 3, sothat (11) may be abbreviated as

HO = 111 112 113.

The first part Hi is immediately recognizable as a spherical wave orig-inating at the dipole source and constitutes the direct or primaryradiation. The second part 112 may likewise be recognized as a sphericalwave, but it has the geometric image dipole as its source instead of thedipole itself ; its amplitude and phase are identical with the primary
wave. The third part H3 is a wave of more complicated type but it mayalso be associated with the image dipole source, as the vertical dis-
tance occurs as (z ± a) , and thus appears to be emitted from the image.The second and third parts together constitute the secondary radiation.Obviously, the second part 112 is nothing more than a perfect image,such as would exist for an earth of infinite conductivity. Consideredin this respect, the third part 113 may be thought of as a correctionterm which takes into account the finite conductivity of the earth.Our main concern here is with the impedance due to this componentof the total field, as the other two components may be taken from pre-vious calculations by Pistolkors, Bechmann, Carter and others. Theproblem of calculating the impedance of a vertical radiator over afinitely conducting earth has thus been resolved into the calculationof the three additive impedances due respectively to -(a) the radiatoritself, (b) a second radiator identical with the first and located in the
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image position, and (c) the effect of a more complicated type of

radiation due to the finite conductivity of the earth.
While the preferable procedure would be to carry through the

complete analysis for an arbitrary value of r and let r approach zero
at the end, the resulting mathematical difficulties make it advisable
to put r equal to zero at the start. However, a particularly careful
study of the latter process must be made, as the third term in (11),

eikoRr

113 = - 20/e-" (1 la)f 4Rr

where,

R. = Vr2 a)2

has two singular points at = -a+ir respectively. With r = 0, the
above expression becomes

2 eiko(i- + a)
113 = - 2ae-«z f dl' (11b)

which indicates a path of integration passing through the singular
point at = -a. Expression (1 lb) may be used in place of (11a) pro-
vided certain conditions are satisfied; these conditions may be deter-
mined* from a consideration of the path of integration over the Rie-
mann surface of the integrand together with the physical condition
that 113 must vanish as h-x)

THE IMPEDANCE OF A HALF -WAVE RADIATOR

Expression (11) determines the field of an infinitesimal dipole,
while the radiator under consideration has a length equal to one half
of the wavelength of the radiation. A theoretical determination of the
current distribution for such a radiator above a ground plane has never
been made, and consequently a particular form of distribution must
be assumed. Wilmotte25 has given very strong experimental evidence
that the distribution is sinusoidal, at least within the accuracy of
practical measurement. Based on this and other evidence, a sinusoidal
current distribution will be taken; remembering that ko = 2r/X, the
current is seen to be defined by

/ = /0 sin ko z (12)

* The discussion of this situation has been omitted for the sake of economy
in printing. Details of the integration of Z3, to follow, have also been deleted
from the final draft of this paper for the same reason. The author will be glad to
supply this material to anyone especially interested therein.
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where /0 is the current maximum measured at A, Fig. 2. Since the
Hertzian vector is proportional to the current amplitude, (11) is to
be multiplied by (12). The tangential component of the electric field
intensity on the wire axis may then be evaluated as the sum of three
components Ez=Ei-FE2+E3, corresponding to the three componentsof (11).

A
2

Fig. 2-Vertical half-wave antenna above half space.

The impedance of the antenna at the center terminals A may nowbe determined by an application of the generalized reciprocity theo-rem ;26'27'28 the form given by Carson is best suited to the nature of theproblem at hand. Considering the case depicted in Fig. 2, it may bereasoned by the reciprocity theorem that if the current /0 at thepoint A induces an electromotive force Ezdz in the wire element dz,then an identical current /0, if sent through the element dz, must in-duce the same voltage at A, both as regards magnitude and phase.But by the hypothesis (12), the actual current in dz is /0 sin koz. If theelectromotive force induced at A by the current in dz is denoted bydV, then the above argument may be expressed analytically as
E. dz dV

I° I° sin koz
The total electromotive force induced at A is the integral of the con-tributions from each element, so

V=
h-FX /2

E. sin kg dz
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V is actually a back electromotive force, and consequently the applied

voltage necessary to maintain the assumed current distribution is - V.
The ratio Z = - Vflo therefore defines the impedance of the radiator as

measured at A. Since E, is directly proportional to /0, the impedance
expression is correctly written as

Z =

ih+X/2 htAi2
hi -X/2

E1 sin kozdz + E2 sin kozdz + Ea sin kozdz
h h h

(13)
= Z1 + Z2 + Zs.

In (13) the component of the total impedance defined by Z1 is
obviously the self -impedance of the antenna and has been calculated
by a number of workers. The value of this quantity may therefore
be taken from previous publications;' it is,

Zi = 73.3 + 142.6 ohms. (14)

The impedance Z2 may be identified as the mutual impedance of
two exactly similar half -wave colinear radiators. That Z2 is really the
mutual impedance, and not some other function, follows from the fact
that the current in the image is exactly equal to the current in the
antenna. This may be easily seen by writing Kirchoff's voltage equation
for the antenna; in the notation of conventional circuit theory this
gives

V = I I2Z12 + V3.

But /1= /2 identically, so

V = I1(Z11 + Z12) + Vg

and finally

Z= - = Z11 ZI2 V3/11.

Thus, Z2 = Z12 and the second contribution of the total impedance
may be found from previously published formulas for the mutual
impedance of two identical colinear radiators. The expression for Z2
as given by Carters is

Z2 = - 15 cos 2koh [ - 2Ci[4koh] Ci[2k0(2h - 1)] + Ci[2k0(2h +0]

h(4h2

- 12- + 15 sin 2koh [2Si [4koh - Si [2k0(2h - 1)]

(15)

- Si [2k0(2h 1) 1] - 115 cos 2koh [ 2Si [4kold - Si [2k0(2h -
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- Si [2k 0(211 + 0 1] + 115 sill 2koh [2Ci [4koh - Ci 12k0(2h - 1)1

(4h2 -- Cii2k0(2h + 1)1 -h2 ohms
where,

Ci = cosine integral*
Si = sine integral

/ = X/2

and the curve of Fig. 21, page 1022 of his article shows this part of theimpedance in a very clear way. Since ko = 2r/X, Z2 is a function of
h/X alone and the impedance of a vertical half-wave antenna above aperfectly conducting surface (equal to ZI-F Z2) does not depend oneither the wavelength or height alone, but only on their ratio. This factwill be used later to state a more general principle of similitude.

