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When the grooves of a 45-45 stereophonic disk are magnified 100 times, the recorded signal becomes 
discernible as variations in both the shading (depth) and the width of the grooves. If only one channel 
is recorded, only one side of each groove varies in width, while the other side remains essentially 
straight, as shown in this photograph from the article on page 1686. 
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ECPD—Since 1932 this group-
ing of letters of the alphabet has 
meant the Engineers' Council 
for Professional Development— 

a federation of engineering societies dedicated to sponsoring 
the intellectual development and professional interests of the 
individual engineer through intraprofessional activities. Now 
numbering eight, the participating societies are the ASCE, 
AIME, ASME, AIEE, AICHE, the Engineering Institute of 
Canada (EIC), the American Society for Engineering Educa-
tion (ASEE), and the National Council of State Boards of 
Engineering Examiners (NCSBEE). 

Financed from these societies and by grants from in-
dustries, foundations, and interested individuals, the ECPD 
has carried on a program whereby the progress of a young 
engineer toward professional stature can be recognized by the 
man, the profession, and the public. This program has been 
largely directed to four tasks: assuring entrance into the pro-
fession of young people having the necessary capacity and a 
truly professional aptitude; development of criteria for col-
leges of engineering that will insure their graduates having the 
requisite educational foundation; plans for integration of 
graduates into industry and professional practice; and meth-
ods of recognizing engineers who have met suitable profes-

sional standards. 
These tasks have been carried forward through develop-

ment of a guidance program for high school students, con-
solidation of engineering school accreditation into one agency 
designed to stimulate these engineering schools into positions 
of higher respect and excellence, development of community-
wide training programs through which the engineering gradu-
ate can grow into the technical, professional, and civic life of 
his community, and finally, to provide certification proce-
dures for public recognition of the engineer. 

The accreditation program has now extended to both engi-
neering colleges and technical institutes, and is probably the 
ECPD work of greatest interest to many IRE members who 
are recent graduates or are hopefully working toward The 
Day. Carried out by visiting teams of educators from other 
campuses, it could easily have degenerated into a "you scratch 
my back, I'll scratch yours" situation, but due to strong and 
clear-thinking leadership it has not done so. The inspections 
have encouraged forward-looking educational experimentation 
and advance, avoided acting as a strait-jacket, and served to 
spur the laggard. Who can say that convincing a botany- or 
history-trained dean of faculty or university president of the 
necessity for high-cost engineering facilities and staff may not 
have been ample justification for many accreditation visits? 

Accreditation is by curriculum, giving no over-all white-

wash for the weak department, and to date has led to ap-
proval of 811 curricula in 154 schools. While extending recog-
nition to 22 different subject-matter curricula, we note that 
the majority of accreditations occur in the civil, electrical, 
and mechanical areas, with 133, 134, and 131 schools each. 
We might debate the advisability of the recognition of several 
of the more specialized areas, if we wanted more arguments 
than we now have. 

The development of a professional spirit within the pro-
fession and of methods of ensuririg that proper educational 
foundations are laid, and the progrum of professional integra-
tion into the community, certainly represent major achieve-
ments of the ECPD. Recognizing the importance of this work 
and desiring to undertake its share of the responsibilities en-
gendered by the size and importance of the electronic field, 
the IRE Board of Directors at its Houston meeting in April, 
1957, moved to petition for membership in ECPD. The 
ECPD charter was not then well-adapted to expansion of 
membership, and so admission has been delayed while the 
legal amenities were being met. Decision is awaited at the 
ECPD annual meeting in New York this month. 

Our Hucksters. While to a few members the presence of ad-
vertising pages in the PROCEEDINGS is unfortunate, those who 
consider the other adjuncts of IRE membership, such as 
TRANSACTIONS, STUDENT QUARTERLY, Standards, CONVEN-
TION RECORD, Section meetings, and the like, know the im-
portance of the advertising pages. We have recently been 
rather amazed at another but somewhat concealed advantage, 
namely, the forceful monthly education in the news of the 
electronics field to be gained by perusal of the advertising 
pages. Such study can also go far to making one realize the 

speed with which our field is moving. 
Taking the August issue as an example, there were 111 

editorial and about 160 advertising pages. Counting only full 
page displays, there were 30 pages of advertising presenting 
the virtues of tried and proven products and 32 pages em-
phasizing the newly born ideas of our own minds, with 13 of 
the latter pages also featuring gadgets or systems of value to 
the itinerant space traveller of next year. As examples of 
newly born gimmicks, we can list Hall-effect diodes, synthetic 
garnet, silicone casting rubbers, ferrites, silicon capacitors, 
logarithmic microvoltmeters, solid-state controlled rectifiers, 

mesa transistors, and the like. 
As a premium with our incomparable compendium of 

cyclopedic chatter, where else can you get a monthly educa-
tion on the new gadgets which will do the job faster, finer, or 
financially frugaller than in the PROCEEDINGS advertising? 

— J . D. R. 
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Allan B. Oxley 
Director, 1957-1958 

Allan B. Oxley (A'25-M'33-SM'46-F'53) was born in Lon-
don, England in 1901. He attended night school for thirteen 
years, and did postgraduate work in physics and atomic 
theory at the University of Toronto in 1929. 

During the early years of his career he engaged in the 
manufacture of microscopes, spectrometers, and fine scientific 
instruments. From 1924 to 1926 he was mechanician to the 
Department of Physiology at the University of Toronto, and 
assisted Sir Frederick Banting in the development of insulin 
for diabetics. Later he helped form the Oxley and Meredith 
Company before his appointment as manager and chief engi-
neer of the King Radio Corporation in 1927. He retained the 
position of chief engineer when the Williams Piano Company 
absorbed the King Corporation in 1929. In 1933, as chief engi-
neer of the Philco Radio and Television Corporation, he was 
assigned to organize a factory in London. He returned to 
Canada in 1935 and became quality engineer, and then chief 

engineer, for the RCA Victor Company, Ltd., in Montreal. 
During World War II he was responsible for several elec-

tronic research developments for the British, Canadian, and 
American governments. 

Mr. Oxley has been active in the Canadian Region of IRE 
for more than thirty years. He assisted in the formation of the 
Montreal Section, was chairman of the Toronto Section in 
1933, Chairman of the Montreal Section in 1939 and 1949, 
and served as Director of the Canadian Region in 1951-1952. 

He is a past chairman of the Engineering Committee of the 
Radio Manufacturers Association of Canada, was general co-
ordinator of the Canadian Radio Technical Planning Board 
from 1944 to 1948, and has been Canadian representative on 
the United States Electronic Industries Association Receiver 
Committee since 1939. He is a member of the Royal Canadian 
Institute and of the Corporation of Professional Engineers of 
Quebec. 
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The Westrex StereoDisk System (Davis and Frayne, p. 
1686)—The widespread introduction of stereophonic records 
this fall ranks as one of the major milestones in the long 
history of the home entertainment field. Although stereo-
phonic recording is 25 years old, it was not until 3 or 4 years 
ago that it made commercial headway with the release of 
stereophonic tapes and tape recorders for hi-fi enthusiasts. 
This fall stereo disks and record players are sweeping the in-
dustry, and by the end of the year every major recording 
company will be deeply involved in stereo. Broadcasters, too, 
are showing great interest. A substantial number of those who 
operate both an AM and FM station are now broadcasting 
stereophonic programs, one sound channel on AM and the 
other on FM, for listeners who have both types of sets in their 
homes. Also, an increasing number of FM broadcasters are 
multiplexing the two sound channels on the one FM channel 
for those who have special stereo adapters on their FM sets. 
This paper describes the stereophonic recording system that 
has been adopted by the industry, the so-called 45-45 system, 
the development that has ushered in the stereophonic disk re-
cording era. 

ELF—A New Electroluminescent Display (Sack, p. 1694) 
—Recent developments in improved phosphors have stimu-
lated a great deal of interest in solid-state panel-type display 
screens in the past three years. A panel device offers impor-
tant advantages over conventional cathode-ray-tube displays 
because the screen area can be made many times larger while 
the thickness is that of only a thin panel. Electroluminescent 
displays incorporating photoconductive elements have been 
successfully built for intensifying and displaying X-ray and 
light images. However, they are not amenable to displaying 
information that changes rapidly. The device described here 
offers an entirely new approach by using a ferroelectric struc-
ture in association with the electroluminescent material, re-
sulting in important improvements, including the achieve-
ment of rapid scanning speeds approaching the range required 
for television. 

The Helitron Oscillator (Watkins and Wada, p. 1700)— 
The continuing search for electron beam tubes that do not 
require cumbersome focusing magnets has led to the develop-
ment of an important new type of magnetless backward-wave 
oscillator which appears to be a promising competitor to exist-
ing voltage-tuned microwave tubes. 

Guided Wave Propagation in Submillimetric Region 
(Karbowiak, p. 1706)—TE waves have the interesting prop-
erty that as frequency is increased in the kilomegacycle 
range, attenuation decreases rather than increases as in the 
case of TM waves. This paper discloses an even more unusual 
fact, unknown to most engineers, that as you continue to in-
crease frequency well beyond 100 kmc and up into the infrared 
region, TM waves, too, show a decrease in attenuation. In 
fact, the rate of decrease is greater for TM than for TE waves. 
However, the TM 'attenuation curve does not catch up with, 
and cross under, the TE curve until the visible light region of 
the spectrum is reached. 

Solar Cycle Influence on the Lower Ionosphere and on 
VHF Forward Scatter (Ellyett and Leighton, p. 1711)—Re-
flections from meteor trails are known to play an important 
role in ionospheric forward scatter, but it has not been clear 
whether scatter is due to meteoric ionization alone. A scatter 
communication link which has been in operation now for seven 
years has provided the authors the opportunity to compare 
long-term trends of changes in signal strength with the 11-
year sunspot cycle. The results clearly show that the sun, too, 
exerts an effect on the magnitude of daytime scatter signals, 
thus filling an important gap in our knowledge of the ionizing 
agents of the lower ionosphere. 

On the Determination of the Electrodes Required to Pro-
duce a Given Electric Field Distribution Along a Prescribed 
Curve (Kirstein, p. 1716)—This paper provides a method of 
calculating the theoretically correct electrode configuration 
needed to guide electrons through a vacuum tube along a de-
sired trajectory, provided the trajectory can be expressed 
analytically. The method provides an important contribution 
to the design of electron guns and focusing systems, and will 
be of particular interest to those working with dense electron 
beams of the type used in many microwave tubes. 

A Voltage-Sensitive Switch (Otley, et al., p. 1723)—A 
small solid-state switch has been developed which may re-
place thyratrons and gas diodes in certain applications. It 
consists simply of a thin dielectric oxide layer formed electro-
lytically between two metal electrodes. Upon application of 
the proper voltage, the dielectric film breaks down and the 
switch functions. While its applications are limited to one-
shot devices such as fuses, it represents a novel idea and an 
interesting use of breakdown phenomena. 

Methods of Measurement of the Parameters of Piezoelec-
tric Vibrators (Gerber and Koerner, p. 1731)—In 1957 the 
IRE issued a Standard specifying methods of measuring vari-
ous quantities associated with piezoelectric vibrators. It was 
later adopted as an international standard at a meeting of the 
International Electrotechnical Commission in Zurich. The 
Chairman of the IRE piezoelectric committee, attending as a 
U. S. delegate, found there existed internationally an urgent 
need for more detailed information on the IRE measurement 
methods. To fill this need, he and a colleague have now de-
tailed the theoretical considerations of these measurements 
and assembled useful charts and tables that relate measured 
and fundamental vibrator parameters. 

Harmonic Generation with Ideal Rectifiers (Page, p. 
1738)—Very few engineers are aware of the limitations on 
methods of generating harmonics with rectifiers. Intuition 
tells them that using ideal rectifiers and filters should make it 
possible to generate harmonics with high efficiency and with-
out dc dissipation. This paper throws cold water on all such 
hopes by proving that the efficiency of generating the nth 
harmonic cannot exceed 1/n2 and that at least 75 per cent of 
the converted power is dissipated as dc. 

An Error-Correcting Encoder and Decoder of High Effi-
ciency (Green and San Soucie, p. 1741)—Although this paper 
is really directed at the specialist, the general reader will find 
the discussion of a novel triple-error-correcting code, how it is 
generated and decoded, and its error-correcting capabilities 
presented so clearly as to provide him with a fairly good un-
derstanding of a subject which is rapidly changing the char-
acter of the communications field from one of transmissions 
between humans to one of transmissions between machines. 

A Computer Oriented Toward Spatial Problems (Unger, 
p. 1744)—Recent efforts to design machines that will recog-
nize characters of the alphabet have opened up a broad field 
of pattern recognition problems that will soon engage the at-
tention of many diverse segments of the profession. The com-
puter described here presents a new approach to this impor-
tant class of problems which, heretofore, has not been well 
suited to solution by computers. 

Distribution of Leakage Flux Around a TWT-Focusing 
Magnet—A Graphic Analysis (Glass, p. 1751)—The funda-
mental design formulas and graphs presented here describe 
the distribution of external leakage flux around traveling-
wave-tube magnets and will be a very useful aid in minimizing 
the amount of interference which this flux leakage frequently 
causes to other equipment in the vicinity. 

Scanning the TRANSACTIONS appears on page 1768. 
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The Westrex StereoDisk System* 
C. C. DAVISt AND J. G. FRAYNEt 

Summary—This paper describes the Westrex StereoDisk Re-
corder which records two stereophonic channels in a single groove 
with a single stylus. The axes of the two recordings are at 90 degrees 
to one another, each being at 45 degrees with the horizontal plane of 
the record. By use of appropriate input circuits, the vertical-lateral 
type of stereophonic record may also be recorded. The recorder 
utilizes the electrodynamic feedback features of the Westrex lateral 
recorder. The design features of the recorder are described and the 
performance is discussed. Data on channel crosstalk, intermodula-
tion distortion, and frequency characteristics are given. 

The design features and performance of the complementary 
StereoDisk Reproducer are described, including the desirability of 
maintaining the same vertical tracking angle in both recorder and 

reproducer. This reproducer employs dual d'Arsonval movements 
resulting in an exceptionally faithful reproduction. 

THE current interest in stereophonic sound repro-
duction in the home has stimulated the develop-
ment of the two-channel stereophonic disk system 

described in this paper. It is not generally recognized 
that considerable research was carried on in the 1930's 
on this type of stereophonic recording in which two 
channels are recorded in a single groove. For example, 
Blumlein of EMI in England was granted British 
Patent No. 394,325 in 1933 on a two-channel stereo-

phonic system. He disclosed the possible use of a verti-
cal-lateral combination to produce a stereophonic effect. 
He also called attention to the 45-45 orthogonal system 
as an alternative method. At the Bell Telephone Labora-
tories, Keller and co-workers made stereophonic record-

ings as early as 1936, and Keller and Rafuse were 
granted U. S. Patent No. 2,114,471 in 1938. Blumlein 
and Keller built their experimental stereophonic re-
corders by linking existing lateral and vertical recording 
mechanisms. U. S. Patent No. 2,025,388 issued to 
Henning of Bell Telephone Laboratories disclosed a re-
producer capable of reproducing either vertical or lateral 
recordings. By using suitable output circuitry, Henning's 
reproducer has been successfully used to reproduce the 
Keller and Rafuse vertical-lateral recordings. The em-
phasis on defense work at the Bell Telephone Labora-

tories in the late '30s, coupled with apathy on the part 
of commercial recording concerns, caused this develop-
ment to be laid aside. 

In developing the Westrex StereoDisk System, the 
authors were primarily interested in the development of 
a stereophonic system in which the two channels would 
give as nearly identical quality as was possible to 
achieve. In arriving at this conclusion, they were mind-

* Original manuscript received by the IRE, April 14, 1958. Re-
printed from 1958 IRE NATIONAL CONVENTION RECORD, pt. 7, pp. 
62-72. 

t Eng. Div., Westrex Corp., Hollywood, Calif. 

ful of the work of Pierce and Hunt' in their comprehen-
sive theoretical analysis of the lateral and vertical modes 
of disk recording in which they predicted the amount 
and type of distortion products obtained by tracing 
both lateral and vertical grooves. While this and other 
considerations enumerated below were important fac-
tors in support of the 45-45 orthogonal system, the sym-
metry of design it made possible for both recorder and 
reproducer was probably the determining factor. Fur-
ther, the 45-45 system was capable of producing the 
vertical-lateral type of stereophonic disk if this method 
had been adopted by the industry. 

GENERAL DESCRIPTION OF 45-45 SYSTEM 

Having decided in favor of the 45-45 system, the 
next step was to evaluate design objectives in both re-
corder and reproducer in order to obtain a satisfactory 
stereophonic recording system for disks. A primary 
design objective in a dual channel stereophonic system 
is to obtain identical characteristics in the two chan-
nels. In the case of a disk recorder this means the stylus 
mounting mechanism must have equal compliance in 
all directions in a vertical plane normal to the recorded 
groove. If the recorder is to use moving coils they should 
be identical and they should operate in identical amounts 
of magnetic flux. The coils should move the stylus 
through identical mechanisms. If this primary objec-
tive is not met, one channel must necessarily be inferior 
to the other in one or more respects requiring an un-
necessary amount of effort to adjust and maintain the 
system for reliable commercial recording. It can be 
stated that consideration of this basic objective was an 
important factor in the adoption of the 45-45 method of 
recording. The final recorder design met the objective 

and also was capable of recording a vertical-lateral type 
of record while preserving the symmetry called for 
above. 

It was decided that the new recorder should retain 

the feedback principle which has been an outstanding 
feature of both the Western Electric and Westrex re-
corders for the past 20 years and has been described pre-
viously.' This involved the mounting of a pickup coil 
on each of the drive assemblies in the recorder and in-
cluding these coils in the feedback loops in the respec-
tive recording amplifiers. The design constants of the 

J. A. Pierce and F. V. Hunt, "Distortion of sound reproduction 
from phonograph records," J. Soc. Motion Picture Eng., vol. 31, 
p. 157; August, 1938. 

2 L. Vieth and C. F. Wiebusch, "Recent development in hill and 
dale recorders," J. Soc. Motion Picture Eng., vol. 30, p. 96; Jan-
uary, 1938. 
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feedback circuit were of necessity a compromise of fac-
tors imposed by the design and performance require-
ments. The details of the feedback circuit are covered 
in the description of the recorder. 
As a result of these considerations a feedback of ap-

proximately 27 db at the resonant frequency was em-
ployed. This held up the high-frequency response to at 
least 15 kc and the low-frequency response was brought 
up by the use of passive networks preceding the record-
ing amplifiers. This arrangement of feedback main-
tained good stability over the significant range of audio 
frequencies, and, with the aid of the passive networks, 
essentially constant-velocity recording was provided 
over a frequency range from 30 to 15,000 cps, except 
for a very narrow dip of a few db in the vicinity of 
11,000 cps. This characteristic is modified in commercial 
practice by inserting the RIAA or equivalent recording 
preequalization characteristic. 
Two recording amplifiers, one for each channel, are 

required to operate the recorder. The circuits of the 
amplifier are shown in Fig. 1 in block-schematic form 
since the details of design are not considered significant 
for this presentation. The recording circuit consists of a 
phase-inverter stage which drives a push-pull gain stage 
which in turn drives a push-pull, parallel power stage. 
The four-ohm output goes to one drive coil in the re-
corder. Adjustable low-frequency and high-frequency 
equalization is provided ahead of the phase-inverter 
stage. The output of the feedback coil in the recorder 
goes through a gain control to a gain stage. The output 
of this stage goes to the grid of the phase-inverter tube 
which also acts as a mixer. The output of the feedback 
coil also goes to a two-stage monitor-amplifier which 
has a 600-ohm or 50-ohm output at a nominal monitor 
level of —15 dbm. The input network of the monitor 
amplifier provides the RIAA reproducing equalization. 

Since the characteristic of the network used to provide 
constant-velocity recording is to some extent comple-
mentary to the RIAA preequalization recording charac-
teristic, the two characteristics can be combined in a 
single equalizer with a considerable 'reduction of in-

sertion loss. 
The development of a reproducer was undertaken 

with the design objective of providing the highest 
quality of reproduction attainable. The three well-
known basic principles of reproducer design were con-
sidered and the electrodynamic or rotating-coil type 
was selected as affording the best opportunity of meet-
ing the design objective. Theoretical consideration in-
dicated this type would provide appropriate compliance 
and low mass at the stylus compatible with basic re-
quirements. It was indicated also that a satisfactory 
frequency response over the audio range with relatively 
low intermodulation and harmonic distortion might be 
expected. The details of design and performance of the 
reproducer are described elsewhere in this paper. 

RECORDING AMPLIFIER 
- 

 0 I MON OUT 

FEEDBACK 

RECORD 

L _ 

Fig. 1—Block schematic of recording amplifier. 

COMPARATIVE PERFORMANCE OF V-L AND 45-45 

A comparison of the relative performance capability 
of the vertical-lateral (V-L) and the 45-45 systems will 
indicate the reasons for the preference of the latter sys-
tem. An analysis of the stereophonic groove cut with 
either the 45-45 or V-L system will show considerable 
similarities between the two types of recording. Thus, 
with the 45-45 system, both lateral and vertical modu-
lated grooves will result, depending on the phase rela-
tionships of the inputs. For random phase differences, a 
complex groove with both vertical and lateral compo-
nents will be recorded. On the other hand, with the 
V-L system, vertical and lateral tracks will result only 
when one or the other microphone receives no signal. 
For the general case where sound is picked up by both 
microphones, the resultant groove will have both verti-
cal and lateral components and will appear to be sub-
stantially the same as a groove cut with the 45-45 sys-

tem. 
In the V-L system, we might expect a preponderance 

of either vertical or lateral cut grooves while in the 45-45 
we might expect a preponderance of 45-degree modula-
tions. Thus, the limitations on groove depth imposed by 
recording vertical components should be more severe 

than in the 45-45 system. In addition, by deliberately 
phasing the channels in the 45-45 system so that in-phase 
signals are recorded laterally, the limitations imposed by 
the vertical components are further reduced. Because of 
this situation, we would expect greater quality differ-
ences between the two channels in the V-L system due 
to the inherent but different tracing distortion com-
ponents in the vertical and lateral grooves.' 
The symmetry of the 45-45 system is not only of 

importance in balancing the quality of the reproduction 
from the two grooves, but has certain other very im-
portant by-products. In the record changer the vertical 
component of rumble is generally more pronounced than 
the horizontal component; this means more audible 
rumble in one channel in the V-L system, which is 
highly undesirable from a listening standpoint. In the 
45-45 system, rumble should be identical in both chan-
nels and lower by about 3 db than in a strictly vertical 
channel. Another byproduct favorable to the 45-45 sys-
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Fig. 2—Simplified recorder illustration. 

tern is the ease of balancing the reproducing channels 
in the home. It is only necessary to play a standard 
lateral record and adjust the channel gain for equal 
loudness. 

In the 45-45 system each channel will have lateral 
and vertical components of the impressed modulation. 
Thus it should be possible to reproduce either the lateral 
or vertical components of both channels with a standard 
lateral or vertical reproducer. Since vertical-type pick-
ups are rarely encountered in home reproducing sys-
tems, the lateral type of pickup only needs considera-
tion. If this type of reproducer has good vertical 
compliance it should be able to reproduce satisfactorily 
the lateral components of both channels. In this sense 
the 45-45 system of stereophonic recording is com-
patible with lateral records. This cannot be said of the 
V-L system since the lateral component represents only 
one of the recording channels. 

DESIGN DETAILS OF RECORDER 

Fig. 2 illustrates the basic design of the recorder. The 
magnetic gaps of the drive and feedback coils are ar-
ranged in a series parallel fashion. The magnetic flux 
is provided to the system by a single magnet made from 
Alnico V D.G. This arrangement of magnetic paths in-
sures equal flux densities in the corresponding gaps. 
Each of the magnesium coil forms contains a drive and 
feedback coil as shown. The shaded areas between the 
magnetic gaps indicate copper slugs or shields which 
reduce inductive crosstalk from the drive coils to the 
feedback coils. This crosstalk must be minimized to 
utilize the advantages of negative feedback control of 
the drive coil motion. Fig. 3 is a bottom view of the 
recorder. The individual coil assemblies are mounted on 
removable subassemblies, and are shown together with 
the other principal components in Fig. 4. This permits 
their alignment in an assembly jig as self-contained 
units before installation. The coil forms have small 

Fig. 3—Bottom view of 3A StereoDisk Recordei. 
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Fig. 4—View of significant parts of recorder. 

terminals which are in turn connected through pigtails 
to corresponding stationary terminals on the assembly. 
This arrangement eliminates breakage of these vital 
connections to the coils due to vibration and it simplifies 
examination or service of these parts. The coil-support-
ing springs are made from beryllium copper and are 
V-shaped to maintain the coils in proper alignment. The 
coils drive the stylus supporting member through 
separate linkages. These linkages consist of wires 
braced along their midsections to prevent excessive 
lateral compliance. The result is a relatively stiff driving 
system in a forward direction but with relatively high 
compliance in a lateral direction. This important rela-
tionship avoids the necessity of one coil bearing the 
mass of the other coil which would result if the coils 
were rigidly mounted on the stylus supporting member. 
Thus the mass of each driving system includes only its 
components and a negligible portion of the other driving 
system. 

A tubular cantilever spring was chosen for the stylus 
supporting member because of the many advantages it 
offers. Its compliance as a cantilever is inherently the 
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same in all directions in the desired plane, which is 
essential in order that the complex motion of the stylus 
may present uniform impedance in any direction in the 
vertical plane. This is particularly important at those 
portions of the frequency spectrum where the negative 
feedback voltage has little control of the stylus motion. 
Another feature of a tubular cantilever is its relatively 
low rotational compliance, which reduces the tendency 
toward crosstalk from one channel to the other. 
The damper shown on the stylus supporting member 

has little or no effect below 10 kc and very little effect 
above 10 kc on the actual recording. It is used mainly 
to smooth out several peaks and valleys in the monitor 
output reading. Therefore, the effects of temperature 
and other factors upon the damper in no way affect the 
system damping, which is, of course, supplied by the 
feedback coil and the associated negative feedback loop 
in the recording amplifier. 
The stylus has a tapered shank and is of the same type 

as those used in the 2B Recorder. The included angle of 
the stylus has only second-order effects on the record-
ing. The same type of hot wire terminals are used to 
record with a heated stylus. Inasmuch as it appears im-
practical to hinge the stylus mounting mechanism of a 
recorder or reproducer exactly at the surface of the 
record a vertical tracking error will be introduced unless 
very nearly the same angle is used in the recorder and 
reproducer. What is normally considered as "vertical" 
motion of the cutting stylus tip in the recorder is ac-
tually at an appreciable angle from a vertical line. It 
does not seem practical from the standpoint of con-
struction of both recorder and reproducer for the situa-
tion to be otherwise. The angle for the recorder is 
nominally 23 degrees, in a direction such that with up-
ward stylus motion, there is a component in the direc-
tion of travel of the record surface. This angle was deter-
mined by measurements on an actual stylus supporting 
member and a mock-up stylus, and was confirmed by 

calculations. 

DESCRIPTION OF 45-45 GROOVE 

The geometry of the groove cut by the 45-45 recorder 
with a stylus having a cutting angle of 90 degrees merits 
consideration in some detail. Fig. 5 shows schematically 
cross sections of the groove for four limiting conditions. 
The upper left section shows the type of groove which 
will be cut when signal is fed only to the left channel. 
The right-hand groove wall is a slant line of varying 
depth. The right edge of the groove at the record will be 
a smooth line without modulation. The left edge of the 
groove will vary in width in accordance with the signal. 
The upper right section of the figure depicts the opposite 
condition in which signal is fed only to the right channel. 
It will be noted that the conditions are just reversed. 
The lower left section shows the type of groove which is 
cut when identical signals are fed to the two channels 
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Fig. 5—Cross section of 45-45 grooves for four limiting conditions. 

and are in phase at the drive co Is. Under this condition 
a vertical recording is obtained. The lower right section 
shows the condition when like signals are fed to the two 
channels but out of phase at the drive coils. Under this 
condition a lateral recording is made. Any combination 
of these four conditions in varying amplitudes may oc-
cur in recording stereophonic program material. 

Fig. 6 is a photomicrograph of grooves recorded first 
with a single frequency on one channel and then on the 
other. One side of each groove is essentially straight 
while the other varies in width in accordance with the 
lateral component of the signal. The vertical component 
of the signal is shown by the varying shading in the 
photograph. Fig. 7 is a photomicrograph of grooves re-
corded using program material and a stereophonic 
pickup. Here again the latera; components are shown 
by the varying width of the grooves while the vertical 
components are represented by the varying shading in 
the photograph. Some of the vertical components in 
this picture represent frequencies of 12 kc or higher. 

Fig. 8 shows the maximum excursion of a groove 
which will be cut with a given maximum amplitude of 
modulation of the drive coils and with a specified mini-
mum depth of groove. The specified minimum groove 
depth is D and the maximum modulation amplitude of 
either coil is A. Under these conditions the maximum 
horizontal excursion of groove will be 2D +4-V2A and 
the maximum depth of groove will be D-F2V2A. 
The relative output level from a groove of specified 

maximum width recorded with the 45-45 system is a 
matter of considerable interest. Fig. 9 shows a compari-
son of this type of groove with the conventional lateral 
groove. In each case the specified maximum groove ex-
cursion is 2D +2A '. In the lateral groove the maximum 
amplitude of modulation is A which is equal to A'. In 
the 45-45 groove the amplitude of modulation in either 
channel is A'/ N/2. Accordingly the output of each of the 
45-45 channels will be down 3 db with respect to the 
output of the lateral channel. For these conditions the 
playing time will be the same with the 45-45 system as 
for the standard lateral recording. 
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Fig. 6—Photomicrograph of single-channel 45-45 grooves. 

Fig. 7—Photomicrograph of 45-45 grooves with 
stereophonic program material. 

PERFORMANCE OF THE RECORDER 

Fundamentally the performance of the recorder is 
based upon the use of moving coils with negative feed-
back control. The use of feedback to control resonance 
effects in vibratory systems was suggested first by Max-
field and Harrison. The advantages of this type of 
transducer have often been described. 2.4 The moving 
coil offers a maximum of motional linearity and when 
combined with negative feedback it comprises a stable 
well damped system without resistive losses.' However, 
high efficiency must be obtained to provide the recorded 
levels used currently without excessive power losses 
which might destroy the coils with excessive heat. In 
order to achieve a practical physical size, the com-
ponent parts of the magnetic circuits of the dual channel 
recorder must occupy a limited amount of space. To 
offset this condition two design features were incorpo-
rated: 

3 J. P. Maxfield and H. C. Harrison, U. S. Patent No. 1,535,538. 
4 G. R. Yenzer, "Lateral feedback disc recorder," Audio Eng. 

(Audio Eng. section), vol. 33, p. 22; September, 1949. 
C. C. Davis, "A moving-coil feedback disk recorder,' J. Audio 

Eng. Soc., vol. 2; October, 1954. 
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Fig. 8—Cross section of 45-45 groove for maximum groove excursion 
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Fig. 9—Comparison of 45-45 with standard lateral groove. 

1) minimum mass of the drive and feedback coils was 
used; 

2) the natural resonant period of the vibrating system 
was made relatively high. 

Since it is unnecessary to generate sufficient feedback 
voltage to control the system throughout the entire 
audio band if equalization is used at one or both ex-
tremes, the physical size of the feedback coil and its 
operating flux may be reduced. Thus the mass of the 

vibrating system may be reduced and the relative 
amount of flux at the drive coil increased. 

The natural frequency of the vibrating system is 
placed about one octave above the geometric mean fre-
quency. This results in power economy in the high-
frequency range where considerable power is normally 
required with the RIAA type of preequalization. The 
amount of feedback at resonance is approximately 27 
db. This is sufficient to control the stylus throughout the 
range of frequencies where the mechanical impedance of 
the vibrating system is low. This is the range where 
variable cutting resistance presented at the stylus may 
cause nonlinearity or wave distortion. Below this range 
the system is controlled by stiffness and is unaffected by 
cutting conditions. Throughout this range preequaliza-
tion is required due to the loss of feedback control. Pre-
equalization is not needed at high frequencies for a con-
stant velocity recording characteristic. 
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The copper shields between the drive and feedback 
coils are intended to prevent inductive crosstalk be-
tween the drive coil and feedback coil. The effectiveness 
of these shields is at a minimum at about 200 cycles. 
Here the inductive crosstalk is —50 db relative to per-
fect coupling (i.e., the coils used in a perfect trans-
former). Since the feedback voltage generated by the 
velocity of the coil is already low, the inductive cross-
talk and the feedback voltages are of the same order of 
magnitude. Therefore, the apparent feedback voltage 
reads proportionately higher at low frequencies than 
that represented by the recording and the feedback volt-
age cannot be used to calibrate low-frequency response 
without calibration data. This condition in no way con-
tributes to instability and the system is inherently 
stable. 

Single-frequency power measurements give little use-
ful information from feedback recorders. In order to 
arrive at a practical evaluation of the power required 
by program material with an RIAA preequalizer, rec-
ords were made at high levels from orchestral and vocal 
numbers. These were made from a single-channel source 
connected to the recorder and phased to produce lateral-
type recording. The material was of the type containing 
high-level sounds which produce extreme velocities with 
RIAA preequalization. The highest peak velocity re-
corded was 19 cm/second as measured with the light-
band method. The highest rms value of current through 
one drive coil was 0.6 ampere. Therefore, the maximum 
power consumed by each 5.6-ohm coil was approxi-
mately 2 watts. The maximum groove swing was + 1.65 

mils which indicates this was a high-level microgroove 
recording. It is doubtful if this level will be reached in 
stereophonic recording on disks with the normal pre-
equalization characteristic. 
The complex stylus driving mechanism of the 3A Re-

corder must necessarily contain additional masses and 
compliances not found in single-channel recorders. The 
recorded product covers the extremes from vertical 
through 45-degree recording to lateral recording. Differ-
ences in characteristics are to be expected under these 
conditions. Lateral recording is most subject to the ef-
fects of lateral stylus rotation at high frequencies. Rota-
tion produces dips in level as well as interchannel cross-
talk. Vertical recording appears to contain a minimum 
of rotational effects. At this point in the development of 
the recorder it is difficult to attempt a true evaluation 
of the amount of crosstalk and the frequency response 
of the recorder above 8 kc. It may be stated the average 
amount of modulation on the record when viewed op-
tically appears higher at high frequencies up to 20 kc 
than at midrange frequencies. The curve in Fig. 10 is 
indicative of the response of a single 45° channel with a 
calibrated reproducer. The recording was made with a 
production recorder on a lacquer disk at 34 rpm and at 
an approximate diameter of 10 inches. 

..••••••".« 
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Fig. 10—Typical recorded frequency characteristic. 

REPRODUCER DESIGN 

In order to facilitate the description of the repro-
ducer, it is desirable to review in greater detail the 
design objectives which should be met. The mass of the 
moving assembly, including that of the coils, was made 
as small as possible, consistent with appropriate strength 
and adequate output level. Stylus compliance was next 
chosen of such a value as to give approximately equal 
reactances of the stylus against the record groove wall 
at 400 and 8000 cps, the frequencies which represent the 
approximate range of program material of equal velocity 
on the record. An additional requirement of the com-
pliance was that the static deflection of the stylus due 
to the tracking force was to be large compared to the 
maximum deflection due to record groove vertical modu-
lation. This was necessary to insure that the stylus 
would not lose contact with the record. High torsional 
stiffness at the stylus was an obvious necessity to re-

strict the stylus movement to one of translation and not 
of rotation. The stylus radius of 0.70 mil was chosen as 
a good compromise between a small radius for low dis-
tortion and good high-frequency response vs a large 
radius for long record life. Stylus force was chosen as 
the minimum value which would provide tracking at 
the highest recorded levels normally encountered. 
The electrodynamic or rotating-coil movement was 

selected as affording the best means of meeting these 
requirements. Fig. 11 is an illustration showing a 
simplified front and side view of the principal operating 
components of the reproducer. The two coils are self-
supporting and are mounted on Mylar hinges with the 
coil axes at right angles to each other and at 45 degrees 
with the horizontal. The lower edge of each coil is con-
nected by means of a link to a beam in which the stylus 

is mounted. The beam (which actually is not subjected 
to bending or twisting) consists of a hollow tube whose 
outside diameter is 0.031 inch and whose length is ap-
proximately 0.15 inch. The rear of the beam is anchored 
in a flat spring which prevents rotation and at the same 

time provides essentially equal compliance at the stylus 
in any direction in the vertical plane. Some mechanical 
damping is applied to each link close to the coil by in-
troducing a block of viscous semisolid material between 
each link and the reproducer housing. This reduces the 

height of a peak in the frequency response characteristic 
at about 11 kc and also reduces crosstalk between chan-
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Fig. 11—Simplified reproducer illustration. 

nels. The drag wire prevents longitudinal motion of the 
stylus. It will be observed that the beam is tilted down-
ward at an angle of approximately 3 degrees with re-
spect to the horizontal when the stylus is free. However, 
when the stylus rests on a record the beam is in a hori-
zontal plane and parallel with the record surface. The 
vertical angle of the reproducer stylus motion has been 
made to conform closely with the angle of the stylus 
motion in the recorder to avoid the introduction of har-
monic distortion in the vertical component of the re-
produced signal. The vertical angle of stylus motion was 
mentioned briefly in discussing the recorder and was 
stated to be nominally 23 degrees. The reproducer has 
been designed to provide a corresponding angleof devia-
tion from the vertical plane. 
The angle difference between recorder and reproducer 

introduces tracking angle errors and is subject to the 
same mathematical analysis as tracking angle errors in 
lateral disk systems. Considerable literature has been 

published on this subject.6 
The applicable equation for a velocity-sensitive re-

producer to a close approximation is: 

D = 
0.2 X A XM 

where 

D = per cent of second harmonic distortion at 33/ 
rpm, 

A = tracking angle error in degrees, 
M= modulation velocity (cm/second peak), 
R= distance of groove from record center (inches). 

Fig. 12 is a family of curves obtained by the use of this 
equation which shows the amount of second-harmonic 
distortion for various amounts of tracking angle error. 
The curves are for grooves cut at constant velocity and 
at different distances from the record center. In Fig. 13 
the second harmonic distortion is shown for various 
groove radii for a constant tracking angle error and at 

6 B. B. Bauer, "Tracking angle in phonograph pickups," Elec-
Ironies, vol. 18, p. 110; March, 1945. 
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two recorded velocities. In both cases the amount of 

distortion is reduced to 63 per cent of the values shown, 
by the average 4-db-per-octave slope in the RIAA re-
producing characteristic. 

Referring to Fig. 11, the magnetic path consists of a 
center pole piece, two magnet pole pieces, and a magnet. 
The latter is not shown. One edge of each coil is disposed 
in one of the gaps between the center pole piece and the 
magnet pole pieces. The polarity of the coil leads is so 

arranged that a laterally modulated groove will produce 
signals which are in phase in the output circuits. 

Fig. 14 is an outside view of the reproducer. It is en-
tirely enclosed except for the small clearance hole for 
the diamond stylus and it mounts in a standard repro-
ducer arm. It tracks properly with six grams of stylus 
force. The stylus compliance is nominally 2.6 X10-6 cm 
/dyne and the dynamic mass is 3.0 mg. To avoid the 
difficulties involved in winding the moving coils with a 
large number of turns of extremely fine wire, a wire 
size has been chosen that results in a low output im-
pedance of 2.4 ohms and a correspondingly low output 
voltage of 2 mv rms per channel for 10 cm/second peak 
velocity. A pair of transformers is therefore required for 
good signal-to-noise ratio. 
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Fig. 14—View of 10A StereoDisk Reproducer. 
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A typical frequency response of one channel of the 
reproducer is shown in Fig. 15. This characteristic was 
obtained by reproduction from an optically calibrated 
pressing containing single-channel test frequencies re-
corded at 45 degrees. The slight rise at the low-frequency 
end of the curve is the result of the resonance of the arm 
mass with the stylus compliance and it will vary some-
what with the mass of the arm employed. 

TRACING DISTORTION 

Recordings made with the 45-45 method may vary 
all the way from single-channel 45-degree records to all 
vertical or all lateral types. Therefore a single 45-degree 
channel may receive the same information from any of 
these types. However, tracing distortion may be ex-
pected to exhibit different characteristics in all three 
cases due to the differences in tracing distortion between 
vertical and lateral or combination recordings thereof. 
The following distortion measurements were made 

from records recorded under all three conditions. The 
input level per channel was the same in all cases. The 
recorded velocity was 2.5 cm/second (peak) per chan-
nel. This resulted in an amplitude variation of + 0.55 
thousandths of an inch at the 400-cycle fundamental 
frequency. 

Fig. 16 shows the total harmonic distortion as meas-
ured through the usual high-pass filter measuring device. 

Fig. 17 shows the intermodulation distortion meas-
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ured with the RA-1258 Intermodulation Generator and 
the RA-1257 Intermodulation Analyzer. 
The system of stereophonic recording on disk de-

scribed in this paper appears to give highly satisfactory 
two-channel stereophonic reproduction. The crosstalk 
of the over-all system shown in the lower curve in Fig. 
15 appears to be entirely satisfactory for stereophonic 
listening and the frequency response is entirely ade-
quate for high-fidelity reproduction in the home. Ex-
perience to date indicates little if any added problems in 
producing pressings with a low noise level. The system 
has been demonstrated widely to representatives of the 
disk recording studios and reproducing equipment in-
dustries both here and in Europe. A limited number of 
3A Recorders have been placed in the hands of several 
recording companies and experimental disk recordings 
have been made available by some of them. Interest 
shown by industry and the public in the demonstrations 
of the 45-45 StereoDisk System would appear to confirm 
the soundness of this approach to the application of 
stereophonic recording principles to the field of disk 
recording. 
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ELF —A New Electroluminescent Display* 
E. A. SACKt, MEMBER, IRE 

Summary—The ELF screen is a new, flat electroluminescent dis-
play which combines very desirable brightness and halftone char-
acteristics with flexible storage capabilities and high scanning 
speeds. There is no theoretical limitation on the area of the screen. 

Ferroelectric ceramics are associated with the electroluminescent 

layer to proved built-in storage and control. The output image is 
formed in accordance with a charge pattern deposited on the ferro-

electric control array. This pattern is established by a signal distribu-
tion system, part of which may be incorporated in the screen struc-
ture. 

Highlight luminances in excess of 25-foot lamberts have been ob-

tained with contrast ratios of over 50/1 in multielement models. 
Images may be stored for several minutes or, alternatively, the 
images can be modified many times per second. Model screens have 
been built with resolutions of from 4 to 10 elements per inch. Higher 
resolutions may be obtained by new techniques. A scanning system 
has been constructed which can distribute the picture information at 
microsecond switching rates. 

INTRODUCTION 

I
T is becoming increasingly apparent that many 
modern imaging systems would greatly benefit from 
a new type of electrical to optical transducer which 

differs markedly from the conventional high-vacuum 
d splay. This new imaging device should be capable of 
being constructed with a screen area that is many times 
that of a conventional CRT and it should have over-
all external dimensions which approximate a thin panel. 
Among the important operational requirements for the 
improved display are high brightness, good resolution, 
fast scanning, accurately controlled halftones, and 
flexible storage capabilities for minimum flicker. 

Recent progress in the development of bright and 
efficient electroluminescent phosphors has encouraged 
attempts to build a solid-state display screen.' The 
back electrode on an electroluminescent panel can be 
composed of a plurality of separate isolated areas which 
define the "elements" of the multielement display. A 
high resolution image can be formed on this electro-
luminescent panel if a carefully defined pattern of 
excitation is applied to these elements. The major 
problems which must be solved lie primarily in the man-
ner by which this excitation is distributed to and main-
tained on the screen. 
An early suggestion was that an electroluminescent 

television display might consist of a phosphor sand-
wiched between an array of mutually perpendicular 
conducting strips in a matrix form.' It was proposed 
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that excitation should be switched sequentially to the 
various rows and columns of the array in order to scan 
this screen. Careful study of the properties of intrinsic 
electroluminescence has shown that this approach is 
not feasible. Excitation must be applied simultaneously 
and continuously to the elements of an electrolumines-
cent panel, rather than in short pulses, in order to 
achieve a bright, flicker-free image. The process of 
providing this mode of continuous excitation is here 
called storage. 
One method of building storage into the electro-

luminescent screen is to incorporate a photoconductive 
structure which regulates the amount of excitation ap-
plied to the electroluminescent panel.'" Light feedback 
is permitted between the electroluminescent and photo-
conductive areas so that the elements of the screen 
function in a bistable manner. An image is formed by 
optically triggering various elements of the array from 
the dark to the lighted state. Some means must be 
associated with the screen in order to transform from 
an electrical video input to the optical triggering signals. 
The photoconductive-electroluminescent screen fails 

to meet the requirements set forth for the modern dis-
play device, in that scanning speeds are severely limited 
by the sluggish response of the photoconductors. In 
addition, continuous halftones are not generally ob-
tained since the elements are bistable or, at best, multi-
stable. Finally, the elements, once they are triggered 
"on," cannot be individually erased, and power must be 
removed from a large section of the screen in order that 
new information may be applied. 
A ferromagnetic control structure may also be used 

to apportion the excitation to the electroluminescent 
screen. There are several modes in which such a screen 
might be operated. The phenomenon of ferroresonance 
may be utilized in order that the elements be bistable.5 
Alternately, the ferromagnetic structure may control 
the excitation applied to the electroluminescent ele-
ments in a continuous manner in accordance with con-
trol currents of fluxes established by a signal distribu-
tion system. In either case, the major disadvantage to 
this approach appears to be the physical realization of 
the control structure. The fabrication of, for example, 
250,000 separate and noninteracting inductors on the 
back of an electroluminescent TV screen would indeed 
appear to be a formidable problem. 

R. K. Orthuber and L. R. Ullery, "Solid state image intensifier," 
J. Opt. Soc. Amer., vol. 44, pp. 297-299; April, 1955. 
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Systems," Interscience Publishers, Inc., New York, N. Y., p. 17; 
1950. 
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Fig. 1—Simple ELF array. 

A much more desirable means of building storage into 
the electroluminescent screen is to use ferroelectric con-
trol. The ferroelectric material is utilized for its non-
linear capacitance characteristics. The excitation ap-
plied to each point on the electroluminescent panel is 
determined by the capacitance of the associated portion 
of the ferroelectric control structure. This capacitance is, 
in turn, altered by a charge pattern distributed over the 
screen. Since the ferroelectric has a high dielectric re-
sistivity, the control charge pattern, and hence the 
image on the electroluminescent panel, remains constant 
until it is purposely modified. 
This type of solid-state display, called here an ELF 

screen, offers simultaneous solutions to the problems of 
brightness control and storage. The ferroelectric layers 
are well-matched in impedance to the electrolumines-
cent layers and it is believed that large area, high resolu-
tion screens no more than a fraction of an inch thick 
can be fabricated by relatively simple electroding tech-
niques. High contrast ratios and extremely flexible 
storage are obtained with moderate excitation require-

ments. 

FERROELECTRIC CONTROL 

The ELF screen may be considered to be a configura-
tion of electroluminescent and ferroelectric capacitors. 
Fig. 1 illustrates schematically one way in which they 
might be arranged in a multielement array. In a more 
practical screen configuration the "elements" may ac-
tually be defined by the electrode configuration on a 
ferroelectric-electroluminescent laminate and may be 
scarcely recognizable as separate entities. Regardless 
of the actual form of the screen however, the functions 
of the materials are always the same. The electrolumi-
nescent cell emits light in accordance with the ac po-
tential appearing across it, while the ferroelectric body 
causes this potential to be altered in accordance with 
the applied video control potential. 
The electroluminescence utilized in the ELF screen 

is of the intrinsic type. Intrinsic electroluminescent cells 
generally consist of a phosphor powder embedded in an 
insulator and emit light only under the action of a 
changing electric field. Sustained emission does not 
result from application of a constant field nor does a 
constant field particularly affect the light output under 
alternating excitation. 

Fig. 2 describes the average brightness of a typical 
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Fig. 2—Luminance of a Westinghouse electroluminescent cell 
as a function of voltage. 
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Fig. 3—Small signal capacitance of a ferroelectric capacitor as 
a function of control bias. 

cell as a function of the amplitude of the 10-kc excita-
tion. It is important to note that the brightness varies 
very rapidly with voltage, changing by as much as 140/1 
for a 5/1 change in excitation amplitude. 
The ferroelectric use in the ELF screen is the ceramic 

form of barium strontium titanate. In this application, 
the property of this material which is of primary interest 
is its voltage sensitivity when used as a dielectric.' Un-
like ordinary capacitors whose capacitance is relatively 
independent of voltage, the effective capacitance of a 
ferroelectric is a function of the applied bias voltage or 
charge. Fig. 3 shows this behavior for a sample ceramic 
with planar electrodes. 

It should be emphasized that this curve illustrates 
the small signal behavior of the ceramic and may not 
be used to compute the behavior of circuits in which 
relatively large ac potentials are present. Large signal 
calculations should be based on the instantaneous 
charge vs voltage characteristics of the ferroelectric, 

6 G. W. Penney, J. R. Horsh, and E. A. Sack, "Dielectric ampli-
fiers," Trans. AIEE, vol. 72, pt. 1, pp. 68-79; March, 1953. 
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Fig. 4—Equivalent circuit of the two component ELF element. 
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Fig. 5—Control curve for a two component ELF element. 

which are often called dynamic hysteresis loops. In quali-
tative considerations of circuit performance, however, it 
is convenient to consider the ferroelectric capacitor as an 
element whose effective reactance increases with bias. 

Although in the actual screen laminate it may be 
difficult to observe a specific circuit arrangement for 
each element, it is convenient to think in terms of an 
equivalent circuit for the element in considering the 
operation of the screen. Actually, there are a number of 
different element configurations in which the ferro-
electric components can exert the proper influence on 
the excitation applied to the electroluminescent com-
ponent. Each has certain advantages and disadvan-
tages. The simplest arrangement is the series configura-
tion of Fig. 4. An electroluminescent and a ferroelectric 
capacitor are connected in series with an ac source 
which is called the light power supply. Typically this 
source might be 200 volts rms, 10,000 cps. In addition, 
provision is made for the introduction of a control 
potential. This is a unidirectional charge or voltage 
which, for purposes of explanation, might be supplied by 
a battery in series with an isolation resistance. 
Assume that the components in Fig. 4 are propor-

tioned so that with no control potential applied, the 
ac potentials on the electroluminescent and ferro-
electric cells are 150 and 50 volts, respectively. This cor-
responds to the "full-on" or bright condition for the 
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Fig. 6—Equivalent circuit of a three component ELF element 
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Fig. 7—Equivalent circuit of a bridge configuration. 

element. If the control potential is now increased from 
zero, the capacitance of the ferroelectric body decreases. 
A larger fraction of the light power voltage appears 
across the ferroelectric and a smaller fraction across 
the electroluminescent cell. When the control potential 
reaches 500 volts dc, the ac across the electrolumines-
cent cell would be reduced to, perhaps, 50 volts. This 
is the "off" or dark condition for the element. 
From Fig. 2 it can be seen that dropping the excita-

tion on the electroluminescent cell from 150 to 50 volts 
rms causes the brightness of the cell to diminish from 
243 to 6.1 foot-lamberts for a luminance ratio of nearly 
40/1. As shown in Fig. 5, the luminance can be set at 
any level in this range by the corresponding value of 
control potential or charge. If, after a control potential 
is established on the capacitors, the control supply is 
disconnected, the control charge is trapped and causes 
the element to continue to emit at the pre-set bright-
ness level. This is the storage feature of the screen. 
Storage time is primarily determined by ohmic leakage. 
A three-component ELF screen element is shown in 

Fig. 6. In this circuit, the ferroelectric capacitors repre-
sent a larger fraction of the total ac-loop impedance and 
therefore can exercise greater control over the excita-
tion appearing across the electroluminescent cell. In 
addition, since the control potential does not appear 
across the electroluminescent capacitor, the restrictions 
imposed by the relatively low breakdown strength of 
this component are considerably relaxed. 
A bridge-circuit element configuration is presented in 

Fig. 7. The control potential is applied to the ferro-
electric capacitors to cause the capacitance of one to 
increase while the other decreases. This alters the un-
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Fig. 8—Control curve for a bridge ELF element. 

balance of the bridge and varies the excitation applied 
to the electroluminescent cell. Fig. 8 shows a con-
trol curve for an experimental single-element bridge 
configuration. 
The dotted boxes in Figs. 4, 6, and 7 include the com-

ponents which constitute an individual element of the 
multielement array. The isolation resistances and the 
light-power, bias, and control signal supplies, are usually 
common to the entire array. The actual arrangement of 
the components in a screen element may vary markedly 
from that shown in the equivalent circuits in order to 
adapt the element to the electrical and mechanical con-
straints of the structure. 

Using the three component and bridge configurations, 
model screens have been built which show single ele-
ment "on" to "off" luminance ratios of over 100/1 with 
control potentials as low as 200 volts. Constrast ratios 
between adjacent light and dark areas of over 50/1 have 
been measured for multielement screens. Typical high-
light luminance for these screens is on the order of 25 
foot-lamberts and storage times of up to several min-
utes are achieved in models built to date. 

SCREEN STRUCTURE 

The exact physical form of the ELF screen depends 
upon the element configuration and the details of the 
signal distribution system. A prime requirement of the 
structure, of course, is that the large number of ele-
ments which are required be formed by simple mecha-
nized techniques. 
The multielement electroluminescent panel can be 

fabricated by vacuum evaporating the metallic back 
electrode through a suitable mask. Excitation may be 
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Fig. 9—Formation of a ferroelectric control structure from a 
metal-ceramic-metal sandwich. 
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Fig. 10—ELF screen structure using the control array of Fig. 9(c). 

applied to any electrode in the resulting mosaic without 
significant electrical interaction with its neighbors. 
There are a number of ways in which the ferroelectric 

structure can be provided. An early approach was to 
start with a metal-ferroelectric-metal sandwich as in 
Fig. 9(a). Special techniques have been developed by 
which sheets of brass may be intimately bonded to flat 
wafers of the ferroelectric ceramic. The composite slab 
is then slotted by a multiple cutter machining technique 
as in Fig. 9(b) and 9(c) to form the control array which, 
in turn, is fastened to the electroded electroluminescent 
panel as shown in Fig. 10. Each element of this ELF 
screen has the equivalent circuit form of Fig. 6. The 
entire array is encapsulated to eliminate sparkover and 
increase mechanical stability. 
A preferred method of construction is illustrated by 

Fig. 11. The structure may be thought of as a laminate 
of three separate layers. The first is the electrolumines-
cent dielectric on which is deposited a mosaic of elec-
trodes. Next, there is an insulating interface which con-
tains a spaced array of conductors. The top layer of 
the laminate is a specially electroded ferroelectric ce-
ramic sheet. The control structure is formed by the 
electrode arrangement. 

Fig. 11 presents a laminate structure in which each 
element has the equivalent circuit of Fig. 6. Similar 
laminates have been designed for other element con-
figurations. A very desirable feature of this approach 
is that the conductors and many of the components re-
quired for the signal distribution system can be forme 
as an integral part of the screen structure. 



1698 PROCEEDINGS OF THE IRE October 

Conducting 
Columns 

V111.11 
Transparent 
Conducting iph 

\ 
Electrodes 

Fig. 11—Laminate form ELF structure. 

Ferroelectric 

— Electroluminescent 

With the cutting technique, screens have been built 
with from 4 to 10 elements per inch. The laminate ap-
proach should provide a significant increase in resolu-
tion. 

SIGNAL DISTRIBUTION 

The various methods for forming an image on an 
ELF display may be summarized in three broad cate-
gories. The first is typified by the use of an electron 
beam to effect the generation of the control charge 
pattern. The second includes those approaches in which 
the distribution is accomplished by means of radiation 
principally, though not necessarily, in the optical range. 
The third category includes systems in which the con-
trol charge pattern is established without direct re-
course to electron scanning or optical means. This last 
category, for want of a more descriptive term, is called 
"ohmic." 
The ELF screen may be scanned in a predetermined 

pattern or the image may be constructed at random as 
information for various points becomes available. The 
latter case might be encountered where the image in-
formation comes from a computer. The ELF screen is 
excellent for such application because of its storage 
flexibility. 

OHMIC DISTRIBUTION 

Present indications are that ohmic distribution will 
most closely satisfy dimensional restrictions imposed by 
the majority of the potential applications of the ELF 
display. Only one distribution system of this type will 
be described; however, it should be emphasized that 
this system represents but one embodiment of a specific 
philosophy and there are many ohmic distribution 
philosophies. 

Fig. 12 shows the major components of a system for 
scanning an ELF screen in a predetermined pattern. 
It is assumed that the video is available on a single input 
bus and that appropriate synchronizing signals are in-
corporated in the video to define lines and frames. 
The video information for one scanning line of the 

screen is first distributed to a set of intermediate stor-
age cells. There is one intermediate storage cell for each 

Sync. "X" 
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Switchs and Intermediate— 

Storage Cells 

Pulse Source 

Element Switch and Storage Components 

Fig. 12—Block diagram of an ohmic distribution system. 

element of a scanning line. Once the video has been ar-
ranged on the intermediate storage cells the charge for 
an entire line is transferred simultaneously to the ele-
ments of that particular line. 

Considering the operation in greater detail, the X-
pulse source in Fig. 12 supplies one synchronized pulse 
of proper shape to the X-pulse distributor for each line 
of video information. This pulse distributor, which 
might be a delay line, carries this pulse to each of its 
outputs in rotation. When the pulse appears at a given 
output, it excites the associated X-pulse actuated 
switch, say a diode, which closes momentarily to trans-
fer the proper portion of the video signal to the as-
sociated intermediate storage cell. 

Once the X pulse has reached the last ouput of the 
distributor, charges which are indicative of the informa-
tion in one video line have been stored in proper spacial 
accord on the intermediate storage cells which, in this 
case, could be capacitors. At this time, the Y-pulse 
source and Y-pulse distributor have cooperated to pro-
vide a pulse of proper waveform to the bus which 
traverses the line of the screen for which video informa-
tion is now stored on the intermediate storage capaci-
tors. This pulse causes the element pulse actuated 
switches for that line to open simultaneously. Charges 
are deposited directly on the ferroelectric control ca-
pacitors or, in an alternative approach, they are de-
posited on a separate set of capacitors connected to the 
ferroelectric components by decoupling resistors. 

A system of this type has been tested and found to 
be quite feasible from a technical point of view. With 
this system video information may be distributed to 
the screen elements at megacycle rates. 
The basic advantage of the intermediate storage 

philosophy is that the operating speed requirements on 
the element switches are greatly reduced. In an operat-
ing system, the intermediate storage is accomplished 
for half a line at a time. Hence, a half-line time rather 
than the scanning time for one element is available for 
transferring the control charges to the screen elements. 
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More sophisticated embodiments are conceivable in 
which several intermediate storage steps are included; 
these offer even greater relaxation of the speed require-
ments for the element switches. 

ELECTRON BEAM DISTRIBUTION 

This distribution approach takes advantage of the 
inherent ease of scanning of an electron beam. The ELF 
screen is incorporated in a CRT envelope as shown in 
Fig. 13. A material having a secondary emission ratio 
greater than unity is deposited on the control electrodes 
and an electron collector screen is positioned behind the 
ELF array. If video is applied to the collector screen, 
the electron beam will bring each control electrode to 
the desired video potential as it scans the array. 
There are a number of other ways in which the 

cathode-ray beam can be used to distribute control 
signals. For example, the beam can scan solid-state 
switches in which conductivity is induced by electron 
bombardment. These switches in turn commutate the 
video control signals to the ELF screen elements. 

While distribution with an electron beam retains some 

of the disadvantages of the conventional CRT, it does 
provide a simple method for taking advantage of cer-

tain desirable features of the ELF array. The electron 
beam is relieved of the necessity of supplying the light 
power and instead acts only as a switching means. 
Consequently, the CRT accelerating voltage may be 
reduced. Since storage is inherent in the screen, a stor-
age tube type of display can be achieved. 

OPTICAL DISTRIBUTION 

If a photoconductor is associated with each element 
of the ELF screen there results a device which is po-
tentially a very desirable image intensifier. The photo-
conductor adjusts the amount of control charge on the 
ferroelectric capacitors in accordance with the input 
light. The ferroelectric capacitors, in turn, vary the 
intensity of the output light. This device differs from 
the conventional photoconductive-electroluminescent 
image intensifier in that the ferroelectric constitutes a 
"gain stage" between the input and the output, and the 
photoconductor is relieved of the task of carrying the 
power required to excite the electroluminescent ma-

terial. As a result, the ELF image intensifier can have 
considerably greater gain than the conventional in-
tensifier and it may make use of faster photoconductors 
than are required for the latter device. 

DISCUSSION 

The principle of operation of the ELF screen is well 
established. Models have been built which show single 
element "on" to "off" luminance ratios of over 100/1 
with control potentials as low as 200 volts. Contrast 
ratios between adjacent light and dark areas of over 
50/1 have been measured for multielement screens. The 
highlight luminances for these models have been on the 
order of 25 foot-lamberts. Storage times of several 

Light 
Power 
Supply 

Fig. 13—Electron beam distribution. 

minutes are obtained under conditions of moderate 
humidity and there is reason to believe that improved 
encapsulation techniques will extend the storage period. 

Early experimental ELF models have had resolutions 
of 4 to 10 elements per inch. However, experience with 
improved fabrication techniques indicates that it should 
be possible to double these figures in the near future. 
Eventually, resolution of 50 to 100 elements per inch 
or more may be attainable. 
An ohmic distribution system has been tested and 

found to be quite feasible from a technical point of 
view. With this system, video information may be dis-
tributed to the screen elements at megacycle rates and 
it is believed that there is no technical barrier to the 

attainment of TV scanning speeds. 
Single-element light amplifiers have been made in 

which photoconductors are used to set the control 
charge on the ELF elements. Tests show that these 
models have from 10 to 100 times the luminance gain 
of straight photoconductive-electroluminescent ampli-
fiers using the same photoconductive materials. 

• CONCLUSIONS 

The ELF screen offers a fresh approach to the prob-
lem of large, flat screen imaging. By a very fortunate 
association of solid-state materials it provides high 
brightness, continuous halftones, flexible storage, and 
fast writing speeds. 
As is the case with almost every multielement dis-

play, the main technical problems are associated with 
economical screen fabrication and feasible signal dis-
tribution means. With ELF, there is every reason to 

believe that these problems are surmountable. 
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The Helitron Oscillator* 
D. A. WATKINSt, FELLOW, IRE, AND G. WADAt, MEMBER, IRE 

Summary—A new type of voltage-tuned microwave oscillator, 
called the helitron, is described. This device is a practical example of 
E-type interaction. Electron focusing is accomplished by balancing 
centrifugal force against a radial electric field force and RF field inter-
action is both radial and angular. No magnetic field is required. The 
device employs a spirally-traveling electron beam interacting with 
the angular and radial components of RF field provided by an internal 
circuit structure. Experimental results include continuous voltage 
tuning from 1.2 to 2.4 krnc with an accompanying change in tuning 
voltage of from 650 to 1700 volts. Start-oscillation current is approxi-
mately 0.4 ma for a structure 4 inches long. Power output is in the 
vicinity of 1 to 10 milliwatts. Second-harmonic output is more than 25 
db down, and all other spurious output is more than 60 db below the 
main oscillation. Possible advantages and limitations of the helitron 
are described together with brief mention of the accompanying 
theory of operation. 

INTRODUCTION 

IN the past few years, there have been numerous ef-forts on the part of various investigators to elim-
inate the magnet for beam focusing in traveling-

wave and backward-wave tubes. The reasons for elimi-
nating the magnet are fairly obvious: reduction in over-
all weight of the tube and absence of power supply for 
the magnet. Two examples of techniques not utilizing a 
magnet for beam focusing are periodic electrostatic 
focusing and Harris-flow focusing.' 
The beam and circuit interaction of periodic electro-

static focusing is limited to 0-type, i.e., gain of the RF 
field is obtained by virtue of loss of kinetic energy of the 
electrons. To the present time, Harris flow has been 
used only with 0-type traveling-wave and Ipackward-
wave tubes. 

In contrast to 0-type interaction, M-type, or crossed 
E-H field interaction, produces gain in circuit fields at 
the expense of decreased potential energy of the beam. 
In this type of interaction, synchronism between beam 
and field is maintained, yielding higher efficiency than 
is obtainable with 0-type devices. Another feature of 
M-type interaction in backward-wave devices is the 
linear relation between frequency and beam voltage, 
whereas a square root relation applies in the 0-type. 

Another type of interaction having some similarity 
to M-type and involving focusing forces like that in 
Harris flow is embodied in an invention of H. Huber of 

* Original manuscript received by the IRE, March 17, 1958; 
revised manuscript received, May 19, 1958. The work described here 
was made possible by support extended to the Electron Tube Lab., 
Stanford University, Stanford, Calif., by a joint service contract ad-
ministered by the Office of Naval Res., and financed by the U.S. 
Air Force, Army Signal Corps, and Navy. 
t Stanford University, Stanford, Calif.; Watkins-Johnson Co., 

Palo Alto, Calif. 
Watkins-Johnson Co., Palo Alto, Calif. 
L. A. Harris, "Axially symmetric electron beam and magnetic-

field systems," PROC. IRE, vol. 40, pp. 700-708; June, 1952. 

C.S.F., Paris, France, in 1949. A simplified diagram of 
his idea is shown in Fig. 1, where the circuit on the in-
side is at a potential which is positive with respect to the 
outer conductor. To show that this tube results in a 
type of interaction similar to M-type interaction, con-
sider first that, for a circular orbit, there is only one 
equilibrium velocity, which is a function of the circuit 
(inner cylinder) to sole (outer cylinder) voltage. Here 
it is assumed that the sole and cathode are at the same 
potential. When an electron interacts with the circuit 
to give energy to the circuit RF field, it will slow down 
and then move closer to the circuit since the static elec-
tric field force will be greater than the centrifugal force. 

E 

Fig. 1—Simplified pictorial drawing of Huber's device. Focusing is 
accomplished by balancing the centrifugal and electrical field 
forces. 

The electron will then have a slightly smaller equilib-
rium radius and a correspondingly higher angular 
velocity. It can now further interact with the circuit RF 
field in approximate synchronism with it and this proc-
ess may continue until the electron is intercepted by 
the circuit. Devices using this type of interaction in con-
junction with electrostatic focusing have been desig-
nated E-type by Heffner and Watkins.2 

Versnel and Jonker' have proposed a tube utilizing 
E-type interaction as a "Magnetless Magnetron" oscil-
lator. Huber's proposal, as well as that of Versnel and 
Jonker, considered many electronic wavelengths for one 
revolution of the beam. Heffner and Watkins2 have 
shown that to obtain stiffness of focusing comparable 

I H. Heffner and D. A. Watkins, "The practicality of E-type 
traveling wave devices," PROC. IRE, vol. 43, pp. 1007-1008; August, 
1955. 

3 A. Versnel and J. L. H. Jonker, "A magnetless magnetron," 
Philips Res. Reps., vol. 9, pp. 458-459; December, 1954. 
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with M-type or 0-type devices, the number of elec-
tronic wavelengths per revolution should be on the order 
of the square root of two in the E-type tube. A possible 
way to accomplish this result is to have the beam make 
many revolutions and limit the number of electronic 
wavelengths per revolution to the order of the square 
root of two. 
The foregoing is the basic idea of the helitron, con-

ceived by Watkins in 1954. This device is shown sche-
matically in Fig. 2. The tube can be visualized by con-
sidering a beam of electrons traveling in a helical path. 
This path encircles a four-conductor transmission line 
which is the circuit. Outside the beam, and concentric 
with the circuit, is the sole. A dc voltage applied be-
tween the circuit and sole produces a radial electrostatic 
field which balances the centrifugal force on the elec-
trons. The RF interaction is between the electrons and 
the angular and radial components of the circuit RF 
field. 

Fig. 2—Pictorial diagram of the helitron oscillator. The beam travels 
in a helical path interacting with the angular and radial field 
components of a TEM wave on the circuit. 

The helitron should be distinguished from the Rus-
sian "spiratron,"4 which is similar in name and in beam 
configuration. In the spiratron, the RF interaction in-
volves only the axial component of the circuit RF field 
and not the angular component. In other words, the 
spiratron is a Harris-flow-focused 0-type forward-wave 
amplifier with a means of launching the beam similar to 
that used in the helitron. The helitron is an E-type 
backward-wave oscillator or amplifier. 

In theory, the helitron principle could be employed 
either in a forward or backward-wave amplifier or os-
cillator. This report will be concerned with operation 
as a backward-wave device. For backward-wave inter-
action, a TEM wave can be imagined to travel from the 
collector toward the gun (see Fig. 2). The beam will in-
teract with this TEM wave when the frequency is such 

4 The spiratron was first described by F. S. Tchernov at the 
Congrès Internationale Tubes Hyperfrequences, Paris, France, May, 
1956. 

that in passing from one circuit gap to the next, it "sees" 
the same phase of the RF field. The electrons may be 
thought of as interacting with a helical space-harmonic 
of the RF field. 

The RF mode of excitation on the four-conductor 
circuit is plus, minus, plus, and minus. This mode will 
then present approximately two electronic wavelengths 
per revolution. The original thought was to use a two-
conductor circuit, hence one electronic wavelength per 
revolution, but this was later changed to a four-con-
ductor circuit to make the structure larger. For a given 
beam voltage and frequency, the four-conductor circuit 
will be twice as large as a two-conductor circuit. 
The first theoretical study of the helitron was pat-

terned after an analysis of crossed-field devices by 
Pierce,5 and revealed that the allowed propagation con-
stants were almost identical to those of M-type tubes. 
Based upon this analysis, a design of a backward-wave 
oscillator was formulated and design dimensions were 
obtained. 
A successful helitron oscillator was built and tested. 

It was found that various experimental data did not 
agree or were not predicted by the aforementioned 
theory. Because of this, various idealized models were 
analyzed in order to understand and predict the be-
havior of the helitron. None of the analyses has been 
completely successful. 

This paper emphasizes the experimental results ob-
tained with the helitron. The analyses studied to explain 
the behavior of the device discussed briefly. 

DESCRIPTION OF THE HELITRON OSCILLATOR 

This section describes the mechanical details of a 
laboratory model of the helitron oscillator. It is to be 
noted that a practical tube of this type would not be as 
large or as complicated as the laboratory model. 