THE EFFECT OF A FINITE EARTH CONDUCTIVITY
ON THE IMPEDANCE

Expressions have now been found for the first two componentsZi and Z2 of the impedance. A completion of our knowledge of thisfunction requires the evaluation of Z3, which will now be undertaken.Z3 is zero for infinite conductivity and becomes larger as the con-ductivity decreases, due to the exponential factor e-az in (11). The lastintegral of (13) must be evaluated to determine the exact way in whichZ3 changes with conductivity and antenna height, which in turn willrequire an evaluation of 113. It is thought convenient to summarize herethe remaining calculation in the following three steps:
z + a) +(given) 113(z, a) = - 2ae-az

± a
(I) I13(Z)

h-FX/2

113(z, a) sin ko(a - h)da

a2
(II) E3(z) = k02113(z) +

az2113(z)
h+X/2

(III) Z3 = - E3(z) sin ko(z - h)dz
h

(16)

The actual details of carrying through the above indicated calcu-lations are quite lengthy and contribute little to an understanding of
For definition and tables see Jahncke-Emde, "FunktiOnen Tafeln mitKurven."
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the problem. For this reason, together with a desire for economy, the

intermediate steps are omittedt here and a passage to the end result

made. After completing the calculations in question, Z3 becomes

Z3 = - 60007r  a H (17)

where,

H = -[Q(ko[2h + X]) + Q(ko2h) + 2Q (ko [2h + il ) - i471
2

3+ -e-i4.21Q(21co [2h + X]) + Q(21c02h) -2(2(22k 0 [2h + -1 )
4

1+ -
2

ikoe-iko2h [(2h + X)Q(21c0[2h + X j)

2hQ(2k02h) - 2 (2h + 2)Q 21co [2h +
2

)

Q(x) = Ci(x) iSi(x)
2

which is the desired result. Z3 is seen to be formed from the product

of two functions, a and H. a contains the characteristics of the earth

and is independent of the height of the antenna above earth. H, how-

ever, is a function of h/X alone and does not depend on the material

constants of the earth. Both a and H are complex quantities.
The function H has been computed* for the range of h/X of prin-

ciple interest and is shown in Fig. 3. The absolute magnitude decreases

with increasing h/X in an exponential type curve. The phase angle

follows a straight line except for h/X <1/16, where it is slightly curved.

Due to the rapid decrease of H with increasing height h, it is to be

expected that Z3 is only of consequence when the antenna is located a

fraction of a wavelength above the earth. Expression (17) and the

curve for H allow the component of the impedance due to the finitely
conducting properties of the earth to be computed for any arbitrary

type of earth (within the limitation ko<< I k I) with ease, as the remain-

ing computation consists of a simple multiplication. The factor

a = iko/k depends on the conductivity and dielectric constant of the

As mentioned before, these details will be gladly supplied to anyone es-
pecially interested.

* Computation involves taking the difference of numbers of almost equal
magnitudes. Many significant figures must be carried along to obtain reasonable
accuracy in the results. Interpolation from available tables (Jahncke-Emde) of

sine and cosine integral functions does not give sufficiently accurate values; con-
sequently, these functions were computed from series expansions for the desired
values of the argument.
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earth and on the wavelength of the radiation. Curves expressing a as afunction of X for the four previously selected sets of values of o and eare reproduced in Fig. 4. Because a covered such an enormous range '

0.4

r
Q2

8 hA
Fig. 3-Curves for absolute magnitude and phase angle of H =reie.

of values, the curves have been plotted to a logarithmic scale which isotherwise without significance. These curves predict, by their rapiddecrease with increasing X, that Za will be of no importance for large

400*

0

200°

1

45°

.01

164

10,

IOC'

71

Z1
11)

1171)
m.

60°

6

75°

90°

Fig. 4-Curves of a = l al eie for
a-sea water
b-fresh water
c-wet soil
d-dry soil

wavelengths; however, for sufficiently short wavelengths Z3 may be oflarge magnitude and so may have to be taken into consideration.
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The following values for a are obtained for the special case of X = 15

meters.

Earth
a (rational e.s.u.)

Abs. Magnitude Phase Angle

a. Sea water
b. Fresh water
o. Wet soil
d. Dry soil

0.000 048 7
450

0.001 840 90°
0.000 727 760

0.003 830 87°

Fig. 5 shows curves for the absoute magnitude in ohms and the

phase angle in degrees of Z3 for these four types of earth.* The small

3

/41

1

d B/

a C

b,d

b ,4'/I I

-

1
3

17/A 4 7

-400°

-200

0

Fig. 5-Curves of absolute magnitude and phase angle for component of an-
tenna impedance due to the finite conductivity of the earth: Za =1Z8 I e".
For A =15 meters and a-sea water

b-fresh water
c-wet soil
d-dry soil

magnitude of Z3 compared to Z1= 73.3 +i 42.6 is at once striking. It

is clear that for most earth conditions the total antenna impedance
at a wavelength of 15 meters is substantially unaffected by the
finite conductivity (as opposed to infinite conductivity, the condition
often assumed). The assumption of a perfectly reflecting earth in prob=

* The case of dry soil does not quite satisfy the condition ko<<Ik I and so
represents only a first approximation to the correct value.
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lems dealing with antenna impedance, current distribution, andgenerally where the reaction of the ground plane on the radiator is thesubject of investigation thus seems to be well justified on theoreticalgrounds for a large range of wavelengths and many sorts of earth. Itis not to be concluded from this that the above assumption is justifiedfor problems dealing with the propagation of waves along or from thesurface of the earth.
As the wavelength is made continuously shorter, the magnitude of

/00

Ar0.1

A=0.2

10

0.1

s2

FOR SEA
WATER

A-5

-A=0.1

ht
A 4

3
8

-400*

-200.

o*

400*

Fig. 6-Curves of Z, = I Z3I e" for sea water and severaldifferent wavelengths.

Z3 increases, but the present analysis ceases to be valid for too shortwaves. For the case of sea water, however, the validity extends intothe decimeter wavelength region and so this type of earth has beenused to illustrate the change of Z3 with wavelength. Fig. 6 shows afamily of curves of Z3 vs. h/X for different values of X (a semilogarith-mic scale is used as a matter of convenience). At a wavelength of 0.1meter, the value of Z3 is comparable to the self -impedance of the an-tenna and larger than the perfect conductivity impedance componentZ2. It is of nonnegligible magnitude below 1.0 meter. A similar situ-ation exists for other kinds of earth, but generally Z3 will become
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important for much longer wavelengths than was the case in the illus-
tration given. Approximately, when the particular earth under con-
sideration has an a of the order of magnitude 10-3, the impedance
will be materially different from that obtained under the assumption
of a perfectly reflecting earth. Expression (17) gives an approximation
to the true value of the impedance Z3 under these conditions; an exact
complete solution is not known, although Strutt16 has given expressions
for the real part of the impedance. His results show a marked differ-
ence in the radiation resistance over that obtained by assuming the
earth to have an infinite conductivity, in agreement with .the findings
here. Again using the case of sea water as an illustration, the real part

110

100

9r,

OHMS

80

70

60

f

X=0.2 m.
}=RI+R2÷R3_.:(25

for
Sea Water

i

\\
R2

-

g IVA 4

FIG. 7-Curves of effective antenna resistance in free space (RI); above per-
fectly conducting earth (RI -FR2); and above sea water (RI H -R2 -1-R3) for
two wavelengths as indicated.

of Z3 (i.e., the effective antenna resistance) for the wavelengths of 0.2
and 0.5 meters is shown in Fig. 7. For purposes of comparison R
and Ri+R2 (R2 taken from Carter's values) are shown separately.
Even for the ultra -short waves represented in Fig. 7, it may be seen
that the principal deviation from R1 is caused by R2. As previously
mentioned, the total deviation will be many times larger for dry soil
and will then be of importance for considerably longer wavelengths.

SIMILITUDE IN ANTENNA THEORY

The total effective impedance of an antenna operated under con-
ditions where the earth may be considered perfectly conducting is
given by Z = ZI-1-Z2. Since h and X enter into the appropriate expres-
sions only in the ratio h/X, the impedances of two half -wave vertical
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antennas having identical values of h/X are the same. A principle of
similitude then exists which may be expressed for two antennas a
and b by

Za = Zb if ha/Xa = hb/Xb (18)

On the basis of (18), a method of models might be employed to study
the performance of a proposed antenna at a given wavelength by
carrying out experiments with a more convenient structure and a wave-
length for which h/X has the same value as that of the proposed an-
tenna and wavelength. When the finite conductivity of the earth must
be taken into consideration, (18) no longer holds exactly because a
depends upon X alone and not upon the ratio h/X (see Fig. 6). In a
large number of instances, usually when lco<<1 k I , Z3 is very small,
which is the case discussed above. It may be that as is so close in value
to ab that the above -stated condition for similitude is sufficient. When
the magnitude of a is appreciably different for the two wavelengths
under consideration, the conditions for similitude given in (18) are
insufficient; they are then thought too involved to be of practical
significance. In order that two antennas above different types of
earth have identical impedances, (18) must be satisfied and in addition
as must equal ab. Thus, it is seen that similitude considerations in
antenna design necessarily involve the electrical properties of the
earth above which the antennas are constructed.
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THE PHASE AND MAGNITUDE OF EARTH CURRENTS
NEAR RADIO TRANSMITTING ANTENNAS

BY

GEORGE H. BROWN
(Formerly Electrical Engineering Department, University of Wisconsin, Madison, Wisconsin)

Summary-This paper deals with various electrical magnitudes involved in the
process of radiation from an ordinary antenna. The calculations presented are based
on the simplified assumptions of a highly conducting earth and a sinusoidal distribu-
tion of antenna current. Also, they neglect any components of the near -by field that
may be associated with the flat top. The paper is divided into four main parts and an
appendix. In the first part, the relative magnitudes and phases of earth currents as
sociated with radiation from antennas of four representative proportions are cal-
culated. The results are shown in Figs. 3 and 4. In the second part, both the displace-
ment current density and the electric intensity are studied quantitatively. The results
are shown in Fig. 5. The third part consists of an experimental verification of the cal-
culated magnetic flux near an antenna. The agreement is evident from Fig. 6. In the
last section, the theory is applied to a simple half -wave antenna with a view to localiz-
ing the earth losses. These are found to be greatest at a distance from the base of the
antenna of 0.85X. This is indicated by Fig. 7. An appendix points out the magnitude
of error in neglecting components of the near -by field associated with the flat top.

I. THE EARTH CURRENTS

N THE operation of the usual transmitting antenna, the conduc-
tion current in the antenna diminishes as we proceed upward along
the antenna. This is explained by displacement currents which are

assumed to flow from the antenna, through space to the conducting
plane below. This conducting plane completes the circuit by forming
the return path to the base of the antenna. If this plane is not a perfect
conductor, some power must be expended in returning the current to
the base of the antenna. It is the purpose of this discussion to deter-
mine the phase and magnitude of these earth currents, and thus esti-
mate the amount of energy lost in the conducting plane. The earth
currents are derived under the assumption that the plane below the
antenna is a perfect conductor. Such an assumption of course implies
no losses in the earth. Despite this implication, a first approximation
to the earth losses for an earth of finite conductivity may be obtained
if we further assume that the phase and magnitude of the earth cur-
rents do not change appreciably when the conductivity of the earth
becomes finite, but remains large.

* Decimal classification: R121. Original manuscript received by the In-stitute, December 19, 1933; revised manuscript received by the Institute May 2,1934.
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Since it can be shown that the contribution to the field made by
the horizontal portion of a T antenna is small, we shall interest our-
selves only with the field due to the vertical portion. With this reserva-
tion, we see that the field and therefore the distribution of earth cur-
rents will be symmetrical about the antenna.'

Across any cylindrical surface of radius, x, with axis coincident
with the antenna, there will be a flow of current, Iz, (Fig. 1). By
Kirchhoff's current law; the current, Jo, at the base of the antenna is

Fig. 1

made up of this zone current and the total displacement current,. -
flowing downward into the area enclosed by the circle of radius x.

Jo = (- /1) + (1)

We now make use of the fact that the line integral of the tangential
component of magnetic intensity around any closed path is equal to
the total current threading the path. This is arrived at mathematically
by the relation2

dF
curl B = A ( p dt-) = jwpF). (2)

By applying Stokes's theorem, we see

=µ(7o + /1) = (3)
Or,

To take account of the contribution of the horizontal portion would com-
plicate the problem far beyond the importance of this contribution. The earth
currents due to the flat top not only are out of phase in time with the contribu-
tion made by the vertical portion of the antenna but also have a different
direction so that the situation is very complicated. This statement does not
mean that the effect of the flat top has been neglected entirely, for its effect
upon the current distribution of the antenna itself is very important. It should
be noted that the derived expressions are rigorous when the length of the flat top
approaches zero.

2 The rationalized practical system of units is used throughout the discus-
sion. In this system, magnetic intensity, H, is expressed in ampere -turns per
centimeter. Magnetic flux density, B, is expressed in webers per square centi-
meter ( =108 maxwells per square centimeter). Permeability, /A= B I H = 47r X10-8
for free space. Electric intensity, F, is expressed in volts per centimeter. Displace-
ment, D, is expressed in coulombs per square centimeter. Permitivity,
p=DIF= 8.85 X 10-H for free space.
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27rxBo
Is =

ih
(4)

where Bo is the magnetic flux density in space at the surface of the
earth, a distance x from the base of the antenna.

Making use of the vector expressions for the field due to an elemen-
tary length of current,3 we see that the B vector at the surface due to a
small element taken a distance, y, along the antenna and due to the
image of this element is

dB, =
27

sin (G' ky)[
e

jk - dy (5)sin G' r r
where r2 = x2 + y2 and4 G' = (271X)(a+ b'). The current at the point y
(Fig. 2) is /0 sin (G' -ky)/sin G' where k =271X = co/c.

tb1

X\z:j// // /j/ / /
Fig. 2

Then the contribution to the zone current, from (4), is

Jo sin (G' - ky) Cikr ke-ikr x2d12 = + 3
r

dy. (6)sin G' r2 r
The total zone current is obtained by integration over the vertical
portion of the antenna.