Fig. 3 illustrates the top and side views of the com-
pleted tube. As viewed in the figure, there are two rods 
on either side of the tube proper which serve to align 
and support the structure. On both ends of the rods are 
brazed kovar rings to hold the end seals of the tube. 
The end seals perform the functions of holding and 
aligning the circuit and providing for external connec-
tion to the circuit. The inner portions of the end seals 
consist of a glass section through which four kovar pins 
are sealed. Inside the tube, the circuit pieces are held in 
alignment by the pins. Outside, the pins are connected 
either to terminating resistors or output coaxial cables. 
The ends of the terminating resistors are connected 

to a brass end cover which forms an RF choke so that 
the sole and the ends of the resistors are at the same 
RF potential. On the collector end each circuit piece is 
terminated by a resistor, and on the gun end, three of 
the circuit pieces are similarly terminated. The fourth 

6 J. R. Pierce, "Traveling-Wave Tubes," D. Van Nostrand Co., 
Inc., New York, N. Y., cha. 13 and 15; 1950. 



1702 PROCEEDINGS OF THE IRE October 

1700 

Fig. 3—Top and side views of the experimental helitron oscillator. 

circuit piece on the gun end is connected to the center 
conductor of the output coaxial cable. The outer shield 
of the coaxial line is connected to the end cover which 
also functions as a choke on the gun end. 
The four circuit pieces were formed from 0.020-inch-

thick cross-rolled molybdenum sheet. The outside di-
ameter of the circuit structure was 0.150 inch. Molyb-
denum spacers between opposite circuit pieces were 
brazed one inch apart. The spacers were alternately 
located on each set of circuit pieces so that the distance 
between the spacers was one-half inch. The main func-
tion of the spacers was to strap out undesired modes on 
the circuit. Sapphire rods were placed between the cir-
cuit segments to provide mechanical rigidity of the 
structure and maintain the relative orientation between 
the circuit pieces. The total length of the circuit was 
approximately eight inches. 
The sole was formed from 0.030-inch-thick cross-

rolled molybdenum sheet; it was made in two half-
sections to facilitate fabrication. The inner radius of the 
sole was 0.156 inch. The sole pieces were mounted to the 
tube by shoulders on the end seals. 
Two collectors were employed. One was a blade at the 

end of the sole and the second was an insulated square 
segment of the sole located approximately halfway along 
the sole. 
The electron gun assembly was mounted on one of 

the sole-halves. The gun is seen in Fig. 3 as the protuber-
ance. Based upon design criteria for backward-wave 
oscillations of the helitron, the beam was chosen to have 
a cross section of 0.016X0.079 inch with a current of 16 
ma at 1000 volts. To obtain this beam, it was decided to 
use convergent flow in one dimension and parallel flow 
in the other dimension. The gun used a Type-A Philips 
cathode, with a molybdenum focus electrode assembly. 
The anode snout and cylinder were made of stainless 
steel. The end of the snout corresponded to the position 
of minimum beam thickness. The opening of the snout 
was 0.030 X0.100 inch. 
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Fig. 4—Experimental and theoretical tuning curves for either full-
or half-length interaction. The data are for V. =375 volts, and 
/con varied from 0.45 to 1.0 ma. 

EXPERIMENTAL RESULTS 

The experimental data presented were taken from 
two models of the helitron. The models differed; one of 
them had a constricted anode snout in an attempt to ob-
tain a thinner beam. No significant change in perform-
ance was gained by this modification. Since the data 
for starting current and spurious oscillations were taken 
with this constriction in place, the range of operation 
was limited by beam interception in the anode. 

All data were taken with a sole-to-cathode voltage of 
135 volts. This choice resulted in the broadest tuning 
range for the range of circuit-to-cathode voltages used. 
No magnetic shield was employed on the tube. Simple 
calculations indicated that for the range of circuit-to-
cathode voltages used, the ratio of magnetic to centrif-
ugal force is very small for the usual stray magnetic 
fields. The beam could be collected either at the first or 
second collector. These two possibilities are designated 
half- or full-length operation. 
The tuning curve for half- or full-length is shown in 

Fig. 4. The curve is limited at low voltages owing to 
sudden drop in beam transmission, and at the high-
voltage end the curve is discontinuous because of the 
voltage breakdown of the insulator in the RF choke 
assembly. The theoretical tuning curve is also drawn in 
this figure; note that agreement between the two curves 
is excellent. The derivation of the theoretical tuning 
curve is given in the Appendix. 

Fig. 5 depicts starting current for oscillation as a 
function of frequency. Current control was obtained by 
varying the anode voltage. It is noticed that the curves 
are labeled first and second oscillation. For a given cir-
cuit-to-cathode voltage, the tube breaks into oscillation 
when the beam current is raised to a critical value, i.e., 
the starting current. This point corresponds to the first 
oscillation curve. As the current is further increased, 
the first oscillation frequency is present until the second 
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Fig. 5—Starting current for oscillation as a function of frequency for 
full- and half-length. For a fixed voltage, signal is first observed 
at a current corresponding to the first oscillation curve. Further 
increase in current produces no change in signal frequency until 
the second oscillation curve is reached. At this point, the signal 
jumps to a slightly higher frequency and remains there with fur-
ther increase in current. 
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Fig. 6—Total obtainable power output as a function of frequency 
Data are for 176=375 volts and icon varied from 0.45 to 1.0 ma. • 

oscillation curve is reached, at which time the frequency 
suddenly jumps to a slightly higher value. Further in-
crease of current gives only the second oscillation fre-
quency. For the tube operating half-length, only the 
second oscillation is obtained. For this case, there was 
no definite oscillation at the expected first oscillation 
frequency. It should be noted that the value of the cur-
rent for the second oscillation, half-length, is approxi-
mately twice that of the second oscillation, full-length. 
The jump in frequency from first to second oscillation 
varied from 20 mc at the low end to 45 mc at the high 

end of the tuning range. 
Measurements of starting current with open and 

short-circuit terminations at the collector indicated a 
high degree of insensitivity to load variations as in the 
0-type backward-wave oscillator. 

Fig. 6 shows power output over the tuning range. 
Data for this curve were obtained by varying only the 
circuit-to-cathode voltage. As pointed out in the section 
on the description of the helitron, output is taken off 
only one circuit piece. Six db have been added to the 

01.0 1.2 14 18 1.8 20 
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Fig. 7—Efficiency as a function of frequency. DC input power is de-
fined as collector current times circuit voltage. The power output 
corresponds to the data of Fig. 6. 
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Fig. 8—Magnitude of second-harmonic output relative to 
fundamental output as a function of frequency. 

measured power to include the power delivered to the 
three load resistors. 

Efficiency of this tube is presented in Fig. 7 and is 
based upon input power equal to collector current times 
circuit-to-cathode voltage. It is thought the efficiency 
can be increased by better beam control. Fig. 8 shows 
the magnitude of the second harmonic relative to the 
main signal. Theoretically, for a pure balanced mode, 
the circuit cannot support even-numbered space har-
monics; however, minor discontinuities, such as the 
gun snout, will introduce them. 

Fig. 9 gives the beam transmission over the tuning 
range. Beam transmission is defined as the ratio of cur-
rent collected to current projected into the RF inter-
action region. The drop in transmission at higher fre-
quencies is due to the decreasing equilibrium radius 
with a resultant increase in circuit interception. 
An important experimental result, with regard to ap-

plication, is related to the relative level of spurious os-
cillations at half- and at full-length. Spurious oscillation 
is defined here as any unwanted output present with 
the main signal except the second harmonic. These 
data are cited in Fig. 10, where the lower two curves, 
labeled A and B, represent comparable conditions; i.e., 
at 1.4 kmc the collector current was adjusted to be 1.3 

times the second oscillation starting current by variation 
of anode voltage. The uppermost curve, labeled C, 
represents switching from half-length (curve A) to full-
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Fig. 9—Beam transmission vs frequency. Beam transmission is de-
fined as the ratio of collector current to the current projected into 
the interaction region. 
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Fig. 10—Spurious oscillation level relative to main signal level vs fre-
quency for full- and half-length. Current was adjusted for curves 
A and B to be 1.3 times second oscillation starting current at 1.4 
kmc. Curve C represents switching from half-length (curve A) to 
full-length with no change in voltages. 

length with no change in anode voltage. Notice that for 
half-length the spurious is always more than 60 db be-
low the main signal, whereas for full-length the spurious 
is only 25 db down. At the time of this writing, another 
modification has been made in the laboratory tube to 
provide operation at one-quarter length. Tests will be 
performed on this tube regarding the spurious oscilla-
tion characteristics. 

Backward-wave amplifier gain is illustrated in Fig. 
11. The data were obtained by keeping all voltages and 
currents constant while observing gain for various in-
put frequencies. Two curves are seen in the figure; one 
for full-length and the other for half-length. For full-
length, the current was 0.9 of the first oscillation start-
ing current, and for half-length the current was 0.86 of 
the second-oscillation condition. There is a discontinu-
ity in the region of zero-mc deviation for half-length 
because at this position the amplified noise was so large 
that receiver readings were rendered unreliable. In Fig. 

e 
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Fig. 11— Backward-wave gain as a function of input frequency. In-
put frequency is expressed as its deviation from 1.67 kmc. Zero 
mc corresponds to the first oscillation frequency for full-length. 
The second oscillation frequency for half-length corresponds to 
25 mc and the second oscillation frequency for full-length corre-
sponds to 30 mc. The current for half-length was 0.86 times the 
second oscillation starting condition and, for full-length, 0.9 
times the first oscillation starting condition. 

eo 

11 zero-mc deviation corresponds to the frequency of 
first oscillation for full-length. The amplified noise, 
which was at the same frequency for full- and half-
length, is shown at the same frequency as the first os-
cillation but this frequency varied depending on the 
circuit-to-cathode voltage. The position marked second 
oscillation (half) corresponds to the frequency where 
oscillation occurred for half-length. Second oscillation 
(full) corresponds to the frequency for which the jump 
from first to second oscillation for the full-length case 
occurred. 

ANALYSES STUDIED TO EXPLAIN THE OPERATION 
OF THE HELITRON 

Various idealized models were studied to explain the 
operation of the helitron; none of them was completely 
successful. The analyses did not predict the experi-
mentally obtained low starting current for oscillation 
nor the backward-wave gain characteristics. For exam-
ple, the starting current obtained from these analyses 
was about fifty times greater than that observed ex-
perimentally. 

The first analysis was patterned after Pierces and in-
dicated that the allowed propagation constants were 
almost identical to those of M-type tubes. The analysis 
was therefore modified by using Gould's° result to obtain 
a first-order correction to include the effect of space 
charge. Using the value of current at start oscillation as 
experimentally observed, the space charge was the°-

. R. W. Gould, "Space-charge effects in beam type magnetrons," 
J. Appt. Phys., vol. 28, pp. 599-605; May, 1957. 
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retically too small to cause any appreciable reduction in 
starting current. The second analysis considered the ef-
fect of circuit mismatch, and showed that the starting 
current would have a sinusoidal variation due to re-
flections. The third analysis treated the effect of ad-
jacent turns of the beam, and the result was to increase 
the plasma wave number as compared with the single 
beam. The fourth analysis considered the additional 
forward-wave mode since there was some correlation 
between the second oscillation and forward-wave fre-

quencies. The additional mode caused very little per-
turbation on the original solution. The fifth and last 
analysis dealt with a beam having a dc velocity spread. 
Interference in the beam due to such a spread might 

produce the experimentally observed backward-wave 
gain characteristics. This analysis was not completed 
because of the many allowed values of propagation con-

stant which it yielded. 

CONCLUSIONS 

A successful helitron oscillator has been built and 
tested. The principal features of this tube are two fold; 
no magnet is needed for beam focusing, but beam-to-
circuit interaction is like that in the M-type. Elimina-
tion of the focusing magnet results in reduction in weight 
and increase in over-all efficiency of the tube. E-type 
interaction offers the possibility of higher efficiencies. 
The helitron is not thought to be a high-power device. 

It is limited to perhaps 100 milliwatts at X band because 
the circuit must be internal to the beam, making cooling 

difficult. 
The experimental results indicate that the device is 

a promising competitor to existing voltage-tuned micro-
wave oscillators. The tube tunes continuously: a three-

to-one change in circuit-to-cathode voltage produces a 
two-to-one change in oscillation frequency. This char-
acteristic lies between that of 0 and M-type oscillators. 
The level of spurious oscillation for the helitron should 
be as good as that in other voltage-tuned oscillators. 
The starting current is found to be inversely propor-
tional to interaction length, hence it is possible to build 
a small and compact oscillator and yet remain in the 
realm of realizable beam currents. Elimination of the 
usual focusing magnet results in a lightweight device 

and also contributes to its compactness. 

APPENDIX: TUNING CURVE 

The assumptions are: no space charge and equilib-
rium radius of the electron trajectory. In Fig. 2, the 
potential and field between the sole and circuit, neg-

lecting circuit gaps, is 

in sir 
V = V.+ (V.- V.)   (1) 

in s/c 

V. - V. 
-   (2) 
r ln s/c 

where 

s = sole radius, 
c = circuit radius, 
Vo =circuit-to-cathode voltage. 

V.= sole-to-cathode voltage. 

The equilibrium velocity is given by 

n(17 - V.) 

in s/c 

where n = charge-to-mass ratio of an electron and n <O. 
The electron accelerating potential will be assumed to 
be dependent upon (1) and not on the anode voltage. 

Therefore, the total velocity is 

vt2 - 2e. (4) 

Since the beam is injected at an angle, for helical mo-
tion, vt will be composed of two parts, vo and vo, and 

will be governed by 

V0.2 = (3) 

vt2 = vo2 sec' 4) (5) 

= beam pitch angle. 

Substituting (1) into (4) and equating the result to (5) 
gives the equilibrium radius when vo = vo„. 

\V./iVr.c--4'.„ 
ro se-8(3.2012 (= (6 ) 

For interaction, the transit time of the electron should 
be very close to a half-cycle. Using (3) and (6), for the 

frequency relation one obtains 

— 
1 V n(V. - V.) 2 (c )v»iv "-v' 

e"e 442 — 
irS ln s/c 

(7) 
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Guided Wave Propagation in Submillimetric Region* 
A. E. KARBOWIAK t 

Summary—An analysis of electromagnetic wave propagation in 
waveguides (in TH and TE modes) as well as in TEM transmission 
lines (e.g., coaxial) at frequencies in the extremely high frequency 
band (30 to 300 kmc) and higher is carried out. 

It is shown that in the case of metallic waveguides excited in 

TE0 modes, the attenuation at sufficiently high frequencies is always 
proportional to (frequency)-3/2. On the other hand with TH waves 

(including TEM waves) although the attenuation at moderately high 
frequencies is proportional to (frequency)v2, yet at sufficiently high 
frequencies the attenuation drops, becoming proportional to (fre-
quency)-012. In other words, with TH waves the attenuation becomes 
a more rapidly decreasing funcion than it is with TE waves. 

The analysis is concluded with numerical examples. 

LIST OF SYMBOLS 

ko =27r/Xo ---,co/c= free space propagation coeffi-
cient 

X0 = free space wavelength 

ho = cutoff coefficient of a perfect waveguide 

'Yo =j130 propagation coefficient of a perfect 
waveguide 

h = cutoff coefficient of an imperfect waveguide 

-y = al-jfi= propagation coefficient of an imper-
fect waveguide 

= attenuation coefficient 

/3 = 27r/X„ phase propagation coefficient 

Za Z.1 /0. R. +jX8= surface impedance (nor-
malized with respect to Zo) 

Z = •Vceu„,/ goo- = a constant of a conductor 

P.,.P'.,.= characteristic numbers of wavemodes 

a, s, d=physical measurements of waveguides 

The quantity Zo( = Veze/E) is absorbed in the symbol 
H (magnetic field vector) and consequently all imped-
ances are normalized with respect to that quantity. 

I. INTRODUCTION 

HE purpose of this study is to investigate the Pil 

behavior of waveguides as the frequency is raised 
indefinitely. The frequency band of interest ranges 

from the millimetric through the submillimetric and 
infrared region right up to the frequencies corresponding 
to the visible light. 

In the analysis it is assumed that the waveguides 
concerned are (planar or cylindrical) of perfect geome-
try and that the physical properties of the waveguide 

* Original manuscript received by the IRE, March 10, 1958, 
revised manuscript received, May 27, 1958. 
t Standard Telecommun. Labs., Ltd., Enfield, Middlesex, Eng. 

walls are describable in terms of a single quantity Z., the 
surface impedance.' 

In particular, if the walls are made of a good con-
ductor it is stipulated that the conductor surface is per-
fectly smooth and that its impedance is proportional 
to the square root of the frequency [see (9)]. 

It is then shown that as the frequency is raised suffi-
ciently above the cutoff value the attenuation of TE0 
waves falls off indefinitely since it becomes proportional 
to (frequency) -312. 

With TH waves (including TEM), however, the at-
tenuation is an increasing function of frequency—it is 

proportional to (frequency)in—but this is only true in 
a limited range of frequencies—and if the frequency is 
raised much above the cutoff value the whole mode pat-
tern gradually changes into one having very low attenu-
ation, in fact the attenuation under these conditions 
becomes proportional to (frequency) -5/2. 
Throughout it is assumed that the surface impedance 

is a small quantity and therefore the above described 
effects are solely a result of operating the waveguide at 
frequencies very much above the cutoff frequency of 
the waveguide. 

II. PROPAGATION OF TE0 WAVES IN PLANAR 
AND CIRCULAR WAVEGUIDES 

Let all field quantities be proportional to 

exp (jcut — -ye) (1) 

where 

y = a -I- ji3 = propagation coefficient 
h02 = h2 

h = cutoff coefficient 

co 2r 
ko — = — = free-space propagation coefficient, (2) 

C Xo 

then in the case of a parallel plate waveguide the value 
of the quantity h is for any given ko and surface im-
pedance, Z„ determinable from' ,2 

Z, tan ha 

ko h (3) 

where a is the distance between the parallel plates and 
Z, the surface impedance of one of the plates. 
As explained elsewhere'.2 by putting 

1 A. E. Karbowiak, "Theory of imperfect waveguides: the effect 
of wall impedance," Proc. IEE, vol. 102B, p. 698; September, 1955. 

2 A. E. Karbowiak, "Waveguide characteristics" Electronic and 
Radio Eng., p. 379; October, 1957. 
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h = ho ± 

1707 

nr 
ho = — (n = order of the mode), 

a 

we can approximate to (4) and obtain 

1 ho 
8h = — — (jZs) 

a ko 

provided 

(4) 

(5) 

Iz, « 1 (6) 

where Zg and 81t are small quantities. 
Substituting (5) back into (4) and (2) leads to an 

equation for -y which for ko—> co gives 

1 ki) h0 2 1 

a ao + — — —h02/ko-,-k0 
a So ko 2 

1 ko(hof 1 ho 2 

a — —) R, 
a ao ko a( ko 

where 

(7) 

Z. = R, pCs. (8) 

Eq. (7) shows various degrees of approximation which 
are valid for larger and larger values of ko ( cc frequency). 
Thus provided that I Z,,1«1, then for arbitrarily 

large values of frequency, (5) is a valid representation 
of (4) and therefore (7) is true, however large ko may be. 

Thus, for example, if the waveguide walls are made 
of a plain metallic conductor of perfect geometry, then 

where 

Mimeo / 
= — 

go 4 

7r 
= kol /2Z/ — 

4 
(9) 

Z = N/ceopm/goo- (10) 

and we get 

ko 

Z ho2 (nr) 
a 

a N/ik0312 N/2 - a' 

2 

k0-312(kO GO ). (11) 

For a circular waveguide we get similar results, namely, 

/3 ko 

Z ho' (von')' Z 
ko-312 

S Vik0312 N- /-2 S3 

e' (  
CONSTANT 1.100 

l62 

10' . 
10 

Fig. and 13 coefficients of a circular waveguide 
carrying a THo mode. 

III. PROPAGATION OF TH W AVES IN PLANAR 
AND CIRCULAR W AVEGUIDES 

With TH waves, for planar waveguides, instead of (3), 
the following equation has to be solved 

jZ„ko = h tan ha. (13) 

The notation being the same as with TE waves. 
Again using the substitution (4), an approximate 

solution to (13) may be obtained' 

1 ko 
811 = — — (iZi). (14) 

a ho 

Substituting this equation back into (4) and (2) leads 
to an equation for the propagation coefficient, which 
for large values of ko gives 

1 ko 1 ho2 
s 0, — — x 00 k 0 — — — ko 

2 ko a so 
1 ko 1 

a nte.— — R, 
a fio a 

. (15) 

Within the validity of the approximations involved 
(12) we get in the simple case of a plain metallic waveguide 

[substitutions (9) and (10)1, that 

where S is the radius of the waveguide and von' is the 
nth root of Jo'(x) =0. 

Fig. 1 shows the a and 13 curves in particular illustrat-
ing the k1-312 law at the high-frequency end. 

1 Z L. 
a — — koli2 (ko large) 

N/2 a 

(16) 
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For a circular waveguide we would have 

/3 ko 

1 Z 
a — /4112 

S 

1. 

These equations illustrate the familiar law a 0c k0112. 
In the above derivation of the relevant formulas it 

was, of course, assumed that I Z, «1. This evidently is 
a necessary condition, fulfilled in the majority of prac-
tical cases, yet, it will be observed that the limit ko--300 
cannot be approached; since however small Z. may be, 
for ko> (1/ I Z„I ), (14) no longer represents a small 
quantity and therefore ceases to be a valid approxima-
tion to (13). 
To investigate the behavior of a and 13 quantities for 

ko—>oo we put 

h = ho' Sh' 

where (18) 

cot (aho') = 0, 

With this substitution in (13) we expand cot (ah) in 
its Taylor's series about the point aho' and retaining 
only the first term of the expansion we get 

ho' 1 
811' j — — • (19) 

ko aZ. 

Substituting (19) and (18) into (2) yields eventually 

= N/h2 — ko2 

_•_•jko[l — (-11 2 ± (211 -)2 —1 • 
2 ko ko aZ. 

Consequently 

1 (lió)2 
— 

a 1 _11.(1 R. 

a \ Ito I 4 12 

As an illustration consider a plain metallic wave-
guide. Here the substitution of (9) and (10) into (21) 
yields for ko—> 00 

ko 

(ho1)2 (n 
a   Z-U-512 =   k-'12. (22) 

aN/2 

_ho' X. 

a\ ko I Z.I 2 

(20) 

1)21 .2 Z-1 

a3 

For circular waveguides we would have 

(ho,)2  
a Z—ik—°'2 = 

Sv/2 

(1/..(n_i))2 Z-1 

'/. SO 

(21) 

k-512 (23) 

where i>„,„' is the root of J„.(n_l)'(x) =0 and S is the 
radius of the waveguide. 
These equations show that at extremely high values 

of frequency the attenuation of waveguides, when sup-
porting TH modes, falls off indefinitely; in fact the at-
tenuation is proportional to S-3/4-5/2 rather than (as 

(17) implied by conventional formulas) proportional to 

To investigate this, somewhat unusual, behavior of 
TH waves (13) has been solved numerically for the en-
tire frequency range from — 00 to + 00 for a hypothet-
ical planar waveguide and hence a and a curves com-
puted (Fig. 2). In the case of circular waveguides the a 
and 13 curves would be similar and any differences would 
be only in detail, rather than in the general shape of the 
curves. 

go 

10 

102 

ci 

)3 

ist /  

4. 

d 

Inà ba In 

is/ - 

Fig. 2—a and et curves for a planar waveguide excited in the TH(g 
mode. Constants of the guide, a =separation between planes =1.3 
cm, zia Kr' m1/2. 

IV. PROPAGATION OF TEM W AVES 

As an example of TEM wave propagation let us con-
sider the propagation of a plane TEM wave in parallel 
plate waveguide. 

If z is the direction of propagation and the plate at 
x=0 is perfectly conducting, while the plate at x =a 
exhibits a surface impedance Z. then the following 
equations for the field components are valid 

E, = h sin hx 

lit, jko cos hx 

E. = — .7 cos hx 

(24) 

where ko, -y, and h are connected by (2) and, of course, 
for a TEM wave h would be zero, but in the case con-
sidered (an imperfect waveguide) a pure TEM wave is 
not possible and h is finite (though usually a very small 
quantity), determinable from the boundary condition 
at x =a, namely, 
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Ez I 
— 

h sin ha 

jko cos ha 
(25) 

jkoZ, = h tan ha. (26) 

We note that the characteristic equation (26) is the same 
as with TH waves [as (13)] and therefore the shape of 
a and fi curves in the upper frequency range will be 
similar to that for TH waves. 

In particular, it can be shown that for large values of 
ko the a and p coefficients are given by (15) while for 
ko--,00 we have from (22) (by setting n = 0) 

# ko 

(ii./2)2 Z-1 
a -=   ko-bis 

as 

(27) 

Eq. (26) has been solved for the entire frequency 
range for a parallel plate waveguide with a =d= 10-2 m 
and conductivity (a-) = 5.8 X107 mhos/m. The values of 
h so computed were subsequently substituted in (2) and 
a and e coefficients evaluated and plotted in Fig. 3. 

lo 
1 ,,, 

4 

001 

/ 

.--- t 

P I 

....— a 0E 
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ko •-1 

Fig. 3—a and i9 as functions of Ko for a TEM wave where a = 10-2 ni 
and cr=5.8X10-7 mhos/m, d = 10-2 m. 

It will be observed that the whole frequency range 
can be divided into six fairly distinct intervals: 

1) Very low frequency range (A) (f <100 cps ap-
proximately) where a and 13 are given approxi-
mately by 

Z.ko} 
a Re {j — 1/2 

a 

Íni { 44 112 
j — ? 
a ) 

which for a plain metallic waveguide gives 

c z(acp-inkoii2 

(28) 
Below the value k, we have au <aE and above, 

aE <al/. 
For planar copper waveguide (Z = 6.8 X 10-6) oper-

(29) ated in the lowest mode (n=1) the quantity k, is 

where a is the separation between the plates, d 
their thickness and Z is a constant of the metal 
concerned ( = 6.8 X10-6 for copper). 

2) Low-frequency transition region B (100 cps <f 
<10 kc, approximately) where # changes its 
functional dependence, as the frequency increases, 
from (3 oc koic to e oc ko. 

3) Medium to very-high-frequency region C (10 kc 
<f<100 kmc 

1 X, 
e•-•-_kod--2 —a 

1 R, 
a — 

2 a 

(30) 

which for a plain metallic waveguide becomes 

a ko 
1 z (31) 

2 N/2 

4) A high-frequency transition region D (10" <f 
<10" cps) where e retains its functional depend-
ence fiocko but a changes its functional depend-
ence from a oc ko612 to a oc k0 '2. 

5) Submillimetric region E(10"<f <10'6) where 

# ko 

ir \' 
cr3e2R. i Z . 1-2 

2 

which for plain metallic waveguides leads to 

(7/2)2 
  a-8Z-ik0-512. 

(32) 

(33) 

6) Region F of violet and ultraviolet light where even 
for plain metallic waveguides Z, is no longer a 
small quantity, it is no longer given by (9) and 
(10) and consequently the results of the analysis 
are not applicable. 

V. SOME NUMERICAL EXAMPLES 

Let ay be the attenuation of TE0 waves, for k—>oo 
and aE stand for the same quantity for TH waves. On 
equating the aE and ay quantities [(11) and (22) for 
planar, (12) and (23) for circular waveguides] we find 
that this particular value of ko is given by 

k, (1 — —1 '12 Z' (for planar waveguides) (34) 
2n 

k, -[ ;/0(n- 1)]2Z-2 (for circular waveguides). (35) 
POn' 
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5.4 X109 m--' which corresponds to a frequency 2.6 X10 17 
cps. This frequency is even above the frequency of 
visible light and consequently we can say that out of all 
the modes in a hollow circular metal waveguide the 
TE 01 mode seems to have the lowest attenuation, though 
at frequencies above the usable range other modes, 
notably the TH modes, can have even lower attenuation. 
As a numerical example consider a planar waveguide 

(Z =10-5) excited in the lowest TH mode at a fre-
quency corresponding to the yellow spectrum of visible 
light (Xo= 5.5 X 10-7 m) where the separation between 
the guiding planes is a =10-4 m. 

The conventional formula (16) gives for this case 

1 Z 
—a k01/2 = 2080 db/m (36) 

whereas the corrected (33) gives 

(v/2)2 
aE =  a-3Z-'14-512 -- 3.43 db/m (37) 

the difference between the two results is, evidently, 
enormous. 

<CI  2 
s 

F —.TOO 

MODERATE VALUES Of VERY HIGH VALUES OF 
FREQUENCY FREQUENCY 

Fig. 4—Electric lines of force of a THoi mode in a 
waveguide with one imperfect wall. 

MODERATE VALUES OF VERY HIGH VALUES OF 
FREQUENCY 

FREQUENCY 

Fig. 5—TH02 mode in an imperfect waveguide. 

VI. MODE NOTATION AND DESCRIPTION 

In Sections III and IV we have established the some-
what unusual behavior of TH waves, when the wave-
guides are operated at extremely high frequencies, in 
that as the frequency is increased then not only does the 
attenuation change from a ocri2 to a oc 

f '512 512 but also that 
the cutoff coefficient changes from ho to ho' and conse-
quently the field configuration is thereby altered. 

Figs. 4 and 5 illustrate this change in the field con-
figuration of TH modes. 

We now propose to extend the conventional mode no-
tation M„„nj to include the cases in Figs. 4 and 5, as 
follows. 

In the case of a perfect waveguide the symbol M„,,„, / 
stands for an TH mode if M =TH and an TE mode if 

M =TE. The suffixes have the following significance: 

m(= 0, 1, 2, • • • ) = circumferential (coordinate u) 

n(= •, X, 0, 1, 2, • • • ) = radial (coordinate y) 

1(= • , X, 0, 1, 2, • • • ) = axial (coordinate z) 

where • signifies that the mode is propagating in that 
particular direction, X signifies that the mode is evanes-
cent in that particular direction, and the integers indi-
cate the number of field nodes in that particular dimen-
sion. 

ELECTRIC LINES OF FORCE 

c.) 

398 

j0 0 0 

E1 
COMPONENT OUP,' pp ci E 

(d) 

Fig. 6—Field quantities of a TH02 mode for various frequencies. (a) 
for 4=0 and f>.1., (b) for Zel and moderate values of fre-
quency, (c) for Zel and large values of frequency, (d) for 
Zel and f--> 00. 

Let us now consider the field lines of a TH 02. mode. In 
the case of a perfect waveguide the field lines are as 
shown in Fig. 6(a). 

If the waveguide is imperfect (Z. however, then 
the field lines will be slightly altered as indicated in 
Fig. 6(b). But if now the frequency is raised indefinitely 
then the field pattern will gradually change to the field 

configuration as indicated in Fig. 6(c) and eventually as 
shown in Fig. 6(d). Evidently the number of field nodes 
has changed from 2 to 1. To be more precise the radial 
suffix, n, has changed from the value 2 through all the 
fractional values to the value 1 but the resultant field 
pattern [Fig. 6(d)] is not that of a TH oi mode. Whereas 
the TH oi mode is a highly attenuating mode (a oc f"), 
the mode in Fig. 6(d) has in general a very low attenua-
tion (a ocf-5/2); in fact it is the lowest possible mode in 
an imperfect waveguide, that can be supported if the 
frequency is sufficiently high. We propose to call this 
mode a THe. In general, as the frequency increases a 
THon mode passes into a TH`co(n_i) mode with the addi-
tion that a TEM mode passes into an THe mode. 
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VII. CONCLUSIONS 

It has been shown that as the frequency of the opera-
tion of waveguides is raised sufficiently above the cutoff 
value, then the attenuation of the TE0„ waves is pro-
portional to f-312 whereas with TH waves, it is propor-
tional to fin. Consequently the attenuation of TE0„ 
waves decreases indefinitely whereas that of TH waves 
increases. As the frequency, however, is increased fur-
ther and further the attenuation of the TE0„ waves con-
tinues to decrease but the attenuation of TH waves be-

gins to drop and eventually it becomes proportional to 
f-512. That is, the rate of decrease of the attenuation of 
TH waves becomes higher than that of TE waves; yet 
right up to the visible spectrum the attenuation of TE 
waves is significantly lower than that of TH waves. 
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Solar Cycle Influence on the Lower Ionosphere 
and on VHF Forward Scatter* 

C. ELLYETTt AND H. LEIGHTONt 

Summary—A brief survey of published literature indicates that 
the electron concentration in the D region of the ionosphere changes 
with the solar cycle. Such changes should also be apparent in VHF 
forward scatter signal intensities. 

Analyses have therefore been made of seven years' results, at 
49.8 mc from the Cedar Rapids, Iowa, to Sterling, Va., forward 
scatter path (1243 km). On an annual basis, it is found that the 
monthly median received signal intensity, for the noon and afternoon 
period only, follows the same trend as the mean monthly sunspot 
number. The effect is still more pronounced when comparison is 
made with magnetic disturbance indexes. 

However, when the comparison with magnetic indexes is made 
using a direct comparison in each 3-hour period, and eliminating 
long-term trends, no observable increase of the signal intensity is 
found as the magnetic conditions become disturbed. This is in sharp 
contrast to the behavior of such circuits in auroral regions. Further 
analysis shows that a weak increase in signal intensity with a rising 
magnetic index does occur if the analysis is confined to the midday 
period. 

It is concluded, therefore, that any magnetic influence is smaller 
on middle than on high latitude scatter circuits, but an effect can be 
clearly discerned by studying the magnitude of the received signal 
through a solar cycle. These results show that VHF forward scatter 
signals are not caused by reflection from meteor trails alone. 

I. INTRODUCTION 

I
T IS NOW well known that the lower ionosphere, 
below the E region, can partially reflect or scatter 
both vertical and oblique radio signals. Many of the 

* Original manuscript received by the IRE, February 21, 1958; 
revised manuscript received, May 22, 1958. 
t University of Canterbury, Christchurch, N. Z. Temporary 

Consultant, Natl. Bureau of Standards, Boulder, Colo. 
Natl. Bureau of Standards, Boulder, Colo. 

direct experiments at medium frequencies have shown 
the existence of low layer ionospheric stratification.'-5 
Reflection coefficients of the various layers, and the 
height variation of the layers with time, have been ob-
tained. 

Also many reports have been made of determinations 
of the height of reflection of oblique transmissions at 
various frequencies ranging from VLF right through to 
VHF.6-8 Although variations occur, the predominant 
night-time height, for signals transmitted by a lower 
ionospheric mechanism, is about 85-90 km, with a fall 
during daylight hours to approximately 70 km evident 
from VLF oblique and MF vertical experiments. 

S. Gnanalingan and K. Weekes, "Weak echoes from the iono-
sphere with radio waves of frequency 1.42 Mc/s," Nature, vol. 170, 
pp. 113-114; July 19, 1952. 

2 W. Dieminger, "On the causes of excessive absorption in the 
ionosphere on winter days," J. Atmos. Terr. Phys., vol. 2, no. 6, pp. 
340-349; 1952. 

3 F. F. Gardner and J. L. Pawsev, "Study of the ionospheric 
D-region using partial reflections," J. Átmos. Terr. Phys., vol. 3, no. 6, 
pp. 321-344; 1953. 

4 J. M. Watts and J. N. Brown, "Some results of sweep-frequency 
investigations in the low frequency band," J. Geophys. Res., vol. 59, 
pp. 71-86; March, 1954. 

J. Gregory, "Ionospheric reflections from heights below the E 
region," Aust. J. of Phys., vol. 9, pp. 324-342; September, 1956. 

R. N. Bracewell, K. G., Budden, J. A. Ratcliffe, T. W. Straker, 
and K. Weekes, "The ionospheric propagation of low- and very-low-
frequency radio waves over distances less than 1000 km," Prot. IEE, 
vol. 98, pt. 3, pp. 221-236; May, 1951. 

7 R. Naismith and E. M. Bramley, "Time-delay measurements 
on radio transmission," Wireless Engr., vol. 28, pp. 271-277; Septem-
ber, 1951. 

8 D. K. Bailey, R. Bateman, and R. C. Kirby, "Radio transmis-
sion at VHF by scattering and other processes in the lower iono-
sphere," PROC. IRE, vol. 43, pp. 1181-1230; October, 1955. 
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The close similarity of heights obtained on both verti-
cal and oblique transmissions led Bailey, Bateman, and 
Kirby' to suggest that the same region was operative in 
both cases. Wheelon° has reviewed the evidence for such 
a correspondence in some detail, and strongly concludes 
that the regions are identical. Still more recently, 
Gregory" has shown that an almost perfect correspond-
ence exists between VHF forward scatter height and 
time variations, as obtained by Pineo" in America, and 
vertical echoes at 1.75 mc, measured in New Zealand. 
It can therefore be concluded with some certainty that 
the regions causing both vertical MF reflections and 
oblique VHF scattering are identical. 

If this premise is accepted, then variations in the oc-
currence and strength of the ionospheric D region during 
a solar cycle should be matched by variations in oblique 
VHF signal intensities. The first purpose of the present 
paper is to review any evidence for a solar cycle effect in 
the D region ionization. 

Nearly seven years of continuous signal intensity re-
sults are now available on the Cedar Rapids, Iowa, to 
Sterling, Va., VHF forward scatter circuit, operated at 
49.8 mc by the National Bureau of Standards." Results 
over this period of time, covering, as they do, both a 
minimum and a maximum of the sunspot cycle, might 
be expected to show some solar influence, unless the 
causative agent of the layers is entirely meteoric. It has 
already been established in America,"-18 Canada," and 
England," as a result of off-great-circle path studies of 
forward scatter, that meteors play a large part in scatter 
communication. Solar influences do seem necessary, 
however, to explain the simultaneous broad maxima ob-
served on various paths through the midday and early 
afternoon period." It seems worthwhile, therefore, to 
search the Cedar Rapids to Sterling results for a possible 
solar cycle influence. 

Correspondence between long-term variations of the 

9 A. D. Wheelon, "Diurnal variation of signal level and scattering 
heights for VHF propagation,» J. Geophys. Res., vol. 62, pp. 255-266; 
June, 1957. 
'0 J. Gregory, "The relation of forward scattering of VHF radio 

waves to partial reflection of MF waves at vertical incidence,» J. 
Geophys. Res., vol. 62, pp. 383-388; September, 1957. 
" V. C. Pineo, "Oblique-incidence measurements of the heights 

at which ionospheric scattering of VHF radio waves occurs," J. Geo-
phys. Res., vol. 61, pp. 165-169; June, 1956. 

12 Since the work was done on this paper, new measurements have 
been made of antenna gains at the Cedar Rapids and Sterling sta-
tions. The gain at each station was found to have deteriorated rela-
tive to that measured earlier in the course of the experiment. It 
may be expected that this change has caused the rise in signal 
strengths, shown in figures in this paper during years of rising sunspot 
cycle, to be somewhat less than actually occurred. 

12 V. R. Eshleman and R. F. Mlodnosky, "Directional character-
istics of meteor propagation derived from radar measurements," 
PROC. IRE, vol. 45, pp. 1715-1723; December, 1957. 

14 M. L. Meeks and J. C. James, "On the influence of meteor-
radiant distributions in meteor-scatter communication," PROC. IRE, 
vol. 45, pp. 1724-1733; December, 1957. 

14 V. C. Pineo, "Off-path propagation at VHF," to be published. 
16 P. A. Forsyth, E. L. Vogan, D. R. Hansen, and C. O. Hines, 

"The principles of Janet—a meteor-burst communication system," 
PROC. IRE, vol. 45, pp. 1642-1657; December, 1957. 

17 «Report of the Radio Research Board for 1956," H. M. Station-
ery Office, Great Britain, pp. 17-21. 

solar cycle and the magnetic K index has long been 
known. If a solar influence is established for scatter cir-
cuits, they might also be expected to be sensitive to 
long-term magnetic variations. 

Again, it has been known for several years, as a result 
of the work of Bailey, Bateman, and Kirby8 on Arctic 
region circuits, that increasing K index, indicating in-
creasing magnetic disturbance, causes an improvement 
in the scattered signal intensity. (This behavior is con-
trary to that of other communication systems which use 
conventional refraction from the upper ionospheric lay-
ers. Reliability in periods of magnetic disturbance is one 
of the major advantages of scatter propagation in the 
Arctic.) It is therefore of considerable interest to see 
whether lower latitude scatter circuits are influenced in 
a similar manner by magnetic behavior. This study con-
cludes the paper. 

I I. SOLAR CYCLE INFLUENCE ON 
D- REGION IONIZATION 

The D region of the ionosphere has long been recog-
nized as the principal region of absorption of electro-
magnetic waves. This has required the presence of at 
least a weak free-electron concentration. 

For many years, in addition to the absorption evi-
dence, discrete echoes at heights below the normal E re-
gion have been reported, but these reports have been 
most conflicting." It is only in the last five years, largely 
through improved techniques, that unequivocal evi-
dence has been obtained of partial reflection from strati-
fied regions in the virtual height range lying between 50 
and 100 km. 1-8 Such echoes, particularly for the main 
85-km layer, but sometimes also for the 70-km region, 
persist throughout the day and night." No evidence of a 
D-region solar cycle effect is therefore likely to be ob-
tained from other than absorption data, solar radiation 
data, and experiments specifically carried out in the 
past five years to measure the low-layer stratification. 

Absorption Data 

It has been known for at least a decade that absorp-
tion follows the sunspot cycle. The absorption of HF 
radio waves passing through the D region increases by a 
factor of approximately 1.5 between sunspot number 
zero and 100." This work is supported by more recent 
absorption work at Dakar, French West Africa,2' from 
which it is again concluded that the D-layer electron 
density increases proportionally to the sunspot cycle. 

(Absorption at VHF is very much reduced, compared 
to HF, and any 11-year cycle effect in absorption would 
almost certainly be masked by other variations.") 

12 C. D. Ellyett, "Echoes at D-height with special reference to the 
Pacific Islands," Terr. Meg. and Atmos. El., vol. 52, pp. 1-13; 
March, 1947. 

19 J. Gregory, private communication. 
" "Ionospheric Radio Propagation,» Natl. Bur. of Standards, 

Circular No. 462, p. 112; 1948. 
7/ W. Dieminger, Rep. No. 192 of the German National Commit-

tee of URSI, presented to the URSI General Assembly, 1957. 
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Solar Radiation Data 

Direct rocket data on the very low electron concentra-
tions likely to be encountered in the D region do not yet 
appear to have been obtained, but there are now avail-
able many rocket measurements of the incident solar 
flux of both hydrogen Lyman-a radiation, and X rays 
below 20 A. Both these radiations penetrate into the 
D region, creating ionization at least down to 75 km. 
Values of the solar X-ray flux have been reported from 

one flight in 1949, three in 1952, three in 1953, and one 
each in 1955 and 1956. When the summary table" is 
compared with the sunspot curve a reasonable corre-
spondence by years is apparent. 
The evidence for a solar cycle variation of Lyman-a 

radiation is still quite weak. Some twelve intensity 
measurements are available,22 ." comprising one in 1949, 
one in 1950, three in 1952, one in 1954, four in 1955, and 
two in 1956. The distribution of flights during the solar 
cycle is good, and a flux decline, agreeing with the 
cycle, is evident from 1949 through 1952. Values in 
1955 and 1956 have increased with the solar cycle rise, 
but a change in instrumentation introduces some un-
certainty into the values. This section can be sum-
marized by stating that direct measurements of the 
radiations likely to be responsible for D-region ioniza-
tion are in reasonable agreement with the hypothesis of 
a solar cycle influence, without being conclusive. 

Radio Data 

Here evidence is meager indeed. The few papers 
available on vertical incidence observations are as yet 
largely qualitative, although two recent papers give 
values for reflection coefficients." Continued observa-
tion over a period of several years, with controlled 
parameters, should now be straightforward, and should 
give a direct answer to this problem. 

Considering the three subsections together, there is 
quite strong evidence of a definite parallel movement 
of the electron concentration of the lowest regions of 
the ionosphere and the 11-year cycle of sunspot num-
bers. 

III. SOLAR CYCLE INFLUENCE ON 
VHF FORWARD SCATTER 

If solar cycle behavior exerts an influence on the 85-
km region, it should also influence oblique VHF signal 
intensities, since such signals are observed to be scat-
tered from this height. 
Median signal intensity values on an hourly basis 

ire available from the Cedar Rapids to Sterling oblique 
path from January 1, 1951 to November 30, 1957. 
Some three and one half years of falling sunspot cycle 

22 T. A. Chubb, H. Friedman, R. A. Kreplin, and J. E. Kupperian, 
'Lyman Alpha and X-ray emissions during a small solar flare," J. 
i'eophys. Res., vol. 62, pp. 389-398; September, 1957. 
" E. T. Byram, T. A. Chubb, H. Friedman, and J. E. Kupperian, 

'Observations of the intensity of solar Lyman-Alpha emission," 
4strophys. J., vol. 124, pp. 480-482; September, 1956. 

oole..3» eons tom. 'NS 
I 

L=1.=,_] 

Fig. 1—Cedar Rapids to Sterling forward scatter at 49.8 mc. 
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Fig. 2—Cedar Rapids to Sterling forward scatter at 49.8 mc. 
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the trend between the two curves was in parallel or 
opposition as the same month was followed from year to 
year. Some cases occurred where the median signal in-
tensity was the same value on the same month in ad-
jacent years. These cases were excluded from the total. 
Proceeding in this manner for each month, and totalling 
the indexes, when all the months were combined it was 
found that the trend was in opposition in 21 cases, and 
in parallel in 46. It has already been noticed on this 
circuit that the diurnal peak of the signal intensity is 
displaced to the afternoon side of noon.8 Consequently, 
it could be predicted that if the present method of 
analysis is significant, the departure of the curves from 
random movement should be greatest in the noon 
period, present in the period centered on 18 hours very 
weak in the 06 hour period, and lost—possibly by ob-
scuring meteor activity—in the 00 hour period. The re-
sults of the analysis are given in Table I, where it is 
evident that the exact behavior predicted is occurring. 

TABLE I 

COMPARISON OF TREND BETWEEN FORWARD SCATTER SIGNAL 
INTENSITY AND SUNSPOT NUMBER 

Three-hour 
period cen-
tered about 

Similar-month movement 
of values 1951-1957 

In opposition In parallel 

Percentage of total 
cases favoring paral-

lel movement 
(random =50 per cent) 

06 hours 
12 hours 
18 hours 
00 hours 

25 
21 
22 
32 

27 
46 
39 
23 

52 
69 
64 
42 

Twelve-month running averages of the signal in-
tensity for each of the four daily periods examined are 
given in Fig. 3(a). Some similarity is evident among the 
curves. The noon curve is always the strongest, and is 
the only one of the four which has not shown a fall 
from May, 1956 to May, 1957 when the sunspot curve 
has been rising sharply. Various tentative explanations 
could be suggested to account for the rough similarity 
of the four curves. Probably all that is worth saying at 
present is that a change in the incoming meteoric flux 
provides about the least likely explanation of the 
causative agent for a trend over the years which ex-
hibits some similarity at all hours of the day. 
The noon signal intensity curve has been redrawn in 

Fig. 3(b), together with the 12-month running means 
of the final monthly sunspot numbers, and the monthly 
magnetic indexes. It appears at once that the signal 
intensity follows the magnetic index much more closely 
than the sunspot curve. The well-known lag of the 
magnetic figures on the sunspot numbers is evident," 
and the signal intensity parallels the magnetic figures. 
These curves could indicate that smoothed sunspot 
numbers are not necessarily a particularly good meas-
ure of the sun's long-term effect on the lower ionosphere, 
at least when the sun is in a very active condition. 

24 S. Chapman and J. Bartels, "Geomagnetism," Oxford Univer-
sity Press, Oxford, Eng., p. 371; 1940. 
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Fig. 3—Comparison of sunspot number and magnetic acti‘ ity with 
Cedar Rapids to Sterling signal intensities. 

This section can be summarized by saying that some 
solar control of the daytime forward scatter signal on a 
temperate latitude path is undoubtedly present, as 
evidenced by intercomparison with the solar cycle. 

IV. SHORT PERIOD MAGNETIC INFLUENCE ON 
VHF FORWARD SCATTER 

The method of obtaining a comparison between mag-
netic indexes and signal intensities was somewhat in-
volved. The procedure was as follows: 

1) A single value of the median received signal in-
tensity level was obtained by inspection for each hour 
of every day from the continuous pen recording. 

2) A single median value was next obtained for each 
3-hour period in the day, agreeing in time with the 3-
hour intervals on which world magnetic activity figures 
are based. 

3) Eight monthly median signal intensity values were 
obtained for the eight 3-hour intervals of the day. 

4) The departure of each separate 3-hour unit signal 
intensity value from the monthly median covering the 
same time was recorded next. 

5) The values of these departures were then col-
lected, for thirteen consecutive months of observation, 
for all cases where the accompanying planetary mag-
netic K index had zero value (quietest magnetic con-
ditions). The median of these values then expresses the 
integrated departure of the signal intensity from the 
median monthly values over the whole period. 
The grouping was repeated for each magnetic index 

up to 6, with a final group for index 7 and above (mo.st 
disturbed conditions). 
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Fig. 4—Comparison of signal intensity observations 
with magnetic K indexes. 

This process was originally carried out for the Anchor-
age to Barrow, Alaska, circuit, where the midpoint was 
in the zone of maximum auroral occurrence.8 The corre-
lation then obtained, with the K indexes observed at 
Fairbanks, Alaska, is reproduced in Fig. 4(a). This re-
sult was used by Bailey, et al.,8 to establish the very 
significant fact that VHF Arctic communications via 
scatter improve during periods of auroral and magnetic 
disturbance. (The limits of the vertical lines in the 
figure give the upper and lower decile values.) 

Results for the temperate latitude Cedar Rapids to 
Sterling circuit, with an identical observing period, 
and planetary K indexes, are shown in Fig. 4(b). There 
is no correlation. This unexpected result was checked 
by repeating the analysis with the Cheltenham, Md., 
local K indexes—these being the nearest magnetic 
observations to the Cedar Rapids circuit. Again, as 
shown in Fig. 4(c), correlation is nonexistent. As a final 
check, the analysis was repeated for the 1954 signal 
intensity values against the Cheltenham K indexes 
[Fig. 4(d) ], with an even more certain absence of any 
effect. 
The method adopted in the above analysis is par-

ticularly designed to eliminate any possible long-
period trends, such as seasonal or 11-year cycle effects, 
in the signal intensity records. The comparison of each 
3-hourly signal intensity value is made with the mag-
netic index recorded for the same period, and all parts 
of the day and night are given equal weight. It can 
therefore be concluded from this section of the analysis 
that in temperate latitudes, in contrast to the auroral 
zone, there is no appreciable instantaneous relation 
between the forward scatter signal intensity and the 
magnetic disturbance figure. 

It is possible, however, that the scatter component 
of meteoric origin is a relatively larger part of the total 
signal in temperate latitudes during the night and morn-
ing, so that it swamps any small magnetic effect being 
looked for on a 24-hour basis. Consequently, the com-
parison analysis was again repeated with a restriction 

to the period 10-13 hours local time. This period was 
the nearest to noonday which culd be selected to fit 
the unit period of the magnetic indexes. It has already 
been established from the sunspot cycle study in Section 
III that the scatter circuit is most affected by solar 
influence around midday. Magnetic indexes are related 
to sunspot values, so if a "same-time" comparison is to 
show any relationship between the two phenomena, the 
probability is greatest around the noon period. The 
result is given in Fig. 4(e), where a small trend is in-
deed now apparent. High magnetic indexes, if they oc-
cur in the noon period, are thus accompanied by a slight 
increase in signal intensity. 

V. LONG PERIOD MAGNETIC INFLUENCE ON 
VHF FORWARD SCATTER 

By using mean monthly values of the planetary K 
index, and comparing the trends between identical 
months in consecutive years with the trends in monthly 
median signal intensity, in exactly the same way as was 
done with the monthly sunspot numbers in Section III, 
it becomes possible to identify long-period effects. 
Table II has been prepared in this way. 

TABLE II 

COMPARISON OF TREND BETWEEN FORWARD SCATTER SIGNAL 
INTENSITY AND PLANETARY MAGNETIC INDEX 

Three-hour 
period cen-
tered about 

Similar-month movement 
of values 1951-1957 

In opposition In parallel 

Percentage of total 
cases favoring paral-

lel movement 
(random =50 per cent) 

06 hours 
12 hours 
18 hours 
00 hours 

17 
14 
17 
25 

35 
47 
44 
30 

67 
77 
72 
55 

The similarity of trends is more marked than in 
Table I. The signal intensity over the years definitely 
parallels the magnetic index in the afternoon period, 
and, in comparison with the sunspot results, now ap-
pears to show some parallelism even in the fairly early 
morning. Once again the midnight value shows no 
significant correlation. 
The conclusion from these magnetic index studies is 

that there is a small instantaneous relation between the 
forward scatter signal intensity and the accompanying 
weaker magnetic effects of the temperate latitudes. 
The effect has become so slight, compared with auroral 
path circuits, that it is only noticeable on integrated 
noon values. However, there is a marked daytime corre-
lation on a monthly basis. 

VI. CONCLUSIONS 

It has been established fairly definitely from a review 
of absorption results and rocket experiments that the 
electron concentration in the D region of the ionosphere 
changes with the 11-year solar cycle. Evidence for this 
change is strongly supported by a trend comparison of 
the temperate latitude forward scatter signal intensity 
values with the sunspot cycle values, and still more 
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strongly by comparison with the magnetic disturbance 
indexes. 

It is obvious, from off-great-circle path studies, that 
aspect-sensitive reflections from meteor trails must 
play a considerable part in forward scatter,"-" but the 
present work shows that solar influences are definitely 
contributing, especially for the midday period, to the 
magnitude of the received signal. McKinley's sugges-
tion" that the results can be explained almost entirely 

tie D. W. R. McKinley, "Dependence of integrated duration of 
meteor echoes on wavelength and sensitivity," Cenad. J. Phys., vol. 
32, pp. 450-467; July, 1954. 

on the basis of meteoric reflections is thus no longer 
valid. Villard, Eshleman, Manning, and Peterson" 
qualify the idea of exclusive meteoric ionization by con-
sidering that the general background excitation level 
may affect the extent of ionization produced by small 
meteors. This concept, if applied only to nonaspect 
sensitive reflections, cannot be ruled out.'5 but now it 
can be said that the sun exerts a specific effect on the 
magnitude of the daytime scatter signal. 

" O. G. Villard, V. R. Eshleman, L. A. Manning and A. M. Peter-
son, "The role of meteors in extended range VHF propagation," 
PROC. IRE, vol. 43, pp. 1473-1481; October, 1955. 

On the Determination of the Electrodes Required 
to Produce a Given Electric Field Distribution 

Along a Prescribed Curve* 
PETER T. KIRSTEINt, ASSOCIATE MEMBER, IRE 

Summary—A method is derived for determining the potentials in 
a space-charge-free region, with given potentials and electric fields 

on a prescribed curve. The treatment is two-dimensional. The method 
used is to set up a complex analytic potential function along the 

trajectory, which may be continued analytically into an open region, 
and whose derivative is related to the electric field. 

The method is applied to two problems: that of the design of the 
electrodes for a crossed-field electron gun, and that of the design 
of the electrodes for Sturrock "leap-frog" focusing. It is shown that, 
owing both to the mathematical and the physical nature of the prob-
lems, care must be taken in the application of the method, in order to 
produce meaningful results. 

The electrode shapes required to produce exactly the beams in 
each of the two problems are given. Electrode systems which would 
be easier to fabricate and which adequately approximate the required 
fields at the edges of the beam are also described. 

I. INTRODUCTION 

NIANY physical situations arise in which we 
desire to determine the electrodes required 
to produce a known electron trajectory—with 

specified potential and normal electric field on the 
trajectory. 

In practice, the presence of the electrons is not rele-
vant; we merely require to find equipotentials which will 

produce a given normal field and potential distribution 
along a prescribed curve. This field distribution cannot 
be described arbitrarily; it depends upon the solution 

* Original manuscript received by the IRE, January 27, 1958; 
revised manuscript received March 20, 1958. The research reported 
in this document has been sponsored by the Air Force Cambridge 
Res. Center, Air Res. and Dey. Command, Bedford, Mass. 
t Microwave Lab.,:W. W. Hansen Labs. of Physics, Stanford 

University, Stanford, Calif. 

of the space-charge-flow equations in the interior of the 
beam—a problem which we will assume already solved 
in this paper. 

This problem has come to the author's attention in 
two different practical applications: in the design of 
electron guns, and the design of a deflection focusing 
system. The trajectories, in both instances, were planar, 
and all quantities were infinite in the third direction. 
The problem is best illustrated in Fig. 1, which is a 

schematic of an electron gun. Here K is the cathode, 
D is the region of the beam, and Ai and A2 are space-
charge-f ree regions outside the beam. The beam bound-
aries are Si and S2. From knowledge of the electric fields 
on SI and S2, we wish to determine the potentials 4)1 and 
4)2 in the space-charge-free regions AI and i2. If elec-
trodes are placed at any equipotentials of 4)1 and 4)2, at 
the appropriate potentials, they produce the correct 
field and potential variation on SI and S2. The focusing 
system problem is exactly similar, except that in this 
case SI = S2, and the region D does not exist. 
There are basically three ways of solving this prob-

lem: analytic methods, analog methods, or a combina-
tion could be employed. Because of the nature of La-
place's equation with prescribed cl) and (Wan, the nor-
mal component of VcI), on an open boundary, numerical 
solution into the regions Ai and .Ci2 is very unstable. If 
the curves SI and S2 are rectilinear, then 84)/an is 0, to 
be compatible with the Lorentz force law; Pierce' has 

J. R. Pierce, "Rectilinear electron flow in beams," J. Appt. 
Phys., vol. 11, pp. 548-554; August, 1940. 
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developed a method, using analytic continuation, to 
iind (1) in Ai and A2 in this case. In this paper the analy-
sis is extended to the case of when SI and S2 are curvi-
linear, and 34/an is no longer zero on these curves. The 
analog methods, as described by Sander,2 for instance, 
use an analog such as an electrolytic tank with the elec-
tron beam simulated by current probes. Alternately, 
Pierce has developed an electrolytic tank method, for 
rectilinear S1 and S2, in which the curves are replaced 
by dielectrics—to satisfy Milan =0 there Cook' has 
extended these methods to the case of curvilinear S1 
and S2 by placing resistance cards along the curves. 
Several other people, Picquendar4 for example, have 
given methods of solving the problem with more or less 
elaborate analog equipment or numerical computation. 
An exact solution for ct. outside the beam would tell us 
where to put electrodes to produce the beam. Even if 
these proved difficult to fabricate, the solutions might 
allow the other methods cited to be used more simply. 
It is well known that since, in the absence of space 
charge, i.e., in the regions Ai and à2 of Fig. 1, 

V24, = 0, (1) 

it is possible to make e the real part of a function W of 
a complex variable s, where 

W(z) = (2) 

z = x iy, (3) 

and (x, y) are the normal Cartesian coordinates, 'If 

being defined by (2). 

ANODE 
ELECTRODE 

BEAM 

FORMING 

ELECTRODE 

CATHODE 

Fig. 1—Schematic of an electron gun. 

We assume the electric fields on the trajectories 
S1 and S2 are given parametrically in terms of a real 
parameter u, and that S1 and S2 are themselves given 
parametrically. We then use the methods of analytic 
continuation to extend the values of the electric fields 
E, known on S1 and S2, to the regions Al and Ay. For 
numerical convenience, we then derive a differential 
equation which must be satisfied by the equipotentials. 

2 K. F. Sander, C. W. Oatley, and J. G. Yates, "Factors affecting 
the design of an automatic electron trajectory tracer," Proc. IEE, 
vol. 99, pp. 169-179; July, 1952. 
3 E. J. Cook, "Electrolytic tank design of electron guns with 

curved electron trajectories," PROC. IRE, vol. 46, p. 497; February, 
1958. 
4 J. E. Picquendar, O. Cahen, and P. Lapostolle, "Les Effets de la 

Charge D'Espace dans les Cannons à Electrons," Compagnie 
Française de Thomas Houston, Paris; 1956. 

Finally, we apply the methods to the two problems 
mentioned earlier, and give diagrams of the resulting 
electrode systems. 
At first sight, it seems that the method is automatic, 

that it can be blindly applied, and that it always yields 
correct results. This is not the case. If sufficient care 
is taken, the method yields correct results. However, 
difficulties may arise from the multivalued nature of 
many of the conformal mappings encountered in the 
application of the method. This is made clear in the 
first example, that of the electron gun. The fact that 
multivalued potentials appear cannot be dismissed 
as simply due to the mathematical nature of the meth-
od; it has physical significance. This is clarified by the 
discussion in the first example. It is due to the fact that 
it may be physically impossible to produce certain po-
tentials on the surfaces Si and S2, unless the electrodes 
are fairly close to the surfaces. Moreover, for some prob-
lems, several electrodes may be required. 

In Section II, the method is developed. In Section 
III, it is applied to an electron gun problem, and the 
difficulties encountered will be discussed. In Section 
IV the application of the method to a deflection focusing 
system is demonstrated. A summary of the pros and 
cons of the method, as illustrated by the applications, 
is given in Section V. 

METHOD 

In this section, we consider half the problem men-
tioned in Section I, namely, given the potential and 
normal fields in terms of a par meter u and a trajectory 
S also given parametrically ir terms of u, find the po-
tential (I, in the semi-infinite region à bounded by S. 

For the applications we have in mind, it is convenient 
to give the trajectories in an e) form, where s is the 
arc length and V/ the trajectory slope. For this reason, 
mappings are given relating the (s, 4/) and the (x, y) 
systems. The independent parameters will be u and y 
where the (u, y) system is an orthogonal system having 
y =0 as the trajectory. All physical quantities are given 
as functions of (u+iy). Quantities given on the trajec-
tory as functions of u are extended, by analytic con-
tinuation, to points off it as functions of (u+iy). 
We assume that the trajectory S is planar and given 

in Cartesian coordinates (x, y) by 

Defining 

and 

x = X(u), = Y(14). 

Z == x 7r iy, 

Z(u) = X(u) iY(u), 

we may construct a conformal transformation 

z = Z(w) 

where 

w = u + iv (u and y are real). 

(4) 

(5) 

(6) 

(7) 

(8) 
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This transformation maps points of the w plane into 
points of the z plane. In particular, considering v=0 
in (6), we see that the transformation maps the u axis 
into S. This mapping is shown in Fig. 2. 

In the problem to be considered, S is given as in (4), 
where s(u) is the arc length measured along S. The 
u =const lines are lines intersecting S normally; this is 
shown in Fig. 3. We see that along S, 

dx = ds cos 1,/, and dy = ds sin 1p, (9) 

where 4, is the slope of the trajectory. 
Comparing (9) with (4)—(6), we see that 

dZ = ejects, 

so that 

where 

v i 

d 
Z(u) =-- f u — s du', 

du' 
(10) 

s = s(u) and 1,P = 1,1/(u). (11) 

f s 
u 

w-PLANE 

dx 

z-PLANE 

Fig. 2—Mapping of w plane into z plane. 

Y 

U=+I V=+2 

V=+I 

V=0 

V=-I 

V=-2 

al> 

X 

Fig. 3—Mapping of lines u =const and v-=corist in z plane. 

The lower limit in (10), and in any further similar 
integrals in this and the following section, is omitted. 
This lower limit merely corresponds to choice of origin 
in the z plane. The question of lower limit is discussed 
in Section III. 

Eq. (10) is in the form of (6). We may extend this 
function Z to complex arguments, as we did in (7), so 
that we obtain a conformal mapping of the w plane into 
the z plane by the transformation 

z = Z(w) = fw 
ds(wi) 
  dw'. 
dw' 

(12) 

Now if (I) is the scalar potential, we know both the 
magnitude and direction of VcI) on S. Let us suppose the 

angle between V.4) and ds is called 0(u), and let us define 
functions 4),.(u) and <I)„(u) by the relations 

ds ds 
4).(u) = I Vt. I cos 0— and ci.„(u) I vcI) sin 0 — . (13) 

du du 

Let 4, =se(u, y) be the potential function throughout 
the w plane, and hence, using (12), throughout the z 
plane. Then, from (13), we obtain on S, 

acp al) 
= — and c13„(u) = — • (14) 

Ou ay 

Now we wish to construct an analytic function W, 
defined by 

W = v) iT(u, v), (15) 

which is analytic on S and over most of the w plane. 
In this case, the Cauchy-Riemann equations, 

aq, ad, a,P 
— = — — and — = — (16) 
Ou ay ay au 

must hold wherever W is analytic. 
Using the first of (16) in (14), we see that on s 

ad, a‘p 
— i — =113«(u) ici),(u). 
Ou au 

(17) 

Integrating along S, which is the curve v =0, we obtain 

W(u, 0) = i —el du'. 
• au au' 

= [4(u')—i((u')]du'. (18) 

If a function satisfies one Cauchy-Riemann equation 
on the real axis it may be continued analytically into 
the plane away from that axis by replacing the real 
argument by the complex argument. Applying this to 
(18), we obtain 

W(w) = W(u, v) = f ' [(1,,s(w') — il,„(w')]dw'. (19) 

Eqs. (12) and (19) give z and W as functions of w. 
Finally, we set up the differential equation for the 

equipotentials. For this purpose we first neglect the 
fact that (I) is the real part of a function of a complex 
variable. We set up y as a function of u for the equi-
potential. Then we transform this curve in the (u, v) 
plane into one in the (x, y) plane. 

If 
= V(u) 

is the curve, '1 = const, then along this curve 

ad, 84, 
d4 = — du — dV = 0. 

Ou av 

Using the Cauchy-Riemann equations, 

04, aq, 
du — — — dV = 0. 

Ou au 

(20) 

(21) 

(22) 
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Now, from (19), since W is a function only of w, 

a (13 a NI, dW 
— = (1).(w) — ic17,(w) = — ; (23) 
au au dw 

hence 

dV Re (dW/dw) 

du = Im (dW/dw) . 

The equipotentials of W, and hence the places where 
electrodes should be placed, may, therefore, be found 
by evaluating (12) along the contour defined by (24), It 
should be emphasized that slight changes in the func-
tional form on S, of #, s, <P., and cbt, as functions of u, 
may radically change the equipotentials, but this only 
affects the uniqueness of the electrodes. Any functional 
forms of these quantities which are almost correct on S 
will produce satisfactory electrode systems. 

III. APPLICATION TO THE CROSSED-FIELD 

ELECTRON GUN 

(24) 

Statement of Problem 

Benham' and more recently Kino° have considered a 
certain planar, crossed-field, space-charge-flow problem, 
with magnetic field perpendicular to the plane of mo-
tion, in which the trajectory S and the electric fields at 
the beam edge VcI) satisfy the following relationships on 

the trajectories SI: 

and 

and 

E. = 0; (25) 

X [u2 — cos U — 1] , 

2 

Y = [u — sin u]; 

u2 
(I) = [ 1 — cos u + — — u sin u]. 

2 

We now find the potentials in Ai of Fig. 1, outside 
Si, by substitution of these equations into those of the 
previous section. 

Expressions for Physical Quantities 

From (6) and (26), 

so that 

U2 

Z(U) = — e-ie — 1, 
2 

u ,2 

ZOO iW — 1. 

From (13), 

ds 
(Du — i4(u) = I V4) — (30) 

du 

where O is the angle between ds and VcD. 
Now, since Ex = 0, from (25), 

84> 7r 
vc1, = (0, —) and = — (31) 

Lay 2 

From (30) and (31), 

doll du ds 
(D. — = — i — — — • (32) 

du dy du 

By some algebra, using (9), (26), and (27), (32) may be 

transformed into 

epu —icl, = u(1 —iu — e-iu). (33) 

Substitution of (33) into (19) now yields 

W(w) = W(u, v) = f w(1 — iw — e-"v)dw 

1 w2 

(— — iW3 — — — ± 1), (34) 
3 2 

where the constant of integration is taken as unity, so 
that cI), the real part of W, is in agreement with (27) on 

v =0. 
Lastly, the equation of the eçuipotentials in the (u, y) 

plane can be obtained from (24) and (33): 

dV Re (w — iw2 — 

du Im (w — iu22 — we-iw) 

Eq. (35) has been solved on an IBM computer, using a 
(26) standard program for solving differential equations. 

From its solution, we find 

V = V(a) (36) 

(27) for any equipotential, and we may then substitute the 
appropriate values of (u, V) into (29) to trace out the 

equipotentials. 
The results, and the difficulties which arise in their 

interpretation, are given in the following discussion. 

Discussion of Results 

Multivalued Mappings: In order to discuss the results 
and the difficulties encountered, let us consider what we 
are doing when we follow equipotentials, what results 

(28) we obtain, and where the difficulties occur. 
From (29), (34), and (35) we obtain 

z = Z(u + iV), 

(35) 

(29) 

5 E. Benham, "Electronic theory and the magnetron oscillator," and 
Proc. Phys. Soc., London, vol. 47, pp. 1-53; January, 1935. 

G. S. Kino, private communication. 

W = W(u + iV), 

V = V (u) 

(29a) 

(34a) 

(36) 
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Fig. 4—Equipotential plots in the z plane for the electron gun prob-
lem. The solid line is the electron trajectory; the dotted lines are 
equipotentials, with the numbers representing normalized poten-
tials. The shaded area is the region of multivalued potentials. 

Now, if, as happens in this case, Z = Z(w) is a multi-
valued mapping of the w plane into the z plane, then 
different values of (u, v) may result in the same (x, y). 
Now, from (35), we may obtain the pair of points 
(u1, v1) and (u2, v2) which give the same zo, but different 
4›. Then we have, apparently, multivalued potentials 
at this point zo, which is clearly physically impossible. 

For the problem we are solving to have any meaning, 
there must be a one-to-one correspondence between 
the points of the line v=0 of the w plane and points in 
both the w and the z planes. In that case, since W(w) 
and Z(w) are regular functions of w, there must exist 
a region, sufficiently close to v=0, in which such a 
one-to-one correspondence still holds. 
An example will illustrate this point. Suppose 

W = 2iw €2iw (37) 

and 

Z = et°. (38) 

Then on v =0, the trajectory, 

= 0, Z = eu, and Enormai = 4 cos' U. (39) 

If w is not zero, and u is increased by 27r, a different 

4) will result. Hence, the mapping must be restrict-
ed to 0 <u <27r. 

However, in following an equipotential, one would 
find that one must continue beyond u =27r, and so multi-
valued potentials arise. When this occurs, it means that 
the physical system cannot be realized with only one 
electrode of the type envisaged. This occurred in the 
problem we are considering. 

A graph of the equipotentials is shown in Fig. 4. 
It is seen that there is no trouble below the trajectory 

v=0, that is, for v <O. However, for v > 0, there is a 
shaded area. In this area, the potential would be multi-
valued. This means that electrodes must be placed 
between this region and the trajectory to obtain the 
required potential and field variation on the trajectory. 
From a mapping of the z plane into the w plane, which 

is shown in Fig. 5, we see where the forbidden zone 
arises. 

Fig. 5—Mapping of the w plane into the z plane for the electron gun 
problem. The solid lines represent v=const, the broken lines, 
u =const. 
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Fig. 6—Electrode system to produce the beam from 
the crossed-field electron gun. 

IV. APPLICATION TO GUN DESIGN 

In the actual gun design problem, the S1 and S2 of the 
gun were merely displaced by a constant x; that is, on 

while on SI, 

/u2 
Z(u) = — lu e-iu — 1); (28) 

u22 

u 2 

Z(u) = (— -F iu e-tu — 1) -I- X0, (28a) 
2 

where Xo is a real constant. The region between the 
two curves .S2 and .52 is occupied by the beam. Hence, 
the solutions for v > 0 of Fig. 4 are valid in A, of Fig. 1. 
while those of v <0 are valid, under shift of origin, in 
A g of Fig. 1. The resulting electrodes and beam configu-
rations are shown in Fig. 6. 

V. APPLICATION TO DEFLECTION FOCUSING 

Statement of Problem 

Sturrock7 has considered a problem in periodic de-
flection focusing which he calls "leap-frog" focusing. In a 
focusing system it is convenient to relate the momentum, 
radius of curvature, normal field, and angle of the 
trajectory. In his system, Sturrock has shown that, on 
one period of S, 

7 P Sturrock, private communication. 
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and 

ds 
e—#08inu 

du 

= Cos 
o = — 
1 

elks sin u 

2IP0 

re = e 34,0 sin 14 . 