.70x2 y=a sin (G' - ky) e-ikr ke-ikrIz = + j dy. (7)sin G' J 1,0 r2

The expression may be integrated by means of a transformation.
Noting that x is a parameter, we See that (7) becomes

Ox a (miler- 1/-.2
7. = sin (G' - ky) - dy. (8)sin G' ax v=o

Then,

3 Abraham and Becker, "The Classical Theory of Electricity and Magnet-ism," Blackie and Son, Limited. Translated by John Dougall, 1932; equation(44a), p. 225, and Section 12, p. 227.
4 The equivalent length, b', is obtained from the actual length, b, by theequation, cot (kb') = I cot (kb). R. M. Wilmotte, "General fqrmulae for theradiation distribution of antenna systems," Jour. I.E.E. (London), vol. 68, p.1174, (1930).
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- lox a r y a Cik(r+Y)

IZ = dy
2j sin G' ax c.0

y=a cilc(r-y)
dyi. (9)

y=0

By making the substitution, v = in the first integral and w = r -y
in the second integral, (9) is readily integrated. When the indicated
differentiation is performed and the terms combined, we see that

fo

sin G'
[j cos B'(cos kr2 -j sin kr2) -j cos G'(cos kx -j sin kx)

where,

and,

a
- sin B'(cos kr2 -j sin kr2)
r2

B' = 27T-b'/A,

r22 = a2 + x2.

(10)

It is interesting to note the very simple form taken by the zone
current when the antenna is a quarter wavelength. Then B' = 0 de-
grees and G' = 90 degrees and

= jl o[cos kr2 -j sin kr2]. (11)

Examination of (10) shows that, as x becomes large, Iz reduces to a
rotating vector of constant magnitude. For x large, r2 = x, and

/, =
sin G'

(cos B' - cos G')(cos kx -j sin kx). (12)

Fig. 3 shows the total zone current and the components of this cur-
rent in their proper phase relationship, for four different antennas.
Each horizontal row of vectors depicts the mode of variation of zone
current with distance from the antenna for a particular antenna. In
each case, the vector at the extreme left represents the current at the
base of the antenna. Antenna No. 4 is an exception to this case. Here
the vector at the left represents the current at the center of the an-
tenna.

The components of zone current shown in Fig. 3 represent the con-
tributions made by the so-called radiation and induction terms of the
magnetic flux density. The radiation component increases with dis-
tance and approaches a limit, while the induction term decreases with
an increase of distance.
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If we assume that the phase and magnitude of earth currents de-
picted above do not change appreciably when the conductivity of the
earth becomes finite, but remains large, we are enabled to form a pic-
ture of ,the magnitude of the power losses in the earths It is further
postulated that all the zone current travels in a layer of earth of thick-
ness, 8 = 1/Vrwy,f, the skin thickness of the earth. In this expression,
f is the frequency of the driving voltage measured in cycles per second,
µ is the permeability of the material, and 7, is the conductivity of the
earth measured in mhos per centimeter cube of material. (On the
diagrams, this is indicated as "mho-cm,3" a convenient shorthand nota-
tion.) Then the resistance of a narrow zone of radii, x2 and xl, referred
to the current at the base of the antenna is

1 x2
Rs = (I,110)2 log, - (13)27728 xi

In Fig. 3, the zones are all taken of such a width that x2/x2 = Thus,for a quarter-wave antenna, where I Ir = I /21, the resistance of these
zones remains constant.

The values shown in Table II were obtained by the above pro-
cedure. The values given in this table enable one to estimate the mag-
nitude of the losses in the vicinity of the antenna, and to form opinions
as to the advisability of using radial ground systems of great length and
a great number of wires.

The diagrams of Fig. 3 were obtained on the basis of a constantradiated power of 36.6 watts. Fig. 4 shows the variation of root-mean -square zone current with distance from the antenna, when the radiatedpower is 1000 watts.

II. THE DISPLACEMENT CURRENT DENSITIES AND THE
ELECTRIC INTENSITIES

From (10) it is very easy to obtain the displacement current den-sity and the vertical electric intensity at the surface. I, is the currentflowing toward the antenna at a distance, x. At a distance, x+Ax, the
current flowing inward is I/. Then /z'-/. = id, the displacement cur-rent flowing upward from the area between the two circles of radii,x and x-FAx. If Ax becomes small, the displacement current becomes

dl,
Id Ax.

dx (14)

6 The above assumptions are only valid when the earth has -a high conduc-tivity. This conductivity should be great enough so that the conduction earthcurrents predominate greatly over the displacement currents in the earth.
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The displacement current density is

Id 1

Jd
2rx.Ax 21rx dx

06.}
12

k°.
F
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(15)

Fig. 4-Variation of zone current with distance from the base of the antenna.

or,

Jd - cos kr2 cos B' - - cos kx cos G'
27 sin Gl{r2

a ka
- - cos kr2 sin B' - - sin kr2 sin dr_i'

r23 r22-kk j sin kr2 cos B' - sin kx cos G'
r2

a ka
 - sin kr2 sin B' - - cos kr2 sin B'} .

r23 r22 111

(16)

The vertically upward electric intensity is obtained from the fact that

Jd = jpwr (17)

or,

J
F = -j

d

= -j -
pw

Jd

so that,

(18)
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'tido cos B= (cos kr2 - j sin kr2)2/r sin r2

cos G'j (cos kx -j sin kx)
x

a
j - sin B'(cos kr2 -j sin kr2)

kr23

a
sin B'(cos kr2 -j sin kr2)].

r22

I
- b .1
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Fig. 5-The vertical electric intensity at the surface of the earth as a functionof the distance from the base of the antenna.

For a quarter-wave antenna, (19) reduces to

F = j ro(cos kr2 -j sin kr2).
221-r2

For x large, (19) becomes

AdoF= j
tax sin G'

(cos B' - cos G')(cos kx -j sin kx). (21)

(20)

Fig. 5 shows the electric intensity in the neighborhood of the fourtransmitting antennas already referred to. The computations weremade for a radiated power of 1000 watts, rather than,for the sameantenna current. It should be noted that the field of a quarter-waveantenna close to the antenna is much smaller than for the other an-
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tennas. This feature would indicate that the currents induced in the
structures near the base of the antenna would be much less than for
the other types under consideration.

These expressions for displacement current density and electric in-
tensity should prove useful in arriving at estimated values.of losses
occurring in the vicinity of antenna structures.

III. AN EXPERIMENTAL VERIFICATION

While it is, in general, difficult to obtain a direct experimental
check of the foregoing relations, one such check was made. When the
antenna in question has no flat top, (10) becomes

/0
= [ I sin kr2 - sin kx cos G'

sin G

+ jlcos kr2 - cos kx cos GI ] (22)

where,

2ira
G' =

x

From (4) and (22),

Bm
tdo

= [ sin kr2 - sin kx cos G'
2.7rx sin G'

+ j { cos kr2 - cos kx cos G' ] (webers/cm2). (23)

The experimental set-up to check this equation was an entirely vertical
antenna driven by a short-wave oscillator. The earth was covered by
large sheets of copper screen. A wave meter, tuned to resonance, was
placed on the screen, and successive readings of the wave meter current
were taken as the wave meter was moved from the base of the antenna.
From these readings, the magnetic flux density was computed.

From a given wave meter current, the induced voltage is

But,

Or,

Ei = I to MRw In (24)

Ei = coBoNA (25)

Bo = (I.R..)1(coNA) (webers/cm2) (26)

where Rw, is the resistance of the wave meter circuit, N is the number
of turns in the wave meter coil, and A is the cross-sectional area of this
coil. These values are
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Rwm = 10.3 ohms (measured)
N = 5 turns
A = 32.3 cm2

= 27r(42.2)(106) = 2.65 X 108.

The antenna height was 148.0 centimeters while the wavelength was
710.0 centimeters. The antenna current, /0, was one ampere.

Fig. 6 shows values of B as obtained from (23) and from the ex-
perimental values substituted in (26). The variation of the experi-
mental values from the theoretical curve in the region, x/X < 0.06, is no

to
'Is*

7m_Lt.1

6
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MN

>--
ts

1'
1204' e',-C t

41

80 c&c

,.. ' 1 '1It o Er/cer,menla Valves

0
Theeeet,

o
o

a/ C,rve
a02 11.0'0 0.06 0.09

X A
a /0 a/2 0.14 016 a/8

Fig. 6-The magnetic flux density at the surface of the earth in the neighborhoodof a vertical antenna. (The solid curve was computed from (23). The circlesindicate experimental values.)

doubt caused by the field set up by the circuit of the oscillator itself.In this region in question, small deflections of the wave meter wereobserved when the antenna was completely removed and the onlyfield was that from the oscillator itself.

IV. A SIMPLE APPLICATION OF THE THEORY
(THE HALF -WAVE ANTENNA)

It is interesting to examine the earth losses in the vicinity of a half -wave antenna. If the zone current is considered to flow in a layer ofthickness, s = 1/Vrifyef, the power expended in a zone of radius, x, andlength, dx, is

dP, =I 1,12 dx

2rxy es (27)
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Then the resistance of this zone (referred to the current at the center
of the antenna) is

dR, =I I,1.101
2 dx

(28)
2rx-y ,s

From (10), the zone current of a half -wave antenna is
=

where r22 = (X/2)2+ X2.

ics I,_ia.

Z

oi a_

6 1.. /0-4 mho- cm,

QL

E

10O4.

%..

.t?

0.6.--'z' -4-
bils

2
*2

MO 200 300 000 SOO 600 700 800 000 0

Distance from antenna /meters)

Fig. 7-The distribution of earth losses in the neighborhood
of a half -wavelength antenna.

Then,

(29)

27172
2rx

2
27r2

(isc//0)2 = (cos + COS ) ± ( sin + sin

27
= 2 [1 ± cos (r2 - x)]. (30)

Substituting (30) in (28),

r2-

dR, 1
[1 + cos (r2 -

X

dx r -y
(31)

This equation expresses the losses in ohms per unit length. This
function is plotted in Fig. 7 for wavelengths of 200 and 300 meters,
and an earth conductivity of 78=10-4 mho/cm'. It is to be noted that
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the maximum losses occur at a point 0.35X distance from the base of
the antenna. It is particularly desirable that the earth resistivity be
low in the neighborhood of this point or that conducting wires be
buried there.

It is from an analysis of this type that one is enabled to arrive at
definite ideas as to the effect of buried networks and the most effective
placing of such a network.

APPENDIX

The Earth Currents Associated with the Field of the
Horizontal Section of the T Antenna

In the main body of the paper, any contribution to the earth cur-
rents due to currents in the horizontal portion of a T antenna has been

Fig. 8

neglected. We have seen that the earth currents contributed by the
vertical section flow radially inward toward the base of the antenna,
and that the current density is the same at all points on the periphery
of a circle whose center is at the base of the antenna. The current
density due to the horizontal portion is parallel to the horizontal wire.(Fig. 8.) Thus we see that the current density due to the horizontal
portion (7h) flows in a different direction than does the current density
due to the vertical portion, (Jr). Not only is the direction different,but the two components are not in time phase.

The current densities referred to above are surface densities. Thus,
at point P on the surface of the earth, a distance, x, from the base of the
antenna, the surface density of current due to the vertical portion flows
radially inward (Fig. 8) and is given by
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.7, = 1,1(271-x) (amperes/cm) (32)

where 1, is given by (10).
The component, j h, at the same point is

go sin B' a
J -h =

e-ikri cikr,
47r sin G' sin B a2 + x2

x
-2j - CM"' sin B cos 4) (amperes/cm) (33)

7.2

1

pJ

a 21 0
D. 3&
8. StO

in
177

m

ar

4,. 500 m

0.2

.1_

_...
...s.

4/ dro

4pr le

( VI)

A (Mite Ili
p 5-0 60 70 uto

where,

Fig. 9

r3= \/(b-x cos 0)2-+2+(x sin 0)2

7-4= /(b+x cos 02) +0+ (x sin 0)2
r2= -Va2-1-x2

a = height of antenna
b = half length of horizontal section

x = distance from base of antenna to point P

= angle between the line joining the base of the antenna to
point P and the line on the earth1parallel to the horizontal

section
B= an-b/X

G' =27r(a-l-b')/X
B'= arb7X
b' = equivalent length defined by footnote 4
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X = wavelength
k= 27/X

70 = current at the base of the antenna

Fig. 9 shows the ratio, I JAI 0,1 , plotted with the distance, x, as avariable and the angle, 0, as a parameter, for Antenna No. 3. Thisis an extreme case, yet we see that only at distances in the neighbor-hood of 35 meters from the base, directly under the horizontal sectionis the earth current density, Jh, comparable to the term, J,. As theflat top shortens, the peak of the curve, 0 = 0 degrees, moves closer f othe antenna base and decreases in value.
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Associate member, Institute of Radio Engineers, 1928.

Brown, George H.: Born October 14, 1908, at North Milwaukee, Wiscon-sin. Received B.S. degree, University of Wisconsin, 1930; M.S. degree, 1931;Ph.D. degree, 1933. Research Fellow, electrical engineering department, Uni-versity of Wisconsin, 1930-1933. Research division, RCA Victor Company, Inc.,1933 to date. Member, Sigma Xi. Associate member, Institute of Radio Engi-neers, 1930.

Llewellyn, Frederick Britton: Born September 16, 1897, at New Orleans,
Louisiana. Received M.E. degree, Stevens Institute of Technology, 1922; Ph.D.degree, Columbia University, 1928. Ship and shore operator, American MarconiCompany, 1915-1916; U. S. Navy, 1917-1919; Vreeland Laboratory, 1922-1923;member, technical staff, Western Electric Company, 1923-1925; Bell TelephoneLaboratories, Inc., 1925 to date. Associate member, Institute of Radio Engineers,1923.

Peterson, Harold 0.: Born November 3, 1899, at Blair, Nebraska. ReceivedB.S. degree in electrical engineering, University of Nebraska, 1921. Testman,General Electric Company, 1921-1922. Engaged in development of radio com-munications equipment, Radio Corporation of America, 1922-1929; in charge,radio communication receiver development laboratory, RCA Communications,Inc., 1929 to date. Associate member, Institute of Radio Engineers, 1922; Mem-
ber, 1931.

Skellett, A. M.: Born July 14, 1901, at St. Louis, Missouri. Received A.B.degree, 1924; M.S. degree, Washington University, 1927; Ph.D. degree, Prince-ton University, 1933. Physicist, Westinghouse Electric and Manufacturing Com-pany, summer, 1926; instructor in electrical engineering, 1927-1928; assistantprofessor of physics, University of Florida, 1928-1929. Chief engineer, stationWRUF, 1928-1929; Bell Telephone Laboratories, Inc., 1929 to date. Member,American Physical Society and American Astronomical Society. Member, Insti-tute of Radio Engineers, 1930.