Mathematical Expressions 

Substitution of (40) and (41) into (12) yields 

ZOO f COB w•e-4,0 sin ue'dw i 

-1 eiee exP 

(40) 

(41) 

(42) 

(43) 

Hence, something strange will occur as w--> coi, especial-
ly since the singularity of W, at coi, is an essential 
singularity. 
From (45), since the path of integration may be 

taken arbitrarily, at w= co i, 

co 

Z =- f eilee exP (-1") idy'. (49) 

Eq. (49) gives a definite point in the z plane at which 
(44) an isolated essential singularity of W will result. Since 

the whole system is periodic this singularity will be 
repeated every periodic length of the deflection system. 
This shows up in (49), if we consider not the point co = opi 
but w = u+ mi. Then for <uo <T, one obtains one 
z, namely Zo; for (2n —1)/r <u < (2n± 1)7r, one obtains 
Z„= Zo+nL, where L is the periodic length of the sys-
tem, defined from integrating (44) along one period, 
and taking its real part, (45) 

while substitution of (42) and (44) into (13) and (19) 
yields 

W(w) = 
f en's sin tee ite e—es sin to, d ivt 

= f e lk° sin w' e iw'dw i. (46) 

In the same way as previously, the simultaneous 
evaluation of (45) and (46) will give a mapping of the 
w plane into the z plane. Again, to obtain the equi-
potentials, it is necessary to follow, from (24) and (46), 
the contour • 

dV Re (e2ee Sin w eiw) 
=   (47) 

du Im (e2#0 eie weiw) 

The mappings are again multivalued, but this time 
the mapping of the w plane into the W plane is multi-
valued, i.e., different w produce the same W, but the 
mapping from the w plane into the z plane is not multi-
valued. Hence the multivalued nature of the mapping 
will cause no problem. The lower limit of integration 
is arbitrary. It merely determines the zero point of 
potential in the z plane. We desire that the origin of 
z coordinates be at the lowest potential point of the 
trajectory; this determines the constant of integration, 
so that (46) becomes 

1 
W = — e-2e° f exp (iw' 2/o sin w')dw'. (48) zeo o 

Since neither z nor W have poles or singularities in the 
finite part of the w plane, there is no possible source of 
error through calculating the integrals the wrong way 
round a pole or branch point—this could be a problem 
otherwise. However, from (46), W has a singularity, in 
fact, an isolated essential singularity, at + co i. On the 
other hand, z from (45) has a singularity at — 

2ir 

L = Re f eiec, exP (50) 
o 

With the explanation already given we may now 
understand the reasons for the equipotential plots re-
sulting from the integration of (45) along the contours 
defined by the solution of (46). This is shown in Fig. 7 
for one particular 1,bo, e/0=1. It is seen that in this case 
there are no forbidden regions, unlike the previous 
example. However, there is one point periodically 
placed through which all equipotentials pass. The fact 
that all potentials go through this point is a result of 
the essential nature of the singularity of w at co i in 
the w plane. 

Fig. 7 is the exact electrode system which would be 
necessary; however, a system like that of Fig. 8 would, 
at S, be a sufficiently good approximation for a focusing 
system with very similar characteristics to the one 
defined by (40) through (43). 

VI. SUMMARY OF THE POTENTIALITIES OF THE 
METHOD AND FTS PITFALLS 

The method gives possible electrode configurations 
to solve any problem of the form of Fig. 1. However, 
if the mapping of the w plane into the z plane is multi-
valued, care must be taken in using the solution of the 
differential equation of (24). In actual computation, it 
is then necessary to look into the details of the w-z and 
w-W mappings. 

It may require many electrodes to produce a given 
field pattern on the S; this is shown in the first example. 
It may not be possible to design the sytem if the pro-
viso is added that the electrodes must be further than 
a certain distance from S. Finally, if there are singu-
larities of z or w at finite points of the w plane, a case 
not illustrated in this paper, it is necessary to make a 
cut in the w plane to insure that the path of integration 
never completely surrounds a singularity. With this 
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Fig. 7—Equipotential plots for "leap-frog" focusing for 4,c =4. The 
heavy line represents the electron trajectory, while the solid and 
broken lines represent equipotentials. A possible electrode system 
would be given by the dotted lines e=2.6, 4,=2.7, and 4.= —3.0. 

proviso, the path of integration in the w plane is always 
arbitrary. 

In conclusion, it has been brought to our attention, 
since the writing of this paper, that R. J. Lomax8 of 

8 R. J. Lomax, "Exact electrode systems for the formation of an 
electron beam," Brit. J. Electronics and Control, vol. 3, pp. 367-374; 
October, 1957. 
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Fig. 8—An electrode system which approximates the system 
of Fig. 7 for "leap-frog" focusing. 

Cambridge University has recently developed the meth-
od of analytic continuation independently. His ap-
proach, which has appeared elsewhere, is slightly differ-
ent. Moreover, the application he gives is very different, 
and he does not discuss the difficulties which may arise 
in the application of the method. For these reasons we 
have decided to present this paper in its entirety. 
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A Voltage-Sensitive Switch* 
K. O. OTLEYt, R. F. SHOEMAKERt, ASSOCIATE MEMBER, IRE, 

AND P. J. FRANKLINt, SENIOR MEMBER, IRE 

Summary—An investigation of the controlled dielectric break-
down of aluminum oxide films resulted in the development of a 
voltage-sensitive switch which may replace thyratrons and gas diodes 
in circuits which require single switching from a resistance in the 
kilomegohm range to one of the order of 1 ohm or less. Compared 
with a thyratron, the switch is smaller, ess expensive, more resistant 

to shock, vibration and high-energy radiation, and requires no addi-
tional power supply. In a recent batch, all samples tested broke down 
between 12 and 13 volts dc. 

Three circuits are presented which show applications of the switch 
in a time delay, in a series arrangement, and in a biasing network 
where terminal voltage is greater than the critical breakdown voltage 
of the switch. 

INTRODUCTION 

1XPERI MENTAL work at the Diamond Ord-
-4 nance Fuze Laboratories (DOFL) on a new solid-

 i state switching device was originally stimulated 
by an intelligence report' on the development of an 
over-voltage relay at the Forschungsinstitut für Physik 
in Berlin. •However, no details of the construction and 
the performance of this German device became known 
to the personnel of these laboratories. 
Approximately six months after the start of experi-

mental work at DOFL, Kelly7 applied for a patent which 
was assigned to the International Business Machines 
Corporation. This patent covered an "Information 
Storage Unit" which employed a metallic-oxide film-
type device having a structure similar to that of the 
voltage-sensitive switch described in this paper. 

Shortly thereafter, a report' was issued by the Uni-
versity of Arkansas which described somewhat similar 
work done there for a different purpose. However, their 
reported data indicated that less close control of the 
breakdown of a dielectric layer had been achieved at 
the University of Arkansas than at DOFL. For example, 
at approximately comparable average breakdown volt-
ages, their smallest standard deviation was 2.90 while 
that at DOFL was 0.35. 
The voltage-sensitive switch developed in these lab-

oratories is based on the controlled dielectric breakdown 
of a thin oxide film formed electrolytically on a suitable 
metal, such as aluminum, tantalum or niobium. This 
solid-state component may replace thyratrons and gas 
diodes in circuits in which a single switching from a high 
blocking resistance to a low-resistance current path is 

* Original manuscript received by the IRE, March 5, 1958; re-
vised manuscript received, June 30, 1958. 
t Diamond Ordnance Fuze Labs.' Washington, D. C. 
1 ID Rep. 1,196,582; November 25, 1953. 
2 M. J. Kelly, "Information storage unit," U. S. Patent No. 

2,784,389 to IBM; March 5, 1957. 
$ Z. V. Harvalik, Univ. of Arkansas, Inst. of Sci. and Tech., 

Fayetteville, Ark., Final Rep. under Contract NOrd 10417; June 1, 
1949 to May 31, 1955 (unclassified). 

required. Basically, the switch has the structure of an 
electrolytic capacitor. As in a capacitor, the dielectric 
oxide layer is located between two layers of metal: 1) 
the metal base, usually aluminum, which forms one 
electrode, and 2) a conductive film, in this case silver, 
which forms a second electrode. As in a capacitor, the 
thickness, and consequently the breakdown voltage, of 
the dielectric oxide layer is determined by the condi-
tions under which it has been formed in the electrolytic 
bath. However, unlike an electrolytic capacitor, which 
is always operated below its breakdown voltage, the 
switch functions at the voltage at which the dielectric 
film breaks down. 

Field strengths of the order of 107 volts per centi-
meter' exist in thin anodic oxide films. It is known' that, 
even at lower field strengths, avalanche breakdowns oc-
cur in localized spots within these films. Imperfections 
in the oxide layer are the most likely locations for such 
breakdowns which may set in at voltages well below 
the breakdown potential of a perfect oxide film. Hetero-
geneities in the metal surface, as well as impurities in 
the meta1,7 are defects which may cause irregularities 
in the structure of the oxide layer, and it has been ob-
served' that the porosity of electrolytically formed 
aluminum oxide films is inversely related to the smooth-
ness of the metal surface. 

Since the quality requirements for the metallic foil 
and for the oxide film formed on its surface are much 
more stringent in the case of the voltage-sensitive 
switch than in that of an elecfrolytic capacitor, the pur-
est metal foil with the smoothest surface was required 
for the production of dielectric oxide films having con-
trolled and uniform breakdown properties. 

This paper describes experimental work leading to-
ward the development of a small switch, an example of 
which is shown in Fig. 1 in exploded and assembled 
form. This switch is composed of only three parts: 1) 
an anodized metal disk to which a silver electrode has 
been applied, 2) a pair of lead wires, one of which is 
soldered to the silver electrode and the other of which 
is connected to the base metal by means of a rivet, and 

4 A. Güntherschulze and H. Betz, "Elektrolytkondensatoren," 
Herbert Cram, Berlin, Ger., 2nd ed.; 1952. 

6 P. F. Schmidt, "Mechanism of electrolytic rectification," J. 
Electrochem. Soc., vol. 104, p. 66C; March, 1957. 

6 D. A. Vermilyea, "Nucleation of crystalline tantalum oxide dur-
ing field crystallization," J. Electrochem. Soc., vol. 104, p. 542; Sep-
tember, 1957. 

7 D. Altenpohl, "Improvements in the field of electrolytic capaci-
tors," 1954 IRE CONVENTION RECORD, pt. 3, pp. 35-39. 

G. S. Vozdizhenski, S. S. Valeev, and T. N. Grechukhina, 
"Anodic oxidation of a metal with texture," J. Phys. Chem., USSR, 
vol. 25, p. 87; 1951. Quoted in S. Wernick and R. Pinner, "Surface 
Treatment and Finishing of Aluminum," Robert Draper, Ltd., 
Teddington, Eng., p. 376; 1956. 
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Fig. 1 — Voltage-sensiti% e sw itch, unassembled and assembled. 

3) this rivet, which is considered the most practical de-
vice for contact to the base metal in view of the strong 
adherence of the oxide film to its base. This paper fur-
ther describes the properties of such a switch when made 
from anodized aluminum; it also shows that before 

breakdown the device has a resistance of at least 107 
ohms (in most cases 109 to 1017 ohms) and that upon 
application of a pulse exceeding a certain critical voltage 
the switch breaks down to a resistance of the order of 
1 ohm or less. The paper also describes some circuits 
in which a switch of this type has been employed. 

PREPARATION OF OXIDE FILMS 

Use of tantalum as the base metal had been suggested 
by the fact that, in the commercial production of elec-
trolytic capacitors, the replacement of an aluminum by 
tantalum anode had resulted in improved capacitors 
due to the greater chemical inertness of tantalum oxide 
compared with that of aluminum oxide. The oxidation 
of tantalum sheet was attempted first in a stream of oxy-
gen, following essentially the procedure described by 
Gulbransen and Andrews. ° However the oxide films 
produced were rough and unsuitable for breakdown 
switches. 

Next, tantalum, niobium, and aluminum strips were 
anodized in numerous electrolytes, in an effort to find 
a metal and an electrolyte which would produce a uni-
form oxide film. These electrolytes included sulfuric 
acid, chromic acid, borates, tartrates," and citrates." 
Some of the various combinations of electrolytes and 
metals that were tested are listed in Table I, together 
with the electrolyte resistivities calculated for 25°C. 
When commercial tantalum or niobium was used as 

the base metal, none of the oxide films produced was as 

9 E. A. Gulbransen and K. F. Andrews, "Reactions of zirconium, 
titanium, columbium and tantalum with the gases oxygen, nitrogen 
and hydrogen at elevated temperatures," J. Ekctrochem. Soc., vol. 
96, p. 364; December, 1949. 

1° G. Hass, "On the preparation of hard oxide films with precisely 
controlled thickness on evaporated aluminum mirrors," J. Opt. Soc. 
Amer., vol. 39, p. 532; July, 1949. 
" W. Walkenhorst, "A simple procedure for the production of 

aluminum oxide layers," Natunvissenschaften, vol. 34, p. 373; August, 
1947. 

TABLE I 

ELECTROLYTES AND METALS USED IN 
ANODIZING EXPERIMENTS 

Electrolyte Concentration of Resistivity of Metals 
l eectrolyte, electrolyte anodized 
ohms 

Chromic acid 6 g Cr03-1-94 g H20 5.6 Al 
Chromic acid 3 g CrO3+97 g H20 10.6 AI 
Sulfuric acid 0.1 per cent by volume 106 Ta, Nb 
Sulfuric acid 1 per cent by volume 13.1 Ta, Nb 
Sulfuric acid 2 per cent by volume 7.1 Ta 
Sulfuric acid 3 per cent by volume 5.1 Ta 
Sulfuric acid 5 per cent by volume 3.0 Ta 
Sulfuric acid 10 per cent by volume 1.9 Al, Ta, Nb 
Borate 10 per cent B203+2.5 

per cent borax 174 Al 
Glycoborate 1 pt. NH4H13407- 3H20 144 Al 

4 pt. glycol+4 pt. H20 
Tartrate 3 per cent acidd-N113; 

pH=5.5 
Citrate 3 per cent acid d-Nf13; 

pH =6.0 

45 Al, Ta, Nb 

315 Al, Ta, Nb 

uniform as desired for use in a breakdown switch. In 
contrast, several baths were found suitable for the 
preparation of a satisfactory oxide layer on pure alum-
inum. Among these baths, a 6 per cent solution of 
chromic oxide in water produced an aluminum oxide 
film having more uniform breakdown strength than 
any other dielectric film tested during this investigation. 
The results of these anodizing experiments are in line 

with those of an experimental study which was carried 
out almost simultaneously in England. There Huddle 
and Andersonn found that among the various electro-
lytic baths they tested chromic acid produced the most 
stable oxide films on aluminum. These authors also 
give a theoretical explanation for their findings. Fol-
lowing Weyl 's theory of counter-polarization," they 
point out that when chromate ions are absorbed on the 
surface of aluminum oxide, the relatively small and 
highly charged Cr6+ central cations set up a more asym-
metrical force field in the 02- ions contained in the Cr042-
ions than would the central cations in any comparable 

anions; also, when polarization of these 02- ions is over-
come by the counter-polarization of the oxide surface, 
the 02- ions are donated to the oxide film, thus promot-
ing the growth of this film rather than its contamination 
or hydration, as is the case in some other electrolytes. 

Earlier, Pullen" had found that aluminum oxide films 
prepared by anodization of highly pure aluminum in 
chromic acid were less contaminated through absorption 
of ions from the electrolytic bath than films produced 
from less pure aluminum and/or baths of sulfuric acid 
or oxalic acid. Pullen's, as well as Burnham's,u X-ray 

LI R. A. U. Huddle and P. J. Anderson, "A catalytic mechanism 
of anodic inhibition in metallic corrosion," Advances in Catalysis, 
Academic Press, N. Y., vol. 9, p. 393; 1957. 
u W. A. Weyl, Pennsylvania State Coll., School of Mineral In-

dustries, State College, Pa., Bull. No. 57,1951. 
14 N. D. Pullen, Some physical characteristics of oxide films on 

aluminum," J. Electrodepositors Tech. Soc., vol. 15, p. 69; 1939. 
15 J. Burnham, "Dielectric films in aluminum and tantalum elec-

trolytic and solid tantalum capacitors," IRE TRANS. ON COMPONENT 
PARTS, vol. CP-4, pp. 73-82; September, 1957. 



1958 Otley, Shoemaker, and Franklin: A Voltage-Sensitive Switch 1725 

diffraction studies confirmed Verwey's" and Belwe's" 
findings that the anodization of pure aluminum in 
chromic acid resulted in practically anhydrous 7-A1203. 
Several investigations"—" have shown that the alum-
inum oxide hydrate and aluminum hydroxide which 
form through the absorption of water by the hygro-
scopic aluminum oxide do not have the favorable di-
electric properties of anhydrous gamma aluminum 
oxide. In a study of bath concentrations, Buzzard" had 
found chromic acid solutions of 5 to 10 per cent strength 
most suitable for the production of corrosion resistant 
coatings on aluminum. 
The anodization of pure aluminum foil in 6 per cent 

chromic acid solution was the process chosen for the 
preparation of voltage-sensitive switches. Fully an-
nealed ("dead soft") aluminum foil had to be used be-
cause the oxide film obtained on unannealed ("full 
hard") material was so porous that its insulation re-
sistance could not even be measured. 

Foil of 99.87 per cent purity proved to be unsatis-
factory, but foil of 99.97 per cent minimum purity was 

found acceptable. Attempts to use 99.99 per cent pure 
foil which had been etched for use in capacitors resulted 
in complete failure. Although it had been reported' that 
superior capacitors had been made using this foil, its 
rough surface, which resulted from the etching, evi-
dently precluded the formation of a uniform oxide film 
on its exterior. Sufficiently smooth foil of guaranteed 
99.99 per cent purity was not available at the time of 
these experiments. At present, a purity of 99.97 per 
cent is considered a minimum requirement. 

Efforts to improve the smoothness of commercial 
aluminum foil by polishing were unsuccessful. Various 
methods of polishing the foil mechanically were found 
impractical. Aluminum foil which had been electro-
polished in a mixture of nitric acid and methanol pro-
duced a porous oxide film, as did tantalum sheet which 
had been electropolished in a mixture of hydrofluoric 
and hydrochloric acids." 

In an effort to produce a very smooth layer of alum-
inum, thin aluminum films were prepared by vapor dep-
osition on the polished surfaces of glass. slides. How-

9 E. J. W. Verwey, "The structure of electrolytic oxide layers on 
aluminum," Z. Krist., vol. 91, p. 317; September, 1935. 

17 E. Belwe, "Investigation of aluminum oxides by means of elec-
tron diffraction," Z. Physik, vol. 100, p. 192; April 29, 1936. 

18 D. Altenpohl, "Corrosion protection of aluminum through 
natural or reinforced oxide layers, new investigations," Metal!., 
vol. 9, p. 164; May/June, 1955. 

19 F. Ansbacher and A. C. Jason, "Effects of water vapour on the 
electrical properties of anodised aluminum," Nature, vol. 171, p. 177; 
January 24, 1953. 

29 A. C. Jason and J. L. Wood, 'Some electrical effects of the 
adsorption of water vapour by anodised aluminum," Proc. Phys 
Soc., London, vol. B68, p. 1105; December, 1956. 

21 C. S. Taylor, E. M. Tucker, and J. D. Edwards, "Anodic coat-
ings with crystalline structure on aluminum," J. Trans. Electrochem. 
Soc., vol. 88, p. 325 (Electrode position symposium), 1945. 
" R. W. Buzzard, "Anodizing of aluminum alloys in chromic acid 

solutions of different concentrations," J. Res. Natl. Bur. Standards, 
vol. 18, p. 251; March, 1937. 
" J. F. Gall and H. C. Miller, "Electropolishing of tantalum," 

U. S. Patent No. 2,481,306 to Penn. Salt Mfg. Co.; September 6, 
1949. 

ever, even when these films were deposited in multiple 
layers, all the oxide coatings obtained on the films 
were found to have a sufficient number of pinholes such 
that a number of short contacts occurred when an elec-
trical potential was applied to them. However, alum-
inum oxide films of sufficient quality for use in a study 
of their dielectric breakdown had been prepared by a 
similar method elsewhere." 

Attention was directed next to determination of the 
most favorable electrical conditions for the anodization. 
Formation at constant voltage was found satisfactory 
if a series resistor was inserted to eliminate the current 
spike which would otherwise occur during the first few 
seconds of formation of the oxide film, and before it was 
thick enough to limit the current. A bath temperature 
of 100°F was found suitable for this reaction. Lowering 
the temperature to 75°F resulted in a porous oxide film; 
raising it to 130°F produced a less uniform oxide layer. 
The anodizing procedure and the aluminum foil 

which were shown to give optimum results were em-
ployed in the work described in the next section, which 
outlines the present procedure for producing finished 
switches. 

PROCEDURE FOR SW/TCH PREPARATION 

Fig. 2 shows the step-by-step preparation of the volt-
age-sensitive switches of which several thousand have 
been made to date. Aluminum foil, 0.0035 inch in thick-
ness, at least 99.97 per cent pure, and of good surface 
smoothness, was cut into strips seven inches long and 

inch wide. The strips were degreased in perchloro-
ethylene which contained an amine stabilizer; they were 
then dipped in benzene, and finally dipped in acetone 
[see Fig. 2(a)]. 
The strips were then electrolytically oxidized in an 

apparatus which consisted of the following parts: 1) 
a 3000-cc beaker, 2) a plastic lid, 3) a brass clamp fast-
ened on top of the plastic lid, 4) a polystyrene clamp 
hung from the plastic lid in a position near the bottom 
of the beaker, 5) two sheets of aluminum, also hung 
from the plastic lid, and 6) a motor-driven glass stirrer 
and a thermometer inserted through slots in the plastic 
lid. One end of each of four aluminum strips was fast-
ened in the brass clamp; the lower end was fastened in 
the polystyrene clamp, thus assuring reproducible 
positioning of the strips. The four strips, connected in 
parallel, were made the anode; the two sheets of alum-
inum placed on either sihe of the strips, served as 
cathode in the forming circuit. The beaker was filled 
with chromic acid in the form of a 6 per cent solution of 
chromium trioxide in water. This bath was kept at 
100°F by means of a heating mantle which completely 
surrounded the beaker. Temperature variations in the 
bath were limited to +0.5°F. A potential of 20 volts 
was applied for 10 minutes by means of a de power 
supply. A limiting 27-ohm resistor was placed in series 

24 H. Kawamura and K. Azurna, "Dielectric breakdown of thin 
alumina film," J. Phys. Soc., Japan, vol. 8, p. 797; November/Dec.8m-
her, 1953. 
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Fig. 2—Step-by-step preparation of voltage-sensitive switches. (a) 
Solvent-cleaned metal strip. (b) Anodized strip. (c) Strip with 
ten silver electrodes. (d) Strip after punching four disks. (e) (left) 
Four disks; (right) same, with leads. (f) Four switches, resin 
dipped. 

with the strips. An anodized metal strip is shown in 
Fig. 2(b). 

Immediately after the end of the electrolytic oxida-
tion, the strips were thoroughly washed with water, 
then with acetone, and dried for two days at 105°C. Ten 
circular silver electrodes having a diameter of I inch 
were then applied to each strip, as shown in Fig. 2(c), 
by using a "silk"-screening process; the strips were 
again dried at 105°C for two days. 
Ten silvered anodized aluminum disks were then 

punched out of each strip by means of a punch which 
produced in one operation a disk and a rivet hole in the 
adjoining disk, as seen in Fig. 2(d) and 2(e). A metal 
rivet with a copper wire twisted around it was crimped 
into the rivet hole, and another copper wire was soldered 
to the silver electrode. The switches were given mechani-
cal support, as well as some protection from the atmos-

phere, by being dipped into an epoxy resin coating 
which was cured first at 60°C, then at 100°C. Finished 
switches are shown in Fig. 2(f). 

In recent experiments silver electrodes having a di-
ameter of inch, rather than I inch, were applied to the 
anodized aluminum strips in various geometric patterns. 
In this way the over-all size of the switches was reduced 
and a larger number of samples was obtained from each 
strip. 

ELECTRICAL TESTING OF SWITCHES 

Since the switch is a polar device whose stability is 
based on the strong affinity of aluminum to oxygen, the 
aluminum foil was made the anode not only in the form-

RECORDER 

S = SWITCH 
C = .04f 
R1= 10 .11 

R2= 100K 
R3= 10S1 

Fig. 3—Circuit for testing the breakdown behavior 
of switches under a sustained potential. 

ing process but also in all circuit applications, including 
the test circuit used to measure the breakdown voltage 
of the switches. The silver electrode was made the 
cathode in the test circuit. A gradually increasing dc 
potential was applied to the switch, and the voltage at 
which breakdown occurred was observed. 

In addition to the tests in which the breakdown under 
a de pulse was determined, breakdown tests under a 
sustained dc potential were also performed. Fig. 3 shows 
the circuit used for the simultaneous testing of six 
switches under a sustained dc potential. This apparatus 
assures that the voltage applied to any of the six 
switches under test will remain the same if one or more 
of the switches break down. Partial breakdowns and 
subsequent healing of switches were automatically re-
corded by this method. 

Two groups of breakdown tests were conducted by 
the application of sustained potentials. In one, the test 
potential was maintained continuously; in the other, 
cycling—a 15-second interruption after every 60 sec-
onds of operation—was achieved with the aid of a 
timer. 

RESULTS OF TESTS 

Fig. 4 compares the distributions of breakdown volt-
ages of aluminum oxide films obtained at the beginning 
and at the end of the experimental study of the electro-
lytic oxidation of aluminum in a bath of chromic acid. 
The spread of breakdown voltages had been from 12 to 
60 volts at the beginning of this study, but all switches 
broke down between 12 and 13 volts at the end of these 
experiments, which resulted in the anodizing method 
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Fig. 4—Distribution of breakdown voltages before and after an ex-
perimental study of the anodization of aluminum in chromic acid. 

described in the section "Procedure for Switch Prepa-
ration." 

Switches with I-inch-diameter electrodes had a 
capacitance of about 2000 Auf and a dissipation factor 
of 1 to 2 per cent, when measured at 1000 cps with a bias 
of a few volts. The capacitance of switches having i-inch 
diameter electrodes should be only 500 µµf, which 
would be an added advantage for some applications. 

Resistance measurements showed that all switches 
tested had a resistance of at least 107 ohms before break-
down, usually 109 to 1012 ohms. Resistance after break-
down was of the order of 1 ohm, in many cases, a few 

tenths of an ohm. 
The narrow spread in breakdown voltages which has 

been obtained indicates the high degree of purity of 
the aluminum oxide layers which have been prepared 
and the close control which has been achieved over the 
breakdown behavior of the dielectric films. In addition, 
these oxide layers retained their uniform breakdown 
properties even in the dry state and in the absence of 
any liquid or solid electrolyte of the kind which assures 
the rehealing of the dielectric oxide film in electrolytic 

capacitors. 
In a study of the effect of varying temperatures on 

the breakdown voltage of the switches, it was observed 
that the average breakdown voltage at — 60°C was 
about 14 per cent higher than at room temperature; at 
100°C, about 16 per cent lower. The spread among the 
values measured was also higher at —60°C, and lower 
at 100°C, than at room temperature. 
The effect on the breakdown voltage of a high im-

pedance placed in series with the switch was also stud-
ied. No significant effect was observed if the series re-
sistance did not exceed 10,000 ohms. An increasing 
number of incomplete and multiple breakdowns oc-
curred if greater resistances were placed in series. 

A study of the effect of the rise time of the breakdown 
pulse on the breakdown voltage of the switch showed 
that the latter was practically independent of the rise 
time for periods longer than about 10 milliseconds. 
Breakdown voltages measured with pulses of 1 to 5 
microseconds were about 80 per cent higher than those 
which had been observed with pulses which were longer 
by at least 4 orders of magnitude. 
Under all conditions tested, the breakdown was com-

pleted in less than 1 microsecond. This value is in line 
with that given in the literature" for the electric break-
down of solid dielectrics. 
The switch remained unaffected after breakdown if 

peak currents of several amperes were passed through 
it. However, it could be reopened if the bias was re-
moved and a dc current of about ampere then passed 
through. In this manner, up to about 80 consecutive 
breakdowns at fairly constant voltage levels could be 
accomplished with one switch. The possibility of using 
the switch more than once, under certain conditions, 
was demonstrated by these experiments. However, the 
control achieved over repeated breakdowns of one 
switch was much less close than that over the single 
breakdown of several switches, and the switch must be 
considered primarily a one-time-use device. 
The breakdown behavior under a sustained potential 

was studied on a group of switches which, under a de 
pulse, had a distribution of breakdown voltages rang-
ing from 12.5 to 15.5 volts. On the basis of the test 
results, it may be concluded that this batch of switches 
should not be subjected to a sustained potential of more 
than about 9 volts if breakdown is to be avoided. Thus, 
an additional dc signal of 3.5 to 6.5 volts on top of this 
bias would be required for the breakdown of these 
switches. 
Many of the breakdowns which occurred under sus-

tained potentials of 10 volts or more happened during 
the first minute of operation. However many of these 
breakdowns were incomplete, and the switches could be 
operated at a reduced insulation resistance for several 
hours after their early partial breakdown. 

Storage tests showed successive decreases in the 
breakdown voltage of the switches after 140 days and 
240 days of storage at room temperature. Table II 
shows that these decreases were greater after storage 
in the atmosphere than in a desiccator. This effect can 
well be the result of the absorption of water by the in-
sufficiently protected aluminum oxide layer. It has been 
pointed out earlier that anhydrous aluminum oxide has 
dielectric properties superior to those of hydrated ma-
terials. The storage characteristics of the switch, there-
fore, depend on its protection from the moisture of the 
atmosphere. A thicker coating of epoxy resin has been 
applied to more recent batches of switches. These 
switches, therefore, should show improved storage 

21 W. Rogowski, E. Flegler, and R. Tamm, "On travelling waves 
and breakdown," Arch. Elektrotech., vol. 18, p. 479; June 27, 1927. 
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TABLE II 

DEPENDENCE OF THE BREAKDOWN VOLTAGE or VOLTAGE-
SENSITIVE SWITCHES ON STORAGE TIME 

Storage 
time, 
days 

o 
140 
240 

Stored in a desiccator Stored in the atmosphere 

Num-
ber of 
samples 
tested 

Average 
break-
down 

voltage, 
volts 

Stand-
ard 

devia-
tion 

Num-
ber of 
samples 
tested 

Average 
break-
down 

voltage, 
volts 

Stand-
ard 

devia-
tion 

20 
8 

14 

14.25 
13.44 
12.96 

1.02 
0.75 
0.40 

20 
20 
9 

14.71 
13.80 
12.72 

0.85 
0.82 
1.38 

characteristics compared to switches used for the tests 
shown in Table II. Improvements in the type, as well as 
in the technique of application, of the protective plastic 
coating on the finished switches can probably be 
achieved. 

In the shock tests, the switch successfully withstood 
accelerations of more than 7000 g, and could probably 
withstand even greater .shocks. In radiation tests, a 
gamma dosage of 6 X 10412 and a neutron dosage of 
1.6 X1023 neutrons per cm2 (fission spectrum) have had 
no effect on its breakdown properties. 

THEORY OF SWITCH BREAKDOWN 

No definite information is available on the nature of 
the low-resistance conducting path obtained after 
breakdown. Whitehead" suggests that a channel con-
taining a number of ionized atoms or lattice points is 
left behind an avalanche breakdown in a dielectric solid. 
Aluminum ions may well be the current carriers in the 
broken-down switch. 
Mere removal of the applied voltage does not restore 

the insulating layer after a breakdown pulse has estab-
lished a current path across it. The dielectric break-
down occurring in these films is not reversible. 

This fact is not surprising if it is remembered" that, in 
contrast to gases, solid insulators suffer destruction 
through the electrical breakdown current. Although it 
has been claimed" that this destructive breakdown is 
preceded by a preliminary stage of incomplete break-
down which has been reported" to be reversible at least 
for some insulators, it is generally assumed that physical 
damage to the lattice structure results from the electron 
avalanches which cause true breakdown of solid dielec-
trics in an electrostatic field. 'According to von Hippel's 

so S. Whitehead, "Dielectric Breakdown of Solids," Clarendon 
Press, Oxford, Eng.; 1951. 

27 W. Franz, "Theory of the purely electric breakdown of solid 
insulators," Ergeb. exakt. Naturw., vol. 27, p. 1; 1953. 

28 B. M. Vul, J Tech. Phys., USSR, vol. 2, p. 1; January, 1932. 
Quoted by B. A. Chuenkov, "The modern state of the theory of 
electric breakdown of solid dielectrics," Progr. Phys. Sci., USSR, vol. 
54, p. 186, October, 1954, Translation No. 2755 of the AEC. 

22 Yu. M. Volokobinski, "The influence of electric fields on the 
properties of thin dielectric and semiconducting films,» Proc. Acad. 
Sci. USSR, Phys. Section, vol. 113, p. 1023; no. 5, 1957. Translation 
in Soviet Physics, "Doklady," vol. 2, p. 173; March/April, 1957. 

theory," to which Zener," Froehlich," Seitz" and others 
have contributed, these electron avalanches are the 
cumulative effect of successive impact ionization. Both 
electrons and positive ions are produced through ioniza-
tion, but only the electrons gain sufficient acceleration 
by the field to overcome the retardation caused by the 
interaction with the vibrational waves of the lattice 
and, consequently, to form avalanches. 

In contrast to the mechanism that occurs in solid 
insulators, the reversible avalanche breakdown ob-
served, for instance, in silicon diodes, has been ex-
plained" by carrier injection and consequent ionization 
of both electrons and holes, both of which have about 
equal ionization rates in extrinsic semiconductor junc-
tions. As a result, reversible avalanches and nonde-
structive breakdown occur in silicon p-n junctions at 
much lower field strengths than those required for the 
intrinsic electric breakdown in pure aluminum oxide. 
The reopening of a broken-down switch by the pass-

age of a relatively strong current can hardly be explained 
by assuming reversibility of the breakdown process. 
It is more likely that the heat produced by this current 
caused thermal destruction of the damaged area, by a 
mechanism similar to that suggested by Wagner." By 
eliminating the weak spots in the insulating film, the 
over-all dielectric strength of the oxide layer was thus 
essentially restored, while its area was reduced only in-
significantly. 

Also, the lower breakdown strength of the switch 
under a sustained potential, compared with that of a dc 
pulse, may be due to heating effects. Keller" has re-
ported similar results in his measurements of the in-
trinsic electric strength of glass. 

APPLICATIONS OF THE SWITCH 

The switch has many advantages over the present 
glass thyratron. It is rugged, contains no moving parts, 
requires no "A" supply, is inexpensive, and is small, not 
more than inch in diameter and inch in thickness. 
Thus, the use of such a device would reduce over-all 
volume as well as power requirements. 

Other characteristics of the switch may be an ad-
vantage or a disadvantage. First, the switch is a two-

88 A. von Hippel, "Electric breakdown in solids and liquid in-
sulators," J. Ape Phys., vol. 8, p. 815; December, 1937; and "Elec-
tric breakdown of solid dielectrics," Trans. Faraday Soc., vol. 42A 
"Dielectrics," p. 78; 1946. 
" C. Zener, "A theory of the electrical breakdown of solid dielec-

trics," Proc. Royal Soc., London, ser. A, vol. 145, p. 523; July 2, 1934. 
82 H. Froehlich, "On the theory of dielectric breakdown in solids," 

Proc. Royal Soc., London, ser. A, vol. 188, p. 521; February 25, 1947. 
" F. Seitz, "Theory of electron multiplication in crystals," Phys. 

Rev., vol. 75, p. 1283 and vol. 76, p. 1376; April 15, 1949/Nov. 1, 1949. 
" K. Ç. McKay, "Avalanche breakdown in silicon," Phys. Rev., 

vol. 94, p. 877; May 15, 1954. 
38 K. W. Wagner, "The physical nature of the electrical break-

down of solid dielectrics," Trans. AIEE, vol. 41, p. 288; April, 1922. 
n K. J. Keller, "The measurement of the intrinsic electric strength 

of glass," Physica, vol. 14, p. 475; September, 1948; and "Breakdown 
and electric conductivity of glass," Physica, vol. 17, p. 511; May, 
1951. 



1958 Otley, Shoemaker, and Franklin: A Voltage-Sensitive Switch 1729 

terminal device. Although it has no grid to give isola-
tion between input and output circuits, undesirable 
effects of this construction can be minimized, as ex-
plained in Part C below. Second, the switch is pri-
marily at one-time-use device. Third, the capacitance 
of the switch limits its use in certain applications. For 
example, a switch capacitance of 0.002 µf, when charged 
through a large resistance, would limit the use of the 
switch as far as short-duration pulses are concerned. 
These limitations can be overcome in certain cases by 

proper circuit applications and biasing techniques. In 
the work that follows, the switches that were used had 
an electrode diameter of 1 inch and a breakdown voltage 

of approximately 14.5 volts. 

A. Time Delay 

Fig. 5 shows the use of a voltage-sensitive switch in a 
time-delay circuit. The value of the charging capacitor 
is chosen such that the parallel capacitance of the switch 
can be neglected; hence, the charging resistor, the 
charging capacitor, and the actual breakdown voltage 
will affect the delay. For a more accurate delay, the 
capacitance of the switch would have to be known. 
When voltage is applied to the input terminals, the 
charging capacitor will charge in the normal manner 
through the charging resistor, and this voltage will 
appear across the voltage-sensitive switch until the 
voltage reaches the critical voltage of the switch, at 

which time the switch breaks down. At breakdown, the 
energy stored on the capacitor and on the switch, are 
passed through the closed switch into the load. In this 
arrangement the load would have to function with 
these combined energies. At low voltages, this energy 
can be very small but in stacked-switch circuits, the 
energy can be increased with higher terminal voltage. 

B. Series Arrangement 

In Fig. 6 the switch is used in a series circuit. The size 
of the signal voltage required to close the switch can 
be adjusted by means of the bias potential which, in 
turn, is limited by the minimum breakdown voltage of 
the switch. The signal voltage plus the biasing voltage 
should be large enough to exceed the critical breakdown 
voltage of the switch and cause breakdown. At break-
down, the switch impedance drops to 1 ohm or less, 
placing the load directly across the bias voltage through 

the transformer. 

C. Stacked Arrangements for Use at Voltages Higher 

than Critical 

Fig. 7 shows how the voltage-sensitive switches may 
be stacked as the terminal voltage is increased. This in-
crease in terminal voltage also increases the energy 
available in the storage capacitor. This circuit shows 
seven switches; hence, terminal voltage must be less 
than seven times the critical voltage of one switch. 
Equalizing resistors are placed across the switches to 

CHARGING RESISTOR 
->t,7v.vvv,_ 

CHARGING 

CAPACITOR 

INPUT 

SIGNAL 

Fig. 5—Use of a voltage-sensitive switch in a time-delay circuit. 
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Fig. 6—Use of a voltage-sensitive switch in a series arrangement. 
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Fig. 7—Use of voltage-sensitive switches with large 
biasing voltages, signal injected in parallel. 

assure equal voltage drop on each unit; an input resistor 
is placed in series with the lowest equalizing resistor to 

ground. 
This input resistor serves several purposes. First, it 

serves as an impedance matching device for the signal 
generating source. Since it is usually of small nominal 
value compared to that of the equalizing resistors, its 
value can be chosen to match the output of the gen-
erator. The input resistor is essentially in parallel with 
the equalizing resistors through the load circuit to 



1730 PROCEEDINGS OF THE IRE October 

ground. The series combination of the equalizer resis-
tors is usually large enough to prevent loading of the 
equivalent parallel resistance; so matching is not dis-
turbed to any great extent. 

Second, when matching generator impedance is not 
important, the input resistor serves as a reference re-
sistor in order to maintain constant biasing voltage. 
This is particularly important when only two or three 
switches are used in the stack. Since it is purposefully 
made small compared to the equalizing resistors, prac-
tically none of the biasing voltage appears across it. If 
the generator's dc resistance is high, then the effect of 
the signal resistor in parallel with the generator resist-
ance is to make the total resistance at the input termi-
nals smaller than the signal resistor. Since the equaliz-
ing resistors are large in comparison, the dc bias is not 
changed. Conversely, if the generator's dc resistance is 
small, the resistance at the input terminals is again small 
and biasing is not affected. If the signal were injected 
without the signal resistor from a generator with a high 
dc resistance, it would be possible for the biasing volt-
age to shift and cause more than critical voltage to ap-
pear across a switch, hence breakdown without a signal 
would occur. This shift in biasing voltage would be de-
termined by the relative magnitudes of the equalizing 
resistors and the dc resistance of the generator. 

The reference capacitors are used for a large stack and 
are not necessary for a two or three-switch stack. With-
out these capacitors in a large stack, the voltage redis-

tribution within the equalizing resistors may cause a 

shift within the normal spread of critical voltages in a 
given lot. The use of a reference capacitor holds the volt-
ages well above this point and assures breakdown. 
The input signal is injected across the signal resistor 

and is added in series with the biasing voltage across the 
lower switch to cause breakdown. As breakdown con-
tinues, the equalizing resistors are removed from the 
stack by the closed switches and, due to voltage redis-
tribution, all the remaining switches break down. 
Without the input resistor, the requirements of the 

generator would be that it not affect biasing voltages 
and that it have an output voltage greater than the 
critical voltage of the switch. 

This circuit is limited in its application due to the 
charge time involved in charging the lower switch. How-
ever, this time is somewhat at the discretion of the de-
signer. 

ACKNOWLEDGMENT 

The authors wish to thank the following members of 
the Diamond Ordnance Fuze Laboratories for their 
contribution to this work: R. W. Tucker, for helpful 
discussions; L. H. Bullis, for the vapor deposition of 
films of aluminum; J. Samuel, C. S. Porter and H. W. 
Gilliand, for the design and construction of a test cir-
cuit; W. V. Behrens, for breakdown measurements un-
der short pulses, and S. Graves and Mrs. L. N. Daniel 
for their assistance in various experiments. They also 
thank Mrs. M. E. Gale of the Atomic Energy Research 
Establishment, Harwell, England, for bringing to their 
attention the research carried out at those laboratories. 



1958 PROCEEDINGS OF THE IRE 1731 

Methods of Measurement of the Parameters of 
Piezoelectric Vibrators* 

E. A. GERBERt, FELLOW, IRE, AND L. F, KOERNERt, MEMBER IRE 

Summary—The "IRE Standards on Piezoelectric Crystals—The 
Piezoelectric Vibrator" specifies nomenclature and methods of 
measurement of the various quantities associated with piezoelectric 
vibrators. This paper gives in detail the theoretical considerations 
of these measurements, which are based on the frequency of maxi-
mum transmission through a simple pi resistance network which 
includes the vibrator in the series arm. The motional resonance fre-
quency of the vibrator and the value of the motional resistance by 
the substitution of a resistor in place of the vibrator may be ob-
tained from the frequency measurement. The theoretical considera-
tions take into account stray capacitances and other impedances, and 
show how the somewhat involved formulas may be simplified with 
the average run of presently available vibrators. By the aid of capaci-
tance-bridge measurements and frequency measurements of the 
vibrator with series impedances, all of the elements of its equivalent 
electrical circuit may be determined. 

Charts based on the formulas are included. They relate the 
measured to the fundamental values of the vibrator elements with 
any desired degree of precision. It is shown that when using typical 
quartz vibrators, the measurement of the frequency at maximum 
transmission will not differ from its value at motional resonance by 
more than a few parts in a million. Resistance substitution measure-
ments have been found to compare within about two per cent. 

In addition to the generally available resistance and capacitance 
bridges, transmission network measurements require a stable RF 
generator or oscillator, the transmission network, and a sensitive 
detector. The transmission network consists simply of four resistors 
and some form of a socket or terminals to connect to the vibrator. 
A mechanical design which reduces stray capacitances and induct-
ances to a minimum is given. The effect of detector sensitivity on 
measurement accuracy is described and where low-current, high-
accuracy measurements are required, high-gain moderately frequency 
selective detectors are suggested. 

The work is summarized in Tables I and II which indicate the re-
lationships between measured and fundamental vibrator parameters, 
and should give the engineer the necessary background for piezo-
electric vibrator measurements. 

I. INTRODUCTION 

T
. HIS method of measuring the parameters of 
piezoelectric vibrators was published originally 

  in 1951' and has since become an IRE Standard.' 
It consists of determining the frequency and impedance 
at maximum transmission (maximum transfer imped-
ance) of a ir network in which the vibrator under test 
is in the series branch. The frequency f,nr at maximum 
transmission (maximum output voltage) is measured 
with and without a capacitance CL in series with the 
vibrator. From these measurements, the motional res-
onance frequency fs, the motional capacitance C1, and 
the motional resistance R1 of the vibrator can be deter-

* Original manuscript received by the IRE, May 22, 1958. 
t U. S. Army Signal Res. and Dev. Lab., Fort Monmouth, N. J. 
Bell Telephone Labs., Inc., Whippany, N. J. 

I L. F. Koerner, "Progress in development of test oscillators for 
crystal units," PROC. IRE, vol. 39, pp. 16-26; January, 1951. 
2 "IRE Standards on piezoelectric crystals—the piezoelectric 

vibrator: definitions and methods of measurement, 1957," PROC. 
IRE, vol. 45, pp. 353-358; March, 1957. 

mined. The latter is obtained by substituting resistors 
RST in place of the vibrator to obtain equivalent output 
voltage. 

Fig. 1 illustrates the principle of the method. The 
measuring circuit consists of a power source in the form 
of a variable frequency oscillator, the transmission 
network, and a detector. The piezoelectric vibrator is 
represented here by its equivalent circuit. The capaci-
tances CT shunting the terminating resistances RT 
represent an unavoidable contribution from the circuit 
which cannot be neglected at high frequencies. The 
inductance Lo, connected across the vibrator, serves to 
resonate the shunt capacitance Co of the vibrator. As 
explained later, this added component will improve the 
accuracy of measurement. 

Lo 

1 
= (LiCi)-'12; Q - 0414 

M T - », » 1 X ; 1; b - 1 
co,,t,TAT w.2 LoCoW.2 

Fig. 1—Schematic of transmission circuit method. 

EQUIVALENT CIRCUIT 
OF VIBRATOR 

C, 
• r = • m- = = 

R1 C1' r co.CoRi 
2 

X o 

II. THEORY 

Since the frequency at maximum transmission f T 
and the maximum transfer impedance (e2/ii),„„,, or 
minimum transfer admittance (ii/e2)mjfl are measured 
and the fundamental vibrator parameters f„ R1, and C1 
are desired, relations between these values must be 
derived. These relations must cover as large a variety 
of vibrator and circuit parametei-s as possible. 

In the following analysis, only two simplifying as-
sumptions have been made: 

1) The input current ii is constant. 
2) The impedance (or admitance) of the vibrator 

can be represented by a circle diagram. This 
assumption is valid if the square of the quality 
factor Q is large in compar son to the capacitance 
ratio r or (Q2/r)>>1. Fig. 2 gives a derivation of 
this condition and Table I _;ives data for Q, r, and 
Q2/r for various types of vibrators indicating that 
the above assumption is valid for all practical 
cases. 
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CONDUCTANCE 

Circle representation for admittance is valid if diameter R1-1 is 
large in comparison with the change of i.Co in the resonance rang or 
if 

1 
ào.IC. 

Since A.; =‘../Q for 45° detuning of Li, C1, RI branch: 

n co 
or R1 Q 

Q' —» 1 

Fig. 2—Admittance diagram of a piezoelectric vibrator. 

TABLE I 

MINIMUM VALUES FOR THE RATIO Q2/r TO BE EXPECTED FOR 
VARIOUS TYPES OF PIEZOELECTRIC VIBRATORS 

Type of Piezoelectric 
Vibrator Q= Mr (Q2/r)min 

Piezoelectric Ceramics 
Water Soluble Piezo-

electric Crystals 
Quartz 

90-500 

200-50,000 
104-107 

5-40 

3-500 
100-50,000 

200 

80 
2000 

CONDUCTANCE 

yr„;.= Li — p(cr2 +n2)112lia 
IYrnini = (02 + n2)112 — P 

Fig. 3—Coordinates of circle for minimum transfer admittance. 

As stated by Harrison' and Gerber,' conformal repre-
sentation is considered a very convenient tool for any 
circuit analysis involving crystals. The basis for this 
analysis is the equation of the linear fractional trans-
formation, 

a + OZ 
Y —  (1) 

SZ 

Eq. (1) can represent any impedance or admittance 

3 C. W. Harrison, "The measurement of the performance index 
of quartz plates," Bell Sys. Tech. J., vol. 24, pp. 217-252; April, 1945. 

4 E. A. Gerber, "Quartz-crystal measurement at 10 to 100 mega-
cycles," PROC. IRE, vol. 40, pp. 36-40; January, 1952. 

whose frequency of operation is controlled by a crystal. 
The terms a, 0, y, and 8 are complex constants and Z 
represents a complex variable which is a function of 
frequency. 

A. Equation for Motional Resistance 

Calculating the transfer admittance Y=ii/e2 of the 
network of Fig. 1 and comparing it with (1) yields for 
a, 0, 7, 8, and Z: 

a = —(1 — + 2 (1 
Ri 1 

Rr M T2 

b 

MMT) 

b 1 
+ +  

M- RTMT MT 

e (i 1 2b + 2 i( b 

LRT M r2/ MMT \M RTMTI-1 

= (1 + m )RT, 

= jbRT, 

Z = jrx. 

The symbols used in (2) are explained in Fig. 1. 
the admittance variable, is a circle in the Y plane, and 
Z, the frequency variable, is a line coincident with the 
imaginary axis in the Z plane. Yin',, is the minimum ad-
mittance to be sought (see Fig. 3). Its absolute value 
amounts to 

( 

I \ ea /min 

where a- and n are the coordinates of the center of the 
circle, equal to 

(2) 

= I Ymin = (0-2 + n2)"2 — P, (3) 

/35 
Yo = = _ 

+ 58 ' 

and p is the radius of the circle expressed by 

P 
13 

a 'y 

e 8 

(5 7 5 
— + 
8 

Inserting (4) and (5) into (3) and using (2), for Yrnin we 
obtain: 

I Yrnin I = M2R2 1 2RT2b2 (1 MT2) .[.{ B2 + 4b2 c + 1 (1 

3/2 4b2)} 112 
M r2 m .2 

where 
,10127, 

B = 1 +  
1112 

and 

(4) 

(5) 

— 1], (6) 

(6a) 

4bRT 
C = 1 +  (6b) 

MMTRI 

If the vibrator is replaced by a substitution resistor 
RsT resulting in the same output voltage e2, for Y we 
have: 
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17 RsTI 

1 K 2+ Rs T i 1 + 1 \1 2 ± 4 t 112 . 

RT 11_ RT M TV -1 M T2) 

Equating (6) and (7) yields finally for the motional 

resistance R1 to be sought 

R1 = RT 

(7) 

4 
= 4 

If T2 

X T2 
«1. 

RT2 

(For the meaning of the symbols, refer to Fig. 1.) Table 

II depicts a compilation of the expressions for R1 valid 

for the various simplifying assumptions. 

2 A 

RT2 b244 2 RT ( b Rs' RT\ (1 ± RT2\ 
  4h  

Xo2 1 + RT2/XT2 X o X0 XT/ XT2 ) 

where 

R s 7, R T 2 \12 + 4 RT2 i 1./2 

A = 1 

RT \ X T2» XT2r 

This equation is rather compl.cated for practical 

use. It can be simplified considerably if the combination 

LoCo is tuned to co; = 1/CiLt, in other words, if b = 0; 

or if CT =0 ; or RT = or); or 

(8) 

B. Equation for Motional Resonance Frequency 

For the purpose of finding an exact expression for the 

frequency at minimum transfer admittance, we calcu-

late 

X = 

TABLE II 

RELATIONSHIP BETWEEN MEASURED AND FUNDAMENTAL VALUES 

W2mT 

w.2 
1, 

Complete 

Solution 

b=0 

RT(2—Nr)  

Col  b'Ve 4h Co (b C° +1) (1+ 1 ) 
CT' 1+MT2  Me CT \ Cr M T2 

if =  IA L- 2+ RST (1+ 1 ) 11+ 4 „ (8) 
RT \ Mr2il 

RST e 4 
11.( 4/[2+ ( 4/[h- +-)]' +--2 

RT MT2 MT' 

1+ 
MT2 

(8a) 

CO2o6T 
X= - -

cos' 

2 
r (+C+—) M2 

rb 
B-1+ 

1+ 1 \ (1 j 1  1-Bo_L4b, (1+ 
MT') 1+ AfT2 L mi (1+- ) 1) 

4b2RT 4bRT  
13=1+ MIRI'• C=.1+ 

M_VTRI 
(10) 

2RT 

rMMTRI(1+-1 ) 
Mrs 

(10a) 

CT =0 

RST 

Rse (. —Rp 
1-- O• --Fi 

X o' RsT 
(8h) 

1b+ r 2b  
4bs 

rM2B (1— V1+ ) 
M2132 

(10b) 

RT = 

4 
--«1 
Mr' 

b = 0; 

RT.. *0 

2XT) 2 
RST el/  1+ 

RST 

CO 1424 
1+4b b2 

Cr X02 

(8c) 
di' ( 1— 4/--m-i (1+2b 7°-C .)2 

rb 4b2 

2b (2b 
1 -1- CT  

1) (10C) 

R8T 

4b  Co bl  (RsTCoy( Rr 7 1 1+ +4 1-; 
MT' Cr MTI RTCT 

(8d) 
2  CTRT2 4bRT b 

312r CoRi2 3/2Rir 3T2r 

is valid for b2/M2<<1 

(10d) 

2X 1 
RsT 4/1+ (-)RT (8e) 2 —CI 

Cr 

b 0; 

CTO 
RsT 
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corresponding to this condition, by transforming the 
minimum admittance point Ymiri into the Z plane. From 
(1) we derive 

— 'Y Ymin 
z =  - jxr. 

Ymin — 
(9) 

Ymin is split into its real and imaginary parts according 
to Fig. 3 and inserted into (9). Using the values for 
0., , and p from (4) and (5), the values of a, e, •y, and 8 
from (2) and solving (9) in terms of x yields: 

put of the oscillator should be sufficient to obtain de-
sired currents through the vibrator under test. 

B. Detectors 

Satisfactory detectors include vacuum tube volt-
meters, diode rectifiers working into galvanometers 
for low-current, high-frequency work, and tuned radio 
receivers with output meters. The sensitivity of the 
detector may be defined as the ratio of the smallest de-
tectable change in meter deflection to the total meter 
deflection. 

b 
1 rlif2 

( 2 1 + +  \ 

MTV  
x = + 

rb B — 1 + (1+ 1 )[1 { 1 rB2 + 4b2 c +  1  (1 + ,1b2 "1 
M T2 1  L 1/2 M T' M2n + 

m7,2 

wherein B and C are the values defined in (6a) and (6b). 
Eq. (10) gives the exact deviation of the frequency 

at minimum transfer admittance fne from the motional 
resonance frequency f, of the vibrator. The equation 
can be further simplified if the assumptions mentioned 
above are made (see Table II). Especially, the case 
where the terminating impedance is purely reactive 
(RT = c») will be important for higher frequencies, 
since it is easier to realize a pure reactance than a pure 
resistance. In addition, the maximum for e2 will be 
sharper because the Q of the vibrator is not degraded 
by the series connection of the two resistances RT. 

III. CIRCUIT DETAILS 

A. Variable Frequency Oscillator 

The requirements for the variable frequency oscil-
lator are constant output, high short-time frequency 
stability, and purity of waveform if a nonselective detec-
tor is used. The frequency stability should be greater 
than the desired accuracy of resonance frequency meas-
urement, since frequency "jitter" will dull the peak of 
detector output. The constancy of the oscillator output 
should be such that there will be no noticeable detector 
output variation over the range of measurement fre-
quency. However, for the measurement of quartz vibra-
tors, the output of the oscillator need only be constant 
over a relatively narrow frequency band since the res-
onances are quite sharp. 

Satisfactory oscillators include the crystal controlled 
crystal unit test sets operating at the desired frequency, 
frequency synthesizers, and lock-in oscillators' (which 
may be operated to + 1 PP 10' or better from audio 
frequencies to over 100 mc). 

Standard coaxial cable output impedances for the 
oscillator will generally be satisfactory. The power out-

6 L. F. Koerner, "A variable frequency oscillator stabilized to 
high precision," Bell Labs. Rec., vol. 28, pp. 66-71; February, 1950. 

(10) 

The IRE Standards on the Piezoelectric Crystals' 
gives the deviation of f, from its true value; due to de-
tector sensitivity S alone as 

Af 2R T "e-
X — = 0.707 (— + • (11) 

f, R1 JQ 
It has been derived by using the method described in 
Section II and is valid if 4/NIT2«1 and 1.2/3/2«1. 
Eq. (11) is conveniently evaluated after R1 and Q have 
been determined (see Sections IV-B and IV-C). 

C. Transmission Network 

The transmission network is a relatively simple de-
vice (see Fig. 4) composed of four resistors, a vibrator 
socket if required, and appropriate connectors at the 

VOLTAGE 
PROBE 

,418 TO 
_CRYSTAL UNIT--"' 

Fig. 4—Layout of transmission network. 
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input and output terminals. In the input and output 
portions of the network are isolating resistors Ri made 
sufficiently large (usually > 10 RT) so that the magnitude 
and character of external oscillator or detector imped-
ance may be neglected, and the input current ii can be 
assumed to be constant. 

Since the high-frequency transmission networks im-
pose most of the design problems, these networks will 
be minutely described. Fig. 4 shows the positioning of 
the components and Fig. 5 suggests details of the con-
struction of such a network. The shunt resistors RT may 
be of the concentric disk type having the outer con-
necting rim grounded. The series resistors Ri may be 
miniature i-watt high-frequency resistors. The probe 
is used to measure the input voltage to the network. 
To reduce errors of measurement, it is good. practice 
to make the value of RT not more than and pref-
erably less than 1/10 of the vibrator resistance. The 
lower the resistance of RT, the less the effect of its 
shunt capacitances and the sharper the output reso-
nance peak. 

D. Resistance Standards 

Two methods of resistance measurement are common: 
one, where a curve of detector current vs resistance is 
obtained by measurements with fixed values of resist-
ance, the other, where a small carbon type potentiometer 
is adjusted for the same detector current, and a direct 
current resistance measurement of the value of the 

SECTION A-A 

TI 
BEND AFTER 
ASSEMBLY 

potentiometer is made with a Wheatstone bridge. The 
use of the potentiometer has frequency limitations due 
to the presence of impedances at higher frequencies. 
Comparative measurement of small i-watt fixed resis-
tors vs an Allen Bradley Type J potentiometer shows 
that the error will be negligible up to at least 5 mc. 
Adjustable resistors have been developed which have 
built-in networks to compensate for frequency varia-
tions.° Recent test oscillators utilize these resistors 
which are measured with ohmmeters incorporated in 
the oscillators. 

IV. MEASUREMENTS 

Through experience we know that, except for vibra-
tor frequencies in the higher radio frequencies ( > 50 mc), 
transmission networks may be designed and constructed 
so that the capacitance CT is effectively zero and lead 
inductances, especially between the crystal socket and 
resistors RT, are not detrimental. Accordingly, (8b) and 
(10b) in Table II will apply. Two conditions of measure-
ment will follow: with the combination of shunting coil 
and Co tuned close to f., in which case b =0; or without 
the coil, in which case b = 1. In general, the desirability 
for use of the coil will appear only at the higher fre-
quencies, where the value of RBI, or R1 approaches Xo. 
To know the value of Xo, the capacitance Co must be 
known. 

"Investigation of Methods for Measuring the Equivalent 
Parameters of Quartz Crystals," Georgia Inst. Tech., Atlanta, Ga., 
final report on Contract No. DA-36-039-sc-56730, May 31, 1956. 

DESIG. APPLICATION SUGGESTED TYPE 
J1 J2  

R• R. 
RT,  

Tt 

JACK 
SOCKET 

UG 928/U 
EBY 50 20 

RESISTOR  
RESISTOR 
WIRE 

TERMINAL 

MEPCO HF5 
MEPCO C500D 
14GA TINNED 
COPPER WIRE 

"-COVER 
SPRING TO GROUND 
OUTER TERMINAL 

r. OF Fi Ti AND R-ra 

A 32 

Fig. 5—Details of construction of transmission network. 

SHIELD 
SCHEMATIC 
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A. Measurement of Shunt Capacitance Co 

The shunt capacitance Co of the equivalent vibrator 
circuit may be measured with available capacitance 
bridges. With piezoelectric vibrators having a high 
capacitance ratio, for example quartz crystals, the 
measurement may be made at any convenient frequency 
removed from any resonances. In the case of a small 
capacitance ratio (r <50), as with certain piezoelectric 
ceramics, the capacitance may need to be measured at 
more specific frequencies.'" 

B. Measurement of Motional Resistance R1 

A preliminary measurement of resistance will deter-
mine the desirability of using a shunting coil. This 
measurement is made without the coil by adjusting 
the frequency of the oscillator for maximum transmis-
sion and then determining the value of RST by substitut-
ing a variable resistor in place of the vibrator. The next 
step is to find the value of 

Reny é R + T \ 

X0 RST  

from (8b) of Table II. The value of this expression 
times 100 will be the percentage error in resistance meas-
urement, and if it is greater than the desired accuracy 
of measurement, it may be desirable to check the meas-
urement with the shunting inductor, in which case the 
error in measurement, according to (8f) of Table II, will 
be zero. 

C. Measurement of Motional Capacitance C1 and In-
ductance L1 

The procedure for the motional capacitance measure-
ment consists of determining the frequency of maximum 
transmission with one or more load capacitances CL 
successively connected in series with the vibrator. If 
two capacitors CLI and CL2 are used, C1 follows from 

where 

C 
2 ACL ttfiAf2  

fit AI 

ACL = CL2 CIA ) 

= fni - faL2, 

Lfi = brA - 

Af2 = fn2 - 

(12) 

and Ltd and faL2 are the motional resonance frequencies 
of the combination of vibrator plus Cm and vibrator plus 

7 E. A. Gerber, "A review of methods for measuring the constants 
of piezoelectric vibrators," PROC. IRE, vol. 41, pp. 1103-1112; Sep-
tember, 1953. 

8 R. Bechmann, "Contour modes of plates excited piezoelectrically 
and determination of elastic and piezoelectric coefficients," 1954 IRÉ 
CONVENTION RECORD, pt. 6, pp. 77-85. 

CL2, respectively. The values of the series capacitors 
Cm and CL2 should be chosen so that the difference fre-
quencies Af, Afi, and 4f2 are as large as possible. It will 
be noted that (12) contains the motional resonance 
frequencies, whereas the frequencies at maximum 
transmission are measured. The difference between these 
two groups of frequencies, however, is smaller than 1 
per cent for (Q2/r) 80. This may be readily found from 
(10d) of Table II, by setting CT-0 and b= 1. The ac-
curacy of ACL in (12) depends upon accuracy of meas-
urement of Cm and CL2 with the capacitance bridge. 
Since this accuracy is in most cases of the order of 1 
per cent, the difference between the motional resonance 
frequencies and the frequencies at maximum transmis-
sion can be neglected in almost every case. Should 
higher accuracies be desired, the measured frequencies 
at maximum transmission can be converted into the mo-
tional resonance frequencies entering (12) by using (10)— 
(10f) in Table II, according to the specific operating con-
ditions. It must be remembered in all these cases that 
the parameters RI, CI, Co, M, r, and Q in the above 
equations pertain now to the combination of vibrator 
plus CL. They can be obtained from the vibrator param-
eters alone by the following relations, u being equal to 
(CL -F Co)/ CL: 

RIL = 

CIL Cl/U2, 

COL = Co/U, 

ML = M /U, 

rL, = r • u, 

QL = Q. (13) 

With a given accuracy of frequency measurement, the 
error in the measurement of CI increases with higher 
capacitance ratios since the frequency change from res-
onance for added capacitance is inversely proportional 
to r. Care should be taken that the current through the 
crystal remains constant for different values of CL. 
The inductance LI may be calculated from 

1 
-=   

47r2b2C1 
(14) 

Essentially, its accuracy of measurement is the ac-
curacy of the measurement of C1. The Q of the vibrator 
is 

271f„Li, 
Q -   

RI 
(15) 

D. Measurement of Motional Resonance Frequency f„ 

Assuming again that the transmission network is so 
designed that Cr is zero, (10b) on Table II may be 
employed to obtain f, from the frequency at maximum 
transmission, fmr. If no shunting inductance is used (b 
=1), (10h) becomes 
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WnsT2 

042 

id, if M 2>>1, from (10d) 

1 + 
2 

312(1 4RT 

1 CRT Om T2 1) = r (4R T 1) . 

(092 M2r R1 Q2 Ri 

nce the right-hand side of this equation is usually 
uch smaller than unity, it can be written as 

r4R 
- = + 1), àf ( 2' 

2Q2 R1 

àf 
— being equal to 
fs 

WaiT CO* 

co, 

(17) 

Previous measurements have given the values of RI, 
1 and Co. Thus the values of Q, M, and r can be in-
eted into (16) or (17) to produce an exact value for fa. 
rote that if a shunting inductor is used and the combi-
ation LoCo is tuned close to f, (b=0), then Af becomes 
aro, according to (10f) in Table II. It must be decided 
1 every case whether it is more convenient to use the 
-mnting coil giving R1= RST and f, -=-fmr, or to apply 
:le corrections given in Table II and explained in Sec-
.ons IV-B through IV-D. If the parallel loss resistance 
f the combination LoCo is not large compared to the 
xpected RI, the use of the shunting coil will introduce 

rrors. 
V. NUMERICAL EXAMPLES 

Eqs. (11), (8b) in Table II, and (17) which give values 
Dr the frequency error due to S, the resistance error, and 
he frequency error due to vibrator and network param-
ters, are plotted in graphical form in Figs. 6-8. It is 
ssumed in all three cases that 2(RT/R1)«1 (Fig. 6), 
•(RT/Rsr)«1 (Fig. 7), and 4(RT/Ri)«1 (Fig. 8). If 
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Fig. 6—Frequency error Af/f, due to detector sensitivity S. 

6 

4 

312 (1 + 4RT )21 
312R, 

(16) 

these relations do not hold true, the ordinate values of 
the graphs can easily be modified. 
The necessary corrections for some types of vibrators 

are shown in the graphs. These vibrators are listed in 
Fig. 6. A detector sensitivity of 0.1 per cent was 
assumed for these vibrations. Note in Fig. 7 that with 
the given examples, 2 per cent accuracy in the resistance 
measurement can be obtained without the use of shunt-
ing coils. Fig. 8 reveals that excluding the barium 
titanate ceramic example, frequency deviations of less 
than one part in a million are quite common. Again, no 
shunting coil was utilized in these measurements. 
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Harmonic Generation with Ideal Rectifiers* 
CHESTER H. PAGE t, FELLOW, IRE 

Summary—It is shown that the nth harmonic cannot be gener-
ated with an efficiency exceeding l/n2. Of the power converted to dc 
and harmonics, at least 75 per cent is dc dissipation, and this cannot 
be reduced by an arrangement of selective circuits. 

INTRODUCTION' 

I VERY so often, circuits are proposed for generat-
ing harmonics with high efficiency, using ideal 

 -4 rectifiers. The accompanying arguments are al-
ways intuitive, rather than mathematical, because of 
the complexities of analyzing a nonlinear network. A 
straightforward, although abstract, argument in the 
final section of this paper proves decisively that all such 
attempts are doomed to failure. Such a proof, however, 
does not show why a particular scheme breaks down. 
For this reason, the major part of this paper is devoted 
to a detailed explanation of the behavior of the two 
generic types of nature-fooling circuits for second-
harmonic generation. The arguments are not necessary 
to the conclusions of the paper, but are thought to be 
worth presenting for pedagogical reasons. 

IDEAL RECTIFIERS 

An ideal rectifier is a lossless rectifier which can sup-
port no forward voltage drop, and can pass no reverse 
current: 

< 0, i > 0, vi se 0, (vi), = 0, (1) 

where (vi t means the time average of vi. It follows that 

(v)g(i)e ≤ O (1a) 

with equality implying either v 0 or iseO. If the voltage 
and current are periodic, therefore expandable as: 

v = Vo L v. cos net E U„ sin met 
n>0 n>0 

i /0 + L In cos mat L J,, sin not (2) 
n>0 n>0 

the dc power absorbed by the rectifier is 

Po = V0/0 = (v)i(i)e ≤ 0, (3) 

or — Po is supplied to the load and the internal resist-
ance, if any, of the source. The nth harmonic power ab-
sorbed by the rectifier is 

P„ = (V „I n U„J„)/2, (4) 

where V„, Un, and J„ are the coefficients in the ex-
pansion (2). The total power absorbed by the rectifier is, 
by definition, the time average of the product vi: 

P (vi), = P„ = O. (5) 

* Original manuscript received by the IRE, July 8, 1957; revised 
manuscript received, May 20, 1958. 
t Natl. Bureau of Standards, Washington 25, D. C. 

Fig. 1—Bridge-rectifier harmonic generator. 

ATTEMPTS TO AVOID DC DISSIPATION 

It is often assumed to be obvious that suitable ideal 
tuned circuits make it possible to generate harmonics 
without dc dissipation.' Since by (3) and (la), this im-
plies either vse0 or iseO, the rectifier could be replaced 
by a short circuit or an open circuit, respectively, and 
no harmonics would be generated. 
The scheme with an obvious flaw is shown in Fig. 1, 

where a simple bridge rectifier is used. The current 
through the load is supplied via the rectifiers, and can-
not reverse. Similarly, the voltage across the load has 
the same polarity at all times, for the rectifier bridge is 
a short circuit for reverse voltage. Thus the load must 
have both dc current and dc voltage components, and 
dissipate dc power. Any selective circuits that avoid 
this situation will produce a condition of no current 
whatever through the load, hence an inoperative har-
monic generator. 
The other basic schemes are typified by second-

harmonic generators using two diodes in a full-wave 
rectifier. Identical current waves are supplied alter-
nately through the two diodes; each diode conducts 
during one half-cycle, and is nonconducting during the 
other half-cycle. Ideal tuned circuits or other selective 
filters are used to eliminate all harmonics other than the 
second from (1) the load current or (2) the load voltage. 

CASE (1): SECOND-HARMONIC CURRENT 

Since the load current is supplied by the rectifiers 
(alternately) it cannot become negative. It is therefore 
of the form 

= Io ± /2 cos LA, lo≥ 11,1. (6) 

(The tuned load is supposed to make the dc load voltage 
vanish, to avoid dc power.) This load current requires 
the rectifier current shown in Fig. 2, and given by 

< ir/2 
i = • (7) 

Io+I2 COS 29, r / 2 < I I < 7 

I See, e.g., W. A. Edson, "Vacuum Tube Oscillators," John Wiley 
and Sons, Inc., New York, N. Y., p. 343; 1953. 
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IL 

o e, - 2 • 

(b) 

Fig. 2—(a) Load current, 0=cot, (b) rectifier current, 0 

This wave has the Fourier representation 

/o 2 
= — — — (lo ± /2/3) cos 0 
2 7r 

/2 
— cos 20 + odd-harmonic cosines. 
2 

(8) 

Since the source is to supply power at fundamental 
frequency (w) only, and the load is to absorb power at 
dc and the second harmonic only, y must contain no odd-
harmonic cosines other than the fundamental. Therefore 
v is of the form 

V = — V1 cos 0 ± V2, (9) 

where v2 has no odd-harmonic cosine components, and 
should hopefully have no de component. Partition 2,2 in-
to its even and odd parts. The odd part contributes no 
cosine terms. Split the even part into parts even and odd 
about O =7r/2; these contribute even- and odd-harmonic 
cosines respectively. Therefore 

V2 = V3 ± V40 

where th is odd about zero, e4 is even about zero and 
about 7/2. During conduction (7/2 <101 <7), v = 0, or 
v2= VI cos 0. Since cos 0 is even, we have 

v3 = 0 
} 7/2 < 101 < 

v4 = V1 cos 

so that 
v4 = — V11 cos 01 , all 0 (10) 

and has a nonzero de component. The voltage across the 
rectifier is therefore 

{ —2V1 cos 0 -I- vo, ≤ 101 ≤ 7/2 
v = , (11) 

0, 7/2 < 101 <ir 

where v3 is an arbitrary odd function, subject to v <O. 
This condition at 0=0 makes V1 positive. Since vo is odd, 
it contributes sines only, and we have the Fourier ex-
pansion: 

2V1 4V1 
v — — — V cos 0 — — cos 20 

7r 37r 

-I- even-harmonic cosines ± sines. (12) 

The powers absorbed by the rectifier are: 

Po = — P1 = V a o /2/3)/7r 

P2 = V1/2/37r, Pn>2 = 0, (13) 

so that Vilo/ir is converted to dc, and VI/2/37 to second 
harmonic. Since /0> 1 /21 (6), the minimum dc power 
condition is 

Po = — V1/2/7r, P1 = 4V1/2/37r 

P2 = Vi/2/37 (14) 

or a second-harmonic efficiency of 25 per cent. 

CASE (2): SECOND-HARMONIC VOLTAGE 

Let the load voltage have no harmonics other than 
the second: 

VL = V o — V2 COS 2cot. (15) 

The load power is supplied by the two rectifiers alter-
nately, each working into a load voltage waveform like 
that of Fig. 2(a), without initial restriction on the mag-
nitude or sign of Vo. 

Since the rectifier is absorbing power at frequency w, 
and delivering power at dc and 2w, we have a similar 
mathematical situation to that of Case (1); i can contain 
no odd-harmonic cosines other than the fundamental, 
and is of the form 

{ H I cos 0 + i3, 0 ≤ 101 ≤ 7/2 
= (16) 

0, 7/2 < 101 <7 

where 13 is an arbitrary odd function, subject to i> O. 
I does, however, contain all even-harmonic cosines, and 
arbitrary sines. If the source is to deliver power at w 
only, and absorb no harmonic power, for all i3,2 the 
source voltage must contain no even-harmonic cosines, 
and no sines. The source voltage is therefore odd about 
7/2. Furthermore, during conduction (0 <101 <7/2) 
the source voltage equals the load voltage. These con-
ditions yield the source voltage: 

v, = {—Vo— V2 COS 20, 0 ≤ 101 ≤ 7r/2 
. (17) 

Vo ± V2 cos 20, w/2 < I 01 < 7r 

The voltage across the rectifier is given by 

0, 0 ≤ 101 < 7r/2 
(18) 

—2(Vo ± V2 COS 26), 7/2 < 101 < Ir 

where Vo >1 V21 to satisfy v <O. The voltage expansion 
is 

4 
= — Vo + — (Vo + V2/3) cos O 

ir 

Vg cos 20 ± odd-harmonic cosines (19) 

2 This is restrictive, but simplifies the treatment. The generality 
of the result will be demonstrated in the final section of this paper. 
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while (16) yields 

2/1 
= — /2 cos O 

ir 

4/1 
+ — cos 20 + even-harmonic 

37 
cosines + sines. (20) 

The various powers are: 

2/1 
Po = — 2/21/0/7, Pt = —  (Vo ± V2/3) 

ir 

P2 = — 211172/37, P >2 = 0, (21) 

which is similar to the earlier result (13). The best effi-
ciency is again 25 per cent. 

Generalization' 
Let 

1(x) ([v(t) — v(t — x)][i(t) — i(t — 
= (—v(t — x)i(t) — v(t)i(1 — x))g 
≥ 0, (22) 

y(t)i(t) se 0, Y(t2)1:(t2) :5_ 0, 

with y the voltage across a diode, i the current through 
that diode. From (2) 

v(t) — :(t — x) =E vn[cos tut,/ — cos nco(t — x)] 
+ E Un[sin nod — sin nw(t — x)] 

= E v.[costud(i — cos ncux) — sin net sin ncoxj 
E Un[sin ncot(1 — cos nwx) ± cos mot sin nwx] (23) 

with a similar form for i(t) — i(t— x). Multiplying and 
averaging over t yields 

1 
f(x) = — E vnin[(1 — cos nwx)' ± sin' ncox] 

2 

since 

+ E unLip — cos nwx)' ± sin' mod 

= E (vnin ujn)(t — 
= 2 P.(1 — cos nwx). 

n>0 

cos nwx) 

(24) 

The vanishing of (1 —cos nwx) for n=0 allows us to 
augment the sum in (24), with the result 

f(x) = 2 E Pn(1 — cos ncox) > 0, all x. (25) 

The losslessness of the rectifier gives 

E = 0 (5) 

so that 

cos nwx < 0. (26) 

If we write (26) as 

3 For a complete generalization to nonideal rectifiers and other 
nonlinear positive resistance, see C. H. Page, "Frequency conversion 
with positive nonlinear resistors," NRS J. Res., vol. 56, p. 179; 1956. 

Po + Pi COS 0 + E P. cos nO < 0 
n>1 

and (5) similarly as 

Po ± Pi + E P. = 
n>1 

(27) 

and eliminate PI, we have 

Po(1 — cos 0) E P.(cos n0 — cos 0) < 0 (28) 
n>1 

for each rectifier in the network. 
For a network containing more than one rectifier, we 

let 

or P.' is the sum over all rectifiers of the P.'s of the in-
dividual rectifiers. Summing (28) over rectifiers yields 

Pog(1 — cos 0) ± E pni(c,s nO — cos(?) ≤ 0. (29) 
n>1 

But since power is supplied to the network at funda-
mental frequency co only, we have 

P.' ≤ 
for n01, and (29) can be rewritten: 

I Po' (1 — cos 0) 

+ E I P.' I. (cos nO — cos 0) ≥ 0, all 0 (30) 
n>1 

where I Poi' is the dc power, and 'Pat' the nth-har-
monic power, dissipated in the linear elements of the 
network. For 0—>0, this yields 

I Po' 02/2 E P.' (—n202/2 ± 02/2) ≥ 0 

or 
n>1 

I Pot I ≥ E (n2 — 1)1 P.' I 
n>1 

(31) 

as a lower limit on the dc power dissipated in the load 
for harmonic power dissipation. 
From (27) and (31), we have 

Pit= I Po' I + E I Pngl ≥ En2IP.'1 ≥n21Pn'i 
n>1 n>1 

so that the nth harmonic cannot be generated with an 

efficiency exceeding 1/n2, even in the absence of other 
harmonics. The minimum dc dissipation is given by 

= 0, n > 2 

I P 0'J = 3 I P2` I . 
Inclusion of any higher harmonics in the load will 
increase I Po'1 by (31). 

Using ideal rectifiers, at least 75 per cent of the con-
verted power is dissipated as dc, and this cannot be 
reduced by any ingenious selective circuitry. Any har-
monic generating circuit•that is free from dc loss simply 
will not operate; only fundamental frequency voltages 
and currents will be present. 
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An Error-Correcting Encoder and Decoder 
of High Efficiency* 

J. H. GREEN, JR.t, AND R. L. SAN SOUCIEt 

Summary—A report is given on a group effort which has demon-
strated the applicability of regenerative shift register sequences to 
error-correcting codes. It is shown that a triple-error-correcting code 
of high efficiency can be formed by using the 15 cyclic permutations 
of a 15-bit, maximal-length, shift register sequence, a 15-bit zero 
sequence, and the 1-0 complements of the 16 sequences. It is further 
shown that the interrelationships between the bits of these binary 

sequences can be used to design a decoder of extreme simplicity. 

I NTRODUCTI ON 

I
NTEREST in error-correcting codes has risen since 
the publication in 1948 of Shannon's now classic 
paper on the mathematical theory of communica-

tion systems.' Many papers since then have contributed 
to the present state of knowledge concerning error-
correcting codes, and the large number of such papers 
makes a cataloging of them here almost impossible. The 
present work on error-correcting codes is the result of a 
group effort in the Advanced Development Department 
of the Amherst Engineering Laboratories of Sylvania 
Electronic Systems (see Acknowledgment). 
The error-correcting codes to be described are derived 

from a special set of binary numbers known as "binary 
shift register sequences." These sequences can be gen-
erated in the following fashion. If a series of storage 
elements, a through f, is loaded with a succession of 
binary digits, as indicated in Fig. 1(a), we may perform 
modulo 2 addition on the contents of two or more 

a b cd e 

o o o 

Mod. 2 
adder 

a b 

(a) 

cd ef 

o o 

Mod 2 
adder 

Fig. 1 

* Original manuscript received by the IRE, April 15, 1958; re-
vised manuscript received, July 23, 1958. 
t Sylvania Electronics Sys., Amherst Eng. Labs., Williamsville, 

N. Y. 
1 C. Shannon, "A mathematical theory of communication," Bell 

Sys. Tech. J., vol. 27, pp. 379-423, 623-656; July and October, 1948. 

storage cells. If the storage elements are connected as a 
shifting register, we may apply a shifting pulse that will 
transfer the contents of all storage elements one unit to 
the left. Simultaneously, we may introduce the result of 
the modulo 2 addition into the right-hand storage cell 
[Fig. 1(b) ]. As this process is repeated, a succession 
of binary digits will pass through the storage element a. 
This sequence of binary digits, which we shall call a 
"word," will be periodic. 
For a shift register of length n, and for certain corre-
sponding inputs from the register to the modulo 2 adder, 
the resulting word may be as long as 2" —1. Sequences 
of length 2" — 1 generated in this manner are called 
maximum-length, shift register sequences, abbreviated 
"m-sequences," and have been studied by Huffman,' 

Golomb," Zierler,* and others. 
Three of the properties of m-sequences are of partic-

ular interest in our present discussion. First, during the 
2" — 1 shifts required to generate an m-sequence in a 
shifting register with n storage units, every n-bit binary 
number (except the one consisting of all zeros) occurs 
once and only once in the n storage elements. Second, 
if an m-sequence is compared element by element with 
any shifted version of itself (that is, a cyclic permuta-
tion of itself), one more disagreement than agreement 
results. (Mathematical derivations of these and related 
facts can be found.8,4 Third, and most important of all, 
the nature of the generation process imposes certain in-
terrelationships between the bits which facilitate the 
development of iterative decoders of extreme simplicity. 
We shall describe the nature of the error-correcting 

code which has been chosen, the method by which it is 
generated, and a scheme for decoding. Equipment carry-
ing out the processes to be described is currently in 

operation. 

GENERATION OF THE CODE 

The basic encoding operation may be described as the 
mapping of the usual 32, five-bit binary numbers asso-
ciated with the standard radio teletype code into 32, 

fifteen-bit binary numbers. 
This expansion provides the transmission of two re-

'D. A. Huffman, "The synthesis of linear sequential coding net-
works," Proc. 3rd London Symposium on Information Theory, pp. 77-
95; 1955. Published by Academic Press, New York, N. Y.; 1956. 

3 S. W. Golomb, "Sequences with randomness properties," Termi-
nal Prog. Rep. under Contract Req. No. 639498, Account No. 7570-
505-739, Glen L. Martin Co., Baltimore, Md.; June 14, 1955. 

N. Zierler, "Linear recursive sequences, I," Group Rep. 34-63, 
Uncoln Labs., M.I.T., Lexington, Mass.; December 2, 1957. 



1742 PROCEEDINGS OF THE IRE October 

dundant bits for each bit of true information. It should 
be noted, however, that this particular degree of re-
dundancy applies only to this example and to the equip-
ment which has been constructed. It is not, therefore, a 
basic characteristic of the encoding technique to be dis-
cussed. The 32, fifteen-bit sequences, or words, which 
form the alphabet may be described as follows. 

If we establish a shifting register having four storage 
elements, and read from the first and second storage ele-
ments into a modulo 2 adder, we will find that by shifting 
and regenerating in the fashion described in the preced-
ing paragraphs, we can generate the following sequence: 

111100010011010. (1) 

We can generate a second sequence in a substantially 
identical process by substituting for the modulation 2 
addition in the feedback circuit what we shall call com-
plementary modulo 2 addition, which is defined by 
Table I. 

TABLE I 

1 

o 

o 

o 

The sequence that results from complementary modula-
tion 2 addition, 

000011101100101, (2) 

is the 1 for 0, 0 for 1, complement of our original se-
quence. 
We are now in a position to describe the 32 characters 

in our error-correcting alphabet. We have, first, the 15 
cyclic permutations of sequence (1) (called subset A) 
and, secondly, the 15 cyclic permutations of sequence 
(2) (called subset B). In addition, we include the special 
cases in which the shifting register contains all zeros 
and all ones. It should be noted at this point that all 32 
of the m-sequences can be generated with two basic 
generators, given the proper starting conditions in the 
storage elements. 

Before discussing the method of generation further, 
let us first examine the error-correcting capabilities of 
our alphabet. Five cases are easily recognized. First, if 
any pair of sequences is selected, both from subset A (or 
both from subset B), direct examination will show that 
there exist 7 positions in which the 2 sequences agree 
and 8 positions in which they disagree. Second, if a 
fixed but arbitrary member of subset A is compared 
with each member of subset B, except for its 1-0 comple-
ment, we find 8 positions in which the sequences agree 
and 7 in which they disagree. On the other hand, if this 
fixed sequence is compared with its 1-0 complement, it 
disagrees in all 15 positions. Third, the sequence of all 
ones agrees in 8 positions and disagrees in 7 with the 

members of subset A, whereas it agrees in 7 positions 
and disagrees in 8 positions with the members of subset 
B. Fourth, the sequence of all zeros agrees in 7 and dis-
agrees in 8 positions with the members of A and it 
agrees in 8 and disagrees in 7 positions with the members 
of B. Fifth, the sequence of all ones disagrees in 15 posi-
tions with the sequence of all zeros. Hence, it is true in 
all cases that if any one of the sequences in our alphabet 
has been modified by 3 errors, 3 changes will be required 
to restore the word to its error-free form, while at least 
4 changes will be required to change it into any other 
member of the alphabet. 
We therefore have a 32-character, 15-bit, triple-error-

correcting code with a Hamming distance° of 7. In the 
paper cited, Hamming shows that a 15-bit, quadruple-
error-correcting code (Hamming distance 9) would con-
tain fewer than 17 words. Since 32 characters are needed 
for standard radio teletype, a 15-bit, quadruple-error-
correcting code of this kind does not exist, and thus our 
code cannot be improved in this direction. 

Although maximum-length, shift register sequences 
constitute an efficient error-correcting system, many 
other efficient codes exist. The main justification for our 
interest in m-sequences arises from the ease with which 
they may be generated and decoded. As we have in-
dicated, it is possible to generate sequences by regenera-
tive shift registers of the type illustrated in Fig. 1(a) and 
1(b). The members of subset A and the sequence con-
sisting of all zeros can be generated with a feedback logic 
that uses modulo 2 addition, whereas the members of 
subset B and the sequence containing all ones can be 
generated with a feedback logic that uses comple-
mentary modulo 2 addition. 

In practice, of course, we would like to generate all 
the characters of our alphabet from the same generator; 
we shall now proceed to demonstrate that this is pos-
sible. We have stated that the sequences in subset A 
can be generated with a feedback logic that uses modulo 
2 addition. If we label the digits of that sequence A, B, 
C, D, E, F, • • • , 0, we can write A±B=E; that is, 
the digit A added to digit B gives digit E, by mokulo 2 
addition. Since the sequence is regenerative, B+C=F, 
modulo 2. If we use the properties of modulo 2 addition, 
we can rewrite these equations as 

A±B+E=0 

BH-C+F =0. 

(3) 

(4) 

Clearly, the sequence consisting of all zeros also satisfies 
(3) and (4). The sequences in subset B, on the other 
hand, satisfy 

A ± B E = 1 

B C F = 1, 

(5) 

(6) 

6 R. W. Hamming, "Error-detecting and error-correcting codes," 
Bell Sys. Tech. J., vol. 26, pp. 147-160; April, 1950. 
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where addition is now complementary modulo 2. Also, 
the sequence consisting of all ones satisfies (5) and (6). 
Adding (3) and (4), with modulo 2 addition gives 

A -I- E F 0, (7) 

while adding (5) and (6) with complementary modulo 2 
addition gives 

or 

A±C±E±F-1-1=1 (8) 

Al-CA-EA-F=0. (9) 

Thus, in either case we have 

A -I- C -F E = F, modulo 2. (10) 

It is therefore possible to generate all 32 members of 
our alphabet in a shifting register with 5 storage ele-
ments by reading the contents of the first, third, and 
fifth storage elements into a modulo 2 adder (where the 
addition may now be either modulo 2 addition or com-
plementary modulo 2 addition), and by causing the 
shift register to regenerate in the manner described in 
our previous examples. 
We now inject a 5-bit information character into the 

5 storage elements of the shift register, and pulse the 
shift line 15 times. The sequence read out of the first 
storage element of the shift register is then the 15-bit 
character of our error-correcting alphabet that corre-
sponds to the 5-bit information character which is to be 
transmitted. 

DECODING 

The 32 characters of our coding alphabet can be di-
vided into 2 subsets of 16 words each, as we have shown. 
One subset consists of those sequences wherein the first, 
second, and fifth elements sum to zero by modulo 2 
addition. The other subset consists of those sequences 
wherein the first, second, and fifth elements sum to zero 
by complementary modulo 2 addition. Although we 
have derived relationships which are invariant for both 
groups, it proves to be more conservative of equipment 
to decode the two groups separately. We shall first show 
how the decoding process can be applied to the 16 char-
acters obtained by modulo 2 addition, and then indicate 
how the remaining 16 characters are decoded. We shall 
indicate how the equipment simultaneously decides into 
which of the 2 subsets a received sequence belongs. It is 
emphasized that the particular decoding scheme which 
is to be outlined has been selected because of its sim-
plicity and economy in the use of equipment. Improve-
ments in error-correcting capabilities can be made 
by modifying our techniques; many such avenues are 
known to us. However, we feel that such improvements 
would cause the sacrifice of equipment simplicity and 
size. We have deliberately favored simplicity. 

Let al, az, az, • • • , an be any one of the 16 sequences 
that obey the law: ai +az = az, modulo 2. It follows that 

az-Faz =az, modulo 2, az-Faz = ab etc. We may use these 
basic relationships to derive seven independent expres-
sions for al: 

al = a2 ai 

ai = a3 ai 

al = a4 ± al& 

al = i 

= 07 ± a14 

= as ± 013 

ai = 

In addition we have al =al. If there are errors in po-
sitions al, az, through alz, equations containing these 
errors may produce incorrect results. For 3 errors in the 
received 15 bits, we can therefore have as many as 3 
of the 8 equations in error when we select the value of ai 
indicated by the majority of the 8 independent equa-
tions. We will arrive at the correct value, however, 
since 5 of the 8 equations will produce the correct an-
swer and 3, the incorrect answer. (If more than 3 errors 
cause a tie among the 8 solutions, we arbitrarily set 
= 1.) 
Since the equations in the aforementioned derivation 

are cyclic, we have a second set of equations which may 
be solved to give a value for az. In practice, we can solve 
for az with the identical circuitry used to solve for al. 
This is accomplished by the simple procedure of shifting 
all elements in the shifting register 1 unit to the left 
and repeating the identical operation. Similarly we 
solve for az, a4, • • • I aiz. The point made in this para-
graph is the crucial one from the standpoint of decoding 
simplicity: each of the bits is decoded with the same 
circuitry. The decoding scheme, therefore, has been im-
plemented with very simple equipment. 
As we have indicated in the Introduction, it is neither 

feasible nor relevant to the present discussion to enu-
merate the many error-correcting codes which are now 
in the literature. It seems prudent, however, to mention 
here that the so-called "Reed-Muller codes" are similar 
to the codes under discussion. 

In particular, the Reed-Muller codes have length 2n 
and may be encoded in a relatively simple manner. The 
Reed-Muller decoding scheme is the following. Assume 
that the code sequences are of length 16 so that the re-
dundancy is 16/5. Four of the 5 information bits are ob-
tained by solving 4 sets of 8 equations each and taking 
a majority vote of the solutions. The fifth information 
bit is obtained in a different way. Because the solution 
for 4 information bits involves 4 different sets of 8 equa-
tions, it is not possible to use identical circuitry for 
these solutions. It therefore follows that the equipment 
complexity increases. 

• I. S. Reed, "A class of multiple-error-correcting codes and the 
decoding scheme," IRE TRANS. ON INFORMATION THEORY, VOL IT-
4, pp. 38-49; September, 1954. 
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The process of solving the equations, both by modulo 
2 and complementary modulo 2 addition, and selecting 
the proper answer is a simple one in practice. While 
the error-correction process is being performed, the 
results of the solution of the 7 simultaneous equations 
are compared, position by position, with the contents 
of the storage register which was filled by the incoming 
signal. If the sequence transmitted was generated by 
modulo 2 addition, the output of the error decoder and 
the contents of the register will agree except for those 
positions in which errors occur. If this agreement is ob-
served, the error-correcting process is repeated and the 
decoder information character is read directly from a 
storage register. If, however, the character transmitted 
was generated by complementary modulo 2 addition, 
the result of the decoder operation and the contents of 
the incoming message storage register will disagree in 
all positions except those which contain errors. If this 
disagreement is noted, the complement of the error-
corrected information character is read out of the stor-
age register from the opposite plates of the flip-flop 
storage units. 

The ability to indicate a preponderance of agree-
ments or disagreements will not fail until the number 
of errors received is greater than 7. This capability far 
exceeds the ability of the error decoder to correct 3 
errors or less. Therefore, decoder operation will not fail 
for any combination of errors that the error corrector 
can basically decode. 

The decoding process also takes advantage of addi-
tional information which is usually present when signals 
are transmitted by means of radio circuits. In radio tele-
type transmission, for example, frequently signals in 
both mark and space channels are absent, which indi-

cates that fading is present on the circuit; or signals are 
present in both mark and space channels, indicating 
that interference has taken place. The output of the 
radio teletype receiver will therefore indicate that the 
output is a mark or a space; or because of fading or 
jamming, no information is available. In the case where 
no information is available, an omission signal is trans-
mitted to the error decoder. This omission signal is then 
used to eliminate the associated equation from the de-

cision being made. For 2 omissions, therefore, 6 inde-
pendent equations remain to be solved rather than 8, 
for 3 omissions there remain 5 equations solved, and so 
forth. Since 3 omissions will leave 5 useful equations, 
and since 5 useful equations will always give a correct 
solution even in the presence of 2 errors, the error de-
coder can provide the correct result even in the presence 
of 2 errors and 3 omissions. The translation of doubtful 
information into omissions is therefore a substantial im-
provement over systems which must evaluate received 
signals either as marks or spaces without the option of 
rejecting doubtful information. 
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A Computer Oriented Toward Spatial Problems* 
S. H. UNGERt MEMBER, IRE 

Summary—A general purpose digital computer can, in principle, 
solve any well defined problem. At many tasks, such as the solution 
of systems of linear equations, these machines are thousands of 
times as fast as human beings. However, they are relatively inept at 
solving many problems where the data is arranged naturally in a 
spatial form. For example, when it comes to playing chess or recog-
nizing sophisticated patterns, present day machines cannot match 
the performance of their designers. 

The difficulty in such cases appears to be that conventional com-
puters can actively cope with only a small amount of information at 

* Original manuscript received by the IRE, May 14, 1958; revised 
manuscript received, July 11, 1958. This paper will appear in the 
1958 Proc. of the Western Joint Comp. Conf. 
t Bell Telephone Labs., Inc., Whippany, N. J. 

any one time. (This circumstance is aptly illustrated by the title of an 
article by Samuel,' "Computing Bit by Bit.") It appears that efficient 
handling of problems of the type mentioned above cannot be accom-
plished without some form of parallel action. 

A stored program computer is described which can handle spatial 
problems by operating directly on information in planar form without 
scanning or using other techniques for transforming the problem into 

some other domain. The order structure of this machine is explained 
and illustrated by a few simple programs. An estimate of the size of 

the computer (based on one possible design) is given. Programs have 
been written that enable the machine to recognize alphabetic charac-
ters independent of position, proportion, and size. 

A. L. Samuel, "Computing bit by bit," PROC. IRE (Computer 
Issue), vol. 41, pp. 1223-1230; October, 1953. 
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INTRODUCTION 

l
'i HE stored program digital computer has been in 

existence for about a decade and has proven itself 
to be a powerful and versatile instrument. Roughly 

speaking, any solvable problem can be solved by 
a digital computer. At many tasks, such as the solution 
of systems of linear equations, these machines are thou-
sands of times as fast as human beings. 

However, there are certain tasks, which might be 
termed spatial problems, at which digital computers are 
relatively inept. For example, it seems to be extremely 
difficult to write chess playing programs that will en-
able a computer to compete successfully with a capable 
human opponent.' Pattern recognition is another area 
in which present day machines cannot match the per-
formance of their designers. Some important and in-
teresting work done in this field is described in the 
li terature.8-6 
The difficulty in such cases appears to be that these 

machines can actively cope with only a small amount 
of information at any one time. (This circumstance is 

aptly illustrated by the title of an article by Samuel.') 
It appears that efficient handling of problems of the type 
mentioned above cannot be accomplished without some 

form of parallel action. 
An important implication of this argument is that 

machines of greater complexity are needed. This, how-
ever, should not be regarded as an insurmountable bar-
rier, since it is likely that great advances will be made 
in the components field during the next decade. 
The principal objective of the research reported on 

here is to learn how to build machines that can effi-
ciently solve problems not well suited to solution by 
conventional digital computers. 
The approach is to attempt to describe a computer 

inherently well matched to one such problem (pattern 
detection), hoping that such a computer, probably in an 
improved version, will then perform well when faced 
with a much larger class of problems. 

GENERAL STRUCTURE OF THE COMPUTER 

Fig. 1 illustrates the form of the proposed machine. 
It consists of a master control and a rectangular array 
of modules. Each module communicates with its four 
immediate neighbors and receives orders from the 
master control. The master control cannot address the 
modules individually, but issues general orders which 

go to all of the modules. 
A module consists of a one-bit accumulator, a small 

amount of random access memory (perhaps six bits in 
one-bit words), and some associated logic. Inputs to 

2 J. Kister, et al. "Experiments in chess," J. Assoc. Comp. Mach., 
vol. 4, pp. 174-177; April, 1957. 

3 O. G. Selfridge, "Pattern recognition and learning," presented 
at the Symposium on Information Theory; London, Eng.; Septem-
ber, 1955. 

4 0. G. Selfridge, "Pattern recognition and modern computers." 
Proc. of the Western Joint Comp. Conf., pp. 91-93; 1arch, 1955. 

G. P. Dinneen, "Programming pattern recognition," Proc. of the 
Western Joint Comp. Conf., pp. 94-100; March, 1955. 

LOGICAL MODULE 

Fig. 1—Organization of spatial computer. 

each module come from the master control and from 
the accumulators of the modules above, below, to the 
left, and to the right of it. We also assume that an input 
signal may be fed directly to each accumulator from 
outside the machine. 
The master control includes a random access memory 

for storing instructions, a clock, and decoding circuits. 
It acts like the operation decoding section of a conven-
tional digital computer, reading out instructions from 
memory in sequence, decoding them, and sending ap-
propriate control voltages out on a set of buses feeding 
the modules. 
A logical adder (OR-gate) with an input from each 

module accumulator tells the master control if all of 
the accumulators have zeros in them, and thereby makes 
possible the use of a transfer on zero order. This in-
struction, analogous to the conditional transfer orders 
used in ordinary digital computers, tells the master 
control to skip to the instruction addressed by the trans-
fer zero order if there are no ones in any of the module 
accumulators. It is the only decision order which we 

use. 

ORDER STRUCTURE (SUMMARIZED IN TABLE I) 

The transfer on zero order (abbreviated trz x) has 
just been described. In addition there is an uncondi-
tional transfer (tr x) which simply changes the contents 
of the instruction counter to correspond to address x. 
As was stated before, each module has a small num-

ber of individually addressable one-bit memory ele-
ments. Within a module we shall refer to these registers 
as a, b, c, etc. The instruction store b (st b) tells each 
module to store the contents of its accumulator in the 
bth memory register (without altering the accumulator 
contents). Similarly write b (wr b) orders the contents 
of each b register to be written into the accumulator 
(without changing the contents of b). 
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TABLE I 

ORDER STRUCTURE 

Order Abbreviation 

Transfer to in-
struction x. 

Transfer on zero 
to instruction x 

Invert 

Add 

Multiply 

Add in memory 

Multiply in 
memory 

Store 

tr x 

trz x 

in 

add 

1111)y 

adm 

st 

p m 

Meaning 

Execute instruction x next. 

Execute instruction x next if there 
are no ones in the field. Otherwise 
continue in the normal sequence. 

Change the contents of all the ac-
cumulators. 

Add logically to the contents of 
the accumulator the contents of 
the specified memory cells and 
neighboring accumulators. Leave 
memory cell contents unchanged. 

Multiply logically the contents 
of the accumulator and the 
specified memory cells and ad-
jacent accumulators. Result is 
placed in accumulator and mem-
ory cell contents are left alone. 

Add logically to the contents of 
each of the specified memory cells 
the contents of the accumulator. 
Do not change accumulator con-
tents. 

Multiply logically the contents of 
each specified memory cell by the 
contents of the accumulator with-
out disturbing the accumulator. 

Store the accumulator contents in 
each specified memory cell with-
out disturbing the accumulator. 

Order Abbreviation Meaning 

Write 

Shift left (or 
right, or up, or 
down) 

Add reference 

Link 

Expand 

Shift around 

wr 

sL (sR, sU, 
sD) 

Add ref 

Link 

exp 

sA 

Write the contents of the indicat-
ed memory cell into the accumu-
lator without altering the contents 
of the memory cell. 

Write the contents of each ac-
cumulator into the accumulator 
to the left (or right, or above, or 
below). 

Add a one to accumulator of mod-
ule in lower left corner of matrix. 

Record in memory elements lo-
cated between adjacent pairs of 
modules, whether or not ones are 
contained in both accumulators. 
(Diagonally touching modules are 
considered as adjacent for this or-
der and the next one.) 

Add ones to the accumulators of 
those modules connected through 
a chain of active inter-module 
memory elements of the kind 
specified in the order (horizontal, 
vertical, positive diagonal, or neg-
ative diagonal) to some module 
with a one in its accumulator. 

Same as shift right except that 
rightmost modules of each row 
send contents to left most module 
of row above, lower left module 
gets bit from input register, and 
upper right module sends con-
tents to output register. 

Information can be transmitted directly from one 
module to another by means of a shift instruction. A 
shift right (sR) order for example, causes the contents 
of each accumulator to be transferred to the accumu-
lator of the module to the right of it. Shift left (sL), 
shift up (sU), and shift down (sD) have analogous mean-
ings. (When the shift orders are used we assume that 
the matrix is bordered by modules having zeros in their 
accumulators.) 
The invert order (in) causes the contents of each ac-

cumulator to be complemented. Logical addition and 
multiplication' can be carried out among the contents 
of the accumulator, memory registers, and neighboring 
accumulators. Add x causes the contents of memory 
register x to be added logically to the contents of the 
accumulator. The result is stored in the accumulator 
and the contents of x are left unaltered. The add left 
(add L) order causes the contents of each accumulator 
to become the logical sum of the original contents of 
that accumulator and the original contents of the ac-
cumulator of the module to the left. Add right (add R), 
add up (add U), and add down (add D) have similar 

Logical addition is defined by the equations: 

11-0.•0+1=-1-FIland0-1-00. 

Logical multiplication is defined by the equations: 

1X00X1=0X0==OandlX1..1. 

meanings. Any combination of the contents of neighbor-
ing accumulators and memory registers may be added 
to the accumulator contents in the above manner using 
a single order. For example, if we wish to add to the 
contents of each accumulator the contents of memory 
registers a and c (of the same module) and the contents 
of the accumulator above then we would use the order 
add a, c, U. 

A completely analogous set of instructions exists for 
a logical multiplication. Thus mpy b, D would cause the 
original accumulator contents to be multiplied by the 
contents of memory registers b and contents of the ac-
cumulator below. Result appears in the accumulator, 
and contents of the memory registers remain unchanged. 
The order add in memory (adm b) causes the logical 

sum of the accumulator contents and the contents of 
register b to appear in b, without altering the accumu-
lator contents. The accumulator contents can be added 
simultaneously to any number of memory registers by 
an order adm, a, b, d, for example. Note that separate 
additions are made into each memory register, each 
sum involving the accumulator contents and the con-
tents of one memory register. A similar set of orders 
exists for multiplication—for example mpm b, d, etc. 
The add reference order (add ref.) causes a one to be 

added to the accumulator of the module in the lower 
left corner of the matrix. Note that, in contrast to the 
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(a) (10 

(c) 

Fig. 2—Expansion example. 

previously described orders, add reference does not 
treat all modules alike. 
A few new definitions at this point may help to facili-

tate the discussion. Module accumulators will be re-
ferred to as cells (sometimes one-cells or zero-cells, de-
pending on their contents) when we discuss their con-
tents as parts of an over-all pattern. The arrays of ones 
and zeros contained in the accumulators or in a par-
ticular set of memory elements (say the b-registers) will 
be termed fields. 

Inputs to the matrix can be made in parallel by asso-
ciating an input device (perhaps a photocell) with each 
module. The shift-around order (SA) provides a simple 
method for serially loading and unloading the matrix. A 
single bit is transmitted to the accumulator of the lower 
left module from an external source. At the same time 
the contents of each cell is transmitted to the cell to the 
right (as in the shift right order) except for the right-
most cell of each row, which sends its contents to the 
left-most cell in the row above. The upper right corner 
module transmits to an output register. Thus a new 
pattern can be loaded into the matrix while the old 
contents are simultaneously taken out. 

In certain pattern processing operations it is desirable 
to obtain an output from the master control instead of 
from the network. For example, in a recognition prob-
lem we would want the machine to identify the input 
pattern as a particular member of some alphabet. This 
might be done by means of the conditional transfer or-
der and an order enabling the machine to send out 
pulses on one or more members of a set of output buses. 
We shall not go into further detail regarding input-

output problems, since these questions are intimately 
related to the specific tasks being performed. 
The link and expand orders are used together and re-

quire a somewhat more elaborate explanation due to the 
fact that, unlike the previously described orders, they 
permit the contents of a cell to be directly affected by 
the contents of arbitrarily distant cells. 

Connectivity is an important concept in spatial oper-
ations. For example: Given a particular cell of the 
matrix (called a basis point) we might wish to find all 

(a) 

(c) 

( 

(e) 

Fig. 3—More complex expansions. 

points in a given field connected to that cell through a 
chan of horizontally linked one-cells. This problem is 
illustrated in Fig. 2. Fig. 2(b) shows the location of the 
basis point which is to be expanded horizontally (H) 
over the field shown in Fig. 2(a). The result of this ex-

pansion operation appears in Fig. 2(c). 
To accomplish this with the link-expand orders we 

would write the a-field in the accumulators and give 
the order "link." Then (possibly many steps later) we 
would write the b-field in the accumulators and give the 
order "exp H." The same idea can be used to expand a 
set of basis points over a field. In Fig. 3 we expand Fig. 
3(b) vertically over Fig. 3(a) to obtain Fig. 3(c). 

Expansions along diagonal lines can also be defined 
for either positive or negative slopes (Dp and DN, re-
spectively). The results of a Dp expansion of Fig. 3(b) 
over Fig. 3(a) is shown in Fig. 3(d). 

Expansions simultaneously involving several types of 
connectivity are also possible. For example, we might 
wish to consider two points as being connected if it is 
possible to move from one to the other in single steps 
which are either diagonal with negative slope or vertical 
and which pass through one-cell. Thus Fig. 3(e) shows 
the result of an H, DN expansion of Fig. 3(b) over 
Fig. 3(a). Note that the results of an exp H order fol-
lowed by an exp DN order is not in general the same as 
the result of an exp H, Dy order. 

Subroutines using simpler instructions can be written 
for any expansion, but the importance of this process 
probably justifies the added circuitry required to 
shorten their execution times by a substantial amount. 

SOME SIMPLE PROGRAMS 

Some elementary programs are now presented to il-

lustrate the use of the orders. 
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(a) 

(d) 

o ED 
o o 

Fig. 4—Lo ver left corner point. 

(b) 

(e) 

(g) (h) 

(c) 

(0 

Fig. 5—Detection of lower left corner point. 

Example I: Detecting Lower Left Corners 

Locate all lower left corners in a given field, where a 
lower left corner is defined as a one-cell with one-cells 
both above and to the right, and with zero-cells to the 
left, below and diagonally (lower left) adjacent, as typi-
fied by the circled one in Fig. 4. (In Fig. 4 the unmarked 
cells can contain either zeros or ones.) 

We illustrate the program by referring to Fig. 5, 
where Fig. 5(a) is assumed to be the initial field in the 
accumulators. (From now on unmarked cells in our 
diagrams are understood to be 0-cells.) 

1) st a 
2) add D Result shown in Fig. 5(b). 
3) sR See Fig. 5(c). 
4) in See Fig. 5(d). 
5) st b The field shown in Fig. 5(d) is stored in the 

b-registers. 
6) wr a The original field [Fig. 5(a)] is written into the 

accumulators. 
7) sU See Fig. 5(e). 
8) in See Fig. 5(f). 
9) mpm b The product of fields Fig. 5(d) and Fig. 5(f), 

shown in Fig. 5(g) appears in the b-registers. 
The ones in this result designate those points 
in the original field which are oriented with 
respect to three zeros in the saine manner as 
the circled one in Fig. 4. 

10) wr a Again field [Fig. 5(a)] is written into the ac-
cumulators. 

11) mpy U, R, b The resulting field, shown in Fig. 5(h) has ones 
at the two locations which are lower left 
corners in the original field. 

J 

(a) (b) 

(c) (d) 

Fig. 6—Vertical concavity. 

(a) 

Fig. 7—Characteristic features of vertically concave figures. 

Example 2: Detecting Vertical Concavity 

A figure will be said to be vertically concave if it is 
possible to connect two points on the figure with a 
vertical line which falls outside the figure at some point 
between the given points. Fig. 6(a) and Fig. 6(b) de-
pict vertically concave figures, whereas Fig. 6(c) and 
Fig. 6(d) depict vertically convex figures. 

In this example, a program is presented for selecting 
from an arbitrary field all vertically concave figures. 
Every vertically concave figure has a portion of the 
form of Fig. 7(a) or of Fig. 7(b) (the vertical part might 
be only one unit long) and so the problem can be solved 
by selecting all figures having one or both of these 
features. 

Beginning with the given field in the accumulators, 
the program is as follows: 

1) st a 
2) sR 
3) in 
4) mpy a Locates all left edge points. 
5) link 
6) st b 
7) wr a 
8) mpy L, U 
9) sU 

10) mpy b 

11) exp V 

12) st b 
13) wr a 
14) mpy L, D 
15) sD 

Yields lower inside corner points on left 
edges [see point labelled (10) in Fig. 7(a)]. 
At this point the accumulators contain all 
vertical edges facing left which start from 
inside corner points as described in 10) 
above. 
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(a) 

16) mpy b 

17) st c 
18) wr a 
19-32) 

33) adm c 

34) wr a 
35) link 
36) wr c 
37) exp V, H, D,y, Dp Only vertically concave figures remain in 

the accumulators. 

(h) 
Fig. 8—Line doubling. 

The accumulators now contain upper in-
side corner points on left edges that also 
have lower inside corner points. That is, 
we have found points on all figures having 
the feature described in Fig. 7(a). 

Repeat steps 2-16, interchanging L and 
R in all places so as to obtain points in the 
accumulator corresponding to the feature 
shown in Fig. 7(b). 
In the c-registers we now have at least one 
point on every vertically concave figure. 

Example 3: Line Doubling Program 

The object of this program is to extend every hori-
zontal line of ones to the left, by its own length. Thus, 
if the initial field is as shown in Fig. 8(a), the resulting 
field will be the one in Fig. 8(b). 
The program (one of the few which we have found 

to require a loop) is as follows (the initial field is in the 
accumulators): 

1) st a 
2) sL 
3) adm a 
4) mpy R Eliminates a point from the right end of each line. 
5) trz 7 
6) tr 2 One point has been added to the left end of each line 

in Fig. 8(a). 
7) wr a The desired field is now in the accumulators. 

LOGIC FOR THE DISTRIBUTED COMPUTER 

A logical diagram for a typical module of a computer 
realizing the order structure of Table I is shown in Fig. 
9. Flip-flops are used for the accumulator and for the 
memory registers. (Only three memory registers are 
shown, but it is easy to see how others can be added.) 

Five order leads enter the module from the master 
control. They are add, multiply, add in memory, mul-
tiply in memory, and invert. An additional lead from 
the master control refers to each of the four neighboring 
modules, and there is also a lead corresponding to each 
memory register. 
The instructions, add, mpy, mpm, adm, and invert, 

are given by pulsing the appropriate order lead and the 
desired set of address leads (these may be memory 
register addresses or references to adjacent modules). 
The instructions, write or shift are given by pulsing both 
the add and the mpy leads, and the store order is given 
by pulsing both the adm and the mpm leads. 
Note that with this sytem of logic the mpm and adm 

instructions require no additional logic, and only one 
additional order lead once the store order has been 
mechanized. The mpy and add orders are similarly re-
lated to the write order. 

In order to carry out the link and expand orders, the 
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Fig. 9—Module logic. 
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direct intermodule connections must be supplemented 
by special circuitry which will be termed link circuits. 
These are placed between every adjacent pair of mod-
ules. Fig. 10 shows the eight link circuits connecting a 
particular module to its neighbors. Note that whereas 
diagonally adjacent modules are not connected by di-
rect lines, they are connected through link circuits. 
The logic necessary in the link circuits is shown in 

Fig. 11. When a pulse is applied to the link terminal 
from the central control, the flip-flop will be placed in 
the one-state, if, and only if, ones were present in both 
of the cells connected by the circuit. (This setting re-
mains unchanged until another link order is given.) 
If the flip-flop is in the one-state, then a pulse appear-
ing on the expand V lead (we are considering a vertical 
link circuit) will cause a one appearing at the output of 
either of the accumulators of the linked modules to 
appear at both the input and output terminals of the 
other accumulator. (Strictly speaking, the ones appear 
not at the outputs of the accumulator but at the outputs 
of OR-gates driven by the accumulators.) Ones can thus 
be propagated through the matrix as fast as the logic 
permits since they can pass through modules without 
waiting for the accumulators to be activated. 
The central control unit consists of a random access 

memory, a clock, an order decoder, and some input-
output control circuitry. No significant departures from 
the arrangements used in conventional computers are 

necessary. 
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V= vertical link circuits. 
H = horizontal link circuits. 
Dp =link circuits on positively sloped diagonal. 
DA, =link circuits on negatively sloped diagonal. 

Fig. 10—Arrangement of link circuits. 

CONCLUSIONS 

The spatial computer described here is a versatile 

tool for solving problems in which the data to be manip-
ulated occur in large blocks which are locally corre-
lated. 

In the field of visual pattern detection, a prime 
example of this sort of problem, some powerful tech-
niques have been developed for using this machine. 
These will be reported on at a later date. Other applica-
tions of the spatial computer remain to be explored. 
The logical scheme presented in the preceding sec-

tion for realizing the machine calls for about 170 gate 
inputs and 11 memory elements per module. This in-
cludes the link circuits but not the central control cir-
cuitry, and provides for six memory registers per mod-
ule, a number which has been found adequate for all 
programs written thus far. Since the number of modules 
should be at least of the order of several hundred, this 
adds up to thousands of memory elements and tens of 
thousands of gate inputs in the matrix alone. 
These are alarming figures, and it would probably be 

difficult to find applications that would justify the cost 
involved if individual physical devices had to be em-
ployed for each element. However, it is conceivable 

that arrays of ferromagnetic cores could be used, and, 
furthermore, progress in the components field is such 
that it is reasonable to hope that within a few years we 
may have available manufacturing processes whereby 
entire blocks of logical circuitry could be constructed 
in one unit. Etching, plating, thin film components, 
multi-hole ferrite plates, and other techniques now in 

the development stage may be used to take advantage 
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Fig. 11—Link circuit logic. 
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of the repetitive nature of the modules to sharply re-
duce the cost of the machine. 

While we have specifically discussed a computer 
based on a rectangular matrix of modules using one-bit 
registers, it might be worthwhile to consider other ar-
rangements. Possible variations include matrices in 
three or more dimensions, registers enlarged to handle 
multi-bit words, and polar coordinate arrays. Investi-
gations of such variations have not yet been made and 
would probably occur naturally in conjunction with 
studies concerning applications of the machine. 
A logical next step in the development of this com-

puter would be to simulate it on a general purpose 
machine. Such a simulation (now being programmed 
on an IBM 704 at the Bell Laboratories) would be use-
ful in testing complex programs and exploring possible 
applications. 
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Distribution of Leakage Flux Around a TWT-
Focusing Magnet—A Graphic Analysis* 

M. S. GLASSt, SENIOR MEMBER, IRE 

Summary—Formulas and graphs are presented which describe 
the distribution of leakage flux around a tubular permanent magnet. 
The importance of this information derives from the fact that the 
external leakage flux from the magnets used for straight-field focus-
ing of traveling wave tubes frequently interferes with the operation 
of other equipment in the vicinity. 

It is noted that the decrease in field intensity with increased 
distance from the magnet is approximately exponential over the re-
gion of interest. The attenuation constant in the exponent is a func-
tion of the length-to-diameter ratio of the magnet. This relation is 
derived and reduced to a graph. This graph, and easily constructed 
auxiliary graphs, enable one to insert dimensional information about 
the magnet and to directly read out the relative field strength to be 
expected at various distances from the magnet. 

Illustrations, based upon experience, demonstrate the usefulness 
of the graphs and their applicability to magnets which deviate from 
the tubular shape. 

I. INTRODUCTION 

W
HEN tubular permanent magnets are used for 

straight-field focusing of electron beams, the 

external magnetic leakage flux sometimes inter-

feres with the operation of other equipment in the vicin-

ity. This effect is particularly noticeable in the case of 

traveling wave tubes which employ long electron beams 

and require long focusing fields. In the design of shield-

ing, or in the redesign or relocation of the magnet to 

minimize this interference, it is frequently useful to 

know what will be the distribution of flux around a 

given magnet configuration before the magnet is avail-

able for measurements. 

In an earlier paper' the author has derived design 

equations and reduced them to graphic means for deter-

mining the dimensions of tubular magnets required to 

maintain specified values of field strength on the axis 

for specified gap geometries. Now the derivation is ex-

tended to include formulas for the distribution of ex-

ternal leakage flux when magnet dimensions and field 

strength are known. As in the earlier paper, the derived 

formulas are reduced to graphs so that the magnet de-

signer may obtain the desired information directly from 

the graphs. 

The utility of the graphic means presented in this 

and in the earlier paper is enhanced by the fact that 

optimum design of TWT circuits requires mutual adap-

tation of the electronic and magnetic requirements, and, 

in some cases, of the environmental requirements. Work-

ing out the details of this adaptation becomes very 

* Original manuscript received by the IRE, April 22, 1958; re-
vised manuscript received, July 22, 1958. 
t Bell Telephone Labs., Inc., Murray Hill, N. J. 
M. S. Glass, "Straight field permanent magnets of minimum 

weight for TWT focusing—design and graphic aids in design," PROC. 
IRE. vol. 45, pp. 1100-1105; August, 1957. 

tedious if the effect of various adjustments of magnet 

geometry must be evaluated by individual calculations. 

It is expedited when the characteristics of contemplated 

magnet designs can be evaluated directly by reference 

to the graphs. 

It has been observed that the flux through the me-

dian plane—the perpendicular plane intersecting the 

midpoint of the axis of the straight field permanent 

magnets—decreases with distance from the magnet, 

following very closely an exponential function of that 

distance. If Bo is the flux density at the magnet surface, 

and ro is the radius of the cylindrical magnet, then the 

observed pattern of flux distribution in the median plane 

may be described by the equation 

B = Boea(1-r/re). (1) 

The attenuation constant, a, in the exponent has a de-

rivable relation to the length-to-diameter ratio of the 

magnet. Since in air the field intensity in oersteds (H) is 
equal numerically to the flux density in gauss (B), one 
may also write 

= H oea(1-r/r0) (2) 

and may use the two expressions interchangeably. At the 

median plane the field intensity (Ho) on the surface of 

the magnet is essentially the same as that measured on 

the axis of the magnet. 

The exponential function, which describes the de-

crease of flux density away from the surface of the mag-

net in the median plane, lends itself readily to the de-

rivation of a formula which gives the field strength at 

any point in this plane as a function of the field strength 

and geometry of the magnet. It has been observed that 

the flux distribution outwardly from other parts of the 

magnet surface follows roughly the same pattern as that 

in the median plane. This may be seen in Fig. 1(a) 

which shows the typical distribution of flux density 

around a cylindrical magnet. So the formula which 

evaluates flux density at points in the median plane 

yields approximate values of the flux density at points 

equally distant from other parts of the magnet surface. 

For most purposes the closeness of this approximation 

is entirely adequate. The formula does not apply, of 

course, at points close to sharp corners on the magnet 

material which cause local concentration of flux. 

In Section II the relation between the attenuation 

constant, a, and the length-to-diameter ratio, LID, is 
derived. In Fig. 2 this relation is displayed graphically 

for the range of conditions most likely to be encountered 

in the design of focusing magnets. It is probably evi-
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(a) 

(b) 

Fig. 1—(a) The distribution of field outwardly from the magnet in the 
median plane is quite similar to the distribution in other direc-
tions. (b) Section of tubular magnet. In the derivation this is 
assumed to be the section cut by the median plane. 

dent to the reader that one may select the appropriate 
value of the attenuation constant, a, from Fig. 2 and 
insert it in (1) to solve for the leakage flux density at a 
given distance from the magnet (r —ro), or to solve for 
the distance at which the field is attenuated to a speci-
fied level of flux desnity. 

Repetitive calculations may be expedited, however, 
by the preparation of individual graphs on semi-log co-
ordinates showing the field distribution for the repre-
sentative magnet shapes indicated in Fig. 2. Such a 
graph is shown in Fig. 3 for the case of a tubular magnet 
in which an internal taper is used to obtain uniform dis-
tribution of field along the axis. In the use of this graph 
one may interpolate, if necessary, between the plotted 
values of LID and read out directly the relative field 
strength to be expected at a specified distance. One may 
also ipsert a value of field strength and read out the dis-
tance from the magnet at which this field strength will 
be found. To locate each line on this graph it was neces-
sary only to solve (1) for a convenient point and draw a 
straight line through that point and the (1,1) point. 
This is illustrated in more detail in Section III. 
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Fig. 2—Relation of the attenuation factor a to the length-to-diameter 
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II. DERIVATION OF a, THE 
ATTENUATION CONSTANT 

The relation between the geometry of the magnet and 
the term, a, which appears in (1) and (2) may be estab-
lished as follows: 

1) Integrate the expression for flux distribution to 
find the total external flux through the median 
plane. 

2) From this expression for total external flux derive 
an expression for external permeance. 

3) Equate this expression for permeance to an ex-
pression based on magnet geometry. The resulting 
equation gives an evaluation of a in terms of mag-
net geometry. 

In Fig. 1(b) the area of the annular segment is 27rrdr. 
The flux through the annular segment is, from (1), 

Fluxeg = Boea(ro-r)ir027rrdr. (3) 

The total flux passing through the median plane ex-
ternal to the magnet is obtained by integrating: 

00 

Fluxe. t = 27rBoea f re-arirodr. 
To 

This is an integral of the form: 

eae 
xeazdx = — (ax - 1). 

a2 

So one may write 

00  

Fluxe“ = — 27rBoea [ - e-«riro(ar/ro + 
a 2 

ro2 

ro 

ro2 
2rBo(a ± 1) — • 

a2 

Since Ho and Bo are numerically the same in air, this 

may also be written 

ro' 
Fluxext = 27r110(a -I- 1) — • (4) 

a2 

The external permeance is 

Pext = 

Fluxecrt 2r ro' 
 = — (a + 1) — 
HoL L a 2 

(5) 

In the earlier paper' the external permeance of the cylin-
drical magnet was shown to be 

in which 

ro2 
Pext = 7rF(N) — 

L 

1 - N/47r 
F(N) =  

N/4r 

(6) 

and N/4r is the demagnetizing factor.' Equating the 
two expressions for external permeance gives 

27r ro' ir 
— (a -I-- 1) — = — F(N)r02 

a 2 L 

which reduces to 

2 2 
—  —  - F(N) 0. 
a' a 

For this quadratic equation there is the solution, 

1 -2 + N/4 8F(N) 
— =  

4 

(8) 

(9) 

The positive value of this solution reduces to 

2  
a - (10) 

-1 V1 2F(N) 

The quantity F(N) is a function of the demagnetizing 
factor, N/47, which in turn is a function of the ratio 
LID. So combining (7) and (10) with Bozorth-Chapin' 
data for the demagnetizing factor, one may obtain 
values of a to plot against LID in Fig. 2. 
The first line (a) of Fig. 2 indicates values of a to be 

used for calculating distribution of field strength in 
the median plane of tubular magnets tapered externally 
to provide uniform focusing field along the axis. The ex-
ternal geometry of such magnets is sufficiently close to 
that of the prolate spheroid so that they should have 
nearly the same distribution of external flux. So in solv-
ing (10) for values of a for this line, one uses values of 
demagnetizing factor given by Bozorth and Chapin for 
the prolate spheroid (or, ellipsoid) magnetized along 

its major axis. 
The second line (b) of Fig. 2 indicates values of a to 

be used for calculating distribution of field strength in 
the median plane of tubular magnets tapered internally 
to provide uniform focusing field along the axis. The 
uniform magnetization in these cases may be expected 
to give the same distribution of external field as that of 
a solid rod having very high permeability immersed in 
a magnetic field. For this case one uses the Bozorth-
Chapin values of demagnetizing factor for ti = . 
The third and fourth curves (c) and (d) of Fig. 2 in-

dicate values of a to be used for calculating field strength 
distribution of tubular magnets with uniform cross sec-
tion along their length. In beam-focusing applications 
these are generally magnets which are relatively short 
so that the field distribution on the axis is acceptably 
uniform without taper (for example, the case of a two-
section magnet with a reversal of field between sections). 
To illustrate these cases one may use the Bozorth-

(7) 2 R. M. Bozorth and D. M. Chapin, "Demagnetizing factors of 
rods," J. Ape. Phys., vol. 13, pp. 320-326; May, 1942. 
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(a) 

2 3 r/ro 

(b) 
Fig. 4—(a) This magnet has the outer diameter reduced in steps to 

approximate an external taper. (b) The measured points fall 
closely on the line calculated for a magnet with external taper. 

Chapin data for µ.= 10 and /2=5. This describes the 
field distribution of permanent magnets operating at 
corresponding values of U= B/ —H. These values repre-
sent operating points of certain magnets of high coer-
civity which might be so used. 

7 

III. APPLICATION OF THE GRAPHS 

The usefulness of the graphs has been demonstrated 
by laboratory tests in which field distributions calcu-
culated for existing magnets were checked satisfactorily 
against values of external field strength measured in the 
median plane. Accurate application of the graphs re-
quires that the magnet shape be correctly classified un-
der one of the types described in Fig. 2. The attenua-
tion constant, a, has different values depending upon 
whether the tubular magnet has internal taper, external 
taper, or no taper at all. 

In the following discussion of representative cases 
there is excellent agreement between predicted values 
and measured values of field strength for each magnet 
which unmistakably resembles one of the basic shapes 
treated in the analysis. In some of the magnets selected 
for the tests the basic tubular design has been modified 
substantially to accommodate transverse waveguides 
and to facilitate packaging. Since these irregular shapes 
do not lend themselves readily to analysis, one may treat 
each of them as substantially equivalent to one of the 
shapes which have been analyzed. For example, a mag-
net of square section is treated as equivalent to a cylin-
drical magnet with diameter equal to one of the sides. 

It will be noted in the analysis of Cases 4) and 5) that 
there is some uncertainty in the classification of these 
shapes with respect to the basic shapes. If this uncer-

5.875 

H 

HO 

tr) 
01   4   
t\i 

(a) 

e% 

2 3 r/ 

(b) 

5 6 7 

Fig. 5—(a) This externally tapered magnet has the sides cut away to 
accommodate transverse waveguides. (b) With the magnet so 
modified the measured points still confirm the calculated distribu-
tion. 

tainty is resolved incorrectly, the results will be corre-
spondingly less accurate. However, in general these 
estimates of external field strength do not require a high 
order of accuracy, and thus the exercise of reasonable 
care in selecting the representative shape will result in 
acceptable estimates. 

Case 1) A Tubular Magnet with External Taper 

The magnet selected for this test [Fig. 4(a)] is one in 
which the external diameter was reduced in two steps 
on either side of the median plane providing a reason-
able approximation of a tubular magnet with external 
taper. This shape gives a nearly uniform distribution 
of field along the axis. The LID ratio for this magnet is 
3.48. From Fig. 2, the corresponding value of a is 0.57 
for a magnet with external taper. 
One may now substitute the indicated value of a in 

(1) and solve for B/Bo at some convenient value of nro. 
One may then plot this solution on semi-log paper and 
draw a straight line through this point and the (1,1) 
point. This gives the field distribution to be expected in 
the median plane of the magnet [Fig. 4(b)]. It will be 
noted that the measured points fall quite closely on the 
calculated line. 

Case 2) A Tubular Magnet with External Taper, Modified 
for Transverse Wave Guides 

The magnet used in this test [Fig. 5(a)] consists of 
two tapered pieces symmetrically placed with respect to 
the axis. In this arrangement they appear to be parts of 
a tubular magnet with externally tapered ends but with 
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Fig. 6—(a) This pair of magnets is treated as a nontapered tubular 
magnet. (b) The measured points check well with the calculated 
curve. 

portions of the wall removed to provide clearance for 
transverse waveguides. For purposes of graphic analysis 
one treats it simply as a tubular magnet with external 
taper. The LID ratio is 1.99 and the corresponding 
value of a is 0.92 for magnets with external taper. Solv-
ing (1) for this value of a, one obtains the distribution 

characteristic shown in Fig. 5(b). The measured points 
again fall quite closely on the line, confirming the anal-
ysis for this magnet shape. 

Case 3) A Short Tubular Magnet with No Taper 

The magnet selected for this test was a short one 
comprising two sections symmetrically disposed with 
respect to a common axis, and with spacing between 
to provide clearance for waveguides [Fig. 6(a)]. One 
reasons that this arrangement should be classified as a 
tubular magnet without taper. Measurements of field 

strength were made along a line perpendicular to the 
center of one of the large flat faces. In the analysis this 
magnet was treated as a tubular magnet with diameter 
equal to the spacing between the large flat faces. 
The effective ratio of LID is seen to be 1.16. The cor-

responding value of a is 1.07 from Fig. 2 (the operating 
point is U5). Again one substitutes this value of a in 
(1) to obtain a point to plot. A line through this point 
and the (1,1) point is shown in Fig. 6(b). The measured 
points fall quite closely on the calculated line. 

Case 4) A Magnet of Irregular Shape 

This magnet is an assembly of two bar magnets with 
median protuberances which act as separators so that 
the two portions are symmetrically placed with respect 
to the axis, [Fig. 7(a)]. The material removed on either 
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Fig. 7—(a) This irregularly shaped magnet has material removed 
internally to accommodate waveguides. The small external taper 
does not appreciably affect the distribution. (b) The measured 
points fall close to the line calculated for internal taper. 
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(b) 

Fig. 8—(a) The irregularity of profile makes it uncertain whether 
to treat this magnet as having internal taper or external taper. 
The measurements indicate that either assumed distribution 
would generally give an acceptable approximation. (b) The 
measured points fall between the two calculated lines. 

side of the median protuberances to provide clearance 
for transverse waveguides is equivalent to a substantial 
internal taper. There is also a small external taper at the 
ends. The LID ratio is 1.33. For assumed internal taper, 
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a is 1.07.3 It is seen in Fig. 7(b) that the measured re-
sults fall close to the line for a= 1.07. So one finds in this 
case that the small external taper has negligible effect 
on field distribution. 

Case 5) An Irregular Tubular Magnet 

The magnet shown in Fig. 8(a) is essentially tubular 
but somewhat irregular in shape. Clearance provided 
for transverse waveguides is equivalent to a substantial 

4). 
3 It is merely coincidence that « has the same value in Cases 3) and 

internal taper. There is also external taper at the ends. 
The LID ratio is 2.56. For assumed external taper, a 
is 0.74. For assumed internal taper, a is 0.6. Solving (1) 
for these values, one finds the two distribution charac-
teristics shown in Fig. 8(b). The measured points fall 
between the two lines. The approximation represented 
by either assumed distribution would probably be ac-
ceptable in most cases. 
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A Low-Noise Electron-Beam Para-

metric Amplifier* 

Several electron tubes employing fast-
wave parametric amplification have been 
built and tested. These tubes are designed 
to operate in the 500 mc region. They ex-
hibit a number of unusual properties. Noise 
temperatures in the liquid nitrogen range 
have been measured. The tubes are com-
pletely unilateral and unconditionally stable. 
The present tubes have bandwidths of about 
10 per cent. Inherently such tubes are 
capable of much greater bandwidth since 
the amplifying process appears not to limit 
the bandwidth at all. The bandwidth for a 
given tube is determined substantially by its 
input and output couplers. 

The principles of operation include con-
cepts explained in a previous letter' which 
reported on a suggestion made earlier, that 
low noise figures might be obtained by 
parametrically amplifying the fast wave on 
an electron beam. A device of this kind is 
shown diagrammatically in Fig. 1. The letter 

S,NAt. F,AFP rue, Suela, 0,e, 

FAST WAVE STA.,. FOR PARAMETRIC I I FAST WAVE 

ELECTRON BEAM  

OUTPUT COUPLER 

.>• 

Fig. 1—Diagram of a fast-wave parametric amplifier. 

further proposed the use of Cuccia electron 
couplers2 for coupling the signal input and 
output circuits to a fast wave of the type 
which involves transverse electron motion 
in a uniform magnetic field; pumping by 
means of a nonhomogeneous transverse 
field was also suggested. In the present letter 

* Received by the IRE. July 28. 1958. Presented 
at the Conference on Electron Tube Research. Quebec, 
Can., June. 1958. 

1 R. Adler. "Parametric amplification of the fast 
electron wave," PROC. IRE. vol. 46. pp. 1300-1301; 
June, 1958. 

C. L. Cuccia, "The electron coupler," RCA Rev., 
vol. 10, pp. 270-303; June. 1949. 

we report the results of work in continuation 
of those ideas. We describe a new electrode 
structure which provides efficient parametric 
amplification for this type of fast wave, and 
report experimental data. 

In this type of tube, an electron gun pro-
duces a beam which flows parallel to the flux 
lines of a uniform magnetic field. The mag-
netic field intensity is so chosen that the 
cyclotron frequency is approximately equal 
to the frequency of the signal to be ampli-
fied. The input and output couplers are of 
the Cuccia type, described in detail in the 
papers mentioned above.'.2 Parametric am-
plification is accomplished by a quadrupole 
electrode structure to which is applied a 
pumping signal whose frequency is twice 
the cyclotron frequency. The tube derives 
its name from this structure and is called a 
quadrupole amplifier. 

The input electron coupler serves two 
important functions. It extracts the fast 
wave component of the beam noise while 
simultaneously creating a new fast wave in 
accordance with the signal. Ideally, if we 
start with a signal on the input coupler and 
fast-wave noise on the beam, as the beam 
flows through the coupler the signal is com-
pletely transferred to the beam and the noise 
is completely stripped from it. In none of 
our tubes as yet has the transfer process 
been made to work perfectly. The degree 
to which it can be made to work plays an 
important part in determining the noise 
figure of the tube. 

If there were only a drift region between 
the input and output couplers, all electrons 
in traversing that region would follow helical 
paths of constant radius. The purpose of the 
quadrupole structure is to provide means for 
increasing the radii of the helical paths. The 
factor by which the radii are increased is a 
measure of the gain of the tube. 

The quadrupole structure and how it is 
pumped is illustrated in Fig. 2, which shows 
a cross section representing the electrode 
configuration. Assume that the beam flow 

is into the paper and that the sense of the 
helical electron motion is clockwise. The 
polarities indicated in the figure correspond 
to an instant when the top and bottom elec-
trodes are positive and when the left and 
right electrodes are negative. The horizontal 
and vertical arrows show the forces exerted 
upon electrons in the four corresponding re-
gions. We see that the electron on the top 
left, shown solid, encounters a force which 
accelerates it along its clockwise path. The 
other electron, shown on the top right as an 
empty circle, is subjected to a force which 
decelerates its orbital motion. Note that 
there is no field at all at the center and that 
the field intensity increases linearly with 
distance from the center. Thus the forces 
exerted upon an orbiting electron are pro-
portional to the radius of the circle in which 
it moves, so that the radius must increase 
or decrease exponentially. 

Fig. 2—Cross section of the quadrupole pumping 
structure illustrating the forces exerted upon elec-
trons (arrows), and the equipotential planes 
(dashed lines). 

The circle in which an electron moves 
would be very small with a weak signal. One 
might wonder what happens when the circle 
is off-center. Analysis shows that this does 
not matter; the exponential increase or de-
crease of the radius depends only on how 
nonhomogeneous the electric field is. 
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The rate of growth for the two extreme 
cases of best and worst phase (correspond-
ing, respectively, to the accelerated and de-
celerated electrons of Fig. 2) is given by 

p = poe±(kIB)i 

where 

p = radius of helical electron path 

B = magnetic flux density 

14/(0 )2 ( a)2 air 
k= -2- — --

ay ax 

V = electric potential in the quadrupole region 

Fig. 3 shows the curved surfaces gen-
erated by the motion of electrons with best 
and worst phase. Both enter from the left 
along the same cylindrical surface; one 
radius becomes very large and the other 
negligibly small. 

- • 

- 

• •- - - _ _ _ _1 

Fig. 3—Surfaces generated by the motion of electrons 
with best and worst phase for amplification. 

BEDIMNINO OF 
QUADRUPOLE «Two« 
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Fig. 4—Electron path radius as a function of 
distance for a particular instant of time. 

For an input signal which is accurately 
synchronized with one-half the pump fre-
quency, a specific phase condition will be 
maintained, for instance that of maximum 
gain. If the signal frequency is then changed 
slightly, conditions of maximum gain and 
maximum loss occur alternately. This is 
shown in Fig. 4. On the average, the result-
ing output signal is larger than the input sig-
nal because the exponential growth always 
outweighs the exponential drop. The output 
signal contains a beat with round tops and 
sharply pointed dips; it consists of two sine 
wave components, one at the signal fre-
quency, the other at the familiar idler fre-
quency, the difference between pump and 
signal frequencies. For unity input signal 
amplitude, the amplitudes of the two com-
ponents are, respectively, cosh (k/B)t and 
sinh (k/B)t. When the gain is made large, 
both components approach 4 exp (k1B)t. 

Note that we obtained this wave form by 
altering the signal frequency. The pump fre-
quency and the magnetic field were not 
changed. Gain resulted from averaging over 
many electrons entering with every possible 
phase. This mechanism remains the same re-
gardless of signal frequency. Thus the am-

plifying process does not limit the bandwidth 
at all. By using different couplers, we may 
produce fast or slow electron waves at any 
signal frequency; the individual electrons 
which make up these waves must still orbit 
at the cyclotron frequency and we can am-
plify their motion by pumping at twice that 
frequency. The bandwidth of the tube is 
therefore determined only by the couplers. 

Fig. 5 illustrates the tubes with which we 
have made our most interesting experiments. 
For these, the signal frequency is about half 
the pump frequency. The figure shows the 
three main sections schematically. Input 
and output couplers are tuned by built-in 
coils. The quadrupole structure is tuned by 
four coils and is strapped to insure operation 
in a ir mode. 

INPUT 

560 MC !ES WC 

QUADRUPOLE OUTPUT 

/ PUMP 
120 MC 

Fig. 5—Schematic diagram of the experimental 
quadrupole amplifier. 

A very low beam voltage is used in order 
to get a reasonable number of cyclotron or-
bits in a short tube. At six volts there are 
four orbits per centimeter for the magnetic 
field of 200 gauss. The pencil beam is emitted 
from a cathode surface of very small diam-
eter and is focused so as to approximate 
Brillouin flow. The beam carries 35 micro-
amperes with a current density correspond-
ing to about 60 per cent of the theoretical 
value for Brillouin flow. The quadrupole 
section is one centimeter long. The gain de-
pends upon how hard we pump. It is easy 
to get more than 20 db gain with a few milli-
watts of pump power. At first thought a gain 
of 20 db per cm may seem high, but it should 
be noted that the beam flows in only one 
direction and there is no other link between 
input and output; therefore, the tube is un-
conditionally stable. 

The best reliable noise figure measure-
ment so far was made on our most recent 
tube. The noise figure was 1.3 db, of which 
about 0.4 db represented input coupler loss. 
The noise figure was measured with a broad-
band noise source which excited both signal 
and idler. To obtain this performance it was 
essential to match accurately at the input 
for both signal and idler frequencies. 

Why is the noise figure not zero db? The 
excess noise appears to come from beam ir-
regularities, secondary electrons and other 
not very fundamental phenomena. The first 
tube tested had a noise figure of about 3 db. 
The latest tube, in which more care had been 
taken in the electron gun to minimize beam 
irregularities, has the much lower noise figure 
cited above. Probably this is not the best 
that can be done. 

R. ADLER 
G. HRBEK 

Research Dept. 
Zenith Radio Corp. 

Chicago 39, Ill. 
G. WADE 

Electronics Lab. 
Stanford Univ. 
Stanford, Calif. 

A Proposed Technique for the Im-

provement off Range Determination 

with Noise Radar* 

In a recent communication,' Bourret 
describes a method by which he proposes to 
improve the range accuracy of a radar. 
This is to be accomplished in general (al-
though Bourret considers only a special 
case) by choosing a transmitted signal which 
has an autocorrelation function, some deriva-
tive of which, say the mth, has a delta func-
tion at the origin and nowhere else. Then, 
as Bourret shows in his special case, a delta 
function will appear in the signal compo-
nent of the cross correlation function of the 
mth derivative of the transmitted signal 
and the receiver input waveform, at a delay 
corresponding to the true target range. The 
implication is that, because of the appear-
ance of this delta function, the target range 
can be ascertained with any degree of ac-
curacy required. 

The value of this scheme becomes suspect 
immediately when one considers the follow-
ing simple heuristic argument. As Bourret 
notes, when white noise is present, all range 
information is contained in the cross 
correlation function of the undifferentiated 
transmitted signal and the receiver input 
waveform, and this information is insuffi-
cient to give range unequivocally. Therefore 
one should not expect to find a method 
which will eliminate this inherent equivoca-
tion in range. The fallacy of Bourret's argu-
ment lies in his failure to consider the effect 
of his processing scheme on the noise com-
ponent of the received waveform. It is the 
purpose of this comment to show that the 
presence of a delta function in the processed 
signal component, as required by Bourret, 
implies that the processed noise component 
will have an infinite average power which 
will effectively obscure the position of the 
signal component delta-function peak. 