Steiner, H. Carlton: Born October 5, 1902, at Larned, Kansas. ReceivedB.S. degree, University of Kansas, 1926. Student engineer, General ElectricCompany, 1926-1927; research laboratory, 1927-1930; vacuum tube engineeringdepartment, 1930 to date. Associate member, Institute of Radio Engineers, 1929.
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THE TUBE THAT CAME FROM
A POINT OF VIEW

THAT MONEY CANNOT BUY!
 True scientists have always been driven by a passion for truth. As

some one phrased it, they were "born into a scientific attitude of

mind." And paramount to all their other interests is their unwavering
desire to know.

It is a proud brotherhood numbering such great figures as Galileo,
Newton and Edison as members. And Sylvania is proud that their
engineers, in a modest way, have deserved inclusion in this group. For
it was their research that led to the development of the 6.3 volt tubes
that made auto radio possible. And at various other times they have
contributed to the growth of our industry with important research and

experimental work.

It is a policy of Sylvania-just as much so as its AaA1 credit rating-
that these engineers shall continue to make important contributions.

Set manufacturers are invited, at all times, to write for engineering
consultation on circuit and design problems. Our facilities are placed at
your disposal without cost or obligation. Hygrade Sylvania Corporation,

Emporium, Pa.

T[HE SET -TESTED RADIO TUBE
When writing to advertisers mention of the PROCEEDINGS will be mutually helpful.



CARTRIDGE CONDENSERS
. . . triple -sealed

SOME time ago Aerovox introduced
the imbedded -foil tube and wax -sealed

ends, with startling moisture -proof quali-
ties. Came AC -DC miniature sets . . .

cramped chassis . . . a compact -condenser
demand. Reluctantly we went to spun -
over -end design, without foil, but substan-
tially shorter.

Today the industry returns to full-sized
sets . . . real performance . . . lasting satis-
faction. And so we re -introduce triple -
sealed cartridge condensers:
 First Seal: Non -inductively wound section

of selected paper and foil, wax -coated.
 Second Seal: Heavy wax -impregnated tub-

ing with imbedded aluminum foil.
 Third Seal: Liberal wax -sealed ends in

place of usual unsealed spun -over ends.
 RESULTS: Humidity tests tell the story. At

98% relative humidity, triple -sealed
units indicate 41i times longer life than
conventional tubulars. As for leakage,
100 hours' duration test, batch of .1
mfd. triple -sealed units, average ini-
tial insulation resistance of 14,500
megohms, dropped only to 13,000. By
comparison, conventional units in test
dropped to zero resistance.

Better, providing greater satisfaction and longerlife, and although more costly to manufacture,
these triple -sealed Aerovox cartridge condensers
are being made available as rapidly as productionpermits, at no price advance. Single and dualsections . . . 200, 400, 600 and 1000 volt ratings.

Send for Data: New 1935 Catalog now
available, coveringcomplete line of Aerovox condensers and re-sistors. Also sample copy of Research Worker.

CORPORATION
71 Washington St. Brooklyn, N.Y.

When writing to advertisers mention of the PROCEED! NGS mutually helpful.
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THE SPIRIT
THE value of a nation -wide telephone
service, under one un i fied system, is
reflected in the day-by-day efficiency
of your own telephone. It is given
dramatic emphasis by an emergency.

Several years ago, the worst sleet
storm in telephone history swept
north from Texas almost to the Great
Lakes and ravaged a section 150 miles
wide. Thousands of telephone poles
were broken. Thousands of miles of
telephone wire were snapped by the
weight of clinging sleet.

To restore the service quickly was
beyond the power of the local tele-
phone companies. Had they been
forced to tackle the job alone it would

BEL L

OF SERVICE
have taken months and imposed a
heavy financial burden.

Instead, the,full resources of the
Bell System were thrown into the
breach. Unaffected sections lent men
to their sore -pressed neighbors. The
Western Electric Company started
shipments of tools, wires, poles, cross=
arms and other needed equipment.

Telephone service as you know it
today would be impossible without
the nation-wide, unified Bell System.

The Western Electric Company is the man-
ufacturing, distributing and purchasing
organization for the Bell Telephone System.
. . . Centralized activity of this kind means

better quality at lower cost.

TELEPHONE SYSTEM
When writing to advertisers mention of the PROCEEDINGS will be mutually helpful.



TYPE 40X-ACTUAL SIZE

SIX S. S. W. "NOISE TESTED"
RESISTORS of the 40X Type, rang-
ing from 100,000 ohms to 20 meg-
ohms. are used in this broadcast and
film recording Bullet Type Condenser
Microphone and 2 -stage Amplifier, a
product of the AMERICAN MICRO-
PHONE CO.. of Los Angeles. We
are informed that for the last three
years this Company has used S. S. W.
Resistors and has found them entirely
satisfactory. Equally satisfied users in-
clude many other leading manufactur-
ers of radio and electronic equipment.

We are supplying to order resistors held
to this exacting noise specification:

"For the complete audio frequency range,
resistors shall have less noise than corresponds
to a change in resistance of 1 part in
10,000,000."

These resistors are in special demand for high
gain amplifiers, aircraft receivers, laboratory
applications and many other types of elec-
tronic equipment.

OTHER ADVANTAGES
In addition to their NOISELESSNESS, S. S. W.
Resistors have uniform characteristics, are mechani-
cally strong and non -hygroscopic. Furthermore.
types 25X, 40X and 75X, because of their small size
and thin, flat shape, are easy to mount in apparatus
in which space is limited.

RESISTANCE RANGES
Commercial Field-Supplied in the standard rang,

from 1000 ohms to 10 megohms.

Laboratory and Experimental Field-A comprehen-
sive assortment of resistors in values ranging
from 10 megohms to 1,000,000 megohms.

S. S. WHITE Resistors are highly satisfactory for
all radio and electronic applications. A trial in
your own equipment will clearly indicate their
-uperior performance.

WRITE for DESCRIPTIVE CIRCULAR and PRICES

The S. S. WHITE Dental Mfg. Co.

INDUSTRIAL DIVISION
150-8 West 42nd St. New York, N.Y. fa. .-

When writing to advertisers mention of the PROCEEDINGS will be mutually helpful.
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Vie Institute of ilabio engineers
Incorporated

330 West 42nd Street, New York, N.Y.
APPLICATION FOR ASSOCIATE MEMBERSHIP

(Application forms for other grades of membership are obtainable from the
Institute)

To the Board of Directors
Gentlemen:

I hereby make application for Associate membership in the Institute of Radii,
Engineers on the basis of my training and professional experience given herewith
and refer to the members named below who are personally familiar with my work.

I certify that the statements made in the record of my training and pro-
fessional experience are correct, and agree if elected, that I will be governed by the
constitution of the Institute as long as I continue a member. Furthermore I agree
to promote the objects of the Institute so far as shall be in my power, and if my
membership shall be discontinued will return my membership badge.

(Sign with pen)

(Address for mail)

(Date) (City and State)

Sponsors:
(Signature of references not required here)

Mr.