We denote the transmitted (finite-ener-
gy) waveform by f(t). Its autocorrelation 
function is 

R(r) = f f(t)f(t — r)dt (1) 

where the integration is over all regions of 
nonzero integrand. The mth derivative of 
R with respect to r is 

R(m)(r) = (-1)" f f(t)f("0(1 — r)dt. (2) 

\Ve postulate that there is some smallest 
value of m, say mi, for which there is a delta 
function in R(")(r) at r =- 0 and nowhere 
else. [An f(t) which has a spectrum which 
is a rational function of frequency will satis-
fy this postulate.] Using the fact that R is an 
even function of r, it is easily shown that 
mi must be even. 

We assume a received waveform of the 
form f(t—ro)-Fn(t) where ro is the true 
target delay and n(I) is a stationary, white 
noise waveform with (double-ended) spec-
tral density N0/2 (watts/cps). Following 
Bourret, we crosscorrelate this received 

* Received by the IRE, December 23, 1957; re-
vised manuscript received. April 19, 1958. 
I R. Bourre, *A proposed technique for the im-

provement of range determination with noise radar," 
PROC. IRE, vol. 45, p. 1744; December, 1957. 
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waveform with the mith derivative of the 
transmitted signal: 

C(r) = f [f(t - ro) n(t)jf(m1)(1 - r)dt 

= (-1)milemo(r - ro) 

fn(l)f("i)(1 - r)dt. (3) 

The signal component of C(r), that is, 
R(,̂1)(7- -ro), has a delta function at r =ro. 
The average power of the noise component 
of C(r) is given by 

N„,, =[ f n(l)f'"1)(1 - r)dt] 2 

(4) 
= f f n(i)n(s)f(m1)(t-r)f(..1)(s-r)dsdl. 

From the assumption that the noise is 
white and stationary, it follows that 

  No 
n(t)n(s) = -2 8(1 - s), (5) 

so (4) becomes 

No , 
Noo = -2 f If (mi)(/ - r)12di 

No 

2 

By invoking the properties of singularity 
functions2 and the fact that m, is even, it can 
be shown that since R(")(0) is infinite, 
then R(2^.1)(0) is also infinite. Thus, the 
average noise power, as well as the peak 
signal power, is infinite. 
A further insight is gained by looking 

at the problem from the linear filtering, 
rather than the correlation, point of view. 
One may interpret the first equality in (3) 
as giving C(7) as the output of a linear 
filter whose impulse response is fcmi)( -I) 
and whose input is the received waveform. 
If the Fourier transform of f(t) is F(s), 
where s is in cps, then the transfer function 
of this filter is (-j2rOmiF*(v), where the 
asterisk denotes "complex conjugate." Now, 
the voltage-density spectrum of the signal 
component at the filter input is F(v)e-12'0; 
thus the signal component at the filter out-
put has the spectrum 

(- j2nv)=11 F(012 ,-,27m. 

This latter spectrum is of course the Fourier 
transform of ( -1)"iR(m)(r -ro), the signal 
component of (3), and because of the delta 
function in this signal component at r To, 
we have the following limit: 

lim (-j2rOmi I F(v)12 = A (7) 

where A is some real constant. Further, we 
see that the noise power-density spectrum 
at the filter output is 

No 
(2irv)2 il F(p)I2 

2 

(6) 

and it follows from (7) that as I -, 00 

No A No 
(2m,)2,ni I F(v) 12 - --4 (j2irv)mi. (8) 

2 2 

2 E. A. Guillemin, "Mathematics of Circuit Analy-
sis," John Wiley and Sons, Inc., New York, N. Y.. pp. 
531-547; 1949. 

Note from (7) and (8) the significant differ-
ence in the behavior of the filter output sig-
nal and noise spectra for large Id: the 
former spectrum approaches a finite con-
stant, while the latter becomes indefinitely 
large. 

Now, the height of the peak at r =ro of 
the signal component of the filter output 
is the area under the output-signal (voltage-
density) spectrum with the delay factor 
removed; also, the average output noise 
power is the area under the output noise 
power-density spectrum. We may reasona-
bly take the ratio of the square of the first 
area to the second area (i.e., the peak-signal 
to noise power ratio) as a measure of the 
ability to determine the position of the 
signal peak in the noise background. By 
evaluating this ratio first with finite limits, 
+ à, on the area integrals, and then letting 
A--> co in the resulting expression, one can 
easily show, using (7) and (8) and the fact 
that m1 is even, that the peak signal to noise 
ratio at the output of Bourret's device is 
zero. Thue, the signal peak will not "stand 
out" and mark the true range unequivocally 
as Bourret implies; the noise will mask the 
signal peak. 

It is well known, in fact, that the linear 
filter which maximizes the peak signal to 
noise power ratio (and, it would seem, the 
range accuracy) is a matched filter, i.e., one 
whose impulse response is just f(-t).3 [Note 
from (3) with mi =0 that the signal com-
ponent of the matched-filter output is just 
R(r - ro), which is what is required in the 
Woodward-Davies theory.1 The transfer 
function of the matched filter is F* (v), the 
conjugate of the signal spectrum. We see 
from (7), on the other hand, that the trans-
fer function of Bourret's filter is asymptoti-
cally the inverse (i.e., the reciprocal) of the 
signal spectrum, which is very far from 
optimum. 

G. L. TURIN 
Hughes Research Labs. 

Culver City, Calif. 

J. H. Van Vleck and D. Middleton, "A theoretical 
comparison of the visual, aural and meter reception of 
pulsed signals in the presence of noise," J. Appi. 
Phys., vol. 17, pp. 940-971; November, 1946. 

P. M. Woodward, "Probability and Information 
Theory, with Applications to Radar," McGraw-Hill 
Book Co., Inc., New York. N. Y.; 1953. 

WWV Standard Frequency Trans-
missions* 

Since October 9, 1957, the National Bu-
reau of Standards radio stations WWV and 
WWVH have been maintained as constant 
as possible with respect to atomic frequency 
standards maintained and operated by the 
Boulder Laboratories, National Bureau of 
Standards. On October 9, 1957, the USA 
Frequency Standard was 1.4 parts in 102 
high with respect to the frequency derived 
from the UT 2 second (provisional value) as 
determined by the U. S. Naval Observatory. 
The atomic frequency standards remain con-

* Received by the IRE, August 15,1958. 

stant and are known to be constant to 1 
part in 109 or better. The broadcast fre-
quency can be further corrected with respect 
to the USA Frequency Standard as indicated 
in the table below. This correction is not 
with respect to the current value of fre-
quency based on UT 2. A minus sign indi-
cates that the broadcast frequency was low. 

The WWV and WWVH time signals are 
synchronized; however, they may gradually 
depart from UT 2 (mean solar time cor-
rected for polar variation and annual fluc-
tuation in the rotation of the earth). Correc-
tions are determined and published by the 
U. S. Naval Observatory. 
WWV and WWVH time signals are 

maintained in close agreement with UT 2 by 
making step adjustments in time of precisely 
plus or minus 20 msec on Wednesdays at 
1900 UT when necessary; step adjustments 
were made at WWV and WWVH on July 2 
and July 16, 1958. 

WWV FREQUENCYt 

July, 
1958 

1500 UT 
Parts in 10, 

1 
2 
3 
4 

6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 

-3.3 
-3.3 
-3.4 
-3.3 
-3.3 
-3.3 
-3.2 
-3.3 
-3.3 
-3.3 
-3.3 
-3.4 
-3.4 
-3.5 
-3.5 
-3.6 
-3.5 
-3.5 
-3.5 
-3.5 
-3.4 
-3.4 
-3.3 
-3.3 
-3.2 
-3.2 
-3.2 
-3.2 
-3.1 
-3.1 
-3.0 

t WWVH frequency is synchronized with that of 
WWV. 

W. D. GEORGE 
Radio Standards Lab. 

Natl. Bur. of Standards 
Boulder, Colo. 

A Further Note on Differentiability 
of Autocorrelation Functions* 

Naturally I was quite interested in 
Beutler's recent note' on this subject; ap-
parently it was prompted by some of my 
previous remarks.2 However, Beutler and 

* Received by the IRE, January 27,1958. 
I F. J. Beutler, PROC. IRE, vol. 45, p. 1740; De-

cember, 1957. 
I D. G. Brennan, "Smooth random functions need 

not have smooth correlation functions," PROC. IRE, 
vol. 45, pp. 1016-1017; July, 1957. 
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I were talking about somewhat different 
things, differing to a greater extent than 
Beutler may have realized, and certain com-
ments and questions I have received indi-
cate that it may be desirable to clarify this 
difference. Equations below will be num-
bered from (8) onwards, and (1)—(7) will 
refer to those in the original note." 

To begin with, Beutler says' that I gave 
". . . conditions under which an autocorrela-
tion function of a stationary process is dif-
ferentiable at the origin." I should like to 
emphasize that "stationary process" is 
Beutler's language, not mine. Beutler was 
thinking in terms of the stochastic processes 
studied by mathematicians; however, there 
is not the faintest hint or suggestion of such 
ensembles to be found anywhere in the de-
velopment of the previous note. Indeed, the 
preliminary manuscript (which was not 
without misleading language of its own) ex-
plicitly included the sentence: "We are not 
concerned with probability-theoretic results 
on ensembles, whether ergodic or not." In 
the interests of space this sentence was 
omitted from the version submitted for pub-
lication. However, I am sorry if this particu-
lar deletion misled anyone. The note" was 
concerned only with those ordinary (real-
valued, measurable) functions of a real 
variable for which the limits (1) and (2) exist, 
and are otherwise arbitrary, except for the 
conditions explicitly imposed as needed. The 
word "stationary" was used nowhere; indeed, 
I do not even know what "stationary" really 
means for such functions. 

The reason for this avoidance of en-
sembles in the original note" is that in phys-
ical applications such as Fig. 1 of the same 
note, the behavior of the autocorrelation 
function, and hence any physical datum de-
rived therefrom, depends only on the par-
ticular function from which it is computed 
and not on some imaginary ensemble of sam-
ple functions. As I have observed on other 
occasions concerning one such application, 
we have only one ionosphere, not a basketful 
of them. This is not to suggest that all physi-
cal applications are of this type, but many 
turn out this way when closely studied. The 
analytical point of view employed in the 
note is essentially that of footnote 3 in the 
same note; this should be read by anyone 
who is under the impression that autocorre-
lation functions are necessarily related to 
ensembles. There is a long record of applica-
tions to physics and engineering from essen-
tially this point of view, going back at least 
to 1920, when Taylor" wrote a classical 
paper that stimulated much of the subse-
quent work of this type, but which also con-
tributed somewhat (through no fault of 
Taylor's) to the "folk theorem" mentioned 
in the original note. (This last remark does 
not in any way minimize the considerable 
importance of Taylor's results, but certain 
of these require more stringent conditions 
for their validity than has sometimes been 
thought.) Apart from certain differences in 
the formal definitions involved, I suspect 
that the note by Bourret" in the same issue 

G. I. Taylor, "Diffusion by continuous move-
ments," Proc. M ath. Soc. (London), series 2, vol. 20, 
pp. 196-212; 1921-1922. 

Richard Bourret, "A proposed technique for the 
improvement of range determination with noise 
radar," PROC. IRE, vol. 45, p. 1744; December, 1957. 

as Beutler's note' also represents essentially 
this view; at least, I do not know how to 
construct a radar transmitter that transmits 
an infinite ensemble of distinct functions. 

Returning to Beutler's note,' the last 
paragraph of this suggests that his sentence 
"differentiability . . . is assured under con-
ditions much weaker than the above" should 
have read "... weaker than 2) and 3) 
above," or something similar. However, it is 
also possible to formulate 1) in terms of a 
Lipschitz condition in quadratic mean. 
Furthermore, all three conditions may be 
stated in terms of mean-square "time" aver-
ages (or "space" averages); there is no need 
to introduce the ensemble averages or the 
ergodic hypothesis used by Beutler. We 
again use ( ) as in the original note," and 
let us say that fin satisfies a mean-square 
Lipschitz condition of order p if there is a 
number At such that for i r I < I, 

± f(1)]2)) 1" ≤ I. I PM. (8) 

We say that f(1) is mean-square differentia-
ble if there is a function f.'(t) such that 

Lim /pi+ — f(t) 12) .1;'(0j = 0- (9) 
\ L 

Then "uniform" and "uniformly" in the 
conditions 1)-3) of the first note may be re-
placed throughout by "mean-square." The 
proofs follow from (6) and (7) exactly as be-
fore. 

The reason why I did not state these 
mean-square conditions explicitly in the first 
note was that I did not think they were 
particularly meaningful with respect to engi-
neering and physics. For myself, at any rate, 
I do not have much feeling for what a func-
tion with a mean-square derivative f.' 
"looks" like. It is not particularly a problem 
to state arbitrarily sharp "conditions," if one 
is not fussy about how meaningful they are; 
e.g., the condition: p'(0) exists if and only if 

([f(t r) — f (OP) = o(r) (10) 

[this is a trivial consequence of (6) and evi-
dently cannot be sharpened at all]. One of 
the objectives in the original paper was to 
state "local" conditions (analogous to con-
tinuity) which, when "globally" applied, 
would be sufficient to guarantee the existence 
of p'(0). As was essentially indicated in the 
first note, the conditions 2) and 3) were not 
completely satisfactory in this respect, but 
it is my feeling that they are more illuminat-
ing for engineering purposes than the mean-
square conditions above. It was quite clear 
from (6) and (7) that the uniformity require-
ments could be relaxed in various directions; 
however, it is less clear that (8) and (9) are 
appropriate directions for the purposes of 
the present journal. 

These observations are not intended to 
suggest that the facts quoted by Beutler are 
of no mathematical interest; any mathema-
tician, including the present writer, would 
agree that they are of such interest. 

D. G. BRENNAN 
Dept. of Mathematics 

Mass. Inst. Tech. 
Cambridge 39, Mass. 

Author's Comments' 

This writer regrets the apparent misun-
derstanding arising from the notes of Bren-
nan"." and the undersigned.' It is hoped that 
the following remarks will help to clarify 
matters. 

The autocorrelation function defined by 
Brennan's (1) differs from the definitions 
customarily used.7.8 The two definitions 
coincide when (and only when) the random 
process in question is stationary and ergodic. 
It is now evident that this divergence of 
meanings is responsible for the discrepancies 
in the results of Brennan and the under-
signed. 

We recall that the textbook definition of 
the autocorrelation is given as follows:' let 
P(xi, ti; x2, /2)dxidx2 be the probability that 
f(1) lies between xi and xi -1-deci at time ti, and 
between x2 and ch±dx2 at time h. Then the 
autocorrelation r(li, 12) is 

r(ti, t2) 
00 CC f 11; x2, 12) dridx2 . (11) 

If p depends only on the difference between 
ti and ts, we call the process stationary, and 
write the correlation r(r) in terms of the 
single variable r =h —h. Finally, the process 
is ergodic if time and ensemble averages are 
equal, that is 

f(r) = liM 
1 f +T 

_r f(t r)f(t)dt. (12) 

It is the latter form which Brennan calls 
p(r) and defines as autocorrelation for all 
processes, stationary and ergodic or not. 

Brennan's function p(r) possesses prop-
erties considerably different from those of 
the usual autocorrelation. For example, let 
f(t) be a (nonstationary) process which be-
comes zero or approaches zero for large I ti . 
Then p(r) =0 for every r. 

On the other hand, the p(r) of a Brownian 
motion" or diffusion process diverges to in-
finity for every r. The differentiability prop-
erties of p(r) also differ from those of the 
autocorrelation function; in particular, an 
autocorrelation function need not be dif-
ferentiable when Brennan's (4), (8), and (10) 
are satisfied."." 

Finally, the undersigned wishes to com-
ment on Brennan's inference" that ensemble 
properties are not appropriate when a proc-
ess has only a limited number of realizations. 
Since we cannot know in advance which 
realization will occur, all possible ensemble 
members must be taken into account in 

Received by the IRE, February 7, 1958. 
D. G. Brennan, "A further note on differentiabil 

ity of autocorrelation functions," this issue, p. 1758. 
Laning and Battin, "Random Processes in Auto-

matic Control," McGraw-Hill Book Co., Inc., New 
York, N. Y., pp. 96-99; 1956. 
*II. S. Tsien, "Engineering Cybernetics," Mc-

Graw-Hill Book Co., Inc., New York, N. Y., pp. 
113-114; 1954. 

If we start with f(0) =0, both time and ensemble 
averages of f(1),f(t+r) are given asymptotically by 
min (1. 1+r). Substituting this expression into (2) 
yields the stated result. For a description of the 
Brownian motion and diffusion processes, see M. C. 
Wang and G. E. Uhlenbeck, "On the theory of the 
Brownian motion," Phys. Rev., vol. 36, pp. 823-841; 
September, 1930. The same results are achieved rigor-
ously by J. L. Doob in "The Brownian movement 
and stochastic equations," Ann. M ath., vol. 43, pp. 
351-369; April. 1942. 
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specifying or predicting average character-
istics. Both theoretical and practical impli-
cations are involved in this statement. In 
the first place, the evolution of the theory 
of stochastic processes'° has been concerned 
with ensembles almost exclusively; hence, the 
engineer has available a large body of theory 
when he deals with random phenomena from 
an ensemble viewpoint. On the practical 
side, a sequence or ensemble of experiments 
is often used to predict and specify future 
average performance. For example, a num-
ber of missiles are launched to determine the 
distribution of target misses; a series (en-
semble) of gyro drift tests are conducted to 
predict system behavior when such a gyro 
is used; a radar tracking experiment is per-
formed again and again, possibly under 
widely varying weather conditions. The 
latter example illustrates a particular point 
of interest; a radar tracking performance 
time average obtained in one type of 
weather is not representative if all types of 
weather are to be considered. That is, the 
ensemble average rather than the time aver-
age must be used if results are to be mean-
ingful." 

FREDERICK J. BEUTLER 

Dept. Aeronautical Engineering 
University of Michigan, 

Ann Arbor, Mich. 

10 The most complete and rigorous exposition of 
the theory is given by J. L. Doob, "Stochastic Proc-
esses," John Wiley and Sons, Inc., New York, N. Y.: 
1953. 

0 If each day's radar tracking trial is thought of as 
a separate realization in the ensemble, the process 
(consisting of all members of the ensemble) is non-
ergodic. 

Letter from Mr. Brennan's 

I am afraid that some of the remarks in 
Beutler's letter cannot pass unnoticed. I 
have shown this correspondence to one of 
my colleagues who is much better qualified 
than I to comment on certain aspects of 
Beutler's letter, and who has kindly set 
forth some of his comments in an accom-
panying note. The nature and extent of his 
qualifications can be partially estimated 
from the fact that the "Brownian motion" 
process as studied by Doob, to which 
Beutler refers, is quite generally known in 
the contemporary mathematical literature 
of the subject as the Wiener process. Some 
examples,"-'7 are given here. 
I should also like to comment on three 

specific points. First, I have not surveyed 
the whole of the literature of mathematics, 
engineering, and physics, and so I should be 
reluctant to say that "autocorrelation func-

Received by the IRE. February 24, 1958. 
Ul R. H. Cameron and W. T. Martin, "Trans-

formations of Wiener integrals under a general class 
of linear transformations,» Trans. Amer. Math. Soc., 
vol. 58, pp. 184-219; 1945. 
o M. Kac, 'On the average of a certain Wiener 

functional and a related limit theorem in calculus 
of probability," Trans. Amer. Math. Soc., vol. 59, 
pp. 40I-414,• 1946. 

ii S. Bochner, "Harmonic Analysis and the Theory 
of Probability," University of California Press, 
Berkeley and Los Angeles, Calif.; 1955. 

111 G. Baxter, "Wiener process distributions of the 
'arcsine law' type," Proc. Amer. Math. Soc., vol. 7, 
pp. 738-741; August, 1956. 

17 F. Kozin, "A limit theorem for processes with 
stationary independent increments," Proc. Amer. 
Math. Soc.. vol. 8, pp. 960-963; October, 1957. 

tion" is not the term customarily used for 
Beutler's function r(11, ts). I do know, how-
ever, that this function, or essentially this 
function, is often called a covariance func-
tion. For example, it is so designated in the 
book by Doob cited in Beutler's note above, 
and also in the book by Loève cited in 
Beutler's note of last December. This fact 
must be known to Beutler, as the results 
he quoted from Loève in his December note 
are stated by Loève in the "covariance" 
terminology. Beutler had to choose the 
source of his "textbook definition" with some 
care. Also, his December note includes the 
sentence: "The autocorrelation p(r) of f is 
defined in terms of this time average," and 
the relation of this sentence to his present 
discussion is not entirely clear. It is true 
that some writers use the term "autocorrela-
tion" for either type of function; this fact 
is to be regretted, if for no other reason than 
that it may be partly responsible for the pres-
ent tempest in a teapot. In any event, the 
definition I used: 1) was the appropriate 
definition for the problems to which the note 
was addressed, and 2) was stated as plainly 
as could possibly be imagined in the very 
first sentence of the note. In what follows, 
I shall speak of Beutler's r(r) as a covari-
ance function and my p(r) as a correlation 
function. 

Second, Beutler states (charitably under-
stood) that a covariance function need not 
be differentiable when my (4), (8), and (10) 
are satisfied. Now, one is often interested in 
problems involving the correlation function 
p(r) of some function f(t) under circum-
stances when no stochastic process what-
ever is under consideration, and hence under 
circumstances when no covariance function 
whatever is presenting itself to be differ-
entiated. My note was concerned with cir-
cumstances of this type, though Beutler 
has evidently not yet assimilated this fact. 
(Cf. his " . . . defines as autocorrelation for 
all processes, ") In the first instance, 
therefore, his statement has no meaning 
whatever. However, my (4), (8), and (10) 
(and others) imply the differentiability of 
a covariance function in exactly the same 
sense and under exactly the same circum-
stances as those envisaged in Beutler's 
December note—namely, when the function 
in question happens to be a sample function 
of an ergodic stochastic process. Further-
more, it is a trivial matter to see that the 
obvious analog to (6) for a strictly station-
ary stochastic process x(1), namely 

r(0) — r(r) = tE [x(/ r) — x(1)]2j, (11) 

[this is much easier to establish than (6) 
itself], implies that the equally obvious 
analog to (10), 

El[x(t r) — g(f)i2 = 0(r), (12) 

furnishes a necessary and sufficient condi-
tion that the covariance function r(r) of a 
strictly stationary stochastic process shall 
be differentiable at r = O. If Beeler wishes 
to repudiate altogether the claim in his 
December note that "differentiability... 
is assured under conditions much weaker 
than the above," he should choose a less 
roundabout way of doing so than by saying 
that my (4), (8), and (10) do not imply 
such differentiability. 

Finally, there are a number of points in 

the discussion in Beutler's final paragraph 
above with which I could agree, except that 
his last sentence should read " ... must 
sometimes be used," and even this should 
be accompanied by an explanation that 
most such so-called ensemble averages are 
actually obtained by averaging things that 
are themselves individual time averages. 
But there are certainly many problems in 
engineering in which one is interested in con-
siderations of the type discussed in Beutler's 
final paragraph, and I do not wish it inferred 
that I am unaware of such problems. How-
ever, there are also many problems in which 
one is interested in the behavior of a specific 
autocorrelation function—not a covariance 
function. Both my earlier note and the re-
marks in my letter above were addressed 
to problems of this type. I am not only will-
ing to infer that ensemble properties are not 
appropriate to such problems—I should say 
that it is manifestly obvious that they are 
not. Indeed, this is simply a tautology. 

D. G. BRENNAN 

Letter from Mr. Wiener's 

Brennan has shown me his correspond-
ence with Beeler. I must say that Beutler's 
assertion that the definition used by Bren-
nan differs from the definition customarily 
used is contrary to the facts. There are 
literally thousands of books and papers in 
which exactly that definition is used. No 
inconsiderable number of these papers have 
appeared in this very journal. Furthermore, 
I have never heard of any term other than 
"autocorrelation function" that has even 
been proposed for that function. 

Beutler's remark that the autocorrela-
tion function of a Brownian motion fails to 
exist is not true in the absence of further 
qualification, but even if suitably qualified, 
it would be analogous to a remark to the 
effect that Fourier transforms are not useful 
for peeling apples. It is true that they are 
not. 

NORBERT WIENER 

Dept. of Mathematics 
Mass. Inst. Tech. 

Cambridge 39, Mass. 

" Received by the IRE. February 24, 1958. 

Some Properties of Lightning Im-

pulses Which Produce Whistlers* 

The purpose here is to report some newly 
discovered properties of the lightning im-
pulses which produce "whistlers." These re-
markable very low frequency (0.5-35 kc) 
radio signals result from the dispersion of 
lightning energy which has traveled through 
the ionosphere, following lines of force of 

* Received by the IRE. April 7, 1958. This re-
search was sponsored in part through the Air Force 
Office of Scientific Res, of the Air Res. and Dev. 
Command under Contract No. AF18(603)-126. 
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the earth's magnetic field." Their length, 
of the order of one second, and their de-
scending pitch distinguish them from ordi-
nary atmospherics, such as "clicks," 
"tweeks," and "rumblers," which are con-
fined to the space between the earth and 
the ionosphere. These "direct" signals, 
which we shall refer to as "sferics," have 
durations from less than 1 to more than 50 
msec. The sferic from a discharge which 
produces a whistler can be used to study 
the properties of the causative impulse. 
Such a study has been initiated at Stanford 
and Boulder, and the first results, reported 
here, are somewhat surprising. 

Prior to this investigation, it was known 
that lightning impulses associated with 
thunderstorms did, on occasion, produce 
whistlers.' ,2 Some eye-witness accounts of 
visible lightning preceding whistlers were 
also known.* Vertical discharges from an 
isolated "cell" were observed for a short 
period close to Boulder by one of the 
authors. Each flash produced a clearly 
audible "long" whistler. (A "long" whistler 
is one which has made a round trip between 
the point of origin and a point in the op-
posite hemisphere.) It also has been noted 
by most whistler observers that on many 
occasions the sferics preceding whistlers 
produce a unique "sound," distinctly dif-
ferent from the usual clicks and tweeks.' 
The aural impression is not unlike the thud 
of a mud ball striking a solid surface, and 
suggests the presence of unusually strong 
low frequency components. On the other 
hand, the present authors have observed 
that ordinary tweeks also precede whistlers 
in many cases. 

Sferic waveforms are recorded with ac-
curately calibrated equipment developed by 
the National Bureau of Standards, while 
broad-band direction-finding information 
and calibrated whistler recordings are made 
with crossed-loop equipment, similar to that 
designed at Stanford for the study of 
whistlers. The use of the broad-band re-
ceivers is a significant departure in the field 
of direction-finding measurements on sferics. 
It offers the possibility of eliminating, or at 
least greatly reducing, the type of crossed-
loop direction-finding error which results 
from sky-wave interference. For each fix 
determined by the direction finders, the 
two corresponding waveforms were analyzed 
for their amplitude spectra. Required calcu-
lations were carried out by Dr. H. H. Howe, 
National Bureau of Standards Boulder 
Laboratories, using a digital computer. 

At each station the trigger and amplitude 
sensitivities were adjusted so that the sferics 
of interest were recorded simultaneously at 
the proper levels. Positive identification of 
the same sferic on the Boulder and Stanford 
records was made with the aid of a timing 

T. L. Eckersley, "Musical atmospherics," Nature. 
London. vol. 135. p. 104; January. 1935. 

5 L. R. O. Storey, "An investigation of whistling 
atmospherics," Phil. Trans. Roy. Soc., London, Ser. A, 
vol. 246. pp. 113-141; July, 1953. 

R. A. Helliwell, J. H. Crary. J. H. Pope. and 
R. L. Smith. "The 'nose' whistler, a new high latitude 
phenomenon," J. Geophys. Res., vol. 61, pp. 139-142; 
March, 1956. 

T. L. Eckersley. "Developments in the study of 
radio wave propagation." Marconi Rev., p. 5; July-
August, 1951. 

M. G. Morgan and H. E. Dinger, "Observations 
of whistling atmospherics at geomagnetically con-
jugate points," Nature. London, vol. 177, pp. 29-31; 
January 7, 1956. 

pulse accurate within plus or minus 1 msec. 
This pulse was triggered by the Boulder 
sweep and transmitted by telephone line to 
Stanford, where it was recorded on the 
waveform film. Each sferics-waveform chan-
nel was calibrated in terms of the strength of 
the vertical component of the electric vector 
in volts per meter. Whistlers were recorded 
on magnetic tape running at a speed of 15 
inches per second at both Stanford and 
Boulder. The time scales of the sferics 
film and whistler tape were matched with 
the aid of easily recognized sferics. 

While examining whistler and sferics 
records made during the evening of Septem-
ber 12 and the early morning of September 
13, 1956, it was noticed that a unique sferic 
waveform, having several cycles at a fre-
quency near 5 kc, preceded nearly every 
whistler. At the times of this study, the 
sferics which preceded whistlers were of 
such an unusual character that it was possi-
ble to predict the occurrence of the whistler 
by observation of the waveform alone. In 
this way, several whistlers were found which 
had been overlooked in the first aural analy-
sis of the magnetic tape. 

An example of the frequency-vs-time 
analysis of whistlers recorded simultane-
ously at Stanford and Boulder is shown in 
Fig. 1. The numerous vertical lines are 
caused by sferics; note the agreement in the 
times of reception of the sferics at Boulder 
and Stanford. Whistlers are evidenced as 
dark traces descending in frequency from 
about 12 kc to approximately 2 kc in an 
interval of about one second. 

Note that there are three whistler traces 
on the Boulder record (top of Fig. 1), and 
that the measured time intervals between 
the first and second whistler is 0.127 second, 
and that between the second and third is 
0.412 second. The dispersions of these 
whistlers which were calculated using the 
Eckersley dispersion law are plotted at the 
bottom of Fig. 1. The intersections of the 
dispersion curves with the time axis give 
the approximate times of occurrence of the 
sferics which caused the whistlers. It is not 
possible to identify the causative sferics on 
the whistler record itself because of the 
relatively poor time resolution of this trace 
and the high level of atmospheric activity. 
Fig. 2 gives a portion of the waveform rec-
ord made at Boulder at the times the causa-
tive sferics must have occurred. This record 
was made on film moving at a speed of 31 
inches per second. The five sferics shown 
in this figure are the only ones that were 
recorded in an interval of about two sec-
onds of the times suggested by the Eckersley 
dispersion method. The combination of 
sferics 1, 2, and 3, which occurred within 
an interval of 0.0325 second, apparently 
produced the first whistler trace, which 
appears to be somewhat broader than 
the second and third whistler traces. Sferic 
4 apparently produced the second whistler 
trace, and sferic 5 the third. This method of 
matching the times of occurrence of sferics 
and whistlers gave excellent agreement 
throughout the entire five minutes of data. 
Since the three whistlers have the same 
dispersions and arrived with the same time 
spacings as the sferics, it is highly probable 
that this was a multiple-flash group of 
whistlers.1 The records of Figs. 1 and 2 are 
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Fig. 1—Whistlers recorded simultaneously at 
Boulder. Colo., and Stanford, Calif. 
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Fig. 2—Sferics recorded at Boulder. Colo. Vertical 
antenna response. September 13, 1956, 0636:59.0 
MST. 

believed to be the first reported observation 
of sferic waveforms and their correspond-
ing whistlers of the "long" variety. Three 
multiple echoes of each of these whistlers 
were observed on the original analysis, but 
it was necessary to cut the record as shown 
to facilitate its reproduction. 

The "dispersion" commonly reported 
by whistler workers is calculated using the 
Eckersley dispersion law. Note that in 
Fig. 1, the times of occurrence of the 
whistler-producing sferics calculated using 
the Eckersley dispersion law are about 0.3 
second later than the recorded times. 
Similar time discrepancies were noted by 
Storey, who suggested several possible ex-
planations.' A new explanation based on 
the failure of the Eckersley law when the 
gyrofrequency is not large compared with 
the wave frequency was advanced by Helli-
well, et al.3 This point will not be elaborated 
upon; however, if the Eckersley dispersion 
law is used to identify the causative sferic, 
there is a strong possibility that the wrong 
sferic may be selected. Time discrepancies 
amounting to as much as 0.4 second were 
found in other examples in both the Boulder 
and Stanford records. 

The examples given in Figs. 1 and 2 
were recorded between 0635 and 0640 MST 
on September 13, 1956. Thunderstorms 
were known to be in progress in various 
parts of the United States during this period. 
However, when the positions of lightning 
flashes which caused whistlers were plotted 
on a map, all were found to occur either 
near coastlines (Gulf of Mexico, or Cali-
fornia-Mexico) or over water. In this par-
ticular test, no whistler-causing sferics were 
found to occur over land. (Whistler-produc-
ing sferics originating over the sea were ob-
served in other tests.) This result suggests 
existence of some factor related to the ocean 
which enhances the amount of energy ra-
diated at low frequencies. Possibly, the con-
ductivity of the sea or the meteorology of 
ocean thunderstorms are significant factors. 

At Boulder the trigger sensitivity of the 
sferics channel was set at 0.07 volt per 
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Fig. 3—Whistler sferic vs nonwhistler sferic recorded at Boulder. Colo., and Stanford, Calif., 
September 12, 1956, 2035 MST. 

meter. During this 5-minute period, 310 
sferics were recorded at Boulder: 254 of the 
sferic waveforms were characterized by 
no components at a frequency near 5 kc 
and no corresponding whistlers were audi-
ble; 51 sferics contained several half cycles 
at a frequency near 5 kc and all but five 
which had very low amplitudes preceded 
audible whistlers. The noise level of the 
whistler-recording channel was about 30 
microvolts per meter. 
A comparison was made of the waveforms 

of sferics which produced whistlers and 
those, occurring in the same storm, which 
did not cause whistlers. Such a comparison 
is illustrated in Fig. 3, which gives the wave-
forms and spectra of whistler-producing and 
nonwhistler-producing sferics as recorded at 
Boulder and Stanford on September 12, 
1956, at 2035 MST. The lightning flashes 
which produced these two sferics occurred 
in the same storm in South Dakota. The 
waveforms of the nonwhistler-producing 
sferic recorded at Boulder and Stanford, 
and its corresponding spectra, are super-
imposed in Fig. 3 for comparison. It is evi-
dent that the whistler-producing sferic 
possessed a larger amount of energy at fre-
quencies lower than 10 kc than the non-
whistler-producing sferic. The spectra of 
the whistler and nonwhistler-sferics were 
approximately normalized at a frequency of 
10 kc by multiplying the latter by a factor of 
three. These curves are also given in Fig. 3 
and are designated by " X3." It is the rela-
tively large amount of energy at frequencies 
near 5 kc (evidenced as several half cycles 
at a frequency near 5 kc in the waveform) 
that appears to characterize the whistler-
producing sferics. 

Propagation attenuation rates at very 
low frequencies8,7 indicate that the attenua-
tion rate is about 2 db/I000 km at 10 kc and 
increases to about 6 db/I000 kin at fre-

4 J. R. Wait, "The attenuation vs frequency char-
acteristics of VLF radio waves," PROC. IRE, vol. 45, 
pp. 768-771,• June, 1957. 

F. W. Chapman and R. C. V. Macario. "Propa-
gation of audio-frequency radio waves to great dis-
tances." Nature, London, vol. 177, p. 930; May, 1956. 

quencies between about 1 and 5 kc. Thus, 
the peak of the source spectrum can be ex-
pected to be somewhat lower in frequency 
than that of the spectrum observed at great 
distances from the source. 

It is of interest to note that the trans-
mission coefficient of the ionosphere has a 
maximum in the VLF band at frequencies in 
the range from 1 to 5 kc, which could par-
tially explain the relative importance of this 
portion of spectrum. This suggestion was 
advanced at the recent VLF Symposium.8 

On the basis of the results described in 
this note, the following conclusions have 
been reached. 

1) A characteristic waveform is often, 
though not necessarily always, associated 
with the impulse which produces a whistler. 
It is distinguished by an intense energy 
peak at frequencies near 5 kc. Its frequency 
of occurrence is believed to be relatively 
small (as is that of whistlers), compared with 
the total number of sferics recorded. It seems, 
therefore, that statistics of ordinary sferics 
cannot be applied to the study of the whistler 
sources. These results do not imply, how-
ever, that other types of impulses do not 
produce whistlers. 

2) Whistler-producing discharges appear 
to be more frequent over sea than over land. 

3) The time of origin of a whistler should 
not be calculated from the Eckersley law 
of dispersion, which predicts a time up to 
0.4 second after the true time. Identifica-
tion of the causative impulse should be 
based on waveform analysis as well as the 
time of occurrence. 

R. A. HELLIWELL 
Radio Propagation Lab. 

Stanford University 
Stanford, Calif. 

A. G. JEAN 
W. L. TAYLOR 

National Bureau of Standards 
Boulder, Colo. 

J. R. Wait, "Discussion on sferics and whistlers," 
Symp. on Propagation of V.L.F. Radio Waves, Boul-
der, Colo., vol. 4, p. 23; January. 1957, 

Hyperbolic Analogs Using Varistors* 

Hellstrone has indicated that hyperbolic 
analogs could be obtained by manipulating 
the expression: 

I = I. (qV /kt) — 1] 

for semiconductor diodes. 

It can be shown' that sinh functions can 
be obtained from such devices using the 
equivalent circuit illustrated in Fig. 1. This 
equivalent circuit is empirical in nature but 
provides an adequate representation of a 
large variety of varistors over a considerable 
range of both positive and negative voltages. 

RoexP-gVar 

Fig. 1. 

Fig. 2. 

It can be shown, by connecting a sym-
metrical varistor, formed from two similar 
semiconductor diodes, in series with a linear 
resistor as indicated in Fig. 2, that the rela-
tion between V„ V., and Vg is given by 

V, = R  tVg /el sinh-' k2V g] 

Roil.  
—  R Roilo[VI kisinh-1 k2Vg]. 

If R is made large with respect to Rmi„ 
then these approximate to 

= V g — k, sinh-' k2Vg. 

Roil. 
= sinh-' k2Vg. 

The latter equation gives a convenient 
analog for the inverse hyperbolic sine func-
tion. 

G. W. HOLBROOK 
Dept. of Elec. Eng. 

Royal Military College of Canada 
Kingston, Ont., Canada 

* Received by the IRE. April 16, 1958. 
J. Hellstrom, "Hyperbolic analogs," Pxoc. 

IRE, vol. 46, P. 502; February, 1958. 
G. W. Holbrook and A. L. Dulmage, "Some char-

acteristics of metallic varistors," Electronic Eng., vol. 
29, pp. 386-392; August, 1957. 
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Radio Reflections from Satellite-

Produced Ion Columns* 

It has been reported that ionization 
columns produced by artificial satellites 
traversing the upper atmosphere have been 
observed by radio-reflection techniques.1•2 
Data taken at the University of Illinois 
do not indicate the presence of ion columns 
while the satellites are extremely high in the 
atmosphere. 

Since late in December, 1957, the signal 
strength of WWV (20 mc) has been re-
corded at the University of Illinois as a func-
tion of time. The antenna used is a single di-
pole, the receiver is a Collins R-390A/URR 
communications receiver, and the recording 
device is an Esterline-Angus recording milli-
ammeter operated at a tape speed of one foot 
per hour. Since the tape speed is too slow 
for the one-second timing marks to be useful, 
the carrier-off periods every hour on the 
three-quarter hour are used for timing marks 
on the tape. 

Several classes of signal variation are 
found on the tapes. The most obvious (other 
than the timing marks and noise) is the di-
urnal increase and decrease of the signal 
strength due to the change in the over-all 
ionization density in the upper atmosphere. 
During the daylight hours the signal 
strength (WWV) becomes so high that most 
other variations are completely over-
shadowed. Between 8:00 and 11:00 P.M. 

each day the signal level drops to such a 
level that other effects become observable, 
and remains at this low level until shortly 
before sunrise. Pulses due to automotive 
ignition noise are found on the records and 
sometimes show up as an average increase of 
signal strength over a period of a few 
minutes because of the integrating effect of 
the recorder movement. There are indica-
tions that auroral reflections of WWV are 
recorded as strong, rapidly fluctuating sig-
nals with a longer period fluctuation super-
imposed on the rapid fluctuations. The 
auroral signals have been correlated with 
visual observations of the auroras of Febru-
ary 10-11, 1958, and March 12-13, 1958. 

The increases of signal intensity with 
which we are most concerned are the very 
short high-intensity bursts commonly associ-
ated with meteor ionization in the upper 
atmosphere (80-120-km height). These 
bursts only appear after the daytime ioniza-
tion density has decreased to such a low 
level that the signal of WWV no longer has 
strength to be continuously observable on 
the tape record. The bursts of increased 
signal, in the past, have been attributed to 
specular reflections of WWV from the ion 
columns produced by meteors. Recently 
these bursts have also been attributed by 
Kraus" to columns of ionization associated 
with U.S.S.R. artificial satellites in the up-
per atmosphere (200-800-km height). 

Bursts due to meteor phenomena should 
be random events (the number per hour is 

* Received by the IRE. April 7, 1958. This work 
was supported in part by the Natl. Sci. Foundation 
through Grant No. Y/32.40/266 and the U. S. Navy 
under Contract No. Nonr-2395(00). 

II D. Kraus. "Detection of Sputniks I and II by 
cw reflection." PROC. IRE, vol. 46, pp. 611-612; 
March, 1958. 

2 J. D. Kraus, "The last days of Sputnik I," PROC. 
IRE, vol. 46, pp. 612-614; March, 1958. 

increased by the presence of a meteor 
shower) and bursts due to U.S.S.R. satel-
lites should be periodic from day to day for 
a specific pass of the satellites across the 
line joining the transmitter (WWV) and the 
receiver (University of Illinois). Under favor-
able circumstances satellite reflections, if 
any, should be observable for three or four 
successive passages across the line between 
WWV and the University of Illinois (the 
line is almost coincident with the 40th paral-
lel). Thus, there should be some days during 
which a periodicity of about 90-100 minutes 
should be found for a single day's bursts. 

CelmI soomlom un. 
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at two widely separated (about 425 miles) 
points along the meridian 88.2 degrees 
west longitude. The correlation of the data 
from these two stations (located at Michigan 
College of Mining and Technology and the 
University of Illinois) should enable us to 
remove the meteor reflection bursts and 
preserve only the satellite reflections (if they 
are present). This should be possible since 
meteor columns are relatively short and a 
single meteor will probably not be observed 
from both stations, whereas the satellite 
will pass both stations and should be re-
corded at both. Perhaps as satellite 19570 
moves down hito the atmosphere it will be 
found that an ion column will be produced 
in an observable position. One would not 
expect to observe this for more than a few 
revolutions since the atmospheric density 
at the height, where an ion column would 
be produced, is great enough either to burn 
the satellite up completely or to slow it down 
enough that it would spiral into the earth 
in a very short time. 

C. D. HENDRICKS, JR. 
G. W. SWENSON, JR. 

R. A. SCHORN 
College of Engineering 

University of Illinois 
Urbana, Ill. 

Estimation of Dissipative Effects in 
.2000 

Tchebycheff Symmetrical Filters* 
(b) 

Fig. 1—(a) Bursts of WWV signal strength recorded 
during the month of January from midnight until 
5 A.M. There were no satellite crossings of the 40th 
parallel between about 40 degrees and 120 degrees 
west longitude during the midnight to 5 A.M. 
period. (b) Bursts of WWV signal strength re-
corded during the month of February from mid-
night until 5 A.M. The crosses indicate the passages 
of the satellite 19570 across the 40th parallel. The 
numbers next to the crosses indicate the degrees 
west longitude of the crossing. 

As can be seen from the plot of the bursts 
(Fig. 1) recorded at the University of 
Illinois, no such valid periodic variations 
are found. These data must be analyzed 
statistically and a correlation made between 
the daily records. As is possible in most cases 
where the occurrence of a random event 
produces a high density of points, several 
periodic sets may be found if one allows 
sufficient latitude in choosing the individual 
points to match the curve one plots through 
the points. Since the periods of the satellites 
remain constant or change by only a small 
amount per day, variations of more than 
plus or minus about two minutes may not 
be allowed in the curve fitting. We are not 
able without ambiguity to fit curves indi-
cating satellite ionization reflections to the 
data we have. We cannot, therefore, inter-
pret any of our records as indicating the 
presence of a column of electrons associated 
with the U.S.S.R. 1957 artificial satellites. 

Since it is quite certain that the satellites 
will produce a column of dense ionization 
as they come down through the atmosphere 
to low levels, observations are being taken 

With reference to the comprehensive 
article by Grossman on the synthesis of 
Tchebycheff symmetrical filters,' it may be 
of interest to point out that, as in other cases 
of network synthesis, the design procedure 
given readily lends itself to an estimation of 
the effect on crver-ail performance of inci-
dental dissipation in the filter elements. 

Such a check, made prior to constructing 
the filter, may be of considerable value in 
revealing departures from the ideal Tcheby-
cheff insertion loss characteristic, especially 
in the region of cutoff frequencies. These 
departures are likely to be serious with band-
pass and band-stop filters having a small 
bandwidth relative to the mean frequency. 

The method consists merely of moving 
to the left on a complex frequency plot the 
position of each pole and zero of the normal-
ized low-pass insertion voltage function by a 
fixed amount, d, dependent on the averaged 
Q values of the inductors and capacitors to 
be used.2.3 The resulting transfer function 
no longer follows exactly the desired equal 
ripple response, and its value at selected 
frequencies may be found graphically or 
numerically by considering the lengths of 
the vectors joining the new critical points 

* Received by the IRE. April 7, 1958. 
t A. J. Grossman, "Synthesis of Tchebycheff pa-

rameter symmetrical filters." PROC. IRE, vol. 45. pp. 
454-473,- April, 1957. 

2 s. Darlington, "Synthesis of reactance 4-poles." 
J. Math. Phys., vol. 18, pp. 257-353; September, 1939. 

H. Bode. "Network Analysis and Feedback 
Amplifier Design." D. Van Nostrand Co. Inc., New 
York, N. Y., 1st ed., p. 217; 1949. 
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to the point on the vertical axis representing 
the normalized frequency in question.0 

Now the positions of both poles and zeros 
appropriate to the ideal (lossless) transfer 
function appear explicitly in the design 
formulas given by Grossman,1 while the 
required value of d is found from a knowledge 
of the expected Q values of the filter ele-
ments. 

Thus, using Grossman's symbols 
throughout, and referring to his Figs. 5-8,1 
the coordinates of the zeros are - ao; 
-ai±jb.; • • • -a,„±jb,„, while those of 
the poles are ±j/ai; ±j/22 • • • ±j/(Z.. 

The dissipation factor d is found: 
1) For high-pass and low-pass applica-

tions as 

where 

1 ( 1 1 ) 
d = — — 

2 QL Qc 

2rFoL G  
QL - Qc 

21-F0C 

are respectively the average Q values of the 
inductors and capacitors to be used, meas-
ured at the "crossover" frequency of the 
final filter, Fo= VFW,. (see Fig. 41). 

2) For band-stop and band-pass filters as 

a 
1 ( 1 
— — — 

1 \ 

à QL Qc 

where 

1 
à = —• V(F, - F. 5) (F., - F_„) 

F. 

and QL, Qc are now measured at the mean 
frequency, F„.. (It is here assumed that 
à«1.) 

As an illustration, the following example 
is given. 

Type of filter: Band-pass (insertion loss 
characteristic to display geometric sym-
metry about the mean frequency). 

Cutoff frequencies: Fi,= 19.211 kc, 
=16.211 kc. 

Stop-band limits: F..= 19.845 kc, F_.= 15.693 
kc. 

Mean frequency: F„.= Fp• F-o= Fe• 
=17.65 kc. 

Pass band loss (max): a, =0.125 db. 
Stop-band loss (min): a., = 40.0 db. 
Average Q of inductors: QL= 1771meas-
Average Q of capacitors: Qc 1000f ured at 

First, the selectivity factor k is evaluated: 

F -  
k - , - 0.7225. 

- 

It is now found (using Fig. 9 and Table 
I of Grossman) that a two-section filter with 
lossless components will closely approximate 
the desired performance. Thus for a, = 0.125 

4 H. J. Orchard, "Design of Four Terminal Re-
actance Networks," British Post Office Res. Rep. No. 
13135; 1949. 

D. J. H. Maclean. "Frequency transformations 
and dissipative effects in electric wave filters," Elec-
tronic Eng., vol. 29, pp. 108-114; March, 1957. 

db and k =0.7225, minima of 39.5 db will be 
achieved in the stop band. Applying these 
three values in Fig. 6, 1 the following rele-
vant constants are evaluated in the nor-
malized low-pass design: 

= 0.558,46 

ao = 0.549,53 

= 0.333,24 

a2 -= 0.084,755 

Sti = 0.307,54 

0.820,96 

= 0.670,80 

b2 = 0.896,51 

(211 = 0.728,06. 

The resulting plot of critical points of 
the insertion voltage transfer function in the 
complex frequency plane is sketched in 
Fig. 1. 

The corresponding points for the dissipa-
tive filter are obtained by adding -d to all 
coordinates above or alternatively, for con-
venience, by merely shifting the fit axis 
OY a distance +d to the position O'Y' as 
shown. 

The insertion loss in decibels at any 
chosen point ja on the normalized frequency 
scale is given as 

a = 20 log,, Vo 

Po)(P — Pi)(P — PC)(P — 1)2)(P — h*)  I 

— i/(li) (P+iini) (P— i/02)(P+iinz) I 

where p =fit is taken along OY for the ideal 
filter, and along O'Y' for the dissipative 
filter. 

Po = - ao 

= - + ibl P2 = a2 +ib2 

p,5 a, jb1 P2* -= (12 - jb2 

Vo .= 1 [0.0%/10 _ imoavtio_opm. 
1/12£222 

In this case 

Qc 

= (0.00565 0.001) 
0.20 

= 0.0333. 

Fig. 1—Critical points on insertion voltage 
function, two-section filter. 

Fig. 2—Insertion loss of ideal and dissipative two-
section filters in region of cutoff. 

TABLE 

Normalized low-
pass frequency n11=0.728 02=0.821 1/7=-0.850 1.000 1/1/k=1.176 1412..1.218 1/111.374 

39.5 

40 

Insertion loss, ideal 
filter db 0.125 0.000 0.125 12.3 39.5 40 

45 
Insertion loss, dis-

sipative filter db 1.9 2.7 3.1 14 38 

The evaluation of the constant multiplier 
Vo may be made graphically, since the loss 
at points p =fit must be zero in the case of 
the ideal filter (d= 0). Thus at the second 
point of zero loss in the pass band p =-j1/2 
j0.820,96 taken along OY. 
Then 

a = O = 20 logio Vo 

(0.988)(0.366)(1.53)(0.114)(1.72)  

(0.970)(2.61)(0.397)(2.04) 

therefore V0=19.0. 
The loss with the dissipative filter at the 

same frequency may now be found by taking 
p=j02 along O' Y'. 

a' 20 logic, 19.0 
(0.970)(2.61)(0.399)(2.04) 

=2.7 db. 

(1.01)(0.396)(1.54)(0.140)(1.72) 

The loss at some of the other significant 
points is tabulated in Table I and sketched in 
Fig. 2. If desired, the actual band-pass char-
acteristic may be plotted by replacing points 
on normalized low-pass frequency scale by 
the corresponding band-pass frequencies 
using the transformation given in Gross-
man's Fig. 4. 1 

D. C. PAWSEY 
l'he University of Adelaide 
Adelaide, South Australia 
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maining there until 1928 when he was 
awarded a National Research Council Fel-
lowship at California Institute of Technol-
ogy, Pasadena. 
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Medal Award of the Society in 1947. He is 
also a Fellow of the Audio Engineering 
Society. 

Edward A. Gerber (A'50—SM'56) was 
born in Fuerth, Bavaria, Germany, on April 
3, 1907. He received his education at the 

Institute of Tech-
nology in Munich 
and Berlin, Germany. 
From the former, he 
obtained the M.S. 
degree in 1930, and 
the Ph.D. degree in 
1935, both in physics. 
In 1935, he joined 
the scientific staff of 
the Carl Zeiss Works, 
Jena, Germany, and 
was in charge of re-
search and develop-

ment in piezoelectric crystals. 
Dr. Gerber arrived in the United States 

in 1947, and from that time until 1954, he 
was a consultant to the Signal Corps Engi-
neering Laboratories, Fort Monmouth, N.J., 
on all matters pertaining to frequency con-
trol. 

Since 1954, he has been director of the 
Frequency Control Division, U. S. Army 
Signal Research and Development Labora-
tory, at Fort Monmouth. He is the author 
of numerous papers. 

He is an Army member of the Working 
Group on Freqüency Control Devices, Ad-
visory Group on Electronic Parts, and a 
U. S. Delegate on the Technical Committee 
on Piezoelectric Crystals, International 
Electrotechnical Commission. 
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A. E. KARBOWIAK 

Myron S. Glass (A'36—VA'39—M'55— 
SM'56) was born on May 25, 1902, in Eddy-
ville, Iowa. He received the M.S. degree in 

physics from the Uni-
versity of Chicago, 
Chicago, Ill., in 1926. 

He joined the tech-
nical staff of Bell 
Telephone Labora-
tories, New York, 
N. Y., in 1926. At 
present he is with 
their Murray Hill 
Laboratory. 

From 1926 to 
1941, Mr. Glass was 
engaged in develop-

ment work on various electronic devices, 
principally cathode-ray tubes and photo-
tubes. From 1941 to 1954, he was working 
ois the development of magnetrons. Since 
1954, he has been engaged in development 
work on magnetic focusing circuits for 
traveling wave tubes. 

M. S. GLASS 

James H. Green, Jr., was born on May 
29, 1920, in La Romana, Dominican Repub-
lic. He received the B.S. degree in physics 

from Yale University 
in 1941. 

Mr. Green held 
the rank of Captain 
in the Signal Corps, 
United States Army, 
during World War 
II, serving as radio 
and radar officer, 
Delta Base Section, 
and as program direc-
tor, European Theater 
Signal Corps School. 
He returned to civil-

ian life in 1946 as an engineer with RCA 
Communications at Rocky Point, L. I. 

From 1947 to 1951 he was with the 
Fredric Flader Company, where he became 
manager of the Engineering Physics Depart-
ment. In 1951 he joined Bell Aircraft as pro-
gram planner on the RASCAL Program. 

Since 1953 Mr. Green has been engaged 
in research and development on advanced 
communication systems for Sylvania Elec-
tronic Systems, and is at the present time an 
engineering manager in Sylvania's Amherst 
Engineering Laboratories. 

J. H. GREEN, JR. 

A. E. Karbowiak was born on March 1, 
1923 in Warsaw, Poland. He received the 
B.S. degreelin 1950 and the Ph.D. degree in 

electrical engineering 
in 1954 from the Uni-
versity of London. 

From 1954 until 
the present he has 
been engaged as a 
Group Leader with 
Standard Telecom-
munication Labora-
tories, Limited, in 
Middlesex, Eng., con-
ducting research on 
microwaves. 

Dr. Karbowiak is an associate member 
of the Institution of Electrical Engineers, 
London. 

Peter T. Kirstein (S'55—A'58) was born 
on June 20, 1933, in Berlin, Germany. He 
was educated in England, and received the 

B.A. degree in math-
ematics and mechan-
ical sciences in 1954, 
from Cambridge Uni-
versity. In 1955, he 
received the M.Sc. 
and in 1957, the 
Ph.D. degree in elec-
trical engineering 
from Stanford Uni-
versity. 

He worked for 
the U. S. Army Corps 
of Engineers during 

1951 and 1952. From 1954 to 1957 he was 
employed as a research assistant, and since 
1957, as a research associate, at the Micro-
wave Laboratory of Stanford University, 
where he has carried out research on propa-
gating circuits, electromagnetic theory, and 
electron guns. 

Dr. Kirstein is a member of Sigma Xi. 

P. T. KIRSTEIN 

Lawrence F. Koerner (A'29—VA'39— 
M'55) was born in Niles, Mich., on February 
25, 1897. He received the B.S. degree from 

Colorado College, 
Colorado Springs, in 
1923, and in the fol-
lowing year the M.S. 
degree from Harvard 
University, Cam-
bridge, Mass. 

He joined the staff 
of Bell Telephone 
Laboratories, Inc., in 
1924, and has been 
concerned with the 
development of vac-
uum-tube oscillators, 

detectors, frequency-measuring equipment, 
and crystal units and crystal oscillator cir-
cuits for transmitters and receivers. Mr. 
Koerner holds several patents on crystal 
equipment and is the author of articles on 
the testing and calibration of quartz crys-
tals. 

He is a member of the Harvard Engineer-
ing Society, Delta Epsilon, and Pi Kappa 
Alpha. 

L. F. KOERNER 

Hope Leighton was born in Alta Vista, 
Kan., September 17, 1920. During World 
War II she was a member of the Women's 
Army Corps, serving as a radio mechanic 
She received the B.S. degree in physics from 
Kansas State College, Manhattan, Kan., in 
1949. Since then she has been affiliated with 

the National Bureau of Standards where she 
was first involved in textiles research. From 
1951 to 1953 she was with the North Pacific 

Radio Warning Serv-
ice of the Radio Divi-
sion of NBS in An-
chorage, Alaska. Since 
1955 she has been 
mainly concerned 
with VHF propaga-
tion studies. 

She is a member 
of the American Geo-
physical Union, Phi 
Kappa Phi, and Pi 
Mu Epsilon, and an 
associate member of 

the Research Society of America. 

H. LEIGHTON 

Kurt O. Otley was born in Vienna, 
Austria, on October 28, 1906. He received 
the Ph.D. degree in chemistry from the Uni-

versity of Vienna in 
1931. 

In 1939-1940 he 
was a research chem-
ist with Crompton, 
Parkinson, Ltd., Lon-
don, Eng. He came to 
the United States in 
1940 and was a chem-
ist with several Amer-
ican industrial com-
panies until 1949. 

Between 1949 and 
1951 Dr. Otley held 

the post of research associate at Pennsyl-
vania State University, University Park. He 
was a chemist for the National Bureau of 
Standards from 1951 until 1953, when he 
became a chemist, then a physicist, for the 
Diamond Ordnance Fuze Laboratories, 
Washington, D. C. At DOFL Dr. Otley has 
been engaged in research in solid-state phys-
ics, dielectrics, and electrical components. 

K. O. OTLEY 

Chester H.:Page (A'41—SM'48—F'56) was 
born on November 13, 1912, in Providence, 
R. I. He received the B.S. and M.S. de-

grees in 1934 from 
Brown University, 
and the Ph.D. degree 
from Yale Univer-
sity, New Haven, 
Conn., in 1937. 

From 1937 to 
1941 he taught at 
Lafayette College, 
Easton, Pa., and has 
been with the Na-
tional Bureau of 
Standards ever since. 

He is the author 
of two books, "Physical Mathematics" in 
1955 and "The Algebra of Electronics" due 
to be published this year. 

Dr. Page is a member of the American 
Physical Society, Philosophical Society of 
Washington, Sigma Xi, and Phi Beta Kappa, 
and is editor of the Journal of the Washing-
ton Academy of Sciences. 

C. H. PAGE 
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R. L. SAN SOUCIE 

E. A. SACK 

E. A. Sack (S'49—A'55—M'56) was born 
in Pittsburgh, Pa., on January 31, 1930. He 
attended the Carnegie Institute of Tech-

nology, Pittsburgh, 
Pa. from 1947 to 
1954, where he re-
ceived the B.S., 
M.S., and Ph.D. de-
grees in electrical en-
gineering. His grad-
uate work dealt with 
nonlinear phenomena 
in ferroelectric cir-
cuits. 

Since 1954 he has 
been a member of the 
staff of the Westing-

house Research Laboratories in the Televi-
sion Section of the Electronics and Nuclear 
Physics Department. He was appointed 
project leader for that group in 1956 and in 
the following year became manager of the 
Dielectric Devices Section. 

He has been active in the development of 
a number of solid-state devices for control 
and display. 

Dr. Sack is a member of the American 
Institute of Electrical Engineers, Sigma 
Xi, Tau Beta Pi, Eta Kappa Nu, and Phi 
Kappa Phi. 

Robert L. San Soucie was born in Adams, 
Mass., on April 30, 1927. He received the 
A.B. degree in mathematics from the Uni-

versity of Massachu-
setts, Amherst, Mass., 
in 1949, the M.A. de-
gree in mathematics 
in 1950 and the Ph.D. 
degree in mathemat-
ics (abstract algebra) 
in 1953 both from the 
University of Wiscon-
sin, Madison, Wis., 
where he was a Wis-
consin Alumni Re-
search Foundation 
fellow from 1949 to 

1951 and a National Science Foundation 
predoctoral fellow from 1952 to 1953. 

Dr. San Soucie became a member of the 
faculty of the University of Oregon, Eugene, 
Ore., as an instructor in mathematics in 
1953, and in 1955 became assistant professor 
of mathematics. During his four years at the 
University of Oregon, his major field of re-
search was nonassociative ring theory. Since 
July, 1957, he has been an engineering 
specialist for Sylvania Electronic Systems, 
and currently heads the mathematics section 
of the Advanced Development Department 
of Sylvania's Amherst Engineering Labora-
tories. 

He is a member of the American Mathe-
matical Society, the Society for Industrial 

S. H. UNGER 

R. F. SHOEMAKER 

and Applied Mathematics, the Mathemati-
cal Association of America, Phi Kappa Phi, 
Sigma Xi, and Pi Mu Epsilon. 

Robert F. Shoemaker (S'51—A'53) was 
born in Washington, D. C., on November 
12, 1925. From 1944 to 1945 he attended 

the United States 
Navy Radio Material 
School. From 1947 to 
1952 he was a student 
at George Washing-
ton University,Wash-
ington, D. C. 

Mr. Shoemaker 
worked as an electri-
cal engineer at the 
National Bureau of 
Standards for two 
years, 1951-1953. 
Since 1953 he has 

been an electronic scientist at the Diamond 
Ordnance Fuze Laboratories in Washington, 
where he has done work in solid-state 
physics, dielectrics, and electrical com-
ponents. 

Stephen H. Unger (S'49—M'57) was born 
in New York City, N. Y., on July 7, 1931. 
In 1952, he received the B.E.E. degree from 

the Polytechnic In-
stitute of Brooklyn, 
Brooklyn, N. Y., and 
in 1953 and 1957 he 
received the S.M. and 
Sc. D. degrees, respec-
tively, in electrical 
engineering from the 
Massachusetts Insti-
tute of Technology, 
Cambridge, Mass. 

From 1952 to 
1955, he held summer 
positions with GE, 

IBM, and the Bell Telephone Labora-
tories. From 1955 to 1957, Dr. Unger was a 
research assistant at the Research Labora-
tory of Electronics at M.I.T., where he in-
vestigated various aspects of sequential 
switching circuit theory. 

Since 1957, Dr. Unger has been a mem-
ber of the technical staff of the Bell Tele-
phone Laboratories at Whippany, N. J., 
where he is doing research in the field of 
digital systems. 

He is a member of Sigma Xi, Eta Kappa 
Nu, and Tau Beta Pi. 

George Wada (S'54—M'56) was born in 
Lomita, Calif., on October 18, 1927. After 
two years of service in the navy, he attended 

D. A. WATKINS 

G. WADA 

John Muir College, Pasadena, Calif., where 
he received the A.A. degree. In 1954, he re-
ceived the B.E.E. degree from California 

Institute of Technol-
ogy and in 1955, 
the M.S. degree from 
Stanford University. 
He received the 
Ph.D. degree in elec-
trical engineering 
from Stanford Uni-
versity in 1958. 

From September, 
1954, to June, 1955, 
he was a recipient of 
an IBM fellowship 
at Stanford, and from 

1955 to 1958, he held the position of research 
assistant at the Stanford Electronics Labora-
tories. At present, he is on the technical staff 
of the Watkins-Johnson Company, Palo 
Alto, Calif. 

Dr. Wada is a member of Tau Beta Pi 
and Sigma Xi. 

D. A. Watkins (A'47—M'48—S'49—A'51— 
SM'55—F'58), was born in Omaha, Neb., on 
October 23, 1922. He specialized in electrical 

engineering, receiving 
the B.S. degree from 
Iowa State College in 
1944, and the M.S. 
degree from Cali-
fornia Institute of 
Technology where he 
was a Gerard Swope 
Fellow from 1950 to 
1951. 

In World War II, 
Dr. Watkins was an 
army engineer unit 
commander in the 

European and Pacific Theaters. He was em-
ployed by the Collins Radio Company from 
1947 to 1948, and at the Los Alamos Scien-
tific Laboratory from 1948 to 1949. From 
1951 to 1953, he was employed by the 
Hughes Aircraft Company, where he was a 
member, and then head of the microwave 
tube section of the research and development 
laboratories. Since 1949, Dr. Watkins has 
been engaged in microwave tube research, 
specializing in traveling-wave tubes and 
backward-wave oscillators. In March, 1953, 
he returned to Stanford University, where 
he is now professor of electrical engineering 
and Director of the Electron-Devices Lab-
oratories. In 1958, Dr. Watkins also became 
president of the newly formed Watkins-
Johnson Company, Palo Alto, Calif., which 
is engaged in research, development, and 
manufacture of electron devices. 

Dr. Watkins is a member of Sigma Xi, 
Tau Beta Pi, Eta Kappa Nu, Pi Mu Epsi-
lon, and Phi Kappa Phi. 
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Scanning the TRANSACTIONS  

Stereophonic disk records and record players are the big 
news in the home entertainment field this fall. Manufacturers 
have adopted the so-called 45/45 system of stereophonic re-
cording (described on p. 1686 of this issue), a system in which 
the record can be played only on a stereophonic player. Con-
siderable interest was aroused at the IRE National Conven-
tion last March by the announcement of another system of 
stereophonic recording that was compatible with existing 
monaural equipment; that is, the stereophonic record could be 
played on a standard record player for monaural listening. 
Compatibility is achieved by converting the signals from the 
left and right channels into a sum signal and a difference sig-
nal. The sum signal, which contains all the significant in-
formation presently contained on a standard record, is re-
corded laterally on the record in the standard fashion. The 
difference signal, which carries the spatial information essential 
for stereophony, is recorded as vertical modulation, after first 
being modified so as not to exceed the limits of vertical 
mobility of a standard pickup. While the system has not yet 
been adopted commercially, it offers very interesting pos-
sibilities for the future. (P. C. Goldmark, et al., "The Colum-
bia compatible stereophonic record," IRE TRANS. ON AUDIO, 
March-April, 1958.) 

The latest idea in nuclear radiation monitoring involves 
the use of a 19th century invention—the telephone. The ad-
vent of the nuclear age with its problems of bomb tests and 
fallout has led to the necessity for careful radiation monitoring 
over a large geographical area. This has inspired engineers to 
devise a simple system whereby a control station operator can 
obtain radiation data from unattended detector field stations 
located anywhere within the country simply by "calling up" 
the station over long-distance telephone circuits and getting 
a predetermined cycle of readings. (L. Costrell, "Radiation 
monitoring over long-distance telephone lines and direct field 
lines," IRE TRANS. ON NUCLEAR SCIENCE, August, 1958.) 

Pocket-size radio receivers, which have recently become 
so popular in the home-radio field, are starting to make im-
portant inroads in the mobile radio field. During the last few 
months New York City police on foot patrol in Central Park 
have been testing the use of pocket receivers with notable 
success. The list of potential applications is impressive. In 
addition to police uses, we have military, civil defense, road 
building, public utilities, construction, telephone paging, and 
oil, mining and geological survey operations, to name a few. 
The pocket radio shows great promise of putting new mobility 
into "mobile" radio. (J. R. Neubauer, "A new arm for 
vehicular communications," IRE TRANS. ON VEHICULAR 
COMMUNICATIONS, July, 1958.) 
A fresh look at troubleshooting techniques is being pro-

vided by mathematical studies involving sequential decision 
theory, information theory, and graph theory. The purpose of 
these studies is to develop systematic procedures for locating 
faults as quickly as possible. The key to good troubleshooting 
techniques is in knowing where to make the initial check and 
in what sequence to make succeeding checks so as to narrow 
down the possibilities as rapidly as possible. The best pro-
cedure to follow will depend on the relationship between the 
components to be checked, the time required for the various 
checks, and whether or not failure probability data for each 
component is known. Work to date has already provided a 
rough set of rules which give better results than old cut-and-
try guesswork methods. As research continues, it is likely 
that we will see troubleshooting transformed from a hap-
hazard art to a well-defined science. (A. J. Hoehn and E. 
Saltz, "Mathematical models for determination of efficient 

troubleshooting routes," IRE TRANS. ON RELIABILITY AND 
QUALITY CONTROL, July, 1958.) 
The prospect of atom powered planes has stimulated a good 

deal of interest in the possible effects that nuclear radiation 
might have on the functioning of various kinds of equipment 
on board the aircraft. In particular, much work has been done 
recently in exploring radiation damage to semiconductors and 
other electronic components. It may surprise some to know 
that one of the problems that arises is that radiation can cause 
a change in the dielectric constant of the atmosphere in the 
vicinity of the nuclear reactor, thereby possibly affecting 
radio transmission and reception. To investigate this pos-
sibility, tests were recently conducted near a nuclear reactor 
to determine whether any significant propagation changes or 
radio noise generation could be detected in the VHF and 
microwave regions. Nuclear engineers will be happy to know 
the tests showed that the radiation shielding they normally 
provide is also adequate from the standpoint of wave propaga-
tion experts. (W. W. Fain, et al., "Electromagnetic noise and 
propagation observations in the vicinity of a nuclear reactor," 
IRE TRANS. ON ANTENNAS AND PROPAGATION, July, 1958.) 

Radio tracking of earth satellites has focused considerable 
attention on various factors which can alter the character of 
the satellite's signal as received on earth. As a result, a good 
deal has been published in the last year on Doppler frequency 
shifts, Faraday rotation of the polarization plane, and atmos-
pheric refraction. It is interesting to note that still another 
factor enters the picture, the effects caused by the spin of the 
satellite. It has been determined that if a satellite spins on an 
axis that differs appreciably from its axis of symmetry, the 
transmitted signal is split into three components, one at the 
carrier frequency and the others at upper and lower sideband 
frequencies separated from the carrier by the spin frequency. 
Since a satellite spins at only about two cycles per second, the 
frequency separation between the components is small. How-
ever, the amplitudes can be significant, producing a relatively 
complicated signal which designers and users of radio tracking 
equipment should take into account. (J. T. Bolljahn, "Effects 
of satellite spin on ground-received signal," IRE TRANS. ON 
ANTENNAS AND PROPAGATION, July, 1958.) 

The solution of polynomial equations is a tedious chore 
that arises quite frequently in servomechanisms, communica-
tion engineering and aerodynamics work, and in vibration 
problems in the field of applied mechanics. These solutions can 
now be obtained with accuracies of up to 0.2 per cent quite 
easily with an isograph of comparatively simple construction. 
The equipment involves no more than a series of multitapped 
transformers, RC phase shifting networks, and cathode fol-
lowers. The design is based upon the principle of cumulative 
phase shifting, result in a compact, inexpensive, and portable 
instrument. It can serve as an aid to large scale computing 
machinery by isolating roots before further calculations are 
made, as well as in matrix computations. It could be a valu-
able adjunct in the design of servomechanisms as well as in 
the calculation of the transient behavior of linear electrical 
and mechanical systems. (P. V. Rao, "A novel type of iso-
graph," IRE TRANS. ON ELECTRONIC COMPUTERS, June, 
1958.) 

The role of the base station antenna in vehicular com-
munications comes into the forefront with technical advances 
in gain-producing structures and more sophisticated systems 
planning. Improved aperture illumination on a 450-mc gain 
antenna is obtained by application of a new principle to the 
classic colinear coaxial array. Novel "suppressor" designs 
spaced along and enclosing the driven conductor solve the age-
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old problem of passing the signal on down the conductor with 
no loss and preventing any of it from being able to radiate an 
out-of-phase component. The final antenna design provides 
10 db gain at 450 mc. Other base station antennas operating 
at 25-50 mc have been developed in which side mount units 
make use of the supporting tower structure to shape the pat-
tern to that desired. Many charts are provided to show that in 
systems planning, one must consider the range pattern pro-
vided by the antenna rather than the voltage or power pat-
tern. Antennas with figure eight voltage patterns are shown 
to provide rectangular area coverage. (M. W. Scheldorf, "New 
high gain station antenna," and T. J. McMullin, "The end of 
the line," IRE TRANS. ON VEHICULAR COMMUNICATIONS, 
July, 1958.) 

What are the major contributions to logical machine de-
sign and how can an engineer find material of use to him in 
the design of computers? The question is important because 
of the increasing use of mathematical logic in the design of 
computing machine networks and components, and the use of 
logic machines to help solve problems in logic. The answer 
is provided by a recently published bibliography of nearly 500 
references in the field of logical design of machines. Selections 

were made with the objective of being useful and stimulatory 
to the wide variety of scientific persons who have some in-
terest in the subject. An essential feature is the extensive in-
dex of significant title words. Each indexed word is given in 
the complete context of the title in which it occurs. (B. 
Netherwood, "Logical machine design: A selected bibliog-
raphy," IRE TRANS. ON ELECTRONIC COMPUTERS, June, 
1958.) 

Design of active networks usually stresses methods of ob-
taining stability when the network operates between the 
specified source and load impedances. In the design of oscilla-
tors, however, the objective is the opposite one of maximizing 
instability. The latter problem has recently been attacked in 
the general form of instability optimization of an active net-
work matrix combined with external passive feedback. The 
results establish a design synthesis procedure for generation of 
oscillations at any frequency for which the active circuit 
parameters are known. In particular high frequency transistor 
oscillators can now be designed analytically instead of by cut-
and-try methods. (D. F. Page and A. R. Boothroyd, "In-
stability in two-post active networks." IRE TRANS. ON CIR-
CUIT THEORY, June, 1958.) 

Books  

The Solid State for Engineers, by Maurice 
J. Sinnott 

Published (1958) by John Wiley and Sons, Inc., 
440 Fourth Ave., N. Y. 16. N. Y. 515 pages+6 index 
pages +xi pages. Illus. 91 X61. $12.50. 

This book is an introduction to the fun-
damental principles underlying engineering 
materials. As stated in the preface, it is not a 
handbook of engineering materials or their 
use, nor is it a textbook on solid-state phys-
ics, but rather a fairly coherent outline of the 
fundamental properties of a wide range of 
solid-state materials, tied together by a 
common basis in atomic structure, crystal 
structure, chemistry and thermodynamics, 
and modern physics. There is a logical se-
quence through the introductory chapters, 
while later chapters are fairly independent 
of each other, facilitating the use of this book 
to gain a rapid introduction to an unfamiliar 
field. 

There are many illustrative examples 
given (some with painfully complete arith-
metic detail) to help give the reader a 
quantitative feeling for magnitude and rela-
tionships. The format and typography are 
clear, and the illustrations, mostly taken 
from standard references, are well chosen. 
There are numerous useful reference tables 
of physical constants. 

On the whole, topics are developed to a 
reasonably consistent technical level. How-
ever, specialists in many of the fields covered 
may question the choice and relative empha-
sis of various specific topics. For example, 
the thermistor is given about six pages— 
roughly the same as the total discussion of 
all types of rectifiers (i.e., the same amount 

of space as the six pages given to the com-
pletely inadequate index). The thermistor 
discussion cited contains several pages of 
characteristics and applications while the 
transistor is given no discussion whatsoever 
of practical characteristics beyond a brief 
paragraph which includes the somewhat 
questionable statement that in an n-p-n 
junction transistor: " . . . the collector, 
shows an enlarged flow of current for a small 
flow in the . . . emitter." The chapters on 
mechanical and thermal properties of solids 
contain no systematic discussion of the prob-
lems of strength of materials at extremely 
high temperatures. Ceramic solids receive no 
explicit discussion. Organic polymers are 
given several pages of text, but glasses are 
not discussed. Half of the chapter on optical 
properties is allotted to various aspects of 
luminescence, but without mentioning elec-
troluminescence at all. The chapter on mag-
netic properties contains a brief section on 
ferrites, but there is no discussion of square 
loop materials. 

Omissions, of course, are inevitable in a 
book of this size and scope. Those cited 
above are not to be considered as a blanket 
indictment of the book. However they do 
illustrate that this book is not aimed pri-
marily at the specific need of the electronic 
engineer, although within its irregular scope, 
he will find it useful. The author has packed 
a lot of well-organized basic information into 
a volume which does not pretend to be a 
complete solid-state encyclopedia. Further-
more, there are adequate references to the 
standard literature in each field, where many 
of the omitted topics are readily accessible. 

This book should serve as a useful text 
for survey courses on materials for upper 
class undergraduate or first year graduate 
students in engineering curricula. In addi-
tion, the research and development engineer 
or scientist will find this book very helpful 
as an easy reading introductory guidebook 
to some of the unknown foreign territories 
which lie outside his own particular special-
ized area of competence. 

JOHN S. SABY 
Lamp Res Lab. 

General Electric Co. 
Cleveland, Ohio 

Circuit Analysis of Transmission Lines, by 
J. L. Stewart 

Published (1958) by John Wiley and Sons, Inc., 440 
Fourth Ave., N. Y. 16, N. Y. 176 pages+5 appendix 
pages +4 index pages +xi pages. Illus. 91 X61. $5.50. 

Transmission lines are usually covered in 
a textbook on the broader subject of com-
munication networks. This author has 
elected to remove this subject and to make 
it the scope of a separate brief textbook. 
The result has some of the attributes of a 
"sampler," treating the more elementary 
aspects of field theory and networks in their 
direct relation to transmission lines. The 
theory is well presented with excellent 
mathematical support. 

The order of presentation has a logical 
basis. From the wave viewpoint, transient 
and sinusoidal waves are described, then the 
transmission problems associated with stand-
ing waves caused by reflections. The use of 
lines as circuit elements is presented with 
reference to resonant lines and the lumped 
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circuits equivalent to a section of a line. In 
conclusion, there are given some of the 
prevalent techniques for measuring the 
properties of lines, and some applications 
of the reflection chart. 

The author is well known for his recent 
textbook, "Circuit Theory and Design." The 
present volume is based on lectures to senior 
students given at the California Institute of 
Technology; the author is now teaching at 
the University of Southern California. 

This volume is suitable for a short under-
graduate course in transmission lines, especi-
ally if it is desired to separate this topic from 
the more general treatment of communica-
tion networks. 

H. A. WHEELER 
Wheeler Labs. 

Great Neck, N. Y. 

Piezoelectricity, by the General Post Office 
Research Station 

Published (1957) by the British Information 
Services, 45 Rockefeller Plaza. N. Y. 20. N. Y. 369 
pages +x pages. Illus. 11 X81. $13.86 postpaid. 

This book contains a series of reports on 
research carried on from 1945 to 1953 by, 
or under the guidance of, Rudolf Bechmann. 
The purpose of the project was the develop-
ment of synthetic filter crystals to replace 
quartz or improve on it. The substances 
studied in detail were all covered in the pro-
gram carried out for similar purposes at the 
Bell Telephone Laboratories in the middle 
1940's (see W. P. Mason, "Piezoelectric 
Crystals," D. Van Nostrand Co., Inc., 1950). 
The piezoelectric and elastic constants of 
such crystals as dipotassium tartrate and 
ethylene diamine tartrate in this thorough 
British work may be regarded as definitive, 
but they introduce little that is new from 
an engineering point of view. Neither the 
American nor the British work has produced 
any material that can compete with quartz 
in stability and versatility. Synthetic quartz 
itself is at present the only practical sub-
stitute for natural quartz. 

The volume is of value to the research 
worker in piezoelectric crystals for its de-
tailed development of theory, for descrip-
tions of crystal growth, preparation, and 
measurement technique, and for a chapter 
on breaking strength. 

HANS JAFFE 
Clevite Corp. 

Cleveland 8. Ohio 

Nonlinear Control Systems, by R. L. Cos-
grIff 

Published (1958) by McGraw-Hill Book Co.. Inc., 
330 W. 42 St., N. Y. 36. N. Y. 319 pages +2 appendix 
pages +6 index pages +viii pages. Illus. 94 X6j. 19.00. 

Notebooks of practicing engineers and a 
vast periodical literature testify to the im-
portance of nonlinearities in control systems. 
Few of the standard texts, however, even 
define the terms "linear" and "nonlinear." 
When the problems of nonlinearity are dis-
cussed, it is generally in a final chapter fol-
lowing a lengthy development of the theory 
of linear systems. 

As the title would indicate, this emphasis 
is reversed in the new book by Professor 
Cosgriff. After a brief introductory chapter, 
two chapters are devoted to a summary of 
techniques for analyzing linear systems, em-

phasizing particularly the frequency-re-
sponse method. The remaining eight chap-
ters, constituting about two-thirds of the 
book, deal entirely with nonlinear systems. 

It should be added immediately that, de-
spite his break with previous books, Cos-
griff does not advocate such drastic depar-
tures from established pedagogical practices 
as teaching nonlinear theory to the exclusion 
of linear theory. The book is used in a second 
undergraduate course which follows a course 
on linear systems. Chapters 2 and 3, a skill-
fully done but highly condensed presenta-
tion of linear control theory, are included 
primarily for review and reference. They are 
not a substitute for a full book on the same 
material, and anybody entering the field of 
feedback control systems for the first time 
can be advised to study this book and the 
older texts. 

After the introductory and reference 
matter, the author discusses small-signal and 
piecewise linearization procedures which 
permit linear methods to be extended to 
nonlinear problems. An interesting applica-
tion of these techniques is made to the analy-
sis and design of function-generating sys-
tems, i.e., systems in which the equilibrium 
output is supposed to be a nonlinear function 
of the reference input. 

The next three chapters concern two 
much-discussed methods adapted particu-
larly to nonlinear systems. In the first, the 
phase plane is introduced, isocline construc-
tion is explained, and limit cycles are defined 
and illustrated. Applications are shown to 
systems containing a relay, nonlinear fric-
tion, and backlash. Sinusoidal analysis is 
treated in the next two chapters. Although 
the common term "describing function" is 
not used, the equivalent concept of non-
linear gain is exploited in checking for the 
presence of limit cycles and calculating the 
approximate frequency response of non-
linear systems. More attention than usual is 
given to asymmetrical systems in which a 
de component must be considered as well as 
harmonics of the excitation frequency. 

Chapter 9 is devoted to linear equations, 
typified by Hill's and Mathieu's equations, 
which have periodic coefficients. Transient 
solutions of such equations furnish a means 
for testing the stability of limit cycles. At 
the end of this chapter, sample-data systems 
are treated as linear systems with time-
varying parameters. 

Concluding chapters illustrate the appli-
cation of statistical methods to nonlinear 
systems that are subject to random inputs 
and the introduction of logic circuits as con-
trol elements. The latter topic is initiated 
by a brief discussion of Boolean algebra and 
switching devices, and it includes a descrip-
tion of a peak-seeking system which might 
be applicable in optimization problems. 

The book is marred by a number of writ-
ing or proof-reading lapses. A theorem in-
troduced in connection with modifying func-
tion-generating systems seems to depend on 
the identity 

[yr — yf(c)1 = gfr — fic) .1 
y 

where r and c are signals, y is a factor, and f 
and g are evidently nonlinear functions. If g 
is nonlinear, the equation is not valid. On 

page 112, stiction is defined as the force 
needed to initiate motion, Coulomb friction 
as the force needed to maintain motion; in 
common usage, Coulomb friction is only one 
component, independent of velocity, of the 
force opposing motion. A co-author of the 
book "Principles of Optimalizing Control 
Systems" is listed once as Y. T. Lee and 
later (correctly) as Y. T. Li. And Figure 6-5 
is described as showing isoclines and guide 
lines, but only trajectories appear. 

At several points, analog computer solu-
tions are presented to verify a calculation. 
Conspicuous by its absence, however, is any 
general discussion of computers—either ana-
log or digital—as tools for the study of non-
linear control systems. There are doubtless 
many engineers who would argue that com-
puters are the only practical way to handle 
nonlinear problems and analytical methods 
are, at best, a means for checking computer 
solutions of simplified cases or gaining in-
sight into the behavior of nonlinear systems. 
Nothing is said in support or rebuttal of this 
view. 

All in all, the book can fairly be described 
as introductory rather than encyclopedic in 
nature. It does not—and perhaps cannot— 
reflect the variety of methods and results 
contained in the periodical literature. Work-
ers in the field will observe that some topics, 
such as phase-space analysis and design of 
higher-order systems or the compensation of 
nonlinear systems, are merely mentioned. 
The author wisely omits presentation of 
practical remedies for nonlinear problems in 
favor of fundamental methods of analysis. 
To engineers hunting an introduction to the 
theory of nonlinear control systems, the 
book can be recommended. 

T. M. STOUT 
The Thompson-Ramo-Wooldridge 

Products Co. 
Los Angeles, Calif. 

Television in Science and Industry, by 
V. K. Zworykin, E. G. Ramberg, and L. E. 
Flory 

Published (1958) by John Wiley and Sons. Inc., 
440 Fourth Ave, N. Y. 16. N. Y. 275 pages +12 ap-
pendix pages +9 index pages +xii pages. Illus. 94 X6. 
110.00. 

As indicated in the preface, the book as a 
whole covers "television as an extension of 
human sight, variously called closed circuit 
or industrial television to distinguish it from 
the more specialized broadcast function." It 
is divided into five chapters, which may be 
briefly summarized as: 1) historical, 2) fields 
of application, 3) equipment, 4) status in 
1957, and 5) forecast. 

It is believed that this book is a signifi-
cant contribution to the literature of scien-
tific, medical, and biological electronics, a 
field growing in importance and one which is 
receiving more and more attention from 
scientists and medical men. Approximately 
20 per cent of the material deals with tele-
vision applications to microscopy, particle 
counting and identification, radiology, nu-
clear research, etc. The appendix is "Com-
parison of Performance Limits of Vidicon 
and Flying-Spot Television Microscopes in 
the Ultraviolet." It is in these areas that this 
book is outstanding and presents a fine 
treatment of interesting and pertinent in-
formation not generally available heretofore. 
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The balance of the text varies in degree 
of complexity and in the amount of detail 
given to different facets of the closed circuit 
TV field. As a result, the type of readership 
expected is not clearly evident. The preface 
states: "Although the presentation is essen-
tially self-contained and does not require 
more of the reader than an elementary 
knowledge of electronics circuits, copious 
references are given. . . ." On the contrary, 
much of the information presented, particu-
larly in Chapter 3, seems to presume a rather 
intimate knowledge of television practices. 
For example, concepts and terms such as 
synchronization, aperture correction, Gen-
lock, Schmidt optics, equilibrium potential, 
black level, shunt peaking, 2870°K tungsten 
source, highlight, etc., are discussed or used 
with little or no explanation. For many 
readers, this would require frequent use of 
reference material, inasmuch as there is no 
glossary of terms. 

Industrial television is growing rapidly, 
and it is understandable that some 1956-
1957 equipment and techniques are not 
mentioned. Examples are the GPL Model 
PD152, the DuMont Model 100, the Dia-
mond Power Model 500, the Jerrold distribu-
tion system using multiplexed tone signals 
for remote control, and the Scanoscope. 
There is also some understandable emphasis 
on the work and the equipment of one manu-
facturer. Nevertheless, at least half of the 
suppliers of industrial television equipment 
are listed, including a good number of foreign 
concerns. 

The book is well written; the illustrations 
are plentiful and clear; a number of more 
general references would have been appro-
priate; and the index might have been more 
complete. Certain minor discrepancies are 
noted, but do not detract from the total 
presentation. For example, in television 
terminology, "transfer characteristic" is gen-
erally preferred to "gamma" (page 56); and 
"depth of focus" is used (page 64) where 
"depth of field" is meant. 

In summary, this reviewer believes that 
"Television in Science and Industry" will be 
a valuable reference for those with some 
specific technical knowledge of the television 
field. In the over-all aspect, the coverage and 
treatment are conventional and well done; 
the material in Chapter 4 and the discussions 
of medical and scientific applications are 
excellent. 

R. D. CHIN' 
ITT Labs. 

Nutley, N.J. 

Principles of Noise, by J. J. Freeman 

Published (1958) by John Wiley and Sons, Inc., 
440 Fourth Ave., N. Y. 16, N. Y. 292 pages +3 ap-
pendix pages +3 index pages +x pages. Illus. 9} X61. 
$9.25. 

In the words of the author's preface, this 
book " ... aims to acquaint the student 
with enough of the principles, facts, and 
techniques used in noise analysis to take 
him to the level where he can read the litera-
ture with enough ease to use it as a profes-
sional tool." In addition, the author states, 
"Because of the inhomogeneous make-up of 
most graduate classes, I have tried to make 
the text self-contained so that engineering 
maturity rather than specific course work is 
the prerequisite for the course." 
. In line with the objective of being self-

contained, the book includes a chapter of 
Fourier series and integrals and another on 
the principles of probability. Following a 
third chapter on the nature of stationary 
random processes, the book then takes up 
the physical sources of noise. This section 
treats not only resistor noise but also thermi-
onic sources such as temperature and space 
charge limited diodes, triodes, and pentodes. 
The author then goes into the various repre-
sentations of the physical sources including 
a noise calculus and a chapter on the concept 
of noise figure. 

Detection theory is introduced in a chap-
ter entitled, "The Measurement of a Direct 
Voltage." After a chapter on the nature of 
Gaussian random processes, the subject is 
then further developed in the chapter "The 
Detection of Alternating Waveforms." Fi-
nally, the last chapter entitled "Target 
Noise" introduces the student to the type of 
problem in which the signal as well as the 
disturbance must be described in statistical 
terms. 

To this reviewer, it would appear that 
there is some question as to the wisdom of 
trying to teach a course on noise theory 
without requiring a prior grounding in prob-
ability theory and the principles of Fourier 
analysis. The introductory chapters can 
treat these subjects only sketchily at best. 
As a result of this, the balance of the book is 
somewhat more cumbersome and involved 
than would be necessary if the author could 
make freer use of more elegant concepts. It 
would also appear that there is some danger 
that a student completing this course would 
feel he now knows noise theory when in fact 
his knowledge is still quite superficial. 

Despite the above comments, it is felt 
that, with a competent teacher, a course 
based on this book can readily achieve the 
aims stated in the author's preface. The 
book is readable and well provided with 
problems designed to develop the skill of the 
student. We would suggest that the teacher 
using this book should take special steps to 
acquaint students with the literature. Such 
a procedure would insure that the author's 
aims are not only achieved but utilized. 

In many fields of electronics, it is be-
coming necessary for engineers to possess a 
well-developed knowledge of noise theory. It 
seldom happens, however, that such a need is 
not coupled with a need for a well-developed 
knowledge of Fourier and Laplace tech-
niques and at least an elementary knowledge 
of probability. We would prefer therefore, to 
see noise theory taught as part of a syste-
matic sequence. If this is done, it is believed 
that a different type of book would be pref-
erable. On the other hand, where it is neces-
sary that the course be self-contained, Dr. 
Freeman's book can be the basis for a worth-
while course. 

W ARREN D. W HITE 
Airborne Instruments Lab. 

Mineola, N. Y. 

Introduction to Electromagnetic Fields, by 
Samuel Seely 

Published (1958) by McGraw-Hill Book Co., Inc.. 
330 W. 42 St., N. Y. 36, N. Y. 299 pages +4 index 
pages +xi pages +2 bibliography pages +2 appendix 
pages. Illus. 91 X61. $8.50. 

This is a well-prepared, excellently pre-
sented and adequately illustrated new text 

by Dr. Seely which is certainly needed today 
to bridge a sizable gap of long standing in 
this most basic and classical field. This gap 
has existed between the more elementary 
college texts on the subject and those in-
tended primarily for graduate study. Dr. 
Seely's book, I would judge, will become an 
outstanding text for sophomore and junior 
year courses to introduce engineering stu-
dents in engineering schools to the funda-
mentals of electromagnetic field theory and 
Maxwell's equations. 

Dr. Seely introduces and presents his 
material in logical order and in increasing 
complexity of field concepts as the book 
progresses. The utilization of vector mathe-
matics and vector notation is brought in 
early, along with the physical concepts of 
various types of fields and interesting engi-
neering applications. Throughout, emphasis 
is around the electrical charge theory, with 
considerations of charges of static nature, in 
uniform motion and in accelerated motion. 

Initially, current flows in electric fields 
in multidimensional conductors are covered, 
including field intensity; potential differ-
ence; potential gradient; Ohm's, Kirchhoff's 
and Joule's laws; field mapping; etc. Static 
fields and charges involving Coulomb's and 
Gauss' laws, Poisson and Laplace equations 
follow. Conductors, capacitors, capacitance, 
and dielectrics are discussed in a very prac-
tical manner along with energy and me-
chanical stresses in electric fields. 

Electric charges in motion, current flow 
in metallic conductors, magnetic fields in 
free space, self and mutual inductance, etc. 
are then presented and illustrated. Magnetic 
circuits and the effects of magnetic materials, 
domain theory and magnetization charac-
teristics are introduced, with the basic laws 
and theories of electromagnetic induction. 

Energy and mechanical forces in mag-
netic fields are very excellently presented, 
with practical problems and concepts. This 
leads to Maxwell's equations and the im-
portant phenomena of electromagnetic wave 
motion and radiation, and Poynting's theo-
rem and vectors. The treatment of energy 
and magnetic fields is covered in a most ex-
tensive and clear-cut manner. 

In summary, I feel that Dr. Seely's new 
book will prove to be a most worthwhile ad-
dition to outstanding college texts and a 
worthy contribution to engineering litera-
ture. It should provide a basis for strong 
engineering undergraduate courses enabling 
engineering students to obtain a sound 
background in basic electricity and mag-
netism. 

A. B. HAINES 
Bell Telephone Labs. 

Winston-Salem, N. C. 

Le Calcul Analogique par Courants Continus, 
by Danloux Dumesnils 

Published (1958) by Dunod, 92 rue Bonaparte. 
Paris 6. France. 241 pages +3 index pages +xiii pages 
+2 bibliography pages +11 appendix pages. 156 fig-
ures. 91 X61. 2.850 fr. 

An unfortunate quality of too many text-
books is their willingness to sacrifice read-
ability to pedantic thoroughness. Professor 
Dumesnils has written a textbook that is a 
refreshing exception in that respect. 

The author is a professor at the École 
Nationale Supérieure de l'Aeronautique in 
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France, and the book is in essence a text for 
the course in analog computation given to 
students of that school. 

The keynote of the book is best stated 
by the author himself in the preface : 
". . only a little science, and much prac-
tice." The material is presented clearly and 
with notable logic. The illustrative problems 
and exercises, while few in number, have the 
great virtue of being clearly stated and 
solved in illuminating and thorough detail. 

The first three chapters cover the differ-
entiation of the various types of analog in-
struments, their functional and organic ele-
ments, the concept of precision, and the dif-
ferent means of output. Chapter 4 discusses 
the analog solutions of linear algebraic sys-
tems. In contrast with other authors on the 
subject, Professor Dumesnils draws a sharp 
demarcation line between his discussion of 
the solutions to linear and nonlinear sys-
tems, and this is all to the good. A chapter is 
devoted to the description of analog com-
puters and simulators currently on the 
market. The final chapter presents a good 
survey of the types and extent of the appli-
cations with which analog techniques can be 
used. 

The major criticism one is forced to di-
rect at the book stems from the author's 
fanatic preoccupation with language, which 
often borders on a chauvinism unworthy of 
the universality of science. The text of the 
book is literally riddled with asides, com-
ments, and footnotes which haggle over es-
tablished definitions, deplore americanisms 
and anglicisms, etc. While a few of the 
criticisms of loose terminology are quite 
valid, the net effect of the author's idée fixe 
is to bring confusion to the impact of key 
definitions—and also to generate irritation, 
at least with this reviewer. 

On the whole, however, the book is well 
suited to serve as an introductory textbook 
to the analog field. In the hands of the engi-
neer, it should provide an equally valuable 
introduction into the nature and potential 
of an art which the engineer cannot afford to 
ignore. 

BERTHOLD LIPPEL 
IBM Corporation 

Poughkeepsie. N. Y. 
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the use of simplified graphical methods. Field 
strength measurements at various altitudes 
showed good agreement with the calculated 
values. The airborne field strength measuring 
installation and the manner of its use are de-
scribed. 

Simplified Method for Computing Knife 
Edge Diffraction in the Shadow Region—L. J. 
Anderson and L. G. Trolese (p. 281) 
A simplified method of computing knife 

edge diffraction in the shadow region is pre-
sented which is applicable to most obstacle gain 
paths, that is, paths with a dominant mountain 
obstacle. The method has been worked out for 
1) the four-ray model—specular reflection on 
each side of the obstacle, 2) the two-ray model 
—reflection on one side only, and 3) the single-
ray model—no reflection on either side. The 
obstacle can be at any location along the path. 
The accuracy is within 2 db for path geometries 
such that the usual diffraction parameter s is 
greater than I and the two terminal heights are 
less than the obstacle height. Curves which 
further simplify the computation procedure are 
presented. 

Electromagnetic Noise and Propagation 
Observations in the Vicinity of a Nuclear Re-
actor—W. W. Fain, C. M. Crain, and W. C. 
Duesterhoeft (p. 286) 

Electromagnetic noise and propagation 
measurements have been made in the vicinity 
of a nuclear reactor to determine whether re-
actor radiation would affect X-band and VHF 
signals. No radiation effects were observed. A 
15-foot X-band propagation path was instru-
mented for observation of attenuation and 
phase changes. The over-all sensitivity was one 
part in 105 or 10 N units average over the path. 
Reactor radiation over the path was greater 
than 105 roentgen per hour. No significant 
phase or attenuation change was observed as 
reactor power level varied. A I2-db noise figure, 
8-mc bandwidth, 18-inch dish antenna, X-band 
receiving system, and a 12-db noise figure, 
4-mc bandwidth, tuned dipole antenna, 94-mc 
receiving system were pointed at the reactor 
from approximately 18 feet. No significant 
electromagnetic noise generated by reactor 
radiation was observed with these receiving 
systems. 

The Correlation Between the Electric Field 
at a Great Distance and a New Radio-Meteoro-
logical Parameter—Pierre Misme (p. 289) 

The daily variations of hourly median 
1046-mc transmission loss, recorded over a 
370-km propagation path, are found to be cor-
related with a new meteorological parameter 
that combines the thermodynamic stability of 
the atmosphere and the "useful gradient" of the 
radio refractive index. The thermodynamic sta-
bility is evaluated from the area contained be-
tween the observed temperature distribution 
with height and the pseudo-adiabatic tempera-
ture lapse, while the useful gradient of the re-
fractive index is derived from ray tracing con-
siderations, and is weighted towards the initial 
gradient. 

Communications 
Comparison of Some Experimental Terrain 

Diffraction Losses with Predictions Based on 
Rice's Theory for Diffraction by a Parabolic 
Cylinder—J. H. Crysdale (p. 293) 

The Equivalence of Electric and Magnetic 
Sources—Paul E. Mayes (p. 295) 

The Effect of the Size of a Two-Dimensional 
Array on Second-Order Beams—G. C. McCor-
mick (p. 297) 

Some Observations on Scattering by Tur-
bulent Inhomogeneities—S. Stein (p. 299) 

Scalar-Vector Analog of Green's Theorem 
—H. Unz (p. 300) 

Radiation Patterns of a Spherical Luneberg 
Lens with Simple Feeds—Robert E. Webster 
(p. 301) 

Abstracts of Papers from the IRE-IIRSI 
Symposium (p. 303) 

Correction (p. 320) 
Contributors (p. 321) 

Audio 

VOL. AU-6, No. 2, M ARCH-
APRIL, 1958 

PGA News (p. 23) 
Columbia Compatible Stereophonic Record 

—P. C. Goldmark, B. B. Bauer, and W. S. 
Bachman (p. 25) 
A "compatible" stereophonic record is one 

which will reproduce full stereophonic sound 
when played on a stereophonic phonograph and 
will be indistinguishable from an LP record 
when played on a monaural phonograph. Such 
a record may be obtained by recording the sum 
signal S= L+ R as lateral modulation and the 
difference signal D= L— R as vertical modula-
tion, and suitably modifying D so that the 
tracking possibilities of monaural pickups are 
not exceeded. 

Modulation Noise in Magnetic Tape Re-
cordings—R. Lee Price (p. 29) 

Modulation noise remains as a major limita-
tion on the dynamic signal-to-noise ratio ob-
tainable in a magnetic recording system. The 
sources of modulation noise in magnetic tape 
recordings have been investigated by reducing 
to the smallest possible value the inherent noise 
of the recording and playback equipment used 
in the tests. Possible causes of modulation noise 
are then independently introduced and their 
effects measured. The results of these measure-
ments indicate that when recording and repro-
ducing equipment is properly adjusted, the 
major source of modulation noise is spurious 
amplitude modulation of the recorded signal by 
variations in the physical and magnetic proper-
ties of the recording tape. The amount of this 
modulation noise is found to increase above the 
value obtained with a dc signal, in proportion 
to the recorded signal frequency. Recommenda-
tions are made for measurement of amplitude 
modulation noise as a check on tape quality and 
on those adjustments which affect amplitude 
modulation noise. This measurement is in addi-
tion to the measurement of frequency modula-
tion noise commonly known as "flutter." 

Transistor Nonlinearity—Dependence on 
Emitter Bias Current in P-N-P Alloy Junction 
Transistors—D. R. Fewer (p. 41) 
A method of calculating the nonlinear be-

havior of class-A common emitter transistor 
amplifiers from linear small signal measure-
ments is given. Experimental results, obtained 
with a 500-milliwatt p-n-p alloy junction tran-
sistor, show the second and third harmonic dis-
tortion as a function of emitter bias current and 
driving source resistance. Distortion, calculated 
from small signal measurements, is shown for 
comparison. 

Contributors (p. 45) 
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Necessary Conditions on the Matrix of an 

RC Grounded Quadripole—P. Slepian and 
L. Weinberg (p. 89) 

Conjectures of Lucal and Darlington on the 
synthesis of the matrix of an RC three-terminal 
network are examined in this paper. Suppose 
each of the three open-circuit impedances, 
zn(s), za(s), and z22(s), is specified as the quo-
tient of two relatively prime polynomials; each 
is then rewritten as a rational fraction with the 
polynomial W(s) as denominator, where W(s) is 
the least common multiple of the three denomi-
nators. Lucal and Boxall conjecture that in this 
representation every numerator coefficient of 
each impedance is non-negative, and in addi-
tion, each coefficient in the numerator of zi2(s) 
does not exceed the corresponding coefficient in 
the numerator of zu(s) and z22(s). It is ob-
served that these two propositions are equiva-

lent necessary conditions, and a counter ex-
ample to the first proposition is exhibited. 
Darlington conjectures that any realizable RC 
three-terminal network can be synthesized by 
the 7--T decomposition method described by 
Lucal. This counter example casts some light 
on Darlington's conjecture. 

An examination of the above counterexam-
ple suggests another condition which may be 
necessary. It is shown that if the number of 
nodes of the network does not exceed five, this 
new condition is indeed necessary; however, it 
is not known whether it remains valid when the 
number of nodes exceeds five. In the discussion 
of these matters a new proof is exhibited of the 
fact that each root of the determinant of the 
nodal admittance matrix is a nonpositive real 
number. 

Evaluation of Transistor Neutralization 
Networks—A. J. Cote, Jr. (p. 95) 

The neutralization technique selected for 
use with transistor IF amplifiers will have a 
considerable effect upon the gain and stability 
of the amplifier. Attention is concentrated here 
upon the matrix methods of neutralization 
which unilateralize the transistor. 

The matrix parameters of the unilateralized 
device are derived for each of the four types of 
unilateralization—z, y, h, and g. These are ex-
pressed in terms of the transistor two-port 
parameters and the elements of the neutraliz-
ing network. The influence of the network on 
the driving point immittances, maximum trans-
ducer gain, and stability can then be con-
sidered. (Unilateralization does not necessarily 
insure unconditional stability.) The effects of 
nonideal transformers used for the z and y types 
of neutralization are evaluated. 

Applications of these equations, over the 
frequency range from 30 to 80 mc, using meas-
ured parameters of the type 3N25 tetrode, are 
discussed. 

Synthesis of a Class of Strip-Line Filters— 
H. Ozaki and J. Ishii (p. 104) 

This paper describes a design theory for a 
class of strip-line filters on an insertion loss 
basis. The important part of the paper is the 
equivalent transformations showing the close 
correspondence between lumped and coupled-
line distributed parameter circuits. An intro-
duction is provided for clarification. Line type, 
low-pass ladder, high-pass ladder, and band-
pass ladder type filters are realized in coupled 
strip-lines. Their physical configurations are 
depicted. Finally a development is given of 
characteristic-immittance formulas. 

On the Synthesis of the Crystal-Capacitor 
Lattice-Filter with Symmetrical Insertion Loss 
Characteristics—T. E. O'Meara (p. 110) 

A general synthesis procedure is described 
for the very narrow-bandwidth lattice crystal 
filter. Specifically, it has been shown that 
equivalent low-pass insertion functions for all 
(almost) symmetrical insertion functions of 
lattice, crystal-capacitor filters may be ex-
pressed by the ratio of two polynomials of even 
degree in complex frequency. 

Starting with two such polynomials corre-
sponding to the desired insertion function, it is 
shown how a set of corresponding crystal con-
stants may be found. 

Some Fundamental Considerations on Ac-
tive Four-Terminal Linear Networks—Ma-
samitu Kawakami (p. 115) 

This paper describes some fundamental 
properties of active four-terminal linear net-
works. 

Some considerations are given on elemen-
tary active four-terminal networks, which are 
defined as networks having more than two zero 
elements out of four in their fundamental 
matrices. These four-terminal networks are 
classified according to their properties and 
their relation to each other. Some examples are 
given in which such networks are applicable; 
the networks can also be used to represent 
vacuum tube or transistor circuits. 
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On Evaluation of the Graph Trees and the 
Driving Point Admittance—N. Nakagawa 
(p. 122) 

The evaluation of characteristic numbers 
for trees has been done either by drawing the 
graph trees or by settng up a "primitive node-
pair connection matrix." In this paper a new 
algorithm called the foldant is proposed. This 
is an algebraic method equivalent to the draw-
ing of the graph trees. 

When a node, say node n, is superposed 
upon another node, say node I, any branch ni, 
where i is any third node, is now parallel to the 
branch /i. This geometrical transformation can 
be described by the algorithm of the foldant. 

As a direct application, Maxwell's rule of 
the driving point admittance which is described 
in the Appendix of his classic book, can be re-
written in terms of the foldant. Thus, as far as 
the computation of driving point admittance is 
concerned, it is no longer necessary to write 
down a set of node or loop equations nor to 
remember the lengthy statement of Maxwell's 
original rule. 

In this paper, pertinent theorems are given, 
together with proofs. Examples are given to 
clarify the method of computation. 

Flatness and Symmetric Low-Pass Lossless 
Filters—J. L. Stewart (p. 128) 

Subsequent to a review of fiat transfer 
functions and maximally flat functions with 
transmission zeros on one or both of the two 
axes in particular, characteristics of lossless 
symmetric networks with equal resistance 
terminations are given. Several theorems per-
taining to the order of flatness for such filters 
are presented and specific design examples are 
given. The theorems, along with the repre-
sentative examples, provide a basis for de-
velopment of an extensive approximate graphi-
cal cascading design technique which gives 
better results than image-matching methods for 
unbalanced filters. In the method, control of 
phase is possible while maintaining known flat 
gain characteristics. Also, existence of and de-
sign methods for approximately all-pass phase-
equalizing networks which allow for shunt ca-
pacitance are demonstrated. 

Instability in Two-Port Active Networks— 
D. F. Page and A. R. Boothroyd (p. 133) 

The general bilateral, two-port active net-
work, defined by its y, h, z, or g parameters, is 
treated for arbitrary terminations and external 
feedback with and without transformers. Sta-
bility considerations necessary for amplifier 
design are first discussed. These considerations 
are then extended to the design of instability, 
and the concept of maximum potential insta-
bility with external feedback is introduced. 
This is shown to be related to Mason's in-
variant U function. 

Simple small-signal oscillation conditions 
are obtained analytically in terms of the gen-
eral active element parameters, from which 
practical oscillator circuits are easily designed 
by the substitution of transistor or vacuum-
tube parameters. Circuits using feedback with 
and without transformers are considered. 

The use of these results is indicated for 
possible studies of large-signal oscillation, and 
for the stabilization of oscillation frequency 
and amplitude. 

Corrections (p. 139) 
Abstracts of Articles on Circuit Theory 

(p. 140) 
Correspondence (p. 142) 
PGCT News (p. 148) 
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Nonlinear Transfer Functions with Thyrite 
—L. D. Kovach and W. Comley (p. 91) 

Since the publication of a previous paper 
the uses of Thyrite in the synthesis of nonlinear 

transfer functions in analog computing have 
been greatly expanded. Moreover, new and 
considerably improved methods of Thyrite se-
lection and matching have been developed. 

The present paper shows how rational ex-
ponents can be represented. Functions of the 
form y= kx", with 1/8< n < 6 are readily ob-
tained. Circuit configurations generating the 
functions 
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which provide excellent approximations to the 
cosine and sine functions, respectively, are 
given, and an improved quarter-square multi-
plier using Thyrite squaring is discussed. 

A study was also made of the physical fac-
tors influencing the performance and accuracy 
of Thyrite and quantitative experimental data 
regarding these factors are presented. 

A Novel Type of Isograph (Algebraic Equa-
tion Solver)—P. Venkata Rao (p. 97) 

Polynomial equations occur quite often in 
physical and mathematical problems and re-
quire an exact solution. Several problems in 
control engineering, aerodynamics, and many 
other fields require the formulation and exact 
solution of algebraic equations of quite a high 
order. In the past, several mechanical and elec-
trical machines for the determination of the 
roots of polynomials have been developed, but 
all of them suffer from the serious disadvantage 
that they are very expensive and are incapable 
of high accuracy and rapidity of operation. 

This paper describes the development, de-
sign, and construction of an inexpensive and 
portable isograph which is capable of locating 
the roots of a polynomial with fairly high ac-
curacy. This isograph can serve as a valuable 
aid to large-scale computing machinery, for 
which the roots of a polynomial must be iso-
lated before further calculations can be per-
formed. It can also serve as a very useful ad-
junct to other mathematical processes such as 
complementary solution of differential equa-
tions, determination of latent roots of a matrix, 
and similar other applications. 

It is hoped that this inexpensive and porta-
ble instrument will prove extremely useful in 
the design of servosystems and in other fields 
where the problem may be presented as a poly-
nomial and that theoretical studies of engineer-
ing problems will be greatly augmented by its 
use. 

Logically Micro-Programmed Computers — 
John V. Blankenbaker (p. 103) 

Extremely simple digital computers ex-
ploiting the concepts of simulation and micro-
programming are described. Logical rather than 
arithmetic micro-programming operations are 
employed for generality and greater simplicity. 
The resulting class of computers can duplicate 
the behavior of any finite state digital computer 
except in solution time. Also, design techniques 
are given for computers employing only multi-
ple-bit time delays. 

Analytical Design of Resistor-Coupled 
Transistor Logical Circuits--M. W. Marcovitz 
and E. Seif (p. 109) 

The object of this paper is to analyze and to 
develop design procedures for a resistor-coupled 
transistor circuit used in the mechanization of 
logical operations. The basic circuit consists of 
one transistor and a number of resistors. This 
circuit performs the OR function followed by 
the NOT function or the AND function fol-
lowed by the NOT function. With these com-
pound functions mechanized it is possible to 
build any logical system. 

The first requirement for operation of this 
circuit is that the transistor must be saturated 
if one or more inputs are low. The second re-
quirement is that the transistor must be cut off 
if all of the inputs are high. A "worst case" 
analysis is performed for each of these require-
ments. 

Three types of solutions are described and 
discussed: general purpose, intermediate (flexi-
ble), and special purpose. The general purpose 
design uses one standard stage for the mecha-
nization of an entire logical system. The special 
purpose design is tailored to fit a complete logi-
cal system. If any logical change is made, a 
large part of the circuitry must be redesigned. 
An intermediate (flexible) design uses different 
stage designs, having different numbers of in-
puts and outputs. 

Procedures are developed for the design of 
the general purpose system in two ways: hand 
computation with a slide rule; computation on 
a small digital computer (Burroughs E101). 
Procedures are developed for the design of the 
intermediate flexible system using hand com-
putation. Examples of the design procedures 
are shown and optimized for minimum required 
tiansistor base current. Circuits were con-
structed and tested to verify these design pro-
ced ures. 

On the Analysis of Sequential Machines— 
R. G. Gillespie and D. D. Aufenkamp (p. 119) 

In this paper we indicate briefly how the 
methods of the algebraic solution of Markov 
chains with constant transition probabilities 
apply to the analysis of sequential machines. 
Mealy's model of a sequential machine is as-
sutned. A stochastic matrix is associated with 
each such machine to provide a starting point 
for the analysis. "Closed" sets of states are then 
characterized, for example, by the appropriate 
theorems about Markov chains. A technique is 
formulated for reducing the connection matrix 
of any sequential machine to a canonical form. 

Correction (p. 122) 
Symposium on Computers in Simulation, 

Data Reduction, and Control 

Digital Computers in Continuous Control 
Systems—Edward L. Braun (p. 123) 

The use of digital computers in continuous 
control systems is discussed. A comparison is 
made of the two major types of digital ma-
chines, namely the GP (general purpose) and 
the DDA (digital differential analyzer), and 
characteristic feat ut-es of each are considered. 
Certain advantages and limitations of each type 
are described, together with their indicated 
areas of application. Methods of processing 
input data from analog and digital sensing ele-
ments are described, as well as means of supply-
ing control signah to output servos. 

Computers in Process Industry Control— 
William F. GuinÈtig (p. 129) 

Successful inclusion of a digital computer in 
the real-time control loop of an industrial fluid 
process plant is dependent on 3 practical steps: 
1) the formulation of adequate mathematical 
models, 2) the development of satisfactory data 
acquisition techniques, and 3) the proof of suffi-
cient reliability. Examples are taken from the 
petroleum industry. 

Aspects of Real-Time Simulation —Walter 
F. Bauer (p. 134) 

Present-day digital computers are too slow 
for the comprehensive real-time simulation of 
complex electronic systems such as those in-
volving guided missiles. Computers appearing 
2-3 years hence will be sufficiently fast for these 
applications. There is and will continue to be 
fertile application fields for analog-digital com-
puter combinations. An existing large-scale 
(Univac Scientific 1103A-Epsco converter— 
Electronic Associates) analog-digital system is 
described. System design and specifications are 
discussed which relate to real-time speeds, 
necessary accuracies, digital computer pro-
gramming, and synchronizing the digital com-
puter with the remaining system components. 
Techniques for exploiting each computer's ad-
vantages are mentioned. Applications in the 
guided missile field and in other fields are dis-
cussed. 

Digital Information Processing for Ma-
chine-Tool Control—Alfred K. Susskind (p. 
136) 
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Flexibility, accuracy, elimination of manual 
skill, and greater work potential result from the 
addition of digital data processing to machine-
tool control. Several special-purpose digital 
computers for machine-tool control have now 
been developed. These perform only simple 
computational tasks. The more sophisticated 
tasks require the addition of general-purpose 
large-scale computers. This combination, while 
only partially explored, appears very promis-
ing. It should lead not only to improvements in 
translating a part design into the finished piece, 
but should ultimately assist in the design pro-
cedure. 

Realization of Randomly Timed Computer 
Input and Output by Means of an Interrupt 
Feature—L. R. Turner and J. H. Rawlings 
(p. 141) 

The Lewis Flight Propulsion Laboratory of 
the National Advisory Committee for Aero-
nautics is assigned the primary task of research 
into the basic problems of the design and opera-
tion of aircraft power plants. Since World War 
II this has primarily meant research in the field 
of jet and turbine engines. 

Although these engine types are simple in 
concept, it was quickly realized that they could 
not be developed adequately by research on 
small-scale models. It has been necessary to 
build large facilities in which research could be 
conducted under conditions approximating 
those expected of actual flight. 

With new facilities under construction or 
being planned, it became clear in the late 1940's 
that only some form of mechanization could 
cope with the growing problem of data-proc-
essing. The resulting studies led to a plan in 
early 1950 for the construction of a data-record-
ing system aimed toward digital data-proces-
sing techniques. 

In January, 1952, the first model of an 
automatic digital pressure recorder with mecha-
nized, manually-controlled computing was put 
into operation. 

From this point the system gradually 
evolved in concept and in working equipment 
to its present form in which a central editing 
and computing station serves a number of re-
mote research facilities. The operation of data 
collecting and input editing is described in 
considerable detail by Ryskamp. It is sufficient 
at this time to give a brief description of the 
system. 

Questions and Discussion (p. 150) 
Logical Machine Design: A Selected Bibli-

ography—Douglas B. Netherwood (p. 155) 
This paper presents a selection of current 

bibliographic references in the field of the logi-
cal design of machines. Selections were made 
with the objective of being useful and stimula-
tory to the wide variety of scientific persons 
who have some interest in this subject. An 
essential feature of the report is the extensive 
index of significant title words. Each indexed 
word is given in the complete context of the 
title in which it occurs. 

Correspondence (p. 179) 
Contributors (p. 183) 
SENEWS, Science Education Subcommit-

tee Newsletter (p. 185) 
PGEC News (p. 188) 
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Abstracts of Papers (p. 102) 

Papers from Atlanta Instrumentation 
Conference 
A Multichannel Digital Data Logging Sys-

tem—Joseph Luongo (p. 103) 

This paper describes a multichannel Digital 
Data Logging System which is capable of con-
verting many forms of analog input information 
into digital form and recording the digital in-
formation on automatic recording devices. 
Each analog input channel is continuously con-
verted into binary coded decimal digital form 
by a Federal Andicon analog-to-digital con-
verter positioned by a servosystem. A Data 
Programmer controls the readout and recording 
sequence at a rate at which the printing or re-
cording device operates. One information input 
channel at a time is scanned at a rapid rate and 
stored in an intermediate data storage section. 
The stored information is then read out at the 
slow rate required by the recording device, 
converted to the proper code to operate the 
recording device, and fed to the recorder. When 
the information input channel has been re-
corded, the Data Programmer selects the next 
channel and repeats the recording cycle. The 
System can be programmed to operate from 
any number of analog input channels. 

Economical On-Line Data Reduction Sys-
tem for Wind-Tunnel Force and Pressure 
Tests—M. Bain and M. Seamons (p. 107) 

The high speed data accumulation system 
developed for the Jet Propulsion Laboratory 
wind tunnels is being expanded into a complete 
on-line data-reduction facility capable of 
handling both force tests and pressure tests of 
two supersonic wind tunnels and eventually a 
hypersonic tunnel. Economy is attained 
through the use of perforated tape storage and 
high speed serial digital data-processing cir-
cuitry. 

This paper reports on the equipment de-
veloped to implement an on-line system. In-
cluded are: high speed electronic data scanners; 
tape perforating equipment; additional input 
and output devices for a digital computer pre-
paring final-data tapes suitable for both listing 
and plotting; tape controlled plotters for final 
coefficients; and fast word-at-a-time page 
printers. 

Also included is a description of a recently 
installed multipressure measuring system ca-
pable of scanning 192 pressure sources in 40 sec-
onds. This equipment utilizes but one pressure 
gauge which is switched to the various pressure 
lines. A report on the operating experience is 
included. 

The paper concludes with a discussion of the 
saving in testing time, data-reduction time, 
and operating costs to be effected by the new 
system. 

Digital-Analog Function Generator—R. W. 
Hofheimer and K. E. Perry (p. 111) 

Digital-analog function generators are simi-
lar in application to digital-to-analog con-
verters except that their outputs, instead of 
being proportional to the inputs, are propor-
tional to functions of the inputs. If, for exam-
ple, the input to a digital-analog function gen-
erator is x in digital form, then the output can 
be an analog voltage proportional to sin x or 
log x or any of a wide variety of functions of x. 
Functions of more than one input variable can 
also be handled. 

A Multidecade Logarithmic Sweep—R. W. 
Archbald, J. P. McNeill, and E. Schutzman 
(p. 118) 
A logarithmic sweep is useful in the analysis 

of pulse-time modulation signals and in com-
puting operations. The sweep can be used to 
measure the per cent modulation of pulse mod-
ulated waveforms where the per cent modula-
tion is small. 
A simple and unique procedure for design-

ing a logarithmic sweep is described utilizing 
the output exponential function of a combina-
tion of resistive capacitive elements. The cir-
cuit is capable of covering a large number of 

decades of the input time variable. An accuracy 
of two per cent of the maximum output is 
obtained. 

The basic circuit configuration consists of 
parallel RC combinations. The output is the 
sum of the exponential response of each parallel 
branch. The addition of the exponential func-
tions is accomplished by means of a stabilized 
three-stage grounded emitter transistor feed-
back amplifier. Important design considera-
tions are given for the amplifier. Equations are 
derived for ranges of two, three, and four 
decades in time. A typical circuit design is per-
formed for a unit covering a range of three 
decades. Experimental results are given for this 
configuration. 

Topological Transformations by Electronic 
Scanning Techniques—D. G. Aid, G. H. Bald-
ing, and C. Süsskind (p. 121) 
A method of producing two dimensional 

topological transformations electronically is 
described, together with the circuits required, 
and some examples. The transformation is 
achieved in the driving circuits of a standard 
flying-spot camera tube equipped with a dual 
deflection system (i.e., two sets of orthogonal 
deflection yokes or plates). Possible applica-
tions include scale expansions, conversions 
from linear to nonlinear scales, and correction 
of distortion. 

Correction (p. 125) 
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Message from the Editor (p. 248) 
Frontispiece—Lan Jen Chu (p. 249) 
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Jen Chu (p. 250) 
Report of Advances in Microwave Theory 

and Techniques-1957—Robert E. Beam 
(p. 251) 
A New Form of High-Power Microwave 

Duplexer—P. D. Lomer and R. M. O'Brien 
(p. 264) 
A new form of microwave duplexer, capable 

of handling twice as much power as an equiva-
lent balanced duplexer, is described. It consists 
of a microwave bridge circuit and a power-
sensitive half-wavelength phase shifter. A 
simple gas-discharge tube is used in the phase 
shifter, which changes the length in one arm of 
the bridge circuit by a half-wavelength for high-
power and low-power microwave pulses, re-
spectively. 

The performance of one form of phase-shift 
duplexer has been measured over a frequency 
range from 8500 mc to 10,000 mc. The VSWR 
is less than 1:2 and the receiver isolation is 
greater than 30 db over most of the waveband. 
This is comparable to the performance of a 
balanced duplexer using the same components. 
The power handling capacity of the phase-shift 
duplexer is intrinsically twice as great as that of 
the balanced duplexer. For example, at a wave-
length of 3 cm the phase-shift duplexer will 
operate unpressurized at a peak power level of 
200 kw with a 2:1 safety factor on breakdown, 
whereas performance of a balanced duplexer at 
this power level is marginal. 

Radiation from a Rectangular Waveguide 
Filled with Ferrite—G. Tyras and G. Held 
(p. 268) 

This paper presents an approximate analyti-
cal solution to the problem of radiation from a 
ferrite-filled rectangular waveguide. The field 
distribution at the mouth of the guide is as-
sumed to be unaffected by the termination of 
the guide. The vector Huygens' principle is 
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applied to find the far-zone radiation field from 
the determined aperture field. 

The solution to the problem is found in this 
manner for the cases of longitudinal and trans-
verse magnetization of the ferrite. The trans-
verse magnetization case is supplemented with 
a discussion of a specific numerical example 
which includes plots of the aperture field dis-
tribution and the phase angle as well as plots 
of the far-zone radiation field. The experimen-
tally known phenomenon of the effect of the 
applied magnetic field upon the shift of the 
main lobe is demonstrated and verified ana-
lytically. 

Launching Efficiency of Wires and Slots for 
a Dielectric Rod Waveguide—R. H. DuHamel 
and J. W. Duncan (p. 277) 

This paper describes an experimental in-
vestigation of surface wave launching efficiency. 
Wires, rings, and slots are considered as exciters 
of the HEu mode on a dielectric rod image line. 
A formula is derived which relates the efficiency 
of a launcher to its impedance as a scatterer on 
the surface waveguide. Efficiency is obtained 
by using this formula and also by applying 
Deschamps' method for determining the scat-
tering matrix coefficients of a two-port junc-
tion. Graphs are presented which illustrate the 
variation of efficiency with the dimensions of 
the launchers and with the parameter Xg/X, the 
ratio of the guide wavelength to the free space 
wavelength. 

Microwave Switching by Crystal Diodes— 
Murray R. Millet (p. 284) 

This paper gives the results of an investiga-
tion of the use of a microwave crystal as an RF 
switching element. Variation of a dc bias ap-
plied to the crystal will change its impedance, 
thereby providing an electronic control of 
microwave power. Empirical data are corre-
lated with the physical structure of the crystal 
and its equivalent circuit to establish the fre-
quency and power limitations of the switch. A 
comparison is also made of the switching prop-
erties of germanium and silicon crystals. Curves 
are given for predicting the switching capacity 
of any diode once its impedance has been 
normalized with respect to the characteristic 
impedance of the waveguide. Some methods are 
suggested for improving the bandwidth and 
power capacity of the crystal switch. 

Dielectric Image Lines—S. P. Schlesinger 
and D. D. King (p. 291) 

Some further studies on the dielectric image 
line are presented. Following a verification of 
field purity for the conventional image system, 
the effects of dielectric constant and dielectric 
geometry on loss, dispersion, and field extent 
are examined. Results are also discussed for an 
asymmetric line, i.e., the case of dielectric 
binding medium partially submerged in an 
image surface. 

A Fast Ferrite Switch for Use at 70 KMC— 
E. H. Turner (p. 300) 

A normally open (attenuating) switch using 
ferrites has been built to operate in the 70-kmc 
region. It can be operated in 0.5 µsec and can 
be used with high duty cycles. The attenuation 
is about one db in the closed position and about 
60 db in the open position. Construction and 
performance of the switch are discussed. 

Theoretical Analysis of the Operation of the 
Field-Displacement Ferrite Isolator—Kenneth 
J. Button (p. 303) 

A theoretical analysis of the resistance-
sheet isolator is carried out, and numerical 
solutions are obtained for the forward and re-
verse propagation constants of the distorted 
dominant mode in a rectangular waveguide 
containing a transversely magnetized thick 
ferrite slab displaced slightly from the side 
wall. The microwave electric field patterns 
within the waveguide are plotted for several 
values of the physical design parameters of the 

isolator for which experimental performance 
data have been reported. Field patterns are 
used to describe the principles of the isolator 
and to select the optimum values of slab thick-
ness, internal dc magnetic field, ferrite mag-
netization, and location of the slab in the wave-
guide for the idealized isolator. Evidence is 
presented to show that it is necessary to use 
a comparatively thick ferrite slab located in a 
very small usable range of distances from the 
side wall. The appropriate value of internal dc 
magnetic field is simply related to the mag-
netization of the ferrite and to the frequency. 
It has not been necessary to take into account 
the perturbing effects of the resistance card or 
matching techniques in order to explain the 
basic design principles. 

Reciprocity Relationships for Gyrotropic 
Media—R. F. Harrington and A. T. Villeneuve 
(p. 308) 

Reversal of the dc magnetic field in gyro-
tropic media transposes the tensor permeability 
and permittivity. It is shown that this also 
transposes the impedance, admittance, and 
scattering matrices of any device. It follows 
from this that the usual reciprocity statements 
for isotropic media apply to gyrotropic media 
if one reverses the dc magnetic field whenever 
an interchange of source and measurer is made. 

Broad-Band Stepped Transformers from 
Rectangular to Double-Ridged Waveguide— 
E. S. Hensperger (p. 311) 

The design of a series of broad-band 
Tchebycheff-type stepped waveguide trans-
formers from various sizes of standard rec-
tangular waveguides to a double ridged wave-
guide covering the frequency range of 4750 to 
11,000 mc is described. Four separate trans-
formers employing RG-67/U (WR-90), RG-
68/U (WR-112), RG-106/U (WR-137), and 
WR-159 to Airtron ARA-133 double-ridged 
waveguide have been designed using this tech-
nique and cast in aluminum. The complete fre-
quency range is covered by several pairs de-
pending on which sizes of mating rectangular 
waveguides are desired. The RG-106/U design 
covers a frequency range of 53 per cent with a 
maximum VSWR of 1.08, while the other three 
designs each cover a slightly smaller frequency 
band with a VSWR not exceeding 1.05. Along 
with the experimental results obtained, an out-
line of the design method is given which can be 
used to design similar transformers between 
any compatible rectangular and double ridged 
waveguides. 

A Wide-Band Balun—J. W. McLaughlin, 
D. A. Dunn, and R. W. Grow (p. 314) 

Experimental results are given for a trans-
former from an unbalanced 50-ohm coaxial line 
to a balanced pair of 50-ohm coaxial lines. The 
design is one proposed by Marchand. The bal-
ance, standing wave ratio, and insertion loss are 
nearly constant over a 13 to 1 frequency range 
from 650 mc to 8500 mc. The standing wave 
ratio is less than 2.1 to one; insertion loss is 
about 0.5 db over this band of frequencies. 

Power-Flow Relations in Lossless Non-
linear Media—H. A. Haus (p. 317) 

The Manley-Rowe relations, originally de-
rived for nonlinear lumped circuit elements, are 
generalized to include the power flow in the 
fields produced in the presence of lossless, non-
linear media. The generalization is carried out 
first for nonlinear anisotropic media with single-
valued relations between the instantaneous Ê 

and i"7, and H and M. The proof is extended to 
include gyromagnetic media under small-signal 
excitation at the signal frequency (but large 
excitation at the pump frequency). The rela-
tions are applied to show under what conditions 
power gain can be achieved with a three-fre-
quency and a four-frequency excitation el 
a ferrite. The form of the coupling coefficients 
in the electromagnetic operation of a ferrite 

amplifier is shown to be a consequence of the 
generalized Manley-Rowe relations. 

One Aspect of Minimum Noise Figure 
Microwave Mixer Design—Saul M. Bergmann 
(p. 324) 
A theory is derived which enables a direct 

measurement of the optimum RF impedance 
for minimum noise figure. This is achieved by 
an extension of Pound's method for loss meas-
urements. Also, an analysis is made of the rela-
tion between minimum noise figure and maxi-
mum gain of the mixer represented as a two-
port network. 

The procedure consists of first matching the 
RF signal input terminals with short-circuited 
IF terminals. Next open-circuited IF terminal 
conditions are obtained by a circuit used by 
Pound. Then a reference plane is determined 
coinciding by preference with the plane of a 
maximum in the standing wave pattern of 
VSWR = r. A discontinuity is finally introduced 
that would have a VSWR of p= Vi• and have 
its maximum or minimum at the plane of 
reference. 
A Broad-Band High-Power Vacuum Win-

dow for X Band—H. J. Shaw and L. M. 
Winslow (p. 326) 

Recent developments in high-power tubes 
for the 3-cm wavelength region have created a 
need for waveguide output windows which are 
capable of transmitting peak power in excess of 
1 megw and average power in the neighborhood 
of 1 kw, and which have frequency bandwidths 
of about 15 per cent. This paper describes a 
structure which is designed to meet these elec-
trical requirements, and which also has de-
sirable physical and fabricational properties. A 
dielectric plug, which forms the vacuum seal, is 
used as one element of a three-element filter. 
The design procedure and experimental results 
are discussed. 

Correspondence (p. 331) 
Contributors (p. 335) 

Nuclear Science 

VOL. NS-5, No. 2, AUGUST, 1958 

Radiation Monitoring Over Long-Distance 
Telephone Lines and Direct Field Linea-
L. (p. 21) 

Long-distance monitoring of radiation levels 
can be accomplished economically and reliably 
over commercial telephone line circuits. The 
system described was developed for the Atomic 
Energy Commissicm for the remote monitoring 
of gamma radiation resulting from atomic ex-
plosions. Though its principal use has been 
over long-distance telephone lines, it can also 
be used over direct field lines for monitoring 
sites within approximately 15 miles of the con-
trol station. The monitoring stations consume 
power only during challenges which last for 
about two minutes each. Total battery drain 
is therefore quite low, permitting the stations 
to remain unattended for long periods. 
A Dynamic Condenser Electrometer Sys-

tem for Beta Particle Detection—S. Fox and 
R. B. Frank (p. TO 

An electrometer is described which has been 
commercially engineered to provide chemists, 
biologists, and medical technicians with a de-
vice for low-level counting using an ioniza-
tion chamber. The operation of the instrument 
and typical applications are outlined. These 
include C-14 in gag samples, tritium in gas, and 
the same isotopes in liquid or solid form. 

Electron Multiplier Neutron Detectors - 
I.. Daum (p. 301 

A standard pliotomultiplier tube having 
uranium coated on the cathode is proposed for 
use in power reactor control. It will cover the 
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neutron flux range from 10, to 10,, neutrons 
/sec/cm' or the range from 10, to 10, neutrons 
/sec/cm,. The electron multiplier neutron de-
tector will compete with gamma compensated 
ionization chambers. Electronic discrimination 
of both gamma induced pulses and the natural 
alpha activity of the uranium is used to reduce 
the gamma sensitivity of the system. 

Transistorization of Nuclear Counting Cir-
cuits—R. T. Graveson and H. Sadowski 
(P. 33) 

The advantages of long operational life, 
low-power drain and miniaturization may be 
realized in nuclear counting circuits through 
the use of transistors. The disadvantage of in-
stability, due to the effects of temperature 
change in the transistor, may be minimized in 
counting circuit designs. The predominant ef-
fects are a change in the grounded emitter cur-
rent gain (beta) and a variation of the leakage 
current through the transistor (It.). The binary 
circuit is analyzed for stability criteria, and 
may be tested conveniently through a simula-
tion of ¡co for the maximum operating tempera-
ture. Representative circuits of a binary stage, 
amplitude discriminator, one-shot multivibra-
tor, and ratemeters are included. These were 
designed using the criteria of a minimum Beta 
and a maximum /c„. 

Transistorized Radiation Monitors—F. S. 
Goulding (p. 38) 

The advantages of transistors over vacuum 
tubes in radiation instruments have long been 
realized but a somewhat different approach to 
circuit design must be followed in developing 
transistor instruments, as compared with that 
used in vacuum tube circuits, and this seems to 
have discouraged many from developing such 
circuits. The purpose of this paper is to describe 
in some detail the design principles included in 
some instruments developed at Chalk River in 
the past two years. Transistor high-voltage sup-
plies, ratemeters, and pulse amplifiers are dis-
cussed and two instruments using these ele-
ments are described. 

Application of Transistors to Safety Cir-
cuits—E. J. Wade and D. S. Davidson (p. 44) 

The application of transistors to circuits 
controlling the rod release for shutdown of a 
nuclear reactor is described. No vacuum tubes 
are used in the circuit. The circuits were de-
signed with maximum attention to reliability 
and fail-safe operation. 

Effects of Radiation on Vidicon Perform-
ance—R. A. Davidson and B. H. Rosen (p. 46) 
A commercial one-inch vidicon was exposed 

to a total radiation dosage of approximately 
10 ,, NVT in the Brookhaven National Labora-
tories Nuclear Pile Reactor. Quantitative tests 
were devised for measuring tube aperture re-
sponse, signal, noise, and photoconductor 
"dark" current. 

No measurable degradation of performance 
occurred, except for decrease in signal output, 
which was attributed to radiation browning of 
the vidicon glass faceplate. 

Capacitance Level Gauge for Pressurizers of 
Pressurized Water Reactor Plants—William 
Gernert (p. SO) 

The pressure of a pressurized water nuclear 
power plant is maintained by heating water to 
saturation temperature in a vessel partially 
filled with water. The water level in this vessel, 
the pressurizer, must be monitored for safe 
plant operation. This paper describes the ap-
plication of a well-known principle of liquid 
level measurement to this problem. The un-
usual operating conditions made the develop-
ment of the device difficult. 

Fast Time Scale Simulation of a Reactor 
Control System- G. Friedensolin and D. H. 
Sheingold (p. 531 

The setup and results of a reactor kinetics 
and servosystem simulation is presented. The 
reactor, a .50-megawatt high flux materials and 
engineering test reactor designated Belgian 

Reactor-2, is controlled by means of a saturat-
ing servomechanism actuating a cadmium con-
taining regulating rod. The simulation was set 
up on a 100/1 time scale using GAP/R high-
speed analog computing equipment, and solu-
tions were presented repetitively. 

Represented in the setup were six delayed 
neutron groups, variations in regulating rod 
effectiveness with displacement and reactor 
cycle time, four quadrant servomotor torque-
speed characteristics, control rod position 
limiting, and a temperature coefficient of re-
activity. 

The results presented include the response 
of the system to: reactivity disturbances, 
changes in desired power set point, increase of 
power on a constant period, and transition 
from manual to automatic control during 
startup. 

NRIT Reactor Neutron Level Control Sys-
tem—C. G. Lennox and A. Pearson (p. 64) 
A control system has been developed for the 

NRU reactor which performs automatic start-
up as well as steady power control. This paper 
describes the system characteristics and the 
circuits which determine them during startup 
and under steady power control. 

Thermal Power Control of the MT Re-
actor—C. G. Lennox and A. Pearson (p. 68) 

When reactor power is controlled only by 
neutron leakage flux, a difficulty arises because 
the factor relating neutron flux level with 
reactor power is a function of the flux distribu-
tion in the reactor. Due to variation in control 
rad positions, the flux distribution will vary. 
This paper presents a method for handling the 
problem by measuring the reactor thermal 
power and using this to adjust the power level 
demand circuits. A stability analysis is also 
given. 

Correspondence (p. 73) 
News and Views (p. 74) 

Reliability and Quality Control 

PGRQC-13, JULY, 1958 
Mathematical Models for Determination of 

Efficient Troubleshooting Routes—A. J. Hoehn 
and E. Saltz (p. 1) 

Computer Methods for Estimating Weibull 
Parameters in Reliability Studies—J. H. K. Kan 
(P. 13) 

In an earlier paper which appeared in these 
TRANSACTIONS, the author showed in the ap-
pendixes two methods of estimating the shape 
and scale parameters of a Weibull distribution 
from a set of life testing data. They are: 1) the 
method of least squares for the transformed 
data, and 2) the method of maximum likelihood 
for ungrouped data. It was pointed out that 
since the method of least squares was the 
simpler of the two, it could be used as a first ap-
proximation for getting the maximum likeli-
hood estimate which involves solving, by trial 
and error, two simultaneous transcendental 
equations. As a measure of simplifying the com-
putation of the analysis, the author suggested 
fixing the shape parameters at m= 1.7, when 
studying the reliability of electron tubes. This 
value of m= 1.7 was an average value based 
upon the life experience data, then available to 
the author, of some 2000 electron tubes. 

With the wide popularity and availability 
of electronic computers, the above simplifica-
tions are no longer necessary, though still de-
sirable for reasons explained in the text. This 
paper describes two additional methods for 
which the computers are almost indispensable. 
They are: 3) the method of maximum likeli-
hood for grouped data, and 4) the method of 
minimized chi-squares. For the sake of discus-
sion, the two previous methods (1 and 2) are 
briefly reviewed. As an illustration, the life 
testing data for five lots of some 400 electron 

tubes by a large tube manufacturer are treated 
by all four methods of estimation. Compari-
sons are made on the results and merits of these 
methods. 

Effects of Ambient Temperature on Elec-
tron Tubes—K. Hopkinson (p. 23) 

Tomorrow's Quality Demands—H. O. 
Imus (p. 29) 

Progress in TV-Receiver Reliability—E. H. 
Boden (p. 36) 

Reliability Control Based on Multiple Se-
quential Feedback—C. M. Ryerson (p. 45) 

The classical approach to reliability im-
provement is based on a single feedback loop 
embracing design, development, production, 
and field service. A procedure of multiple se-
quential feedback is described which ties in 
with reliability prediction to provide a speci-
fied reliability on the first production run. 
Techniques are described which can be applied 
to many industrial operations. Illustrations 
show how tests and analyses of various kinds 
fit in. 

Student Announcement (p. 57) 

Vehicular Communications 

PGVC-11, JULY, 1958 
Transistorized Microphones for Vehicular 

Communications—H. A. Johnson and L. Ro-
senman (p. 3) 

With the emphasis on intelligibility and re-
liability, the use of carbon microphones in 
vehicular communications is rapidly diminish-
ing. Instead, magnetic and dynamic micro-
phones with built-in transistor preamplifiers 
have been gaining considerable favor. For 
existing equipment, the amplifier draws its 
power from the carbon microphone circuit so 
that, in most cases, equipment changes are not 
required. Among the interesting possibilities in 
new equipment is a talk-back provision, where-
by the microphone also acts as a speaker. Cir-
cuit considerations, environmental stability, 
and performance will be treated. 

New Type High Gain Station Antenna— 
M. W. Scheldorf (p. 10) 

There is an ever increasing demand for 
higher gain in omnidirectional fixed station an-
tennas. A major factor in the pyramiding cost 
of these structures is the complexity of the feed 
system. Single feed point systems used in the 
past have had the disadvantage of low cou-
pling between the driven element and the re-
motely located elements, resulting in highly 
tapered illumination and consequently lowered 
gain. 

A new principle for a radiating array has 
been developed which uses only one feed point 
but with improved aperture illumination. New 
elements called "suppressors" isolate the effec-
tive portions of the radiating conductor with-
out a need for direct excitation. Results with a 
unit having 10-db gain at 460 mc are described. 

The End of the Line—T. J. McMullin 
(p. 20) 

Discussion covers base station antennas in 
the 25-50-mc and 148-174-mc bands. Various 
types and combinations of antennas are dis-
cussed which produce shaped horizontal cover-
age patterns for noncircular areas so as to con-
centrate the radiation over the desired area. 
This approach to coverage is both economical 
from an investment standpoint and tends to 
reduce interference to other users. 

Directional antennas with deep nulls on the 
back or side are effective in reducing cochan-
nel, skip, desensitization, intermodulation, and 
transmitter noise types of interference. 

Better utilization of the sides of towers can 
be obtained by the use of side-mount antennas 
to obtain either circular or eccentric horizontal 
patterns. This permits greater antenna gain 
than otherwise possible and also allows a num-
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ber of systems with sufficient frequency separa-
tion to occupy the same tower structure. 

Sources of Interference Inherent in Vehicu-
lar Electrical Systems—B. H. Short (p. 33) 

A New Arm for Vehicular Communications 
- --J. R. Neubauer (p. 34) 

A comparative system study has been made 
to determine the performance requirements of a 
pocket carried receiver, which is compatible to 
existing land-mobile vehicular communication 
systems and can be used to extend their range 
of operational flexibility. The study employs a 
medium frequency analysis as a model. Using 
this method, a similar process yields the mini-
mum performance specifications for frequencies 
of 43 and 150 mc. It is determined that such a 
device can be practically utilized within the 
desired range of coverage. A typical receiver 
now in production is described and a discussion 
of present and future applications illustrated. 

A Compact Low-Cost 150 MC Mobile Unit 
of Unusual Design—M. A. Robbins (p. 42) 
A VHF Mobile Unit is described which is 

one third the weight and employs 35 per cent 
less tubes than conventional units. The equ'p-
ment meets current Canadian and U. S. Specifi-
cations, is rated at 10 watts RF output and has 
a sensitivity under 0.5 mv. 