Address

City and State

Mr.

Address

City and State

Mr.

Address

City and State

The following extracts from the Constitution govern applications for admission to the
Institute in the Associate grade:

ARTICLE II-MEMBERSHIP
Sec. 1: The membership of the Institute shall consist of :   (c) Associates, who shall be

entitled to all the rights and privileges of the Institute except the right to hold any elective
office specified in Article V. *  

Sec. 4. An Associate shall be not less than twenty-one years of age and shall be a person who
is interested in and connected with the study or application of radio science or the radio arts.

ARTICLE III-ADMISSION AND EXPULSIONS
Sec. 2:    Applicants shall give references to members of the Institute as follows:    for

the ?rade of Associate, to three Fellows, Members, or Associates;    Each application for
admission    shall embody a full record of the general technical education of the appli-
cant and of his professional career.

ARTICLE IV-ENTRANCE FEE AND DUES
Sec. 1:  Entrance fee for the Associate grade of membership is $3.00 and annual dues

are $6.00.

ENTRANCE FEE SHOULD ACCOMPANY APPLICATION

XI



(Typewriting preferred in filling in this form) No
RECORD OF TRAINING AND PROFESSIONAL

EXPERIENCE
Name

(Give full name, last name first)

Present Occupation
(Title and name of concern)

Business Address

Permanent Home Address

Place of Birth Date of Birth Age
Education

Degree
(colege) (Date received)

TRAINING AND PROFESSIONAL EXPERIENCE

DATES

Record may be continued on other sheets of this size if space is insufficient.

Receipt Acknowledged Elected Deferred
Grade Advised of Election This Record Filed

III



ERIE RESISTORS
GIVE BALANCED PERFORMANCE

The lack of uniformity in the various
competitive makes of resistors tested can
be traced in the table below by the wide
fluctuation in their respective values.
The readings have been taken at the
maximum point on the horizontal axis.

Note that only Erie Resistors maintain
a uniformly good position while the
other makes change widely.

COMPETITIVE RESISTOR CHARACTERISTICS

um ip.e. lioc.2....... 0...".11 ,4.1.0 tar.......r48666

ERIE 1.60 1I0 2.00 12.00 /00

RESISTOR 2.43 4.33 14.60 16.00 494

RESISTOR 2.10 12.83 8.60 40.50 2.700

RESISTOR
C.

2.33 1.10 10.20 61.00 223

RESISTOR 3.30 10.21 7.20 1430 1,130

RESISTOR 9.20 1.73 7.30 29.50 115

RESISTOR 11.81 1.20 9.10 42.00 2,900

Here is a complete cross-section of the

performance of carbon resistors. It shows

the existence of a complete lack of uni-
formity in the characteristics of many makes.

To obtain these data, standard pro-
duction Erie units were tested with six

leading colnpetitive types for voltage
coefficient, temperature coefficient, and
humidity, load and noise characteristics.

The results obtained show conclusive-
ly that only Erie Resistors can be counted
on to give all-round performance in every

respect.

Switch to Erie Resistors 100%. You
can depend on their balanced trouble -Free

operation.

The fourth of a series of advertisements dealing with the balanced performance of Erie Resistors

ERIE RESISTOR CORPORATION
< E RI E, PA.

r- Factories in ERIE, PA.-V:010NT% CANADA - LONDON, ENG.

When writing to advertisers mention of the Pitou two! NrIs will be PH liftor// 1141'10
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MORE THAN THE EYE CAN SEE

THE QUALITY INSIDE

More important than the visible features your eye cansee is the hidden quality in the C -D condenser. Your eyecan't see it . . . but as long as the C -D label is there, theHIDDEN QUALITY is within.

For instance C -D electrolytics, paper and mica condens-
ers have their share of HIDDEN QUALITY . . .

in ELECTROLYTIC
. . . . the exclusive hi -formation

process of manufacture.

in MICA the patented series-con-
nected stack allowing un-
usually high r.f. voltages.

In PAPER maximum capacity and
operating voltage in mini-
mum space.

Look for the C -D label and get that extra measure ofC -D quality. C -D engineers are glad to cooperate withyou in the solution of your condenser problems. Call onthem . . . by 'phone, wire or letter
. . . they and theirlaboratories are at your service.

CORNF4ARI!!:FAINFILIER
4379 BRONX BOULEVARD NEW YORK

When writing to advertisers mention of the PROCEEDINGS will be mutually helpful.
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THE SAVINGS P
OP);

Any manufacturer of electrical de-
vices of standardized design that
run into quantity production can
profitably investigate the savings
made possible by the use of Sil-con
Strip, Republic's Perfected Electri-
cal Steel, for laminations.

Balance the slight premium paid
for Sil-con Strip against the cost of
cutting sheets into narrow lengths
in your own plant-the cost of end
shearing-the slower production

OW4

THE PRICE
from short, hand -fed lengths-the
loss caused by part-punchings at
the ends of short lengths-the
shorter die life that increases die
costs. All these can easily be fig-
ured and will quickly prove the
economy of using coiled strip.

But Sil-con has other very defi-
nite advantages. Its electrical
properties meet the closest radio
specifications. It has all coil set
removed, and, therefore, lies flat
and stacks easily. It is easier to
handle. It is free from scale and
does not clog the die. And it is
made in five grades-Radio A, B,
C, D and E.

An engineer will be glad to dis-
cuss with you the savings and im-
provements.that Sil-con will make
possible in your magnetic units.

Licensed under patents 1,867,818;
1,932,306 to 1,932,309 inclusive;

and other patents applied for.

REPUBLIC
SI
PERFECTED ELECTRICAL
STEELS...SHEET AND STRIP

Rig. U.S.Pat.01]:

REPUBLIC STEEL CORPORATION
GENERAL OFF ICES YOUNGSTOWN, OHIO

When wt it mg 10 adve) Ilse; s mention of the PROCEEDINGS will be mutually helpful.
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RADIO AND SCIENTIFIC LITERATURE

ORider's Manuals
THE "STANDARD"

OF THE
RADIO INDUSTRY

Engineers-Research Laboratories-
Technical Schools-Patent Attorneys- Broadcasting Stations -all - who
require accurate information aboutthe electrical structure and compo-nents of American made radio re-ceivers produced during the past 15years-turn to Rider's Manuals.
The world's most complete tabulationof receiver circuit diagrams and re-lated data. More than 5100 pages
covering from 1920 to 1935.
Volume
Volume
Volume
Volume
Volume

I .. 1000 pages .. $7.50
II .. 800 pages .. $6.50

III .. 1070 pages .. $7.50
IV .. 1064 pages .. $7.50
V .. 1200 pages .. $7.50

Write for descriptive literature

JOHN F. RIDER, Publisher
1440 Broadway New York City

PUBLISHERS

This Radio and Scientific
Literature page is run to help
you acquaint the readers of
the Proceedings with your
radio and technical publica-
tions.

For further information as
to rates, etc., address :-

Advertising Department
Institute of Radio Engineers

330 West 42nd Street
New York, N.Y.

Alphabetical Index to Advertisements
A

Aerovox Corp.
VIIIAmerican Tel. & Tel. Co.