Compactness has been gained by the use of 
printed components, front-mounting, and con-
siderable simplification of the detection and 
modulation circuits. 

The frequency multiplication factor of the 
transmitter is 4, which considerably reduces the 
number of spurious emissions. 

Application of Single Sideband for Mobile 
Communication—W. L. Firestone and H. Mag-
nuski (p. 48) 

Transistorized Frequency Reference and 
Control System for 920 Channel Military 
Vehicular VHF-FM Receiver-Transmitter— 
F. Bauer and D. Kammer (p. 55) 

Receiver and transmitter frequency control 
is accomplished by two phase comparison 
loops. The primary loop compares the phase of 
the receiver VFO with the output of a Crystal 
Reference System containing a total of 13 
crystals and using three stages of interpolation 
to cover the required frequency range. The 
secondary loop, on transmit, uses the controlled 
receiver VFO for the sidestep function and a 

crystal stabilized reference oscillator, which is 
capable of being modulated, for phase com-
parison. The receiver-transmitter covers a 
range of 30-76 mc in two bands with 50-kc 
channel spacing. The control system is capable 
of handling ±400 kc VFO setting plus drift 
error from nominal frequency. It employs 
transistors throughout and is capable of opera-
tion over a temperature range of -55 to 
+85°C. Thermistors and block filters are used 
to achieve gain and bandwidth stability. Re-
ceiver spurious frequencies due to the control 
system are down 85 db or more. Transmitter 
spurious radiation due to the control system is 
down 85 db or more except for a few channels 
near the receiver IF harmonic crossover fre-
quencies, where the spurious radiation is down 
75 db or more. High-speed crystal switching 
has been achieved in the reference system al-
lowing rapid, automatic change of channels. 
The receiver frequency control system occupies 
approximately 40 cubic inches and employs 
individually packaged printed circuit plug-in 
subassemblies. Total receiver and transmitter 
control system power drain is less than one 
watt. 

The Meat of the Backbone—A. C. Giessel-
man (p. 64) 

Several particular system design problems 
are discussed, in connection with the design of 
"backbone" type vehicular communications 
systems. No attempt is made to cover the over-
all problems of communications system design. 
This paper deals with some of the problems 
that are peculiar to "backbone" systems. 

In particular, this paper discusses the varia-
bles affecting the size and seriousness of phasing 
areas between adjacent base stations, and 
methods of dealing with the problem. A method 
of automatic receiver selection, or "voting," is 
described, and over-all control methods are 
discussed. 

Dial Operated Mobile Radiotelephone Sys-
tems—G. E. Dodrill (p. 71) 

This paper describes radiotelephone equip-
ment that makes it possible for small telephone 
companies with dial exchanges to offer 24-hour 
mobile radiotelephone service to their subscrib-
ers. Similar radiotelephone service can be given 
to subscribers in remote locations who could 
not otherwise be served by conventional wire 

line facilities. The equipment may also be used 
by a telephone company for its own use inci-
dent to construction and maintenance of out-
side plant. The equipment was developed to 
Rural Electrification Administration specifica-
tions by the Automatic Electric Company and 
Motorola, Inc., under separate contracts and 
has been successfully field-tested. 

The telephone exchanges of most REA bor-
rowers are of the automatic dial type and very 
few borrowers have toll centers with operators 
available to handle mobile calls. Lacking 
switchboard opermors, these small companies 
can offer mobile radiotelephone service to 
their subscribers only on a limited dispatch or 
an automatic dial-operated basis. 

"Dial Direct" Automatic Radiotel e ph o n e 
System—R. McDonald (p. 80) 

The Dial Direct, system enables radio units 
to dial any other mobile unit or any subscrib-
er's land phone directly. Conversely, any land 
telephone subscriber may dial any mobile unit 
directly. The system is completely automatic 
and no operators are required. Through inter-
connections with ot lier telephone companies, it 
is possible to make long distance toll calls from 
mobile units, simply by dialing a long distance 
operator, which is standard land telephone 
practice; however, if used with a telephone ex-
change using an automatic ticketing device 
and inter-city direct toll dialing, the long dis-
tance operator would not be required. It is also 
possible to use the system on private radio-
telephone systems such as MCC operations or 
any other mobile users with duplex channel 
assignments by the addition of a private tele-
phone exchange connected to the terminal of 
the Dial Direct base equipment. 

Vehicular Transmissions—J. J. Egli (p. 86) 
Available quantitative field strength data 

over irregular terrain is reviewed and in-
terpreted for its usefulness in vehicular systems 
engineering. Included are terrain effects vs. 
frequency, antenna heights and distance, field 
strength fluctuation, and man-made noise and 
its effects on vehicular reception at various fre-
quencies. The usefulness of these data and their 
relationship to vehicular field usage is discussed. 

Address by Warren E. Baker (p. 91) 
Panel Discussion—Vechicular Communica-

tions and the Radio Spectrum (p. 96) 



1780 PROCEEDINGS OF THE IRE October 

Abstracts and References 
Compiled by the Radio Research Organization of the Department of Scientific and Industrial Research, 

London, England, and Published by Arrangement with that Department and the Electronic 
and Radio Engineer, incorporating Wireless Engineer, London, England 

NOTE: The Institute of Radio Engineers does not have available copies of the publications mentioned in these pages, nor does it 
have reprints of the articles abstracted. Correspondence regarding these articles and requests for their 

procurement should be addressed to the individual publications, not to the IRE. 

All abstracts in the September, 1958, issue 
of PROCEEDINGS OF THE IRE should have their 
serial numbers increased by one. The missing 
number, 2275, is as follows: 

621.387.002.2:621.318.57 2275 
A Low-Cost Cold-Cathode Trigger Tube— 

A. Turner. (Electronic Eng., vol. 30, pp. 166-
169; April, 1958.) A design for economic pro-
duction is described. 

Acoustics and Audio Frequencies  
Antennas and Transmission Lines  
Automatic Computers  
Circuits and Circuit Elements  
General Physics  
Geophysical and Extraterrestrial Phe-
nomena  

Location and Aids to Navigation  
Materials and Subsidiary Techniques  
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Other Applications of Radio and Elec-
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Tubes and Thermionics  
Miscellaneous  

The Index to the Abstracts and References published in the PROC. IRE from 
February, 1957 through January, 1958 is published by the PROC. IRE, May, 1958, 
Part II. It is also published by Electronic and Radio Engineer, incorporating Wire-
less Engineer, and included in the March, 1957 issue of that journal. Included with 
the Index is a selected list of journals scanned for abstracting with publishers' 
addresses. 

1780 1526; October 28, 1957.) Description of ap-
1780 paratus designed in accordance with the results 
1781 of earlier measurements (2610 above), and a 
1781 report on its application in determining the 
1783 ultrasonic absorption of sugar solutions. 

1784 534.2-8-14:534.6 2612 
1785 Two-Crystal Interferometric Method for 
1786 Measuring Ultrasonic Absorption Coefficients 
1789 in Liquids—R. S. Musa. (J. Acoust. Soc. Amer., 
1789 vol. 30, pp. 215-219; March, 1958.) Two 

matched quartz crystals are used. A standard 
signal generator drives one of the crystals con-
tinuously. The amplitude of the resulting pres-
sure waves is measured at the other crystal by 
means of a communications receiver and a 
voltmeter. 

1790 
1790 
1791 
1791 
1791 
1792 
1792 
1792 
1794 

The number in heavy type at the upper 
left of each Abstract is its Universal Decimal 
Classification number and is not to be confused 
with the Decimal Classification used by the 
United States National Bureau of Standards. 
The number in heavy type at the top right is 
the serial number of the abstract. DC numbers 
marked with a dagger (t) must be regarded as 
provisional. 

U.D.C. NUMBERS 

Extensions and changes in U.D.C. numbers 
published in P.E. Notes, up to and including 
P.E. Note 609, will be introduced in Abstracts 
and References where applicable, notably the 
subdivisions of 621.372.8 waveguides pub-
lished in P.E. Note 594. U.D.C. publications 
are obtainable from The International Federa-
tion for Documentation, Willem Witsenplein 
6, The Hague, Netherlands, or from The British 
Standards Institution, 2 Park Street, London, 
W.1, England. 

ACOUSTICS AND AUDIO FREQUENCIES 

534.2-8-14 2610 
Investigation of an Ultrasonic Field in a 

Liquid—B. Labory and G. Laville. (C.R. Acad. 
Sci., Paris, vol. 245, pp. 1401-1403; October 
21, 1957.) Measurements have been made to de-
termine the force exerted on an Al cylinder in 
the sound field of a quartz transducer operating 
at frequencies up to 7 mc in water. Results are 
compared with theoretical calculations of the 
radiation field. 

534.2-8-14:534.6 2611 
Apparatus for Measuring the Attenuation of 

Ultrasonic Propagation in Liquids—G. Laville. 
(C.R. Acad. Sc., Paris, vol. 245, pp. 1523-

534.22-14:546.212 2613 
On the Temperature Variation of the Ve-

locity of Sound in Water—C. Sâlceanu. (C.R. 
Acad. Sc., Paris, vol. 245, pp. 1371-1374; 
October 21, 1957.) Results of measurements at 
a frequency of 1315 cps at 27°-81°C show that 
the velocity has a maximum value at about 
62°C. See also 1296 of 1958 (Greenspan and 
Tschiegg). 

534.78 2614 
Dynamic Analogue Speech Synthesizer— 

G. Rosen. (J. Acoust. Soc. Amer., vol. 30, pp. 
201-209; March, 1958.) "A dynamically con-
trollable electrical analog of the vocal tract 
capable of synthesizing sequences of speech 
sounds is described. The acoustic transmission 
line between the glottis and lips in the human 
vocal tract is realized electrically by eleven 
electronically controlled variable LC section 
plus three fixed sections." 

534.78:621.391 2615 
Message Procedures for Unfavourable 

Communications Conditions—I. Pollack. (J. 
Acoust. Soc. Amer., vol. 30, pp. 196-201; 
March, 1958.) "Several message procedures, 
designed to improve speech communications 
under extremely unfavorable speech-to-noise 
ratios, were examined. A message procedure 
based upon the informational principle of suc-
cessive selections among a reduced number of 
alternatives was strikingly superior to a mes-
sage procedure based upon the repetition of a 
single selection among a larger number of 
alternatives." 

534.79 2616 
Loudness of Periodically Interrupted White 

Noise—I. Pollack. (J. Acoust. Soc. Amer., vol. 
30, pp. 181-185; March, 1958.) 

534.846 2617 
Studio for Listening Tests—L.O. Dolanske. 

(J. Acoust. Soc. Amer., vol. 30, pp. 175-181; 

March, 1958.) The design, construction, acous-
tical testing, and articulation testing of a studio 
giving reasonably constant listening conditions 
are described. The reverberation time was 
found to be about 0.5 second. 

621.395.61 2618 
Noise Shield for Microphones used in 

Noisy Locations—M. E. Hawley. (J. Acoust. 
Soc. Amer., vol. 30, pp. 188-190; March, 1958.) 
The rubber noise shield developed significantly 
improves the speech/noise ratio of microphones 
for military use. 

ANTENNAS AND TRANSMISSION LINES 

621.372.2 2619 
Electromagnetic Wave Propagation in an 

Almost Periodic Waveguide—A. A. Sharsha-
nov and K. N. Stepanov. (Zh. Tech. Fiz., vol. 
27, pp. 1474-1481; July, 1957.) A mathematical 
analysis is presented of a) wave propagation in 
cavity resonators, b) propagation at a fre-
quency near to the transmission threshold, and 
c) the propagation of electromagnetic waves in 
a cylindrical waveguide loaded with dielectric 
disks. The solution of differential equations 
with slowly varying coefficients is considered. 

621.372.2 2620 
Transmission-Line Discontinuities—K. W. 

H. Foulds. (Electronic and Radio Engr., vol. 35, 
pp. 263-267; July, 1958.) The conditions neces-
sary for a transmission line with two identical 
discontinuities to be matched in the steady 
state to the generator are examined. The way 
in which the steady-state conditions are de-
rived from the transient behavior is explained. 

621.372.2 2621 
The Effects of Reflections from Randomly 

Spaced Discontinuities in Transmission Lines 
—R. K. Moore. (IRE TRANS. ON M ICROWAVE 
THEORY AND TECHNIQUES, vol. MTT-5, pp. 
121-126; April, 1957. Abstract, PROC. IRE, 
vol. 45, p. 1036; July, 1957. 

621.372.2 2622 
The Probability of Specified Losses at Mis-

matched Junctions—J. H. Craven. (J. Brit. 
IRE, vol. 18, pp. 293-296; May, 1958.) "Prob-
ability contours are presented for specified 
losses (<1 db to 6 db) at junctions between 
networks or lines for a range of voltage SWR 
from 1 to 10." 

621.372.2: [621.372.826+621.396.677.7 2623 
Single-Slab Arbitrary-Polarization Surface-

Wave Structure—R. C. Hansen. (IRE TRANS. 
ON M ICROWAVE THEORY AND TECHNIQUES, 
vol. MTT-5, pp. 115-120; April, 1957. Ab-
stract, PROC. IRE, vol. 45, p. 1036; July 1957.) 
See also 3733 of 1957 (Plummer and Hansen). 
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621.372.2:621.385.029.6 2624 
Fast Waves in a Coaxial Helical Line— 

L. N. Loshakov and E. B. Ol'derogge. (Radio-
tekhnika, Mosk., vol. 12, pp. 25-30; June, 1957.) 
Waves with a phase velocity exceeding that of 
waves in an infinite dielectric are investigated 
on the assumption that the inner conductor 
(helix) of the line can be replaced by an aniso-
tropically conducting surface. Conditions are 
established under which the propagation of 
such waves is possible. 

621.372.22 2625 
The Transmission Characteristics of a Line 

consisting of Axially Stacked Insulated Metal 
Rings—G. Piefke. (Arch. elekt. übertragung, 
vol. 11, pp. 423-428; October, 1957, pp. 449-
454; November, 1957.) The mathematical 
treatment developed earlier (3035 of 1957) is 
applied to an investigation of the "ring-ele-
ment waveguide." The axial thickness of the 
insulated rings is much less than the wave-
length. The propagation constants for various 
modes are calculated. 

621.372.821 2626 
Coupled Strip Transmission Lines with 

Rectangular Inner Conductors—J. D. Horgan. 
(IRE TRANS. ON M ICROWAVE THEORY AND 
TECHNIQUES, vol. MTT-5, pp. 92-99; April, 
1957. Abstract, PROC. IRE, vol. 45, p. 1036; 
July, 1957.) 

621.372.823:621.372.852.1 2627 
The Effects of Mode Filters on the Trans-

mission Characteristics of Circular Electric 
Waves in a Circular Waveguide—W. D. 
Warters. (Bell Sys. Tech. J., vol. 37, pp. 657-
677; May, 1958.) Measurements have been 
made showing the mode conversion effects for 
the TEoi mode in a circular waveguide at a fre-
quency of 9 kmc using a pulse technique. The 
conversion to other modes has been measured 
and mode filters have been developed which are 
effective against all the spurious modes gener-
ated. The effect of filter spacing on pulse dis-
tortion and attenuation is shown and the spac-
ing of the filters is discussed. 

621.372.825 2628 
Semicircular Ridges in Rectangular Wave-

guides—J. Van Bladel and O. Van Rohr, Jr. 
(IRE TRANS. ON M ICROWAVE THEORY AND 
TECHNIQUES, VOL M TT-5, pp. 103-106; 
April, 1957. Abstract, PROC. IRE, vol. 45, 
p. 1036; July, 1957.) 

621.372.829:621.372.852.1 2629 
Research Models of Helix Waveguides— 

C. F. P. Rose. (Bell Sys. Tech. J., vol. 37, pp. 
679-688; May, 1958.) The construction of a 
waveguide for the TEge circular mode is dis-
cussed. The waveguide has a helix on the inner 
wall which acts as a mode filter. The design and 
construction of such a waveguide for use at 
55 kc is described. 

621.372.829:621.385.029.6 2630 
Helical Waveguides—Closed, Open and 

Coaxial—G. M. Clarke. (J. Brit. IRE, vol. 18, 
pp. 359-361; June, 1958.) "The application 
of helical waveguides to electron-beam ampli-
fiers employing slow-wave structures is de-
scribed. The performances of the various possi-
ble configurations are discussed." See 353 of 
1958 (Waldron). 

621.372.852.1 2631 
The Design of Inductive Post-Type Micro-

wave Filters—M. H. N. Potok. (J. Brit. IRE, 
vol. 18, pp. 263-272; May, 1958.) Using ex-
perimental and theoretical results it is shown 
that filters can be designed to have a desired 
voltage SWR within the pass band and a given 
insertion loss outside it. Optimum design of 
three and four-cavity filters is discussed. 

621.372.855 2632 
Theoretical Analysis of the Design of a 

High-Power Waveguide Load—V. Hlubtteek. 
(Slab Obz., Praha, vol. 18, pp. 420-425; July, 
1957.) Conditions for the uniform absorption of 
power along the load with minimum voltage 
SWR are derived. Practical design details are 
given. 

621.396.67: 538.221 2633 
Magnetic-Field Antenna—W. J. Polydoroff. 

(Electronic Ind., vol. 17, pp. 66-68; March, 
1958.) The use of magnetic materials, such as 
ferrites, in the design of high-gain antennas is 
briefly discussed. The pick-up of such antennas 
is best considered in terms of the magnetic 

rather than the electric field. 

621.396.676 2634 
Flush-Mounted Aircraft Aerials—M. Lo-

rant. (Wireless World, vol. 64, pp. 337-338; 
July, 1958.)The use of scale models in the study 
of the radiation patterns of the antennas is 
briefly outlined. 

621.396.677.062.8 2635 
Aerial Selectors—L. Leng. (Broum Boyeni 

Rev., vol. 44, pp. 446-450; October, 1957.) In-
door-type antenna switching installations for 
SW transmitters are described. 

621.396.677.3 2636 
The Directional Aerial Installation of the 

"Deutsche Welle"—K. Alt and H. Kbnig. 
(Brown Boyen i Rev., vol. 44, pp. 427-433; 
October, 1957.) Description of the SW direc-
tional antenna system erected at Jillich, Ger-
many. 

621.396.677.3:621.396.712 2637 
Long-Distance H.F. Broadcasting—T. W. 

Bennington. (Wireless World, vol. 64, pp. 331-
336; July, 1958.) The characteristics of the 
transmitting antenna array for good broadcast 
coverage of a distant area are discussed. 

621.396.677.71 2638 
A Low-Frequency Annular-Slot Antenna— 

J. R. Wait. (J. Res. Natl. Bur. Stand., vol. 60, 
pp. 59-64; January, 1958.) The radiation char-
acteristics of an annular slot cut in an ideally 
conducting ground plane are discussed. The 
voltage impressed between the concentric edges 
is assumed to be constant around the slot. The 
annular slot is backed by a hemispherical cavity 
which has imperfectly conducting walls. For a 
specified voltage, the power radiated in the 
upper half-space and the power absorbed by 
the hemispherical cavity are calculated. It is 
indicated that the power absorbed can be re-
duced greatly by lining the walls of the cavity 
with a wire mesh. A flush-mounted antenna of 
this type at low frequencies may have certain 
practical advantages over the more conven-
tional monopole. See also 1326 of 1958. 

621.396.677.81:538.566 2639 
The Impedance of a Wire Grid Parallel to 

a Dielectric Interface—J. R. Wait. (IRE 
TRANS. ON M ICROWAVE THEORY AND TECH-
NIQUES, vol. MTT-5, pp. 99-102; April, 1957. 
Abstract, PROC. IRE, vol. 45, p. 1036; July, 
1957.) See also 3273 of 1957. 

621.396.677.833.1 2640 
Far-Field Radiation of a Cheese Aerial— 

R. F. Kyle. (Electronic and Radio Engr., vol. 
35, pp. 260-262; July, 1958.) The phase and 
amplitude distributions across the aperture of 
an X-band cheese antenna were measured and 
the radiation pattern was calculated. Good 
agreement was obtained with the measured 
patterns. 

621.396.679 2641 
On the Calculations of Transverse Current 

Loss in Buried-Wire Ground Systems—J. R. 
Wait. (Appt. Sri. Res., vol. B7, no. 1, pp. 81-
86; 1958.) An expression is derived for the im-
pedance between a wire grid buried in a homo-
geneous ground and an overhead conducting 
plane. The power loss due to transverse cur-
rents in buried-wire systems for antennas is 
calculated. 

AUTOMATIC COMPUTERS 

681.142 2642 
A Survey of Delay Lines for Digital Pattern 

Storage—S. Morleigh. (Electronic Eng., vol. 30, 
pp. 380-387; June, 1958.) A review of electro-
magnetic and ultrasonic delay lines for use over 
a wide range of delay times. Wire-type acoustic 
delay lines using magnetostrictive transducers, 
acoustic lines using liquids or solids as delay 
media, and both the continuous and lumped 
parameter types of electromagnetic delay line 
are examined. 

681.142 2643 
Modern Trends in Analogue Computation 

—B. B. Murphy. (IVA, Stockholm, vol. 28, pp. 
336-350; 1957.) (In English.) 

681.142 2644 
A Special Analogue Computer for Calcu-

lating the Oscillations of Diaphragms—H. 
Dehnert. (Elektronik, vol. 6, pp. 301-303; 
October, 1957.) 

CIRCUITS AND CIRCUIT ELEMENTS 

621.3.001.4: 621.395.64 2645 
Passive Components for Submarine Tele-

phone Cable Repeaters—M. C. Wooley. (IRE 
TRANS. ON RELIABILITY AND QUALITY CON-
TROL, no. PGRQC-12, pp. 14-24; November, 
1957.) The design and inspection of inductors, 
resistors, and transformers are briefly de-
scribed. Details of the inspection of silvered 
mica capacitors are given as an example of the 
procedure adopted. 

621.3.042.4(083.57) 2646 
Nomogram for Air-Gap Design—A. C. 

Sim. (Electronic and Radio Engr., vol. 35, pp. 
250-251; July, 1958.) A nomogram is given for 
determining the relation between the actual air 
gap in a choke or transformer and its effective 
value for normal types of laminations. 

621.316.825 2647 
Thermistors—K. R. Patrick. (Electronic 

and Radio Engr., vol. 35, pp. 242-249; July, 
1958.) A review is given of the various types of 
thermistor, their method of manufacture, and 
the physical theory of their operation. Some 
typical applications are outlined. 

621.318.435:621.373.443 2648 
Saturable Reactors fire Radar Magnetrons 

—H. E. Thomas. (Electronics, vol. 31, pp. 72-
75; May 9, 1958.) "Magnetic modulator uses 
saturable reactors to convert input sine wave 
into narrow, high-peak-power output pulses. 
Basic action of current-pulse compression with 
magnetic modulators is explained. Polarizing 
and differentiating circuits, delay-line wave 
shaping, pulse permeability measurements, 
cancellation effects and related features leading 
to improved design are discussed." 

621.318.57:621.387 2649 
A Multichannel Dekatron Scaling Unit— 

F. W. Lovick. (Electronic Eng., vol. 30, pp. 
394-395; June, 1958.) Equipment is described 
for counting simultaneously in up to six chan-
nels. A variety of counting rates can be ob-
tained. 

621.319.4 2650 
The Duroplast Capacitor—R. Bretschneider. 

(Nachrtech. Z., vol. 7, pp. 460-465; October, 
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1957.) A tubular paper capacitor impregnated 
with epoxy resin which eliminates the need of a 
sealed metal can. Constructional and electrical 
data are given. 

621.372:621.396.822:530.162 2651 
Thermal Fluctuations in a Nonlinear Sys-

tem—N. G. van Kampen. (Phys. Rev., vol. 110, 
pp. 319-323; April 15, 1958.) An electric circuit 
containing a voltage-dependent resistance 
R(V) and a capacitance is studied. A general 
method is given for finding the spectral density 
of current fluctuations, and explicit results are 
obtained for two special forms of R(V). 

621.372.4 2652 
A Numerical Method for the Determination 

of a Two-Pole Function which Approximates a 
Given Complex Function in a Band of Real 
Frequencies—R. Unbehauen. (Arch. elekt. 
übertragung, vol. 11, pp. 440-448; November, 
1957.) 

621.372.413:621.318.134 2653 
On the Theory of Anisotropic Obstacles in 

Cavities—W. Hauser. (Quart. J. Mech. Appt. 
Math., vol. 11, pt. 1, pp. 112-118; February, 
1958.) Variational expressions are derived for 
the resonance frequencies of a cavity containing 
a material with tensor electromagnetic proper-
ties. 

621.372.413:621.372.54.029.6 2654 
Circularly Polarized Microwave Cavity 

Filters—C. E. Nelson. (IRE TRANS. ON 
M ICROWAVE THEORY AND TECHNIQUES, vol. 

MTT-5, pp. 136-147; April, 1958. Abstract, 
PROC. IRE, vol. 45, p. 1036; July, 1957.) See 
also 41 of 1957. 

621.372.5 2655 
Synthesis of Driving-Point and Transfer 

Functions by Continued-Fraction Expansion— 
R. E. Vowels. (Aust. J. Appl. Sc., vol. 8, pp. 
151-168; September, 1957.) "A method of syn-
thesis of driving-point functions has been de-
veloped in which more than one network ele-
ment may be included in each branch of the 
ladder network. The method is first applied to 
RL and LC two-element type networks and 
then extended to the general RLC network. 
Four-terminal networks having prescribed 
driving-point and transfer impedances are 
synthesized in a similar manner." 

621.372.54 2656 
The Unbalanced Symmetrical Parallel-T 

Network taking account of Condenser Loss— 
K. Posel. (Trans S. Afr. Inst. Elect. Engrs., vol. 
48, pt. 7, pp. 243-257; July 1957. Discussion, 
pp. 257-260.) The network is analyzed without 
adopting the usual approximations, and its 
application to wave-analyzer and oscillator cir-
cuits is discussed. See 3425 of 1957. 

621.372.54.029.64 2657 
Synthesis of a Class of Microwave Filters— 

H. Seidel. (IRE TRANS. ON M ICROWAVE 
THEORY AND TECHNIQUES, VOL MTT-5, pp. 
107-114; April, 1957. Abstract, PROC. IRE, vol. 
45, p. 1036; July, 1957.) 

621.372.543.3:621.375.126.029.3 2658 
Bifilar-T Trap—A. Hendry and A. G. Mc-

Intosh. (Electronic and Radio Engr., vol. 35, 
pp. 254-259; July, 1958.) Details are given of 
a circuit with a bifilar-T trap designed for re-
jecting the second harmonic of a 1-kc signal in 
an infrared detector amplifier. Other applica-
tions of the bifilar-T trap are considered, e.g., 
a tuned AF amplifier with a bandwidth of a 
few hundred cycles having a narrow band of 
high attenuation at the center, and a narrow-
band feedback amplifier. 

621.373.2.029.65 2659 
Produotion of Millimetre Waves by a Spark 

Generator—J. Hart. (J. Appt. Phys., vol. 29, 
p. 743; April, 1958.) A brief account of experi-
ments which suggest that the spark generator 
does not offer a practical means of extending 
the radio spectrum to wavelengths leas than 
5 minutes. 

621.373.43 2660 
Circuits for Forming Pulses from a Sinus-

oidal Voltage using a Relatively Low Supply 
Voltage—V. I. Zabavin. (Radiotekhnika, Moth., 
vol. 12, pp. 73-77; May, 1957.) Circuits are 
considered which have a number of advantages 
over multivibrator and trigger circuits. Tube, 
transistor, or hybrid circuits can be used. 

621.373.431.1 2661 
The Schmitt Multivibrator—G. L. Swaffield. 

(Wireless World, vol. 64, pp. 344-348; July, 
1958.) A detailed design procedure is given and 
applications of the circuit are outlined. 

621.373.431.1: 621.314.7 2662 
A Method for Sharpening the Output 

Waveform of Junction-Transistor Multivi-
brator Circuits—A. E. Jackets. (Electronic 
Eng., vol. 30, pp. 371-374; June, 1958.) Exten-
sion of previous work (2340 of 1956). A method 
of designing the circuit to reduce the recharging 
time of the coupling capacitor is given. An im-
provement in waveform at the collector of one 
transistor is achieved with an accompanying 
deterioration of the other output. 

621.373.44:621.317.34 2663 
Design of a Dual Pulse Code Train Gener-

ator—A. M. Leuck and T. I. Humphreys. 
(Electronic Equipment, vol. 5, pp. 22-25; 
November, 1957.) Description of a pulse train 
generator, developed for delay-line testing, 
which provides a double train of pulses of vari-
able separation. 

621.373.52 2664 
Transistor Oscillators and their Load-Inde-

pendent Properties—W. Herzog. (Nachrtech. 
Z., vol. 10, pp. 564-569; November, 1957.) The 
equivalence of the "internal" and the external 
feedback in a transistor oscillator circuit is es-
tablished. Two types of load-independent os-
cillators are considered, one with a load im-
pedance in parallel with the equivalent passive 
quadripole, and the other with the impedance 
in series. The conditions for obtaining an oscil-
lator with two load-independent impedances, 
and a load-independent oscillator in the form 
oi a six-terminal network are examined. See 
also 2699 of 1957 (Frisch and Herzog). 

621.373.52 2665 
Experimental and Theoretical Investiga-

tion of a Frequency-Stabilized Transistor Oscil-
lator for 8 Mc/s—H. Schaffhauser and M. J. O. 
Strutt. (Arch. elekt. Übertragung, vol. 11, pp. 
455-460; November, 1957.) The condition for 
oscillation of a feedback oscillator is derived. 
The amplifier, its load, and the feedback net-
work are treated as a single cascaded quad-
ripole. Output voltage and frequency vari-
ations as a function of temperature, load, and 
supply voltage were measured on a practical 
circuit containing a quartz crystal resonator. 
A general rule for adjusting the emitter series 
resistance so that the input parameters remain 
constant during variations of temperature 
could not be established. 

621.373.52 2666 
Designing Transistor Circuits—Sinusoidal 

Transistor Oscillators: Part 1—R. B. Hurley. 
(Electronic Equipment, vol. 5, pp. 22-25; 
September, 1957.) A criterion for the generation 
of a single sinusoidal waveform is developed 
from linear network theory, and applied to 

basic transistor oscillator circuits. Practical 
problems of distortion are discussed. 

621.373.52.012.8 2667 
Designing Transistor Circuits—Small-Sig-

nal Parameters and Equivalent Circuits— 
R. B. Hurley. (Electronic Equipment, vol. 5, pp. 
28-33; November, 1957.) The merits of various 
equivalent circuits for transistors are dis-
cussed, with emphasis on the common-base-
derived y, h, and T arrangements. 

621.374.4+621.376.2231:621.314.632 2668 
Performance of Three-Millimetre Har-

monic Generators and Crystal Detectors— 
J. M. Richardson and R. B. Riley. (IRE 
TRANS. ON M ICROWAVE THEORY AND TECH-
NIQUES, vol. MTT-5, pp. 131-135; April, 1957. 
Abstract, PROC. IRE, vol. 45, p. 1036; July, 
1957.) 

621.375 2669 
A Method for Investigating Amplifying 

Circuits with Characteristic Equations of the 
Third Degree for Short Build-Up Times—E. N. 
Mokhov. (Radiotekhnika, Mosk., vol. 12, pp. 
54-61; May, 1957.) A method is proposed in 
which a number of difficulties in design are 
eliminated. As an example, results are given of 
an investigation of a correction circuit using an 
inductance in the grid circuit. 

621.375.1.029.3:621.395.625.3:621.396.665 
2670 

Squelch Circuit mutes Magnetic-Tape 
Echoes—D. Cronin. (Electronics, vol. 31, pp. 
66-67; May 9, 1958.) A biased-diode type of 
AVC is described which eliminates "echoes" 
due to print-through effect by rejecting outputs 
lower than 40 db below peak signal level. 

621.375.2.018.75 2671 
The "Cathoguard"—L. G. White. (Wireless 

World, vol. 64, pp. 312-313; July, 1958.) A 
method of reducing the input and output ca-
pacitances of a wide-band pulse amplifier is 
described. 

621.375.226:621.372.54 2672 
The Asymmetry of Two-Circuit Tuned and 

Coupled Filters due to Feedback via the Grid-
Anode Capacitance Cga—E. G. Woschni. 
(Hochfrequenztech. u. Elektroakust., vol. 66, pp. 
15-19; July, 1957.) The asymmetry due to 
feedback in the characteristics of an IF ampli-
fier is calculated a) for a circuit with tuned 
filters and b) for coupled filters. The limiting 
conditions for instability are also determined. 
See also 2689 below. 

621.375.4.126.029.3 2673 
Transistor Q-Multiplier for Audio Fre-

quencies—G. B. Miller. (Electronics, vol. 31, 
pp. 79-81; May 9, 1958.) The use of positive 
feedback to increase the selectivity of a tuned 
circuit is discussed. The performance of a prac-
tical circuit giving, for example, a Q of 1000 at 
200 cps is described. 

621.375.4.13 2674 
Transistor A.C. Amplifier uses Multiple 

Feedback—H. Lefkowitz. (Electronics, vol. 31, 
pp. 84-85; May 23, 1958.) The use of shunt and 
series negative-feedback loops simultaneously 
in each stage is considered. 

621.375.9: 537.312.62: 621.317.32.024 2675 
A Sensitive Superconducting "Chopper" 

Amplifier—A. R. De Vroomen and C. Van 
Baarle. (Physica, vol. 23, pp. 785-794; August, 
1957.) An amplifier based on a magnetically 
modulated TI wire and similar in principle to 
that due to Templeton (518 of 1956) is de-
scribed. It is designed for the study of thermo-
electricity at liquid-He temperatures. 
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621.375.9:538.569.4.029.64 2676 
21-Centimetre Solid-State Maser—S. H. 

Antler and N. McAvoy. (Phys. Rev., vol. 110, 
pp. 280-281; April 1, 1958.) A three-level 
solid-state maser using K3Co(CN)s doped with 
ICsCr(CN)6 has been operated as an amplifier at 
1382 mc. The design is somewhat different from 
that previously reported (2037 of July (Artman, 
et al.)) which operates in the same frequency 
range. 

621.375.9:538.569.4.029.64 2677 
Two-Level Solid-State Maser—P. F. 

Chester, P. E. Wagner, and J. G. Castle, Jr. 
(Phys. Rev., vol. 110, pp. 281-282; April 1, 
1958.) Microwave amplification and oscillation 
have been observed at 4.2°K using two-level 
electron-spin systems. The materials used were 
single crystals of quartz and of magnesium 
oxide, each containing paramagnetic defects. 

621.375.9:538.569.4.029.6 2678 
Maser Oscillator with One Beam through 

Two Cavities—W. H. Wells. (J. Ape Phys., 
vol. 29, pp. 714-717; April, 1958.) The be-
havior is investigated using a geometrical rep-
resentation of the SchrOdinger equation, and a 
qualitative explanation is given of the ability 
of the maser to oscillate simultaneously at two 
frequencies. 

621.375.9: 621.3.011.23: 621.314.63 2679 
A Low-Noise Wide-Band Reactance Ampli-

fier—B. Salzberg and E. W. Sard. (Paoc. IRE, 
vol. 46, p. 1303; June, 1958.) 

621.375.9.029.6:621.3.011.3 2680 
Circuit Analogues of Suhl-Type Masers— 

K. W. H. Stevens. (J. Electronics Control, vol. 
4, pp. 275-279; March, 1958.) A tuned circuit 
in which inductance varies with time, and two 
coupled tuned circuits in which mutual induct-
ance varies with time, are analyzed and shown 
to act as amplifiers under certain conditions. 
These considerations are preliminary steps to 
the final problem leading to the Suhl-type 
maser (3076 of 1957). See also 2681 below. 

621.375.9:621.3.011.3 2681 
Amplification using a Processing Magnetic 

Moment—K. W. H. Stevens. (J. Electronics 
Control, vol. 4, pp. 280-284; March, 1958.) «An 
account is given of the analysis of an arrange-
ment in which two tuned circuits are coupled 
to a precessing magnetic moment. It is shown 
that with oh w, where col and cos are the 
resonance frequencies of the circuits and w the 
precession frequency, useful amplification can 
be obtained at coi. In the course of the analysis 
the Bloch equations are solved to a higher order 
in approximation than is usual." 

621.375.9:621.385.029.63:537.533 2682 
Parametric Amplification of the Fast Elec-

tron Wave—Adler. (See 2934.) 

621.375.9.029.63: 621.3.011.23: 621.314.63 
2683 

Experimental Characteristics of a Micro-
wave Parametric Amplifier using a Semicon-
ductor Diode—H. Heffner and K. Kotzebue. 
(Paoc. IRE, vol. 46, p. 1301; June, 1958.) A 
rectangular cavity simultaneously resonant at 
3.5, 2.3, and 1.2 kmc is used with a Ge junction 
diode having a zero-bias capacitance of 1 pF 
and a spreading resistance of 59. With a pump-
ing signal applied at 3.5 kmc, amplification can 
be obtained at either of the lower frequencies. 
At 16 db gain preliminary measurements show 
a noise figure less than 4.8 db. 

621.375.9.029.64:621.3.011.23:621.314.63 
2684 

Noise-Figure Measurements on Two Types 
of Variable-Reactance Amplifiers using Semi-
conductor Diodes—G. F. Herrman, M. Ueno-
hara, and A.Uhlir, Jr. (Paoc. IRE, vol. 46, pp. 

1301-1303; June, 1958.) The use of semicon-
ductor diodes in an "up-converter" ((b0 mc to 
9.4 mc) and in a negative-resistance amplifier 
at 6 kmc is described. A bandwidth of 8 mc was 
obtained with the latter at a maximum gain of 
18 db, and a noise figure as low as 3 db has 
been achieved. 

621.376 2685 
An Experimental Investigation of the 

Method for Obtaining an Optimum Amplitude 
Phase Modulation—S. I. Tetel'haum and 
Yu. G. Grinevich. (Radiotekhnika, Mosk., vol. 
12, pp. 42-47; May, 1957.) A report on experi-
ments confirming the main premises of the 
theory of the method proposed by Tetel'baum 
(ibid., vol. 5; February, 1950). See 254 of 1956 
(Vereschagim). 

621.376:538.632:537.311.33 2686 
Balanced Modulators based on the Hall 

Effect in Semiconductors—L. S. Berman, S. S. 
Ralkhman, and Z. A. Khalfin. (Zh. Tekh. Fiz., 
vol. 27, pp. 1597-1598; July, 1957.) Balanced 
modulators based on the Hall effect in HgSe 
and n-type Ge are investigated. Sensitivities are 
too low for practical use. 

621.376.232: 621.317.61 : 621.372.8 2687 
A Phase-Sensitive Detector—K. G. Beau-

champ. (Electronic Ind., vol. 17, pp. 74-77; 
March, 1958.) A detailed circuit is given of a 
system for measuring the voltage SWR in a 
waveguide by detecting a modulated carrier. 
By using a very narrow effective bandwidth 
detection is possible at signal levels as low as 
0.01 µv. 

621.376.232.2 2688 
Analysis of Transient Processes in Diode 

Detection by a Method based on the Use of 
Low-Frequency Equivalent Circuits—L. S. 
Gutkin and O. S. Chentsova. (Radiotekhnika, 
Mosk., vol. 12, pp. 31-44; June, 1957.) A 
method is proposed for analyzing the transient 
processes in a system consisting of a HF 
amplifier and a diode detector. The method is 
based on the linear approximation of the 
processes occurring during detection and on the 
replacement of the detector and of the ampli-
fier circuits by equivalent LF circuits. Various 
types of circuit and various shapes of the en-
velopes of the input signal are considered. 

621.376.3:621.372.54 2689 
The Distortion of Frequency-Modulated 

Oscillations due to Asymmetry in Two-Circuit 
Filter Networks—E. G. Woschni. (Hochfre-
quenztech. u. Elektroakust., vol. 66, pp. 11-15; 
July, 1957.) Second- and third-order distortion 
factors for quasi-static and dynamic distortion 
conditions are calculated using formulas de-
rived from a series expansion of the filter phase 
and attenuation characteristics. 

GENERAL PHYSICS 

535.325 : 535.14 2690 
Quantum Theory of the Refractive Index— 

C. A. Mead. (Phys. Rev., vol. 110, pp. 359-369; 
April 15, 1958.) A perturbation theory is used 
to obtain a unitary transformation which ap-
proximately diagonalizes the total Hamiltonian 
for a system made up of a radiation field in 
interaction with gas molecules. 

537.37 2691 
A Model of Phosphors on the Basis of 

Quantum Mechanics: Part I—Kinetics of 
Electron and Phonon Reactions—H. Stumpf. 
(Z. Naturf., vol. 12a, pp. 153-167; February, 
1957.) The optical behavior of a phosphor is 
discussed assuming that two types of defect 
center exist in the crystal. 

537.226.1 2692 
A Property of Dielectric Constants of Di-

electrics in Thermal Equilibrium—M. Peter. 
(J. Math. Phys., val. 36, pp. 347-350; January, 
1958.) Theoretical discussion of dielectrics with 
or without internal sources of energy. A 
lumped-circuit model of a molecular amplifier 
with Lorentz-shaped bandpass characteristic is 
derived. 

537.311.33:539.2 2693 
Irreversible Thermodynamics and Carrier 

Density Fluctuations in Semiconductors— 
K. M. van Vliet. (Phys. Rev., vol. 110, pp. 50-
61; April 1, 1958.) The formalism of irreversible 
thermodynamics is applied to the kinetics of 
carrier transitions in semiconductors. The 
thermodynamic farces, the generalized resist-
ances, and admittance functions are intro-
duced. It is shown that the thermodynamic 
forces which establish the regression of a per-
turbed state to equilibrium are the differences 
of the quasi-Fermi levels that have to be as-
signed to each group of carriers; the gener-
alized resistances are simply related to the 
transition rates. The kinetic equations for the 
rate of change of the various carrier concentra-
tions are then written in a unified form, the 
spectral density matrix of the spontaneous 
carrier fluctuations being found from the ad-
mittance matrix. The results are then ex-
pressed in a closed form which is valid for non-
degenerate as well as for degenerate semicon-
ductors. The theory is applied explicitly to 
electronic noise in extrinsic and near-intrinsic 
crystals with and without recombination cen-
ters. 

537.311.62 2694 
The Theory of the Anomalous Skin Effect 

in Metals for Obliquely Incident Radiation— 
J. G. Collins. (Appt. set. Res., vol. B7, no. 1, 
pp. 1-40; 1958.) The effective surface imped-
ance of a metal varies with the direction of 
polarization of incident radiation in the upper 
visible and ultraviolet ranges. Formulas for 
refractive indexes, reflectivities, and principal 
angles at oblique incidence are derived in 
terms of two surface impedances. Experimental 
results are in good agreement with the theory. 

537.5 2695 
The Microfield in Assemblies with Coulomb 

Interaction—G. Ecker. (Z. Phys., vol. 148, pp. 
593-606; July 22, 1957.) Critical assessment of 
Holtsmark's theory in the light of the results 
of recent investigations. See also 384 of 1956. 

537.5:538.63 2696 
Investigation of the Transverse Motion of 

Ions in a Discharge in a Strong Longitudinal 
Magnetic Field—A. Zharinov. (Zh. Tekh. Fis., 
vol. 27, pp. 1803-1810; August, 1957.) The 
influence of the gas pressure on the average 
transverse velocity of ions was investigated 
using a rotating probe. In an argon discharge, 
it was found that for pressures <3X 10-3 mm 
Hg and in spite of a strong magnetic field of 
about 2300 oersteds, a considerable quantity of 
ions reached the side walls of the discharge 
chamber, so that an estimate could be made of 
the energy acquired by the ions in the radial 
electric field. 

537.52 2697 
The Demonstration of Single Electron 

Avalanches and their Secondary Processes in 
Gases—J. K. Vogel. (Z. Phys., vol. 148, pp. 
355-373; May 8, 1957.) Continuation of earlier 
experimental investigations [2413 of 1957 
(Vogel and Raether)] on electron avalanches in 
oxygen, nitrogen, and air. An interpretation of 
the observed delay in the formation of ava-
lanches in nitrogen and air is given. 

537.523.3 2698 
Electrical Discharges between Coaxial 

Electrodes—J. S. T. Looms. (Nature, London, 
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vol. 181, pp. 696-697; March 8, 1958.) Lumi-
nous corona discharges occur when transient 
voltages are applied between a wire and a small 
coaxially mounted ring in air. Photographs 
show that the shapes of the discharges differ 
according to the polarity of the electrodes. 

537.525 2699 
The Initiation of a V.H.F. Pulse Discharge 

in Neon—V. E. Golant. (Zh. Tekh. Fiz., vol. 27, 
pp. 1482-1494; July, 1957.) An investigation 
carried out at 2800 mc with pulses of duration 
10-6 seconds is described. The distribution 
function of the electron velocities, the kinetic 
coefficient of the electron interaction with the 
gas molecules, the HF conductivity, and the 
onset of discharge induced by a rectangular HF 
pulse are examined; the results are presented 
graphically. 

537.53 2700 
Pulse Ionization Chamber as a Device for 

Simultaneous Investigation of the Energy and 
Angular Distributions of Charged Particles— 
B. A. Bochagov, A. A. Vorob'ev, and A. P. 
Komar. (Zh. Tekh. Fiz., vol. 27, pp. 1575-
1577; July, 1957.) 

537.533 2701 
Small Oscillations in an Electron Beam— 

R. V. Polovin and N. L. Tsintsadze. (Zh. 
Tekh. Fiz., vol. 27, pp. 1466-1473; July, 1957.) 
The stability conditions for the propagation of 
small-amplitude electromagnetic oscillations 
in noncompensated electron streams are ex-
amined and solutions for some particular cases 
are obtained. 

537.533 2702 
On the Space-Charge Divergence of an 

Axially Symmetric Beam—E. R. Harrison. (J. 
Electronics Control, vol. 4, pp. 193-200; March, 
1958.) The usual assumptions made in esti-
mating the space-charge effect are consistent 
with a coaxial, cylindrical conducting bound-
ary. For small amounts of divergence a hyper-
bola solution is suggested; this may in some 
cases be as good as or better than the usual 
solution even when divergence is not small. 

537.533 2703 
Small-Signal Power Conservation Theorem 

for Irrotational Electron Beams—J. W. 
Kliiver. (J. Ape Phys., vol. 29, pp. 618-622; 
April, 1958.) The theorem describes the balance 
between the RF kinetic and RF electromag-
netic powers in a laminar beam; the thermal 
velocity distribution at the cathode is neglected. 
The kinetic power flow is expressed in terms 
of the Chu potential, the longitudinal compo-
nent of the RF beam current and the equiva-
lent longitudinal surface current on the beam 
boundary. See also 3701 of 1957 (Hans and 
Bobroff). 

537.533.8 2704 
Variation of Secondary Emission with 

Primary Electron Energy—B. K. Agarwal. 
(Proc. Phys. Soc., vol. 71, pp. 851-852; May 1, 
1958.) A simple formula is given, relating 
secondary emission to primary electron 
energy, which is more in agreement with ex-
perimental results for MgO and Ge than 
previous theoretical formulas. 

537.56 2705 
Effective Cross-Sections of Electrostatic 

Interaction in Plasmas. Definitions—M. Bayet. 
(C.R. Acad. Sci., Paris, vol. 245, pp. 1708-
1710; November 13, 1957.) For calculations see 
ibid., vol. 245, pp. 2493-2496; December 23, 
1957. See also 1111 of 1958. 

537.56 2706 
Effects of Electron-Electron Interactions on 

Cyclotron Resonances in Gaseous Plasmas— 

R. C. Hwa. (Phys. Rev., vol. 110, pp. 307-313; 
April 15, 1958.) From the Boltzmann-Fokker-
Planck equation, a set of equations is derived 
and solved numerically. The results indicate 
that the real part of the electrical conductivity 
of the plasma (power absorption) is reduced by 
electron-electron interaction at the peak of 
resonance, and the width of resonance is in-
creased. 

537.56 2707 
Nonlinear Phenomenological Theory of 

Plasma Oscillations—L. Gold. (J. Electronics 
Control, vol. 4, pp. 219-226; March, 1958.) 
Damped oscillations are shown to arise under 
certain conditions; the intensity of the standing 
waves being augmented by collisions with a 
loss of efficiency. In general, increasing current 
and plasma temperature tend to promote 
oscillations, while the role of plasma density 
is more complex. The influence of a magnetic 
field in the limiting case of no damping is also 
investigated. 

538.3:530.12 2708 
Completely Integrable Singular Electro-

magnetic Field—L. Mariot. (C.R. Acad. Sci., 
Paris, vol. 245, pp. 1386-1388; October 21, 
1957.) Derivation of expressions for the com-
ponents of the completely integrable singular 
electromagnetic tensor with reference to Max-
well's equations. 

538.524 2709 
Induction by an Oscillating Magnetic Dipole 

over a Two-Layer Ground—J. R. Wait. (Ape. 
Sci. Res., vol. B7, no. 1, pp. 73-80; 1958.) Ex-
pressions for the mutual electromagnetic 
coupling between two small loops and for the 
self-impedance of a loop over a two-layer earth 
are derived. 

538.566: 531.51 : 530.12 2710 
Effect of a Gravitational Field, due to a 

Rotating Body, on the Plane of Polarization of 
an Electromagnetic Wave—N. L. Balazs. 
(Phys. Rev., vol. 110, pp. 236-239; April 1, 
1958.) "It is shown that for electromagnetic 
waves the gravitational field of a rotating body 
acts as an optically active medium. Thus, the 
plane of polarization of the wave rotates while 
it passes through this field. The effect is small. 
The angle of rotation due to the gravitational 
field of the sun is about 10-12 radian." 

538.566: 535.42 271 i 
Approximate Calculations of the Diffraction 

of Plane Electromagnetic Waves by some 
Metallic Bodies: Part 1—P. Ya. Ufimtsev. 
(Zh. Tekh. Fiz., vol. 27, pp. 1840-1849; August, 
1957.) A new approximate method of calcula-
tion is described which is applicable to the dif-
fraction of electromagnetic waves by wedges or 
strips. The method applies to wavelengths 
much smaller than the linear dimensions of the 
diffracting body. 

538.566: 537.56 2712 
Basic Microwave Properties of Hot Mag-

netoplasmas—J. E. Drummond. (Phys. Rev., 
vol. 110, pp. 293-306; April 15, 1958.) The 
usual conductivity tensor of a uniform plasma 
in a uniform static magnetic field is generalized 
to include four effects of random motion of 
plasma electrons. The results are applied to the 
evaluation of the index of refraction for micro-
wave signals. 

538.569.4: 538.22 : 537.228 2713 
Investigations of the Paramagnetic Nuclear 

Resonance Absorption in a Capacitor Field— 
U. Gersch and A. Lósche. (Ann. Physik., 
Leipzig., vol. 20, pp. 167-172; July 15, 1957.) 
The advantages and disadvantages of using a 
capacitor field for high-resolution nuclear 
induction spectroscopy are briefly outlined. 

538.569.4:539.14.098 2714 
Theory of Saturation in Nuclear Magnetic 

Resonance—G. Vojta. (Z. Naturf., vol. 12a, pp. 
282-294; April, 1957.) 

539.2 2715 
Energy Band Splitting and Inter-band 

Terms in the Dislocation of Lattice Atoms in a 
Solid—A. Haug and A. Schlinhofer. (Z. Phys., 
vol. 148, pp. 513-526; June 22, 1957.) 

539.2:537.226 2716 
On the Theory of a Fast Polaron—Yu. I. 

Gorkun. (Zh. Tekh. Fiz., vol. 27, pp. 1764-
1769; August, 1957.) Expressions for the de-
pendence of the polaron energy on its initial 
velocity are obtained. In connection with 
polarons, the breakdown voltages for ionic 
dielectrics are also examined. Results of inves-
tigations on alkali halide crystals are tabulated. 

539.2:538.222 2717 
Spin-Lattice Relaxation—M. W. P. Strand-

berg. (Phys. Rev., vol. 110, pp. 65-69; April 1, 
1958.) It is pointed out that phonon relaxation 
times can be the dominant quantity measured 
in the usual saturation spin-lattice relaxation 
measurements. The analysis indicates how 
pulse measurements may be used to evaluate 
the actual spin-lattice relaxation time inde-
pendently of the phonon relaxation time. 

539.2:548.0 2718 
One-Dimensional Impurity Bands—M. 

Lax and J. C. Phillips. (Phys. Rev., vol. 110, 
pp. 41-49; April 1, 1958.) "The density of 
states of one-dimensional crystals consisting of 
S functions randomly distributed has been cal-
culated on the IBM 650 computer. The chains 
contained 500-1000 impurity atoms, and the 
most probable error in the integrated density 
of states at various energies was estimated to 
be at most per cent. Calculations were per-
formed for various values of the parameter 
e= n/no, where n is the density of atoms and 
no the attenuation constant appropriate to the 
isolated bound state. The results at different 
densities are compared with those obtained 
from various physical models." 

539.2:548.0 2719 
The "Spur" [trace] Method in the Problem 

of the Exciton—I. M. Dykman. (Zh. Tekh. 
Fiz., vol. 27, pp. 1731-1743; August, 1957.) 
The excitons in ionic crystals are examined. 
The interaction of electrons and holes with 
lattice vibrations is considered. It is shown 
that the change of energy at low temperatures 
is primarily determined by the weakening of 
the interaction of charged particles with the 
field of polarized vibrations when the tempera-
ture rises without increase of kinetic energy. 
The effective mass of the exciton is calculated. 
See also 3124 of 1957 (Dykman, et al.) and 2796 
of 1957. 

GEOPHYSICAL AND EXTRATER-
RESTRIAL PHENOMENA 

523.5 2720 
The Initial Radius of Meteoric Ionization 

Trails—L. A. Manning. (J. Geophys. Res., 
vol. 63, pp. 181-196; March, 1958.) Kinetic 
theory is applied to the formation of regions of 
ionized and neutral atoms of meteoric material 
about the path of a meteor. It is found that the 
high initial velocity of the diffusing particles 
causes the trail to reach an "initial radius" 
quickly, and normal diffusion then ensues. A 
reflected signal may be computed as if the 
initial radius (14 mean free paths) were 
reached instantaneously. 

523.5:621.396.11.029.62 2721 
The Random Occurrence of Meteors in the 

Upper Atmosphere—T. J. Keary and H. J. 
Wirth. (J. Geophys. Res., vol. 63, pp. 67-75; 



1958 Abstracts and References 1785 

March, 1958.) The distribution of time inter-
vals between bursts of 43.5-mc signals over a 
690-km path was studied statistically, using 
data obtained in two periods of two hours (778 
and 446 bursts, respectively). Results were 
consistent with forward-scattering from meteor 
trails produced by random entry of meteors 
into the atmosphere. 

523.74 2722 
Identification of M-Regions on the Sun— 

K. Toman. (Nature, London, vol. 181, pp. 641-
642; March I, 1958.) 

523.752 2723 
The Duration of Emission and the Slope of 

the Pulse Spectrum of Solar Ultraradiation 
during the Chromospheric Eruption of 
23/2/1956—G. Pfotzer. (Ann. Physik., Leipzig, 
vol. 20, pp. 26-41; July 15, 1957.) Recordings 
made at various stations are analyzed and dis-
cussed in relation to various theoretical models. 
Fifty-two references. 

523.755:523.164.32 2724 
The Calculation of the Centre-Limb Vari-

ations and the One-Dimensional Intensity 
Profiles at X=20 cm and X=60 cm for a Rota-
tionally Symmetric Corona Model at Constant 
Temperature—G. Wallis. (Z. Naturf., vol. 12a, 
pp. 337-345; April, 1957.) The calculated 
results are compared with those obtained from 
measurements by Christiansen and Warburton 
(1706 of 1956) and Swarup and Parthasarathy 

(1707 of 1956). 

550.385:523.75 2725 
Geomagnetic Disturbances associated with 

Solar Flares with Major Pre-maximum Bursts 
at Radio Frequencies 200 Mc/s—H. W. 
Dodson and E. R. Hedeman. (J. Geophys. Res., 
vol. 63, pp. 77-96; March, 1958.) A close as-
sociation is found between solar flares in the 
early phase of which radio noise at frequencies 
Z200 mc is received, and sudden-commence-
ment ionospheric storms on the earth. It is 
suggested that this RF emission may be from 
the sun's outer atmosphere and corona and 
thus may indicate which solar flares are ac-
companied by the ejection of storm-producing 
particles. Although flare data are incomplete, 
the proportion of flares having "major early 
bursts" is estimated at <10 per cent, and the 
number of flares is comparable to the number 
of ionospheric storms not identifiable with 
well-established 27-day recurrent series. An 
average time delay of 24 days occurs between 
flare and geomagnetic disturbance, and the 
intensity of the disturbance is related to the 
position of the flare on the sun's disk. 

550.389.2:629.19 2726 
Progress of Sputnik 2 (19575)—D. G. 

King-Hele. (Nature, London, vol. 181, pp. 738-
739; March 15, 1958.) Estimates of the orbital 
period, semi-major axis, and eccentricity on 
November 9, 1954, March 2, 1958, and two in-
termediate dates are given. These are based on 
observational data from different sources. 

550.389.2:629.19 2727 
Determination of Orbital Characteristics of 

an Earth Satellite from Single-Station Radio-
Transit Observations—G. Grant, A. L. Jones, 
R. W. Burhans, P. S. Fay, and D. Frazier. 
(Nature, London, vol. 181, pp. 900-901; March 
29, 1958.) Meridian observations of the satellite 
1958 a have been made by means of an inter-
ferometer located at Cleveland, Ohio. Because 
of the generally low altitude of the satellite at 
this station horizontal dipoles were replaced by 
commercial Yagis. 

551.510.535 2728 
The Mesopause Region of the Ionosphere— 

J. B. Gregory. (Nature, London, vol. 181, pp. 

753-754; March 15, 1958.) Observations have 
been made at 1.75 mc with pulse sounding 
apparatus at Christchurch, New Zealand, since 
early in 1955. Initial results (see 1433 of 1957) 
are confirmed. Extended observations indicate 
the continuous existence of ionization through-
out a range of heights from about 80 to 100 km. 

551.510.535 2729 
New Rocket Measurement of Ionospheric 

Currents near the Geomagnetic Equator—L. J. 
Cahill, Jr. and J. A. Van Allen. (J. Geophys. 
Res. vol. 63, pp. 270-273; March, 1958.) 
Rocket-borne magnetometer measurements 
indicating current sheets at heights of 97-110 
km and 118-121 km are described. Comparison 
with other data indicate that at 121 km only 
half the total current system had been pene-

trated. 

551.510.535 2730 
Ionosphere Electron-Density Measure-

ments with the Navy Aerobee-Hi Rocket— 
J. E. Jackson and J. C. Seddon. (J. Geophys. 
Res., vol. 63, pp. 197-208; March, 1958.) Elec-
tron densities were measured at heights be-
tween 80 km and 260 km above New Mexico 
by the Doppler-shift method in which the beat 
note between a 7.75-mc signal and a reference 
signal at 46.5 mc was recorded. The results, 
corrected for obliquity effects, confirm the 
general structure of the ionosphere previously 
measured, and are consistent with simultane-
ous ef records; the ionosphere remains dense 
between E and F2 regions. Sporadic E was as-
sociated with a sharp spike in the distribution 
at 101 km, approximately 1 km thick. 

551.510.535 2731 
Differential Absorption in the D and Lower 

E Regions—J. C. Seddon. (J. Geophys. Res., 
vol. 63, pp. 209-216; March, 1958.) A method 
of measuring electron densities in the D region 
is described, in which use is made of the 
Faraday effect in rocket flights at White 
Sands, New Mexico. At noon on a day of high 
absorption, a value of 2000 electrons/cm3 was 
obtained for an altitude of 76 km. 

551.510.535: 523.5 2732 
Concerning Ionospheric Turbulence at the 

Meteoric Level—H. G. Booker. (J. Geophys. 
Res., vol. 63, pp. 97-107; March, 1958.) A 
discussion on the application of fluid mechanics 
to meteoric phenomena is continued, with par-
ticular reference to a "rough trail paradox," 
which concerns the relative turbulent velocities 
of large and small eddies. The paper is mainly 
concerned with the relative merits of work by 
Booker and Cohen (1417 and 1441 of 1957) and 
by Manning and Eshleman (111 of 1958) re-
garding the explanation of radar echo fading. 

551.510.535:523.75 2733 
Solar-Flare Effect in the F2 Layer of the 

Ionosphere—C. M. Minnis and G. H. Baz-
zard. (Nature, London, vol. 181, pp. 690-
691; March 8, 1958.) ,C.f is plotted as a function 
of local mean time, where Af is the difference 
between the measured critical frequency and 
the "normal» value based on that measured one 
hour previously. The Af plot for the period of 
the intense solar flare of February 23, 1956 
shows a positive "pulse» of amplitude 1.1 mc 
followed by a second smaller pulse 5 hours 
later. An analysis of the statistics of the fluctu-
ations in Af has been made. 

551.510.535:523.75 2734 
Medium-Frequency Observations of the 

Lower Ionosphere during Sudden Disturbances 
—J. B. Gregory. (J. Geophys. Res., vol. 63, pp. 
273-275, March. 1958.) Records obtained dur-
ing S. I. D.'s by pulse sounding at 1.75 mc are 
analyzed in detail. The observed behavior 
gives support to the theory of Friedman and 

Chubb (The Physics of the Ionosphere, pp. 58-
62; 1955.), that soft X rays and not Lyman-a 
radiation are responsible for S.I.D.'s. 

551.510.535:550.385 2735 
Variations in the Height of Ionospheric 

Layers during Magnetic Storms—E. Tandberg-
Hanssen. (J. Geophys. Res., vol. 63, pp. 157-
160; March, 1958.) Statistical work carried out 
on Washington ionospheric data for 1952-1956 
and magnetic pianetary Kp figures from CRPL 
publications, shows that the E layer remains 
unchanged in height, while the F1 layer rises 
during storms. Application to Parker's theory 
(1422 of 1957) gives 100-200 km as the height 
where storm-associated solar energy is ab-
sorbed. 

551.510.535:551.515.2 2736 
An Apparent Ionospheric Response to the 

Passage of Hurricanes—S. J. Bauer. (J. Geo-
phys. Res., vol. 63, pp. 265-269; March, 1958.) 
Evidence is given for the association of the 
passage of a hurricane with a departure of the 
critical frequency of the Fi layer from its 
monthly mean value. The four hurricanes dis-
cussed resulted in rises in critical frequency of 
up to 2 mc. A possible mechanism is suggested. 

551.594.6 2737 
Radio Noise from Lightning Discharges— 

F. Homer and C. Clarke. (Nature, London, vol. 
181, pp. 688-690; March 8, 1958.) Records ob-
tained at Slough during two local thunder-
storms in July and August, 1957, are reproduced 
including simultaneous recordings on 11 mc and 
6 kc with bandwidths 300 and 200 cps, respec-

tively. 

551.594.6 2738 
Between the Atmospherics—G. Reber. (J. 

Geophys. Res., vol. 63, pp. 109-123; March, 
1958.) An examination is made of the back-
ground cosmic radiation between atmospherics 
at a frequency of 520 kc. Records are explained 
in terms of an "ionospheric shutter" operated 
by two mechanisms: D-region absorption by 
day, and shift of coupling level between ordi-
nary and extraordinary modes relative to the 
gyro-level at right. Observations of precipita-
tion static and local atmospherics are also de-
scribed. 

550.389.2 2739 
Annals of the International Geophysical 

Year: Vol. 3—Parts 1-4 [Book Review[— 
Pergamon Press, London and New York, 381 
pp., 1957. (Nature, London, vol. 181, pp. 726-
727; March 15, 1958.) The first volume to be 
published of a series of instruction manuals. 
Titles of the parts of Vol. 3 are: "Ionospheric 
Vertical Soundings," "Measurement of Iono-
spheric Absorbtion, » "The Measurement of 
Ionospheric Drifts, » and "Miscellaneous Radio 
Measurements." 

LOCATION AND AIDS TO NAVIGATION 

621.396.9 2740 
Doppler Effect in Radio and Radar—N. M. 

Rust. (Wireless World, vol. 64, pp. 304-307; 
July, 1958, pp. 373-377; August, 1958.) The 
general principles of the Doppler effect are ex-
plained; it is shown how directional discrimina-
tion can be obtained using phase-sensitive de-
tectors. Various practical applications are de-
scribed. 

621.396.93 2741 
Dectra: a Long-Range Radio-Navigation 

Aid—C. Powell, (J. Brit. IRE, vol. 18, pp. 
277-290; May, 1958. Discussion, pp. 291-292.) 
The tracking and ranging functions of the 
system are discussed with reference to the 
time-sharing technique on which the tracking 
pattern is based. The receiving and display 
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equipment is described and details are given of 
the transmitting stations which are common to 
the Dectra and Decca services. Accuracy and 
performance are considered. 

621.396.932.1:621.396.677.53 2742 
The Polarization Direction-Finder—J. 

Grosskopf and K. Vogt. (Nachrtech. Z., vol. 10, 
pp. 572-579; November, 1957.) Report on ex-
perimental investigations made in 1944 on 

behalf of the German navy on a SWDF system 
with a combined dipole and loop antenna. 
Three different arrangements are considered: 
a) vertical loop with vertical dipole, b) hori-
zontal loop with horizontal dipole, and c) 
vertical loop with horizontal dipole. The theory 
of operation of the system is detailed and dia-
grams of phase and amplitude difference as a 
function of azimuth angle are given for various 
types of polarization. A combination of ar-
rangements a) and b) is the most generally 
useful. Interference due to the incidence of two 
waves is also considered. The polarization type 
of direction finder can provide results as accu-
rate as those obtained by the Adcock system 
with the additional advantage of a much more 
compact antenna arrangement. 

621.396.933.2 2743 
Long-Range Radio Beacons—K. Lutz. 

(Brown Boyen i Rev., vol. 44, pp. 451-452; 
October, 1957.) A 10-kw radio beacon for air-
craft and marine navigation is described. It 
operates in the 200-415-kc band and the trans-
mitter can be used for telephony. 

621.396.933.2 2744 
On the Accuracy of Determining Position 

by Radio Navigation Methods—A. G. Saibel'. 
(Radiolekhnika, Moth., vol. 12, pp. 62-66; 
May, 1957.) Various methods for assessing ac-
curacy are reviewed and compared on the basis 
of distribution functions of error probabilities. 
It is suggested that this accuracy should be 
characterized by the mean-square error in posi-
tion. 

621.396.96:551.515.3 2745 
R.H.I. Radar Observation of a Tornado— 

J. Schuetz and G. E. Stout. (Bull. Amer. Met. 
Soc., vol. 38, pp. 591-595; December, 1957.) 

621.396.967 : 621.396.932 2746 
The Shore-Based Radar System for the 

New Rotterdam Waterway—N. Schimmel. 
(Tijdschr. ned. Radiogenoot., vol. 22, pp. 59-86; 
March, 1957. In English.) 

MATERIALS AND SUBSIDIARY 
TECHNIQUES 

535.215 2747 
Photoconductivity—D. A. Wright. (Brit. 

J. Ape Phys., vol. 9, pp. 205-214; June, 
1958.) The general process of photoconduc-
tivity is reviewed, and the preparation and 
properties of photoconducting materials are 
described, in particular CdS. The effects on 
sensitivity of defects in the crystal lattice and 
of the nature of impurities are discussed. Appli-
cations are outlined. Thirty-four references. 

535.215: 537.311.33 2748 
Diffusion of Charge Carriers in Photocon-

ductors taking account of Local Levels—J. 
Auth. (Ann. Physik, Leipzig, vol. 20, pp. 210-
214; July 15, 1957.) A model is derived for an 
n-type photoconductor and approximate solu-
tions of the diffusion equations are obtained. 

535.215: 546.482.21 2749 
The Influence of Dielectric After-Effects on 

Conduction in CdS Single Crystals in the 
Region of Breakdown Field-Strength—K. W. 
Boer and U. Kümmel. (Ann. Physik., Leipzig., 
vol. 20, pp. 303-314; July 15, 1957.) See also 
135 of 1956 and 3792 of 1956 (13,5er, el al.). 

535.215: 546.817.231 2750 
The Effect of Various Gases and Vapours 

on the Semiconductor Properties of Vapour-
Deposited Lead Selenide Films—H. Gobrecht, 
F. Niemeck, and K. E. Boeters. (Z. Physik, vol. 
148, pp. 281-297; May 8, 1957.) Tests were 
made on specimens prepared by the method 
outlined in 2634 of 1955 (Gobrecht, et al.) to 
determine the effect of Hg and I vapors on 
photoconductivity and dark resistance. Meas-
urements were also carried out with air, oxygen, 
nitrogen, hydrogen, and argon to find the rela-
tion between photoconductivity and gas pres-
sure. 

535.35:534-8 2751 
The Effect of Ultrasonic Radiation on the 

Luminescence of Zinc Sulphide Fluorescent 
Screens under Continuous Excitation by Light 

—M. Leistner. (Ann. Physik, Leipzig, vol. 20, 
pp. 129-141; July 15, 1957.) Full report and 
analysis of test results previously noted in 3158 
of 1957 (Leistner and Herforth). 

535.376 2752 
Enhancement by Electric Fields of the 

Sensitivity of Certain Luminescent Products to 
X Rays, and "Photoelectroluminescence"— 
G. Destriau. (C.R. Acad. Sc., Paris, vol. 245, 
pp. 1797-1800; November 18, 1957.) Research 
on (CdSaZnS)-Mn does not support the theory 
of Cusano (2980 of 1955) and Williams (2981 
of 1955). 

535.376 2753 
Sensitization, by Traces of Gold, of Prod-

ucts with an Electroenhancement Effect—G. 
Destriau. (C.R. Acad. Sci., Paris, vol. 245 pp. 
1913-1916; November 25, 1957.) The addition 
of traces of Au to the Mn activator in CdS-ZnS 
mixtures increases both the enhancement ratio, 
defined as the ratio of brightness under com-
bined X-ray and electric-field excitation to 
that under X-ray excitation alone, and the 
field sensitivity. 

537.226/.228.2:546.431.824-31 2754 
Two Experiments on the Electromechanical 

Characteristics of Barium Titanate Ceramics in 
the Curie Region—G. Schmidt. (Z. Physik, 
vol. 148, pp. 314-320; May 8, 1957.) The 
results are discussed of further tests on thick-
ness variation as a function of polarization and 
field strength, a) with a superimposed 400-
cps field, and b) at field strengths up to 3 
kv/cm. See also 465 of 1957. 

537.226/.228.1:546.431.824-31 2755 
Piezoelectric and Dielectric Characteristics 

of Single-Crystal Barium Titanate Plates— 
A. H. Meitzler and H. L. Stadler. (Bell Sys. 
Tech. J., vol. 37, pp. 719-738; May, 1958.) The 
dielectric constant of c-domain BaTiO3 single-
crystal plates has been measured as a function 
of their average polarization, using alternating 
voltages much smaller than the coercive volt-
age. At frequencies well above thickness reso-
nance the dielectric constant has a maximum 
at zero polarization. The piezoelectric output 
voltage of a single crystal subjected to a recur-
rent strain pulse of constant amplitude is not 
exactly proportional to its average polarization. 
Plate-shaped single crystals have a signifi-
cantly lower dielectric constant and smaller 
capacitance ratio when used as resonators in 
the thickness-extensional mode than similar 
resonators of ceramic BaTiO3. 