IX
C

Central Radio Laboratories
XXCornell-Dubilier Corp.

XIV
E

Erie Resistor Corp.
XIII

G
General Radio Co.

Outside Back Cover
H

Hygrade Sylvania Corp.
VII

I
International Resistance Co.

XVIIII.R E
XI, XII, Inside Back Cover

Professional Eng. Directory
XVII

R
Radio and Scientific Literature

XVIRepublic Steel Corporation
XV

S
S. S. White Dental Mfg. Co.

X
T

Triplett Elec. Inst. Co.
XIX

When writing to advertisers mention of the PROCEEDINGS will be mutually helpful.
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PROFESSIONAL ENGINEERING DIRECTORY

BLILEY ELECTRIC CO.
Designers and Manufacturers

of

QUARTZ CRYSTALS
for

Standard or Special Requirements

226A Union Station Bldg.
ERIE, PENNA.

Cathode Ray Tubes
and Associated

Equipment For All
Purposes

Write for Complete
Technical Data

ALLEN B. DUMONT
LABORATORIES

UPPER MONTCLAIR, N.J.

PRACTICAL RADIO
ENGINEERING

One year Residence Course
Advanced Home Study Course
Combined Home Study -Residence

Course
Write for details

Capitol Radio Engineering
Institute

Washington, D.C.

FOR MANY YEARS
the Professional Engineering Directory
has helped consulting engineers, design-
ers, and laboratory men make the right
contacts in the radio industry. Perhaps we
can help you with your problems too. For
further information write to

Advertising Department
INSTITUTE OF RADIO

ENGINEERS
330 West 42nd Street
NEW YORK, N.Y.

For the Engineering Consultant
who can handle a little extra business this year

For the designer
who can manage some additional work

For the Patent Attorney
who is anxious to develop a larger clientele

we suggest the Professional Engineering Directory of the
PROCEEDINGS I.R.E. Manufacturers and organizations with
special problems who need services such as yours come to the
Professional Engineering Directory for information. Your
name and special services announced here will tell them what
you do and where to find you. Further information will be fur-
nished on request. Special rates to members of the Institute.

li.hcn writing to advertiser c mention of the l'uocEEDINGS mill be mutually helpful.
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ONL
YEAK

INTERNATIONAL
RESISTANCE CO.
2100 Arch Street, Philadelphia, Pa.

Toronto-London-Copenhagen-
Milan-Paris-Berlin

Unique new Volume Controls
-Outstanding developments in
famous Metallized Resistors-A
new and complete line of Power
Wire Wound Resistors-New Ad-
justable Resistors. . . .

. . . Such is the IRC record of
a single year's achievement as
the industry's best known maker
of quality resistance products
marches fully abreast of the
rapidly changing, more exacting
demands of the radio and electri-
cal trades.

When writing to advertisers mention of the PROCEEDINGS will be mutually helpful.
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SQUARE_,
INSTRUMENT

Accurate
within

2
°/0

HERE is another Triplett achievement-an exclusive Triplett development
that is being received enthusiastically by engineers, experimenters and

instrument users, everywhere, because it offers these outstanding advantages:

1. Maximum scale length;
2. Minimum mounting space;
3. Large opening for easy scale reading;
4. Symmetrically designed Bakelite case.

This instrument makes it possible to secure the same scale length that is offered
only with conventional 5 -inch models-yet it uses one inch less panel space.
This important advantage makes it easier to read the scale and adds a new note
of modernity to the complete unit.

The 4 -Square Instrument is 4 inches to the side. It fequires only a 2-3/4" di-
ameter round mounting hole .. . has 3-1/8" DC and 2-7/8" AC scale length and
is furnished with a spade or knife-edge pointer. It may be used wherever elec-
trical measurements are required. Supplied in all popular range: Voltmeters
... Millivoltmeters ... Ammeters ... Microammeters ... Milliammeters.

See Your Jobber

Write for FREE Literature

Triplett Electrical Instrument
Company

120 Main Street Bluffton, Ohio

Triplett Electrical Instrument Co.
1 120 Main St., Bluffton, Ohio.

Please send me data on the new Triplett 4-
1 Square Instrument.
1

I Name

I Address

City

State
L-. OEM. 1 MIMEO MM. O./0 OW=1 ,=10

When writing to advertisers mention of the PROCEEDINGS will be mutually helpful.
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Centralab looks ahead!
Series II Sound Projection Controls
anticipate tomorrow's high fidelity

requirements

1,o
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0 i0 W . w

PERCENT ROTATION

Frequency attenuation
characteristics

"T" Pad "I." Pad

Write today for de-
scriptive booklet on
the Series II Sound
Projection Controls

103

With the best of the high fideli-
ty broadcasting transmitters
delivering a maximum of 8000
cycles and the Talkies reaching
a 12,000 cycle peak CENTRA-
LAB'S SERIES II SOUND
PROJECTION CONTROLS
show no appreciable attenua-
tion until 16,000 cycles are
reached.

Centralab looks ahead . . . for
these new controls are designed
for practically the extreme
limits of audibility and well in
advance of any present day
high fidelity requirements.

An ever-increasing number of
broadcast stations are installing
these new controls in their
panels. Their patented non
rubbing contact assures a

LONG LIFE and never re-
quires cleaning.

DIVISION OF GLOBE -UNION MFG. CO. INC.
MILWAUKEE, WIS.

When writing to advertisers mention of the PROCEEDI N GS will be mutually helpful.
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Take Your Choice
Every member of the Institute of Radio Engineers will want

to wear one of these three attractive emblems. All of these
emblems are appropriately colored to indicate the various
grades of membership and each emblem is approximately the
size of the following illustrations.

The Lapel Button is of 14k gold, with background enameled in the

membership color, and with the lettering in gold. The screw -back on
the back of this button fastens it securely to your coat.

$2.75 postpaid-any grade.

The Pin is also of 14k gold. It is provided with a safety catch and is
appropriately colored for the various grades of membership.

$3.00 postpaid-any grade.

The Watch Charm handsomely finished on both sides, is also of 14k

gold. This charm is equipped with a suspension ring for attaching to
a watch fob or chain.

$5.00 postpaid-any grade.

Orders, accompanied by checks made payable to the Institute
of Radio Engineers, should be addressed to

THE INSTITUTE OF RADIO ENGINEERS
330 West 42nd Street
NEW YORK, N.Y.

Send in your order now!



SPEED LIGHT
CONTROL

HEAT VOLTAGE
The VARIAC autotransformer is the ideal voltage control,
giving a continuously adjustable voltage for variation of
operating conditions and testing.

New types with higher ratings have recently become available.

Type
Load

Rating
Primary
Voltage

Secondary
Voltage Price

100-K 2 kva 115 v 0-115 $40.00
100-L 2 kva 230 v 0-230 40.00
200-B 170 va 115 v 0-115 10.00
200 -CM 860 va 115 v 0-135 17.50
200 -CU 860 va 115 v 0-135 14.50

Described in Bulletin V -R.

GENERAL RADIO COMPANY
CAMBRIDGE A MASSACHUSETTS

GEORGE BANTA PUBLISHING COMPANY. MENASHA, WISCONSIN