537.226/.227:546.431.824-31 2756 
High Permittivity of Some Solid Solutions 

with Ferroelectric Properties—W. A. Bokov. 
(Zh. Tekh. Fiz., vol. 27, pp. 1784-1793; August, 
1957.) Investigations of the temperature de-
pendence of the dielectric constant and the loss 
angle of solid solutions of the type: (Ba,Sr)TiO3, 

Ba(Ti,Sn)03, and Ba(Ti,Zr)03 in weak fields. 
Results are presented graphically. 

537.226/.227:546.431.824-31 2757 
Some Anomalies of the Hysteresis Loop in 

Ceramic Barium Titanate and Piezolan—E. 
Hegenbarth. (Ann. Physik, Leipzig, vol. 20, 
pp. 20-25; July 15, 1957.) Analysis and dis-
cussion of hysteresis loop and V// oscillo-
grams. See, e.g., 3758 of 1956 (Heywang and 
Schófer). 

537.227: 539.2 2758 
Appearance of Spontaneous Polarization in 

Crystals—G. A. Smolenskii. (Zh. Tekh. Fiz., 
vol. 27, pp. 1778-1783; August, 1957.) Ferro-
electric active ions and chemical bonds in 
ferroelectrics and antiferroelectrics are con-
sidered. Some experimental results concerning 
the structure of electron shells occurring in the 
oxygen octahedrons of ferroelectrics containing 
no hydrogen are discussed. 

537.227: 546.431.824-31 : 621.318.57 2759 
Electrical Stability of BaTiO3 Single Crys-

tals at - 195°C—H. L. Stadler. (J. Appt. Phys., 
vol. 29, pp. 743-744; April, 1958.) Crystals at 
room temperature, used as matrix-type digital 
storage systems exhibit a gradual loss of re-
sponse with continuous switching sequences. 
This decay does not occur at -195°C and is 
not primarily dependent on crystal phase. 

537.227:547.476.3 2760 
Ferroelectric Polarization Reversal in 

Rochelle Salt—H. H. Wieder. (Phys. Rev., vol. 
110, pp. 29-36; April 1, 1958.) Besides the slow, 
lateral motion of le and c-domain walls, there 
is observed a fast reversal process characteristic 
of the nucleation and wall propagation in the 
orthorhombic a direction. 

537.227: 621.375.5: 621.396.822 2761 
Noise of Cyclic Repolarization of Ferrelec-

trics—I. A. Andronova. (Doklady A kad. 
Nauk S.S.S.R., vol. 119, pp. 68-70; March 1, 
1958.) Noise occurring in dielectric amplifiers 
due to cyclic repolarization is attributed to a 
ferroelectric domain structure. The tempera-
ture dependence of this noise is examined. 

537.311.33 2762 
Semiconductors Again—( Wireless World, 

vol. 64, pp. 339-343; July, 1958.) A non-
mathematical explanation, from the energy-
level point of view, of the properties of semi-
conductors. 

537.311.33 2763 

Electrons, Holes, and Traps—W. Shockley. 
(Paoc. IRE, vol. 46, pp. 973-990; June, 1958.) 
"The statistics of recombination and of trap-
ping of electrons and holes through traps of a 
single species are presented. The results of the 
Shockley-Read recombination theory are de-
rived and more fully interpreted. A level of 
energy known as the equality level is intro-
duced. When the Fermi level lies at this level, 
the four basic processes of electron capture, 
electron emission, hole capture, and hole emis-
sion all proceed at equal rates. Transient cases 
for large trap density are presented." 

537.311.33 2764 
Recombination in Semiconductors—G. 

Bemski. (Paoc. IRE, vol. 46, pp. 990-1004; 
June, 1958.) The kinetics of hole-electron re-
combination, either direct or by means of re-
combination centers, are reviewed. The latter 
process accounts for recombination in Ge and 
Si, but the former becomes important in 
semiconductors with narrower energy gaps. 
Trapping and surface recombination are also 
considered in relation to volume recombination. 
Experimental methods of measuring lifetime 

are reviewed, and results are discussed in 
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terms of the various recombination processes. 
One-hundred thirty-one references. 

537.311.33 2765 
The Preparation of Semiconductor Devices 

by Lapping and Diffusion Techniques—H. 
Nelson. (Paoc. IRE, vol. 46, pp. 1062-1067; 
June, 1958.) Large semiconductor wafers can 
be processed to a point where they can be diced 
into numerous and identical devices. Lapping 
instead of etching is used for all shaping and 
the high degree of precision built into the lap-
ping apparatus is passed on to all the devices. 
Unipolar, photo-unipolar, and bipolar transis-
tors and negative-resistance devices have been 
made. 

537.311.33 2766 
On Junctions between Semiconductors 

having Different Energy Gaps—H. L. Arm-
strong. (Paoc. IRE, 46, pp. 1307-1308; June, 
1958.) 

537.311.33 2767 
Thermodynamic Treatment of Electron 

Processes in Semiconductor Boundary Layers 
—N. A. Müser. (Z. Physik., vol. 148, pp. 380-
390; May 8, 1957.) An interpretation of the 
processes occurring in p-n junctions is derived 
on the basis of thermodynamics. The principle 
is applied to a consideration of photoelectric 
efficiency and the process of rectification at a 
p-n junction. 

537.311.33 2768 
Semiconductors considered as Ionized 

Media—M. Demontvignier. (Rev. gén. Elect., 
vol. 66, pp. 495-512; October, 1957.) An 
analogy is drawn between the theory of tetrava-
lent semiconductors and the theory of electro-
lytes. 

537.311.33 2769 
The Temperature Dependence of Mobility 

in Nonpolar Semiconductors—D. Dom. (Z. 
Naturf., vol. 12a, pp. 18-22; January, 1957.) 
Bloch's theory is extended to allow for electron 
energy changes due to collision with thermal 
lattice vibrations. The resulting correction 
leads to an increase in mobility compared to 
the T-31, law. 

537.311.33 2770 
Measurements of Lifetime of Charge Car-

riers in Semiconductors—M. I. Iglitsyn, Yu. A. 
Kontsevol, V. D. Kudin, and A. A. Meier. (Zh. 
Tekh. Fiz., vol. 27, pp. 1414-1424; July, 1957.) 
A theoretical and experimental investigation 
based on the modulation of conductivity at the 
point-contact is presented. Formulas taking 
account of the diffusion and recombination at 
this point are derived. 

537.311.33 2771 
Simple Methods for Investigating the Zone 

Structure of some Semiconductor Compounds 
—V. E. Khartsiev. (Zh. Tekh. Fiz., vol. 27, pp. 
1713-1722; August, 1957.) Some general expres-
sions determining the band structure in semi-
conductors are derived. After a general survey 
of the one-dimensional problem, and with the 
help of matrix relations, three-dimensional 
lattice models, with Zn and NaC1 types of 
structure, are examined. 

537.311.33 2772 
Low-Temperature Anomalies in Impurity 

Semiconductors—M. I. Klinger. (Zh. Tekh. 
Fiz., vol. 27, pp. 1915-1922; August, 1957.) 
Theoretical investigation of p-type and n-type 
semiconductors. See also 3184 of 1g57. 

537.311.33:061.3 2773 
All-Union Conference on the Theory of 

Semiconductors—M. F. Déigen, I. M. Dyk-

man, and K. B. Tolpygo. (Zh. Tekh. Fiz., vol. 
27, pp. 1628-1642; July, 1957.) Summaries are 
given of some 40 papers read during the Con-
ference at Kiev, October 9-13,1956. The papers 
are grouped under the following headings: a) 
multielectron theory of solids, b) exciton 
processes in semiconductors, c) interaction of 
current carriers with the crystal lattice theory 
of polaron, d) theory of the local state of an 
electron in semiconductors, e) the band struc-
ture in semiconductors, f) magnetic properties 
of semiconductors, and g) phenomenological 
theory of semiconductors. 

537.311.33:539.16 2774 
Irradiation of P-N Junctions with Gamma 

Rays: a Method for Measuring Diffusion 
Lengths—R. Gremmelmaier. (Paoc. IRE, vol. 
46, pp. 1045-1049; June, 1958.) The short-cir-
cuit current in an irradiated p-n junction is 
given by the product of the electron charge, the 
generation rate (g) of minority carriers, and a 
quantity equal to the diffusion length if the 
junction position is suitably chosen; g can be 
calculated for irradiation by 1, rays from a 
Co°° source, and the short-circuit current meas-
ured. Diffusion lengths are observed up to 8µ 
in GaAs and 130µ in InP. 

537.311.33: [546.28+546.289 2775 
Properties of Silicon and Germanium-H— 

E. M. Conwell. (Paoc. IRE, vol. 46, pp. 1281-
1300; June, 1958.) Revision of an earlier paper 
(738 of 1953) giving the physical background 
of more recent advances and best current values 
of important physical quantities. One hundred 
seventeen references. 

537.311.33: [546.28+546.289 2776 
Scattering of Holes in Germanium and 

Silicon—G. E. Pikus. (Zh. Tekh. Fiz., vol. 27, 
pp. 1606-1609; July, 1957.) The lattice scatter-
ing of heavy and light holes within and be-
tween the two valence bands of Ge and Si is 
considered. The matrix elements and angular 
distribution for this scattering are examined 
and the relations of concentrations of light and 
heavy holes, and also of their respective 
mobilities, are tabulated. 

537.311.33: [546.28+546.289 2777 
Formation of Junction Structures by Solid-

State Diffusion—F. M. Smits. (PRoc. IRE, vol. 
46, pp. 1049-1061; June, 1958.) "The diffusion 
of group III and group V impurities into ger-
manium and silicon is reviewed. Observed and 
possible variations of the diffusion coefficient 
with concentration are discussed, followed by 
a summary of the diffusion coefficients and of 
solutions to the diffusion equation. Finally, 
methods for the evaluation of diffused layers 
and diffusion techniques are described." 

537.311.33 : [546.28+ 546.289 2778 
Galvanomagnetic Effects in n-Type Ge or 

n-Type Si Single Crystals in Strong Magnetic 
Fields—M. I. Klinger and P. I. Voronyuk. 
(Zh. Tekh. Fiz., vol. 27, pp. 1609-1613; July, 
1957.) A mathematical analysis is presented in 
which the electrical resistance and Hall con-
stant of n-type semiconductors are examined. 

537.311.33: [546.28+546.289 2779 
The Effects of Neutron Irradiation on Ger-

manium and Silicon—G. C. Messenger and 
J. P. Spratt. (Paoc. IRE, vol. 46, pp. 1038-
1044; June, 1958.) A theoretical expression is 
derived for the dependence of grounded-
emitter current gain of a transistor on ac-
cumulated neutron close. Observed changes in 
transistor parameters after irradiation are ex-
plained in terms of this theory, and in the case 
of Ge enabled the position of the recombination 
site in the forbidden band, and its capture cross 
sections for holes and electrons, to be deter-
mined. 

537.311.33:546.28 2780 
Preparation of Pure Silicon by the Thermal 

Decomposition of Silane—S. I. Kleshchevni-
kova, Ya. E. PokrovskiI, and E. I. Rumyant-
seva. (Zh. Tekh. Fiz., vol. 27, pp. 1645-1648; 
August, 1957.) The method and apparatus are 
described and results presented graphically. 

537.311.33:546.28 2781 
Evaluation of Surface Concentration of 

Diffused Layers in Silicon—G. Backenstoss. 
(Bell Sys. Tech. J., vol. 37, pp. 699-710; May, 
1958.) A diffused layer in a semiconductor is 
characterized by the impurity distribution. A 
method for determining the surface concentra-
tion of diffused impurity layers is described. It 
is shown that the surface concentration can be 
found for the properties of the junction and 
calculations have been made for typical im-
purity distributions in silicon. 

537.311.33:546.28 2782 
Inversion Boundary Layers on P-Type 

Silicon—S. Mailer. (Z. Nalurf., vol. 12a, pp. 
112-122; February, 1957.) The formation in 
water vapor of an inversion layer in p-type Si is 
investigated and the conductivity of the layer 
is determined, which is of the order of 10-5-
10-62'. Two types of surface state are ob-
served, one in which equilibrium with the con-
duction band is rapidly reached, and the other 
with relaxation times of 10-50 minutes. The 
density of the former states is much higher in 
Si than in Ge. See also 2434 of 1956 (Statz, 
el al.). 

537.311.33:546.28 2783 
Measurement of Lifetime of Charge Car-

riers in Si Single Crystals—M. I. Iglitsyn, 
Yu. A. Kontsevol, and V. D. Kudin. (Zh. Tekh. 
Fiz., vol. 27, pp. 1425-1430; July, 1957.) The 
lifetime is evaluated by measuring the modu-
lated conductivity in the region of the point-
contact by passing two consecutive current 
pulses. The effect of temperature on the charge-
carrier lifetime is investigated. The results 
seem to be in good agreement with the Shockley-
Read theory (420 of 1953). 

537.311.33:54628 2784 
Evidence of Dislocation Jogs in Deformed 

Silicon—W. C. Dash. (J. Appl. Phys., vol. 29, 
pp. 705-709; April, 1958.) 

537.311.33:546.28:548.5 2785 
Silicon Crystals Free of Dislocations— 

W. C. Dash. (J. Ape. Phys., vol. 29, pp. 736-
737; April, 1958.) A brief description of a 
method for growing crystals free from detec-
table oxygen and without observable disloca-
tions. 

537.311.33:546.281.46 2786 
Properties of Silicon Carbide under Pulsed 

Conditions—R. Goffaux. (Rev. gén. Elect., vol. 
66, pp. 463-472; September, 1957.) A model is 
proposed to explain the observed //V charac-
teristic; explanations based on the thermal 
ionization of donor centers and on the tunnel 
effect are disputed. See 434 of 1954 (Teszner, 
el al.). 

537.311.33: 546.289 2787 
Energy Spectrum of Current Carriers in 

Semiconductors of the Germanium Type— 
A. G. Samollovich and K. D. Tovstyuk. (Zh. 
Tekh. Fiz., vol. 27, pp. 1753-1763; August, 
1957.) A mathematical analysis is presented 
and the energy spectrum of current carriers of 
Ge and Si is examined. The energy spectrum of 
holes seems to depend not on the orbital spin 
interaction but on the distribution of clouds of 
valence electrons, that is, on the nature of 
chemical bonds. By a proper choice of wave 
functions, an electron energy spectrum can be 
obtained which is in agreement with experi-
mental data. 
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537.311.33: 546.289 2788 
Determination of Relaxation Time of Sur-

face States in Germanium—A. E. Yunovich. 
(Zh. Tekh. Fiz., vol. 27, pp. 1707-1712; August, 
1957.) Results of measurements of the field 
effect in the frequency range 400 cps-80 kc on 
n-type Ge samples indicate the strong depend-
ence of the relaxation time of surface states on 
the ambient atmosphere. 

537.311.33:546.289 2789 
Direct Optical Transitions and Further 

Exciton Effects in Germanium—G. G. Mac-
farlane, T. P. McLean, J. E. Quarrington, and 
V. Roberts. (Proc. Phys. Soc., London, vol. 71, 
pp. 863-866; May 1, 1958.) Measurements of 
absorption coefficient in Ge at temperatures in 
the range 20°K-291°K show a theoretically 
predicted absorption line, due to exciton pro-
duction, at a photon energy less than Es, the 
energy gap, by an amount E., the binding 
energy of an exciton of zero wave vector. 
Values of E. agree well with estimates based on 
the effective mass, but there is a marked dis-
crepancy between the low-temperature values 
of Es and those obtained by Zwerdling, et al. 
(1449 of 1958) in work on the oscillatory 
magneto-absorption effect. See also 1463 of 
1958. 

537.311.33:546.289 2790 
Impact Ionization in Germanium Single 

Crystals in the Temperature Range 4.2°K-
10°K—C. Kinke and G. Lautz. (Z. Naturf., 
vol. 12a, pp. 223-225; March, 1957.) The effect 
interpreted as impact ionization [see, e.g., 754 
of 1955 (Ryder, et al.)] is investigated as a 
function of temperature, purity of Ge, and 
transverse magnetic field strength. 

537.311.33:546.289 2791 
Field Modulation of Liquid-Induced Excess 

Surface Currents on Germanium P-n Junctions 
—W. T. Eriksen. (J. Appl. Phys., vol. 29, pp. 
730-733; April, 1958.) Experiments show that 
modulation is only possible for polar liquids and 
increases with decreasing temperature down to 
the melting point of the liquid. A qualitative 
explanation is discussed in terms of a model in 
which the charge carriers move in the liquid 
outside the semiconductor. 

537.311.33:546.289:535.215 2792 
Change of Lifetime in Thin Germanium 

Plates under the Action of an External Electric 
Field and Adsorption—V. I. Lyashenko. (Zh. 
Tekh. Fiz., vol. 27, pp. 1613-1615; July, 1957.) 
Experiments show that the photo-EMF and 
carrier lifetime in n-type and p-type Ge in-
crease or decrease according to the direction 
of the applied field. The effects of the adsorp-
tion of liquid films such as acetone, alcohol, 
benzene, water, and vaseline oil are also investi-
gated. 

537.311.33: 546.289: 535.32 2793 
Optical Constants of Germanium: 3600 

to 7000 A—R. J. Archer. (Phys. Rev., vol. 110, 
pp. 354-358; April 15, 1958.) The optical con-
stants, obtained from the ellipticity of re-
flected polarized light, show two maxima, and 
are consistent with the Kramers-Kronig rela-
tions. 

537.311.33: 546.289: 537.32 : 538.63 2794 
The Magnetic Variation of Thermoelectric 

Power of Ge Single Crystals at Low Tempera-
tures—J. Erdmann, H. Schultz, and J. Appel. 
(Z. Naturf., vol. 12a, pp. 171-174; February, 
1957.) Results of measurements on pure n-type 
specimens are reported and briefly discussed. 
The changes of thermoelectric power as a func-
tion of magnetic field strength in the range 
0-17 kg are plotted for 22.9°, 59.0°, and 82.4°K. 
See also 2796 of 1956 (Lantz and RupPel)• 

537.311.33:546.47-31:546.824-31 2795 
Nonlinear ZnO-TiO2 Semiconductors— 

Kh. S. Valeev and M. D. Mashkovich. (Zh. 
Tekh. Fiz., vol. 27, pp. 1649-1651; August, 
1957.) The electrical properties of 22110-TiOs 
are examined for concentrations of up to 40 per 
cent of TiO2. Graphs are included which show, 
as a function of concentration, a) the specific 
resistance, measured with constant potential 
of 16 volts and b) the temperature coefficient of 
resistance in the internal 20-120°C. Up to 30 
per cent of TiO2, n-type conductivity was ob-
served and above this, p-type conductivity. 

537.311.33:546.49.241:538.63 2796 
Nernst—Ettingshausen Effect in Mercuric 

Telluride—I. M. Tsidinovskii. (Zh. Tekh. Fiz., 
vol. 27, pp. 1744-1752; August, 1957.) Experi-
ments carried out in the range 125-600°K 
showed that the temperature dependence of 
the Nernst= Ettlingshausen effect could be 
explained by thermomagnetic theory. The tem-
perature dependence of the electron and hole 
mobility was estimated. A quantitative con-
firmation of the theory was obtained in strong 
magnetic fields with equal current-carrier 
concentrations. Depending on the purity and 
polycrystalline content, HgTe at room temper-
ature had a maximum electron mobility of 
1.15X 104cm2/v second. 

537.311.33:546.681.19 2797 
Electron Bombardment of p-n Barrier Lay-

ers in GaAs—H. Pfister. (Z. Naturf., vol. 12a, 
pp. 217-222; March, 1957.) The changes of 
EMF and short-circuit current due to electron 
bombardment at different intensities are in-
vestigated. These effects can be used for the 
measurement of electron beam intensity up to 
315 key before radiation damage sets in. 

537.311.33 : 546.682.19: 538.63 2798 
The Magnetic Resistance Change in InAs— 

H. Weiss. (Z. Naturf., vol. 12a, p. 80; January, 
1957.) The resistance of a Corbino disk of 
InAs increased 5.5-fold in a field of 10,000 G. 
For a long single-crystal rod the resistance 
change amounted to 2.4 per cent at 10,000 G. 
For tests on InSb see 143 of 1955 (Weiss and 
Welker). 

537.311.33:546.682.86:537.312.8 2799 
The Transverse Magnetoresistance Effect 

in Indium Antimonide—C. H. Champness. (J. 
Electronics Control, vol. 4, pp. 201-218; March, 
1958.) "Measurements have been made on a 
wide range of nearly single crystal specimens at 
different temperatures. While most of the 
results can be explained from the measured 
carrier concentrations and Hall mobilities 
assuming lattice and impurity scattering, it is 
found that the magnetoresistance at liquid air 
temperature is larger than expected." 

537.311.33:546.682.86:539.23 2800 
Preparation and some Electrical Properties 

of Thin Films of InSb—C. Paparoditis. (C.R. 
Acad. Sci., Paris, vol. 245, pp. 1526-1528; 
October 28, 1957.) Films of n-type material 
200-1700 A thick were deposited on mica by 
evaporation in vacuo followed by reheating in 
argon. Hall effect and resistivity were measured 
and the structure of some samples was studied 
by X rays and by electron microscope. The 
mean free path in samples reheated to 280°C 
was found to be much less than that in the bulk 
material and also less than the thickness of the 
samples. 

537.311.33 : 546.682.86: 539.23 2801 
Theoretical Results relating to Thin Films 

of Indium Antimonide—A. Colombani and 
J. Launay. (C.R. Acad. Sci., Paris, vol. 245, 
pp. 1607-1608; November 4, 1957.) For previ-
ous work see 2469 and 2470 of 1958. 

537.311.33: 546.873.241 : 537.323 2802 
Thermoelectric Properties of Bismuth Tel-

luride and its Alloys—D. A. Wright. (Nature, 
London, vol. 181, p. 834; March 22, 1958.) 
Progress since 1954 [see 1465 of 1955 (Gold-
smid and Douglas)] in the production of pure 
p and n-type BisTei is reported. A maximum 
temperature difference of 65°C at a mean tem-
perature difference of 65°C at a mean tempera-
ture of 17°C and Hall electron mobilities as 
high as 300 cm2/y second have been obtained 
with these materials, and a maximum tem-
perature difference of 80°C at the same mean 
temperature has been obtained by combina-
tions of alloys of analogous materials. 

537.311.33: 548.5 2803 
Oriented Growth and Definition of 

Medium-Angle Semiconductor Bicrystals— 
H. F. Mataré and H. A. R. Wegener. (Z. 
Physik., vol. 148, pp. 631-645; July 22, 1957. 
In English.) The physical and metallurgical 
procedure in the preparation of semiconductor 
bicrystals is described, methods of seed orienta-
tion are given and precision limits are dis-
cussed. High-precision boundaries with tilt 
angle between 1° and 25° can be grown; a 
number of microphotographs of grown grain 
boundary structures are shown. 

537.311.33:621.314.7 2804 
The Status of Transistor Research in Com-

pound Semiconductors—D. A. Jenny. (PRoc. 
IRE, vol. 46, pp. 959-968; June, 1958.) The 
most promising semiconducting materials likely 
to compete with Ge and Si in transistor fabrica-
tion are among the group III-V and group 
IV-IV compounds. On the basis of perform-
ance at high temperatures and high frequen-
cies, it is shown that, of compounds evaluated 
to date, GaAs and InP are the most promising, 
while AlSb, GaP and SiC will be useful at 
higher temperatures, at the cost of HF per-
formance. Two new methods of junction prepa-
ration are described, namely surface diffusion 
and the formation of a wide-gap junction, 
which can be used to increase emitter effi-
ciency. InP and GaAs transistors have been 
demonstrated, and electron lifetimes in the 
material estimated from measurements on 
them. 

537.311.33 +535.215] : 621.396.822 2805 
Noise In Semiconductors and Photoconduc-

tors—K. M. van Vliet. (PRoc. IRE, vol. 46, 
pp. 1004-1018; June, 1958.) A survey of theory 
and experimental results relating to generation-
recombination noise in semiconductors and 
photoconductors, noise in single crystals, 
and modulation noise in granular materials. 
One hundred seven references. 

538.221 2806 
The Dependence of the Coercive Force on 

Dislocation Density—Z. Málek. (Z. angew. 
Phys., vol. 9, pp. 279-280; June, 1957.) Critical 
assessment of Kersten's theory (1825 of 1957) 
in the light of recent measurements, followed 
by Kersten's comment (ibid., pp. 280-281). 

538.221 2807 
The Effect of Dislocations on the Initial 

Permeability of Nickel in the Recrystallized 
and in the Plastically Deformed State—M. 
Kersten. (Ann. Physik., Leipzig., vol. 20, pp. 
337-344; July 15, 1957.) Further discussion of 
the theory outlined in 1825 of 1957 with refer-
ence to experimental findings. 

538.221 2808 
Magnetization Curves of Tubular Speci-

mens of Nickel under Torsion and Pressure— 
K. Strnat. (Z. Naturf., vol. 12a, pp. 76-79; 
January, 1957.) 

538.211:538.24 2809 
Radiation Magnetization—C. H. Becker. 

(Z. Physik., vol. 148, pp. 391-401; May 8, 
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1957. In English.) "Radiation magnetization 
represents a new electron induction effect 
within ferrites resulting in real permanent 
magnetization, dynamically induced and de-
tected by means of microwaves." 

538.221:621.318.134 2810 
Domain Patterns on a Single Crystal of 

Manganese Ferrite—L. F. Bates, D. J. Craik, 
and P. M. Griffiths. (Proc. Phys. Soc., vol. 71, 
pp. 789-796; May 1, 1958.) Domain patterns 
on a cleaved surface were studied by optical 
and electron microscopy, using a colloid film 
technique. Separate fine and coarse patterns 
were observed, which are believed to represent 
independent domain structures, due, respec-
tively, to internal domain structure and to a 
surface effect produced by cleavage. 

538.221:621.318.134 2811 
Magnetic and Crystallographic Properties 

of Substituted Yttrium-Iron Garnet, 3Y203 
• xM203.(5-x)Fe203—M. A. Gilleo and S. 
Geller. (Phys. Rev., vol. 110, pp. 73-78; April 1, 
1958.) A solid solution of Y-Fe garnet with 
Y-Ga or Y-Al garnet was formed over the 
entire range of composition, the lattice-con-
stant variation being nearly linear. The triva-
lent ions, Sca+, Ina+ and Cr+ were substituted 
for Fea to a limited extent. The effect of the 
substitutions on the magnetic moment and 
Curie temperature is described. 

538.221:621.318.134 2812 
Interpretation of Variations with Tempera-

ture of the Ferrimagnetic Resonance Fields in 
Gadolinium Garnet—J. Paulevé. (C.R. Acad. 
Sci., Paris, vol. 245, pp. 1604-1607; November 
4, 1957.) Results of recent experimental work 
on pure material [see 538 of 1958 (Calhoun, 
et al.)] supplement previous work (3214 of 
1957) and show reasonable agreement with 
theoretical hyperbolic curves. 

538.221: 621.318.134: 621.372.413 : 621.317.411 
2813 

Frequency Shifts in Cavities with Longi-
tudinally Magnetized Small Ferrite Disks— 
H. Seidel and H. Boyet. (Bell Sys. Tech. J., 
vol. 37, pp. 637-655; May, 1958.) The tensor 
permeability components of a magnetized 
ferrite can be found from the frequency shift 
produced by the ferrite in a resonant cavity. 
Mathematical expressions are found for the 
permeability tensor for any natural mode in a 
cavity. Examples are given for various cavities 

538.614:539.23:621.317.44 2814 
Investigation of the Magnetic Properties 

of Vapour-Deposited Iron Films by means of 
the Faraday Effect—L. Reimer. (Z. Physik., 
vol. 148, pp. 527-532; June 22, 1957.) Note on 
the method outlined in 3592 of 1957 and fur-
ther experimental results. 

538.632 2815 
Hall Coefficient of Technically Pure Metals 

from 80°K to 800°K—V. Frank. (Appt. Sci. 
Res. vol. B6, no. 5, pp. 379-387; 1957, and vol. 
B7, no. 1, pp. 41-51; 1958.) 

Part 1: Results for Cu, Ag, Au, Pd, and Pt. 
Part 2: Results for Zr, W, Mo, Ta, Nb, and 

Al. Survey of results for the 4d and 5d transi-
tion group of metals. 

621.315.61 2816 
The Electrical Conductivity of Solid Organic 

Insulators—N. Riehl. (Ann. Physik., Leipzig., 
vol. 20, pp. 93-128; July 15, 1957.) 

621.315.61:537.221 2817 
Triboelectricity and Electron Traps in Insu-

lating Materials: some Correlations—E. 
Fukada and J. F. Fowler. (Nature, London, vol. 
181, pp. 693-694; March 8, 1958.) Some cor-
relation is found between triboelectric proper-
ties and the distribution of electron traps as 

determined by a study of X-ray-induced con-
ductivity [see 848 of 1957 (Fowler)]. 

621.315.61:538.566.029.6 2818 
Low-Reflection Dielectric Walls for Micro-

waves—H. Meinke. (Nachrtech. Z., vol. 10, pp. 
551-558; November, 1957.) Methods of ob-
taining a small reflection coefficient over a nar-
row as well as a wide band of frequencies are 
reviewed. The properties of dielectric media, 
particularly those containing graphite and 
iron powder, are discussed. Twenty-eight 
references. 

621.315.612.6 2819 
Preparation and Investigation of Dielectric 

Properties of a Group of Glasses with In-
creased permittivity—G. I. Skanavi and A. M. 
Kashtavova. (Zh. Tekh. Fiz., vol. 27, pp. 1770-
1777; August, 1957.) Three groups of glasses 
were investigated: boron, tellurite, and boron 
lead glasses. Best results were obtained with 
24 per cent TiO2, 54.4 per cent Pb0 glasses 
giving a dielectric constant of 35 and break-
down voltage of 2 X 106 v/cm. Results are 
shown in graphical and tabular form. 

621.315.612.6:537.226.31 2820 
Nature of Dielectric Losses in Sodium 

Aluminosilicate Glasses—V. I. Ioffe. (Zh. 
Tekh. Fiz., vol. 27, pp. 1454-1461; July, 1957.) 
An investigation of silicate and borate glasses 
in the temperatute range 20-290°K at 230, 
1000 and 1700 kc. Dielectric losses were ob-
served to decrease with increasing oxygen con-
tent. The results are presented graphically. 

MATHEMATICS 

512.831:518.2 2821 
Tables for Diagonalizing Second-Order 

Matrices—R. E. Trees and C. D. Coleman. 
(J. Res. Nod. Bur. Stand., vol. 60, pp. 201-
214; March, 1958.) "Sets of tables are given to 
facilitate the evaluation of the eigenvalues and 
eigenvectors of second-order matrices." 

512.831:621.372.6 2822 
Matrices all of whose Elements and Sub-

determinants are 1, —1 or 0—I. Cederbaum. 
(J. Math. Phys., vol. 36, pp. 351-361; January, 
1958.) See also 2009 of 1958. 

517.512.2 2823 
The Relationship of Physical Applications 

of Fourier Transforms in Various Fields of 
Wave Theory and Circuitry—E. F. Bolinder. 
(IRE TRANS. ON M ICROWAVE THEORY AND 
TECHNIQUES, vol. MTT-5, pp. 153-158; April, 
1957. Abstract, PROC. IRE, vol. 45, p. 1036; 
July, 1957.) 

517.512.4: 518.2 2824 
Table of First 700 Zeros of Bessel Func-

tions—Mx) and i'1(x)—C. L. Beattie. (Bell 
Sys. Tech. J., vol. 37, pp. 689-697; May, 1958.) 
The zeros of the Bessel functions and Bessel 
function derivatives are identified by standard 
waveguide notation which also serves as a code 
for more general mathematical applications. 

518.6: 621.372.2 2825 
Application to Electrodynamic Problems of 

an Approximation of a Logarithm by a Power 
Law—W. Rehwald and O. Zinke. (Arch. elekt. 
übertragung, vol. 11, pp. 397-402; October, 
1957.) The function loge is approximated by 
a power law of the form A x°. The method is 
applied to the problem of electromagnetic 
wave propagation along a bare wire of finite 
conductivity (Somerfeld line) and along a heli-
cal conductor. 

MEASUREMENTS AND TEST GEAR 

529.78: 621.374: 621.314.7 2826 
Transistor Chopper drives Accurate Clock— 

R. H. Williams. (Electronics, vol. 31, pp. 64-65; 
May 23, 1958.) A 400-cps synchronous clock 
motor is driven from an 800-cps transistorized 
crystal oscillator using a voltage-doubling 
chopper circuit and a 28-volts dc power supply. 

531.76:621.373.43 2827 
The Measurement of Periodically Recur-

ring Short Time Intervals—R. Gerharz. (Z. 
angew. Phys., vol. 9, pp. 282-286; June, 1957.) 
The use of pulse generators with high repetition 
frequency (see 2065 of 1957) for calibration pur-
poses is discussed. By using two identical pulse 
generators to produce a beat frequency curve 
on a CRO screen, time interval measurement 
with a resolution of at least 100-11 seconds have 
been made. 

621.317.31.024.42 2828 
Method of Measuring and Recording 

"Ultra Small" Currents—L. L. Dekabrun. (Zh. 
Tekh. Fiz., vol. 27, pp. 1578-1583; July, 1957.) 
Electrometer tube circuits are described by 
means of which currents up to 10-14 amperes 
are measured. This is accomplished by passing 
the current through resistances of 10-10% 
and by measuring the voltage drop. The instru-
ment has a good stability and an accuracy 
within ± 10 per cent. 

621.317.32:621.396.822 2829 
Noise Voltage Measurements on Low-

Impedance Circuit Elements by means of a 
Valve Amplifier with Input Transformer—W. 
Nonnenmacher. (Nachrtech. Z., vol. 10, pp. 559-
563; November, 1957.) Equivalent noise im-
pedance of less than 10 can be determined at 
low and medium frequencies by the method 
described. Additional noise due to the input 
ti ansformer can be eliminated. 

621.317.32.024:621.375.9:537.312.62 2830 
A Sensitive Superconducting "Chopper" 

Amplifier—De Vroomen and Van Baarle. (See 
2675.) 

621.317.331 2831 
Measurement of Sheet Resistivities with 

the Four-Point Probe—F. M. Smits. (Bell Sys. 
Tech. J., vol. 37, pp. 711-718; May, 1958.) See 
also 1502 of 1954 (Valdes). 

621.317.331.028.3 2832 
The Measurement of High Value Resist-

ances—J. K. Wood. (Electronic Eng., vol. 30, 
pp. 374-377; June, 1958.) Several methods 
using standard laboratory equipment are 
described together with sources of error and 
ways of reducing them. 

621.317.34:621.397.5 2833 
Measurement of the Reflection Coefficient 

of Television Lines and Equipment—E. 
Thinius. (Nachrtech. Z., vol. 10, pp. 548-550; 
November, 1957.) Using a frequency-sweep 
oscillator a response curve is obtained on a 
CRO screen, from which the reflection coeffi-
cient and phase angle can be determined. 

621.317.361 2834 
Frequency Measurement by Time Delay of 

a Signal—A. I. Danilenko. (Radiotekhnika, 
Mosk., vol. 12, pp. 67-72; May, 1957.) Two 
voltages are applied to a summation device, one 
from the oscillators under investigation and the 
other from the same oscillator but delayed in 
time. The amplitude of the resulting voltage 
will depend on frequency. The method might 
be used to determine the characteristics of 

delay lines. 

621.317.411:621.372.413: 538.221:621.318.134 
2835 

Frequency Shifts in Cavities with Longi-
tudinally Magnetized Small Ferrite Disks-
Seidel and Boget. (See 2813.) 
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62 1.317.61:621.372.8:621.376.232 2836 
A Phase-Sensitive Detector—Beauchamp. 

(See 2687.) 

621.317.71:537.228.1 2837 
Simple Apparatus for the Direct Determi-

nation of the Charge Output of Piezoelectric 
Materials at High Forces—D. S. Schwartz. 
(Rev. Sci. Instrum., vol. 29, pp. 321-323; 
April, 1958.) Compressions varying from 50 to 
15,000 pounds are obtained with hydraulic 
vices. The charge is measured using a Miller 
integrator circuit which presents a very low 
impedance to the sample. 

621.317.733:621.372.412.209.62 2838 
Plug-in Bridge Checks V.H.F. Quartz Crys-

tals—D. W. Robertson. (Electronics, vol. 31, 
pp. 82-85; May 9, 1958.) 

621.317.755: 537.52 2839 
A Multiple-Beam Oscilloscope for the Study 

of High-Voltage Transient Discharges—K. G. 
Beauchamp. (Electronic Eng., vol. 30, pp. 358-
365; June, 1958.) High-voltage transient dis-
charge phenomena are studied by means of 
trace expansion and selective brightening. The 
effects of corona and main discharge can be 
separated in the instrument. The complete de-
sign is given. 

621.317.755: 537.52 2840 
The Synchronized Plasmograph—R. Led-

rus, M. Hoyaux, A. Vanavermaete, and P. 
Gans. (Rev. gén. Elect., vol. 66, pp. 513-521; 
October, 1957.) Refinement of an instrument 
described earlier [532 of 1956 (Ledrus, et al.)]. 

621.317.763.089.6:621.372.414.029.63 2841 
Measuring Decimetric Wavelengths—H. B. 

Dent. (Wireless World, vol. 64, pp. 319-323; 
July, 1958.) Lecher wires are used to calibrate 
an absorption wavemeter covering the range 
450-750 mc. 

621.317.799: [621.314.63 + 621.385.029.6 2842 
Diode and Klystron Test Set for the 3.2-

cm Region—W. Otto. (Nachriech., vol. 7, pp. 
454-460; October, 1957, and pp. 502-506; 
November, 1957.) The equipment described is 
designed for production tests on Si diodes and 
reflex klystrons used as mixers and local oscilla-
tors, respectively. 

621.317.799:621.385.1 2843 
High-Speed Tester Checks Tubes in 

Groups—E. S. Gordon. (Electronics, vol. 31, 
pp. 76-78; May 9, 1958.) 

OTHER APPLICATIONS OF RADIO 
AND ELECTRONICS 

531.7:681.142 2844 
The Synchro Resolver as a Shaft Position 

Transducer—M. B. Wood. (Electronic Eng., 
vol. 30, pp. 366-370; June, 1958.) The resolver 
is part of a phase-shifting unit with 400-cps 
sinusoidal input. The difference in time-phase 
of the output zero crossover in the reference 
and measuring channels is measured by a period 
counter. The relation between shaft and cross-
over pulse position is linear to within ± 0.1 per 
cent. 

551.508.7:621.316.825 2845 
Captive Balloon Refractovariometer—A. L. 

Crozier. (Rev. Sci. Instrum., vol. 29, pp. 276-
279; April, 1958.) A system is described for 
measuring and recording rapid (3-cps) fluctua-
tions of refractive index, humidity, and tem-
perature using fast-response-thermistor beads. 
Measurements can be obtained up to 5000 feet 
above the measuring site. 

621.383.4:612.84 2846 
Retinal Type of Photovoltaic Cell—I. Levin. 

(Nature, London, vol. 181, p. 832; March 22, 

1958.) Alf multielectrode photocell analogous 
to the retina and an amplifier unit analogous 
to the nervous system of the eye are described. 

621.383.8:537.311.33:535.34.096 2847 
A New Thermal Image Converter—W. R. 

Harding, C. Hilsum, and D. C. Northrop. 
(Nature, London, vol. 181, pp. 691-692; 
March 8, 1958.) A simple image converter can 
be made based on the temperature dependence 
of the absorption threshold in a semiconductor. 
In the example described a self-supporting 
film of Se is metallized on one side and mounted 
in a vacuum at the focus of a parabolic mirror. 
The film is viewed by transmitted light from a 
sodium lamp. Variations in temperature or 
emissivity in the scene focused on the semi-
conductor appear as differences in transmitted 
intensity. 

621.384.6 2848 
Focusing of High-Velocity Electrons in 

Linear Electron Accelerators—K. N. Stepanov 
and A. A. Sharshanov. (Zh. Tekh. Fiz., vol. 27, 
pp. 1863-1869; August, 1957.) The radial 
movement of high-velocity relativistic electrons 
is examined and equations are derived. 

621.384.6 2849 
The Focusing of Beams of Charged Parti-

cles by High-Frequency Fields—M. A. Miller. 
(Doklady Akad. Nauk S.S.S.R., vol. 119, pp. 
478-480; March 21, 1958.) Mathematical 
analysis applied to an example of the focusing 
of a rectilinear beam in the field of symmetry 
of a Tejo-mode wave propagated in a circular 
waveguide with ideally conducting walls. 

621.384.6 -F 621.385.029.6]: 621.372.2 2850 
The Propagation of Slow Waves—Dain. 

(See 2933.) 

621.384.612 2851 
Resonance Perturbation of Synchrotron 

Oscillations in Particle Accelerators—I. S. 
Danilkin and M. S. Rabinovich. (Zh. Tekh. 
Fiz., vol. 27, pp. 1558-1570; July, 1957.) The 
influence of the resonance harmonic disturb-
ances on the phase shift and the intensity of 
of the beam of accelerated particles is investi-
gated. A synchrophasotron of 10 kmev is used. 

621.384.613 2852 
Investigation of Electron Capture Processes 

in a Betatron—Yu. S. Kofobochko. (Zh. Tekh. 
Fiz., vol. 27, pp. 1603-1605; July, 1957.) The 
average number of revolutions of an electron 
in a 15-mev betatron was estimated to be 4-5; 
the current circulating in the orbit during the 
trapping period was calculated and the trap-
ping efficiency assessed. 

621.384.7 2853 
Theory of an Electric High-Frequency 

Mass Spectrometer—G. Falk, and F. Schwer-
ing. (Z. angew. Phys., vol. 9, pp. 272-275; June, 
1957.) A static and a high-frequency field are 
superimposed inside a cylindrical capacitor 
through which the ion beam travels, and an 
absorption-type spectrum is produced. 

621.385:621.317.7 2854 
An Ion-Optical Bench for the Study of 

Four-Pole Magnetic Lenses and of Magnetic 
Deflectors for Particle Accelerators—A. Sep-
tier. (C.R. Acad. Sci., Paris, vol. 245, pp. 1406-
1409; October 21, 1957.) A purely electrostatic 
system operating with an electron beam or with 
ions of any mass is described. Aberrations in 
the magnetic system under test are detected 
using a fluorescent screen. 

621.385.833 2855 
Measuring with the Electron—L. Marton. 

(J. Sci. Ind. Res., vol. 16A. pp. 429-439; Octo-
ber, 1957.) A reviewer of electron-optical tech-

niques in microscopy, field mapping, and inter-
ferometry. 

621.385.833 2856 
Addition to the Theory of Aberration of an 

Electron-Optical Focusing System with a 
Curvilinear Axis—Yu. V. Vandakurov. (Zh. 
Tekh. Fiz., vol. 27, pp. 1850-1862; August, 
1957.) From the trajectory of particles, equa-
tions are derived by means of which the second 
and third-order geometrical aberration and 
first and second-order chromatic aberration 
for arbitrary electric and magnetic fields are 
calculated. Formulas are also given for the dis-
persion of particles corresponding to their 
velocities and masses. Conditions are deter-
mined for which second-order geometrical 
aberration does not occur. 

621.375.833 2857 
Experimental Investigation of Aperture 

Aberrations of a System of Two Four-Pole 
Magnetic Lenses—A. Septier. (C.R. Acad. Sci., 
Paris, vol. 245, pp. 1905-1908; November, 
1957.) 

621.385.833 2858 
Contrast in the Electron-Microscope Image 

—R. C. Valentine. (Nature, London, vol. 181, 
pp. 832-833; March 22, 1958.) Three methods 
of comparing contrast are discussed and evalu-
ated numerically. 

621.385.833 2859 
Simultaneous Evaporation of Platinum and 

Carbon for Possible Use in High-Resolution 
Shadow-Casting for the Electron Microscope 
—D. E. Bradley. (Nature, London, vol. 181, 
pp. 875-877; March 29, 1958.) 

621.387.422 2860 
The Discharge Process in Proportional 

Counter Tubes—C. Keck. (Z. angew. Phys., 
vol. 9, pp. 286-292; June, 1957.) 

621.387.462 2861 
Semiconductor Device for y-Ray Indica-

tion—S. M. Ryvkin. A. P. Bogomazov, B. M. 
Konovalenko, and O. A. Matveev. (Zh. Tekh. 
Fiz., vol. 27, pp. 1601-1602; July, 1957.) Best 
results were obtained with CdS and CdSe 
specimens, the conductivity of which changes 
sharply when irradiated. 

621.387.462:546.289 2862 

The Use at Low Temperature of n-P-Type 
Germanium a-Particle Counters—A. V. 
Alrapetyants, A. V. Kogan, N. M. Relnov, 
S. M. Ryvkin, and I. A. Sokolov. (Zh. Tekh. 
Fiz., vol. 27, pp. 1599-1600; July, 1957.) 

621.398.621.391 2863 
Some Problems of Telemetry in the Light 

of Communication Theory—V. Pollak. (Hoch-
frequenztech. u. Elektroakust., vol. 66, pp. 19-
25; July, 1957.) Communication theory is ap-
plied to the analysis of telemetry systems used 
in power transmission. 

621.398:621.391 2864 
Systems Engineering a P.D.M./F.M. 

Telemetry System—F. J. Enge. (Electronic 
Ind., vol. 17, pp. 80-81, 128; March, 1958.) The 
basic principles involved in a PWM/FM 
telemetry system are discussed in relation to 
information theory. 

PROPAGATION OF WAVES 

621.396.11:551.510.52 2865 
Tropospheric Scatter Propagation--a Sum-

mary of Recent Progress—H. Staras. (RCA 
Rev., vol. 19, pp. 3-18; March, 1958.) A short 
history and an explanation in terms of physical 
concepts are given. In discussing bandwidth 
capabilities, correlation distances, antenna-to-
medium coupling loss, and angular diversity, 
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published theoretical work is compared with 
recent experimental data. 

621.396.11:551.510.52 2866 
The Effect of Refraction on the Scatter 

Propagation of Ultra Short Waves in the 
Troposphere—D. M. VysokovskiI. ( Radio-
teklin tka, Mosk., vol. 12, pp. 30-36; May, 1957.) 
Approximate formulas are derived for determin-
ing the effect of such factors as the lowering of 
the height of the scattering region, the vari-
ation of the angle of scattering, and the vari-
ation of the extent of the scattering region. 
The variation of power at the point of reception 
in the presence of refraction is calculated. The 
results obtained are compared with the theo-
retical and experimental data on the scattering 
of radio waves at turbulent inhomogeneities. 

621.396.11:551.510.535 2867 
Observations on Back-Scatter Echoes in 

Long-Distance Short-Wave Transmissions— 
H. U. Widdel. (Arch. elekt. Übertragung, vol. 11, 
pp. 429-439; November, 1957.) The influence 
of antenna radiation patterns on the range and 
complexity of back-scatter echo observations 
was investigated using 1-ms pulses transmitted 
at a rate of 50/sec at frequencies of 5980, 9640, 
15,275, and 17,845 kc. Two rhombics and one 
250-m long-wire antenna 8 km from the 
transmitter were used for reception. 

621.396.11:551.510.535 2868 
The Role of Ionospheric-Layer Tilts in 

Long-Range High-Frequency Radio Propaga-
tion—S. Stein. (J. Geophys. Res., vol. 63, pp. 
217-241; March, 1958.) The mechanism of re-
flection of HE radio waves from a nonspherical 
layer is studied by means of simplified models. 
Rays emitted from a ground transmitter at 
low angles of elevation and reflected from a 
suitably tilted F layer will miss the earth and 
illuminate a second area of the layer directly. 
If sufficient ionization exists in this second area, 
the ray will be propagated around the curve 
of the earth. A ray may be reflected several 
times and finally encounter a tilt so oriented 
that the surface of the earth is illuminated. 
Anticipated fading, MUF and field-strength 
characteristics for these ""F" modes are dis-
cussed. Many different "F, and combinations 
of "F and conventional modes have been ob-
served by back-scatter sounding between 12 
mc and 30 mc and they are described. 

621.396.11.029.45:551.510.535 2869 
An Extension to the Mode Theory of V.L.F. 

Ionospheric Propagation—J. R. Wait. (J. 
Geophys. Res., vol. 63, pp. 125-135; March, 
1958.) The waveguide mode theory of VLF 
propagation for a sharply-bounded homogene-
ous ionosphere is refined to include stratifica-
tion at the lower edge of the ionosphere. The 
numerical results for a two-layer model are 
discussed in detail. 

621.396.11.029.62 2870 
Further Results of Tropospheric Drift Ob-

servations on the Question of the Mechanism 
of Long-Range Propagation at Metre Wave-
lengths—L. Klinker. (Z. Met., vol. 11, pp. 339-
344; October/November, 1957.) 130 of the 160 
measurements of tropospheric drift made in the 
course of one year's observations at Kühlungs-
born (see 3279 of 1957) were compared with 
simultaneous aerological measurements made 
at Copenhagen. An analysis of the results 
appears to confirm earlier conclusions (see 587 
of 1958). 

RECEPTION 

621.396.62:621.314.7:621.311.69 2871 
Radio Waves power Transistor Circuits— 

L. R. Crump. (Electronics, vol. 31, pp. 63-65; 
May 9, 1958.) Unpowered transistorized re-
ceivers are actuated by switching on a trans-

mitter. The outputs from the receiving anten-
nas need to be about 1 mw. 

621.396.62.029.63/.64:621.396.822 2872 
Noise Performance of a Three-Stage Micro-

wave Receiver—H. V. Shurmer. (Electronic 
and Radio Engr., vol. 35, pp. 271-274; July, 
1958.) The analysis of the noise performance of 
microwave receivers is extended to the case 
where a crystal tube is preceded by a stage of 
RF amplification, such as a traveling-wave 
tube. 

621.396.621.54:621.476.33 2873 
Bandwidth, Number of Stages and Distor-

tion Factor in V.H.F. F.M. Receivers—E. G. 
Woschni. (Nachrtech., vol. 7, pp. 441-447; 
October, 1957.) The interdependence of selec-
tivity, distortion factor, number of IF stages, 
and bandwidth is investigated and curves 
showing these relations are given. 

621.396.812.3 2874 
Distribution of the Duration of Fades in 

Radio Transmission: Gaussian Noise Model— 
S. O. Rice. (Bell Sys. Tech. J., vol. 37, pp. 581-
635; May, 1958.) The fluctuations of a received 
radio signal due to fading are assumed to 
behave like the envelope of narrow-band 
Gaussian noise. Estimates of the distribution 
of the fade lengths for various depths of fades 
are given, and relations which may be useful in 
analyzing fading data are derived. A similar 
problem involving the separation of the inter-
cepts of the noise current itself, instead of its 
envelope, is also discussed. 

621.396.82 2875 
Experimental Investigation of the Limita-

tion of Pulse Interference by Varying the 
Spectra and the Threshold of Limiting—A. A. 
Gorbachev. (Radiotekhnika, Mosk., vol. 12, pp. 
64-68; June, 1957.) In this method the signal 
and interference spectra are transformed by 
two linear converters to make use of certain 
features of the spectra, and the threshold of the 
limiter is made to follow automatically the 
level of the signal. Experiments have shown 
that good suppression is obtained of pulses of 
duration up to several milliseconds. 

STATIONS AND COMMUNICATION 
SYSTEMS 

621.376:621.395.665.1 2876 
Automatic Speech Amplitude Control— 

L. R. Battersby. (Electronics, vol. 31, pp. 71-
73; May 23, 1958.) A simple differentiating net-
work changes the energy distribution of speech 
so that input amplitude variations of up to 35 
db over the range 300-3000 cps are reduced to 
output variations of about 1 db without serious 
loss of intelligibility. Field tests with portable 
FM transceivers show that a marked increase 
in AF output can then be obtained when the 
RF signal/noise ratio is poor. 

621.391 2877 
On the Relation between the Rate of Trans-

mission of Information and the Freedom from 
Interference in a Communication System— 
E. L. Blokh. (Radiotekhnika, Mosk., vol. 12, 
pp. 3-14; June, 1957.) The relation is investi-
gated with the aid of geometrical methods for 
codes corresponding to the simplest and the 
densest distributions of signal points. 

621.391:621.396.82 2878 
Statistical Properties of Signals and Inter-

ference in Two-Channal Phase Systems— 
V. V. Tsvetnov. (Radiotekhnika, Mosk., vol. 
12, pp. 12-29; May, 1957.) Statistical proper-
ties of sinusoidal signals and Gaussian interfer-
ence in two-channel phase systems are dis-
cussed and the law of the distribution of ampli-
tude and phase differences is derived. The 
statistical characteristics are considered for the 

following cases: a) instantaneous phase error 
and uncorrelated two-channel interference; b) 
relatively strong signals. 

621.391:621.396.822 2879 
Zeros of Gaussian Noise—G. M. White. 

(J. Ape Phys., val. 29, pp. 722-729; April, 
1958.) Results are reported of an investigation 
by an experimental technique for determining 
the statistics of the times a random function 
crosses through its average value. Close agree-
ment was found with values calculated theo-
retically; others nat amenable to calculation 
gave results intuitively expected. The equip-
ment is briefly described. 

621.396.712 2880 
The New Transmitting Station at Lourenço 

Marques in Mozambique—M. Dick. (Brown 
Boyen i Rev., vol. 44, pp. 420-427; October, 
1957.) The 3.2-22-mc transmitter described can 
also be used for transmitting at any frequency 
in the medium-wave band. 

621.396.712:621.396.677.3 2881 
Long-Distance H.F. Broadcasting—Ben-

nington. (See 2637.) 

SUBSIDIARY APPARATUS 

621.3.013.78 2882 
The Reflection and Screening Effects of 

Metallic Enclosures in a Plane Electromagnetic 
Wave—H. Kaden. (Arch. eleki. Übertragung, 
vol. 11, pp. 403-415; October, 1957.) Three 
cases of reflection and screening action are in-
vestigated for wavelengths of the order of the 
dimensions of the enclosure: a) a hollow cylin-
der with axis parallel to the electric field, b) a 
hollow cylinder with axis parallel to the mag-
netic field, and c) a hollow sphere. The increase 
of the reflection coefficient with rising frequen-
cies, screen attenuation, and resonance effects 
are discussed. See also 578 of 1957. 

621.311.69:539.16 2883 
Nuclear Batteries—E. K. Aschmoneit. 

(Elektronik, vol. 6, pp. 287-290; October, 
1957.) Outline of principles of operation and 
applications. See also 1916 of 1957 (Milliron). 

621.311.69621.396.62621.314.7 2884 
Radio Waves power Transistor Circuits— 

Crump. (See 2871.: 

621.314.63: 537.311.33 2885 
Voltage/Current Characteristics of Semi-

conductor Power Rectifiers—E. I. Rashba and 
A. I. Nosar'. (Zh. Tekh. Fis., vol. 27, pp. 1431-
1445; July, 1957.) The distribution of the con-
centration of carriers of p-i-n and p-n-n types 
is examined. Monpmolecular and bimolecular 
recombinations are considered. The depend-
ence of the injection coefficient on the current 
and the V// characteristics are calculated and 
the voltage drop in the bulk of the semiconduc-
tor is investigated. 

621.314.63:546.28 2886 
Medium-Power Silicon Rectifiers—R. J. 

Andres and E. L. Steele. (Electronic Ind., vol. 
17, pp. 62-65; March, 1958.) The construction, 
manufacturing techniques, and electrical char-
acteristics of the diode Type-MN-14 of p-i-n 

structure are described. 

621.316.722.1:621.314.7 2887 
Stabilized Power Supplies using Transistors 

—E. Baldinger and W. Czaja. (Z. angew. 
Math. Phys., vof. 9, pp. 1-25; January 25, 
1958.) The operation of simple stabilizing cir-
cuits is analyzed and methods of improvement 
by pre-amplification or compensation are dis-
cussed. Practical circuits which have low tem-
perature coefficients are described. 
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TELEVISION AND PHOTOTELEGRAPHY 

621.397.5: 535.623 : 061.3 2888 
International Symposium, Physical Prob-

lems of Colour Television, Paris, July 1957 
(J. Opt. Soc. Amer., vol. 48, pp. 73-74; January, 
1958.) Proceedings on this conference are to be 
published by Acta Electronica, 23 rue du Re-
trait, Paris 20°. 

621.397.61 2889 
Television Transmitters—V. Milliquet. 

(Brown Boyen  Rev., vol. 44, pp. 438-446; 
October, 1957.) An installation comprising a 
1.5-kw vision transmitter and a 300-watt 
FM sound transmitter is described. 

621.397.611.2 2890 
Mechanism of Electronic Commutation in 

Television Tubes with Energy Storage—Ya. A. 
Ryftin. (Zh. Tekh. Fir., vol. 27, pp. 1870-1885; 
August, 1957.) A comparison of experimental 
and theoretical results shows that the main 
characteristics of a storage-type camera tube 
can be improved by increasing the relative line 
shift. This can be achieved by increasing the 
size of the target or by decreasing the effective 
radius of the scanning spot. Results are 
presented graphically. 

621.397.611.2 2891 
Some New Structure-Type Targets for the 

Vidicon—an Analysis of their Operation— 
S. A. Ochs and P. K. Weimer. (RCA Rev., 
vol. 19, pp. 49-61; March, 1958.) Two types of 
target are discussed, a) a "lateral-flow" struc-
ture with photocurrents flowing parallel to the 
target plane, and b) a "bridge-type" structure 
with each picture element providing an internal 
closed circuit thus establishing a charge pattern 
independently of the scanning beam. Experi-
mental structure-type targets capable of sev-
eral hundred lines resolution are described 
but are more difficult to make than conven-
tional layer-type targets. Use can be made of 
sensitive photoconductors with resistivity too 
low for the standard vidicon. 

621.397.62 2892 
Assessment of the Quality of Horizontal 

Synchronization in Television Receivers—H. 
Lutz. (Arch. Elekt. übertragung, vol. 11, pp. 
461-470; November, 1957.) Parameters govern-
ing the operation of a phase-comparison system 
of horizontal synchronization are derived with 
reference to the operating point on the control-
circuit characteristic. The noise characteristics 
of the system and its response to a sine-wave 
or pulse disturbance are calculated and a cir-
cuit for measuring these properties is de-
scribed. A full evaluation of pull-in and locking 
properties is only possible if the nonlinear part 
of characteristic of the control circuit is known. 
Methods of plotting the unstable portion of 
the characteristic and of analyzing the pull-in 
process are described. 

621.397.62:621.385.832 2893 
A Television Picture Tube with Increased 

Effective Perveance for Cathode Modulation 
—W.F. Niklas, C. S. Szegho, and J. Wimpffen. 
(J. Telev. Soc., vol. 8, pp. 368-375; January 
/March, 1958.) The tube characteristics associ-
ated with grid and cathode modulation are 
examined. The requirements for a new picture 
tube designed for cathode modulation are 
listed. Special features of the electron gun are 
described. 

621.397.62:621.396.662 2894 
Performance of Television Turret Tuners 

—K. H. Smith. (J. Telev. Soc., vol. 8, pp. 337-
390; January-March, 1958.) A detailed de-
scription of experimental work on circuits and 
tube design for improving Band-III noise per-
formance and gain. 

621.397.62:621.396.662 2895 
A Comparison of Turret-Type and Switch-

Type Television Tuners—V. A. Jones. (J. Brit. 
IRE, vol. 18, pp. 346-347; June, 1958. Dis-
cussion, pp. 349-357.) A table comparing the 
characteristics of German, U. S., and British 
tuners is given. 

621.397.62:621.396.662.002.2 2896 
Mass-Production Techniques for Tele-

vision Tuners—P. C. Ganderton. (J. Brit. 
IRE, vol. 18, pp. 331-340; June, 1958. Discus-
sion, pp. 349-357.) Design details for Band I, 
II, and III turret-type tuners, to ensure uni-
formity of performance and freedom from tem-
perature effects. A system using "wobbulated" 
signals for coil alignment is described. 

621.397.62: 621.396.662.002.2 2897 
Some Aspects of Television Tuner Produc-

tion—S. H. Perry. (J. Brit. IRE, vol. 18, pp. 
341-345; June, 1958. Discussion, pp. 349-357.) 
A statistical method for analyzing production 
variations in a particular type of tuner is de-
scribed, together with manufacturing methods 
used to achieve the required accuracy and 
standardized performance. 

621.397.62:621.396.665 2898 
A.G.C. Circuits in Television Receivers— 

S. N. Doherty and P. L. Mothersole. (J. Telev. 
Soc., vol. 8, pp. 350-367; January-March, 
1958.) The problem of obtaining a wide range 
of AGC is discussed and a range of 80 db is 
shown to be possible. The development is 
described of a simple high-gain gate circuit 
which is free from the faults of existing circuits. 

621.397.62:621.396.665 2899 
Automatic-Gain-Control Circuits in Tele-

vision Receivers for Negative-Modulation Sys-
tems—P. L. Mothersole. (J. Brit. IRE, vol. 18, 
pp. 307-316; May, 1958.) A simple gate cir-
cuit is described in which the AGC potential 
is dependent on the black level of the signal 
and is completely independent of the line time-
base frequency. The circuit also has the advan-
tages of a) direct coupling, b) high input im-
pedance, c) relatively few valves, and d) syn-
chronizing pulse concellation. 

TRANSMISSION 

621.396.61 2900 
Peculiar Features in the Design of Radio 

Transmitters in which the Anode Circuits are 
Fed from Sources with a High Internal Imped-
ance—N. I. Shten. (Radiotekhnika, Mosk., vol. 
12, pp. 48-53; May, 1957.) The optimum utili-
zation of dc sources with a relatively high in-
ternal impedance, such as rotary converters and 
thermionic rectifiers, is discussed. Recom-
mendations are given for the design of tube 
oscillators to ensure the highest output. 

621.396.61:621.396.822.1 2901 
Combination Frequencies and Crosstalk in 

Transmitters for Class-C Operation—L. Leng. 
(Brown Boyen  Rev., vol. 44, pp. 433-437; 
October, 1957.) Theoretical investigation of the 
conditions under which crosstalk arises in 
stations where several transmitters are housed 
together. 

621.396.71 2902 
New Brown Boyen i Transmitters all over 

the World—S. Pedersen. (Brown Boyen  Rev., 
vol. 44, pp. 400-409; October, 1957.) 

621.396.712 2903 
Modern Regional Broadcast Transmitters 

—W. Klein. (Brown Boyen i Rev., vol. 44, pp. 
416-420; October, 1957.) Description of a 25-
kw medium-wave transmitter. 

621.396.712:621.376.3 2904 
Frequency-Modulated V.H.F. Broa dcast 

Transmitters—K. Lutz (Brown Boleti Rev., 
vol. 44„ pp. 409-415; October, 1957.) Brief 
description of a new series of transmitters avail-
able for 1, 3, and 10 kw outputs. 

TUBES AND THERMIONICS 

621.314.63 2905 
The Potential of Semiconductor Diodes in 

High-Frequency Communications—A. Uhlir, 
Jr. (PRoc. IRE, vol. 46, pp. 1099-1115; June, 
1958.) The construction, properties, and appli-
cations of three types of diode are described. 
Graded p-n junctions made by solid-state dif-
fusion are low-loss nonlinear capacitors which 
can be used for low-noise amplifiers, amplifying 
frequency converters, harmonic and subhar-
monic generators, switches, limiters, and volt-
age-tuned passive circuits. Point-contact diodes 
(or p-n junctions at lower frequencies) are non-
linear resistors, used as microwave rectifiers. 
p-i-n diodes have a high-frequency resistance 
which is dependent on the direct current, and 
so can be used as wide-band microwave 
switches or attenuators. 

621.314.63 2906 
The Evolution of the Theory for the Volt-

age/Current Characteristic of P-N Junctions— 
J. L. Moll. (PRoc. IRE, vol. 46, pp. 1076-1082; 
June, 1958.) The rectifying action is controlled 
essentially by the equilibrium densities, dif-
fusion constants, and recombination times of 
minority carriers. Low-level behavior of Ge 
junctions at room temperature is described 
theoretically on the basis of diffusion and re-
combination rates on either side of the barrier 
region. For Si, effects of carrier recombination 
and generation in the barrier region must be 
included. At high current densities, junctions 
depart from the ideal low-level rectifier law 
because of effects associated with majority-
carrier modulation. 

621.314.63:537.311.33 2907 
The Time-Lag of Semiconductor Diodes in 

Pulse Operation and its Physical Interpreta-
tion—W. Heinlein. (Arch. elekt. übertragung, 
vol. 11, pp. 387-396; October, 1957.) An inter-
pretation of the delay mechanism operative in 
pulse-controlled p-n junctions is confirmed by 
measurements on Ge crystal diodes with large 
diffusion regions. 

621.314.63 + 621.385.029.6] :621.317.799 2908 
Diode and Klystron Test Set for the 3.2-

cm Region—Otto. (See 2842.) 

621.314.63 +621.314.7].002.2 2909 
Outdiffusion as a Technique for the Pro-

duction of Diodes and Transistors—J. Halpern 
and R. H. Rediker. (PRoc. IRE, vol. 46, pp. 
1068-1076; June, 1958.) The diffusion of Sb out 
of Ge has been studied, and the use of this proc-
ess shown to be an easy way of producing p-n 
junctions in compensated n-type Ge. High-
speed narrow-base diodes and high-speed 
n-p-n Ge transistors have been made by out-
diffusion. 

621.314.7+621.314.63 2910 
Lumped Models of Transistors and Diodes 

—J. G. Linvill. (PRoc. IRE, vol. 46, pp. 1141-
1152; June, 1958.) A lumped approximation is 
made at the beginning of analysis of a dis-
tributed system. This generally simplifies 
analysis, permits consideration of phenomena 
prohibitive to analysis on a differential basis, 
and provides a close tie with the physical as-
pects involved. Lumped models are shown 
which can be used to approximate the proper-
ties of transistors and diodes over a wide range 
of conditions and applications. 

621.314.7 2911 
Transistors—(PRoc. IRE, vol. 46, pp. 952-

1300; June, 1958.) This issue commemorates 
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the tenth anniversary of the invention of the 
transistor. Abstracts of some of the papers are 
given individually; titles of others are as fol-
lows:-

1) The Technological Impact of Transistors 
-J. A. Morton and W. J. Pientenpol. (pp. 955-
959.) 

2) Review of Other Semiconductor Devices 
-S. J. Angelic). (pp. 968-973.) 

3) Analogue Solution of Space-Charge Re-
gions in Semiconductors-L. J. Giacoletto. 
(pp. 1083-1085.) 

4) Germanium and Silicon Rectifiers-
H. W. Henkels. (pp. 1086-1098.) 

5) New Concepts in Microwave Mixer 
Diodes-G. C. Messenger. (pp. 1116-1121.) 

6) Advances in the Understanding of the 
P-N Junction Triode-R. L. Pritchard. (pp. 
1130-1141.) Ninety-eight references. 

7) Construction and Electrical Properties of 
a Germanium Alloy-Diffused Transistor-
P. J. W. Jochems, O. W. Memelink, and L. J. 
Tummers. (pp. 1161-1165.) 

8) Technology of Micro-alloy Diffused 
Transistors-G. G. Thornton and J. B. Angell. 
(pp. 1166-1176.) 

9) Power Transistors-M. A. Clark. (pp. 
1185-1204.) 

10) Measurement of Transistor Thermal 
Resistance-B. Reich. (pp. 1204-1207.) 

11) Measurement of Internal Temperature 
Rise of Transistors-J. T. Nelson and J. E. 
Iwersen. (pp. 1207-1208.) 

12) A Five-Watt Ten-Megacycle Transistor 
-J. T. Nelson, J. W. Iwersen, and F. Keywell. 
(pp. 1209-1215.) 

13) The Effective Emitter Area of Power 
Transistors-R. Emeis, A. Herlet, and E. 
Spenke. (pp. 1220-1229.) 

14) Multiterminal P-N-P-N Switches-
R. W. Aldrich and N. Holonyak, Jr. (pp.1236-
1239.) 

15) The Application of Transistors to Com-
puters-R. A. Henle and J. L. Walsh. (pp. 
1240-1254.) 

16) Application of Transistors in Communi-
cations Equipment-D. D. Holmes. (pp. 
1255-1260.) 

17) Transistor Monostable Multivibrators 
for Pulse Generation-J. J. Suran. (pp. 1260-
1271.) 

18) A Design Basis for Junction Transistor 
Oscillator Circuits-D. F. Page. (pp. 1271-
1280.) 

621.314.7 2912 
Two-Dimensional Current Flow in Junc-

tion Transistors at High Frequencies-R. L. 
Pritchard. (Pnoc. IRE, vol. 46, pp. 1152-1160; 
June, 1958.) At HF the distributed nature of the 
base region must be taken into account. In the 
usual equivalent circuit, the ohmic base resist-
ance must be replaced in general by a complex 
base impedance. The effect of this modification 
upon circuit performance is discussed and 
transistor design considerations are outlined. 

621.314.7 2913 
Junction Transistor Short-Circuit Current 

Gain and Phase Determination-D. E. 
Thomas and J. L. Moll. (Pnoc. IRE, vol. 46, 
pp. 1177-1184; June, 1958.) Analysis is given 
showing that the complete common-base and 
common-emitter current-gain magnitude and 
phase characteristics as a function of frequency 
can be determined from three amplitude meas-
urements, namely the low-frequency current 
gain, the magnitude of the common-emitter 
current gain at a single frequency in the com-
mon-emitter cutoff region and the common-
base cutoff frequency. Equations are de-
veloped for determining the common-emitter 
and common-base short-circuit current gains 
from these three measurements. 

621.314.7 2914 
The Intrinsic-Barrier Transistor-How it 

Works-J. M. Early. (Bell Lab. Rec., vol. 36, 
pp. 86-90; March, 1958.) Examination of the 
structural limitations of a three-layer transistor 
leads to an estimate of the ultimate capabilities 
of alloy and grown-junction types and to the 
development of a new type of transistor triode, 
p-n-i-p, in which an "intrinsic" or neutral layer 
between the base and collector layers has per-
mitted transistor operation at higher voltages 
and frequencies. 

621.314.7:621.314.63] : 538.63 2915 
Transistors and Diodes in Strong Magnetic 

Fields-H. A. Kampf. (Electronic Ind., vol. 17, 
pp. 71-73; March, 1958.) The results of tests 
at field strengths up to 10 kg show that semi-
conductor devices give a more reliable per-
formance in a magnetic-field environment than 
thermionic tubes. 

621.314.7: 546.28 2916 
The Blocking Capability of Alloyed Silicon 

Power Transistors-R. Emeis and A. Herlet. 
(Pnoc. IRE, vol. 46, pp. 1216-1220; June, 
1958.) Experimental results on a series of Si 
n-p-n alloyed transistors show good agreement 
with theory. Details of the //V characteristic 
are discussed. Three base resistivity regions are 
distinguished: a) pure breakdown, b) approxi-
mately simultaneous occurrence of breakdown 
and punch-through, and c) pure punch-
through. 

621.314.7:546.28:621.318.57 2917 
The Electrical Characteristics of Silicon 

P-N-P-N Triodes-I. M. Mackintosh. (Pnoc. 
IRE, vol. 46, pp. 1229-1235; June, 1958.) The 
p-n-p-n triode shows switching properties 
analogous to the conventional thyratron. A 
general analysis of four-region structures is 
given and applied specifically to the p-e-p-n 
triode. Much of the detailed behavior of the 
device can be explained in terms of this analysis 
and theoretical curves are given which are in 
good agreement with experimental results. 

621.314.7:546.289 2918 
Large-Area Germanium Power Transistors 

-B. N. Slade and J. Printon. (RCA Rev., vol. 
19, pp. 98-108; March, 1958.) Both p-n-p and 
n-p-n experimental alloy-junction power 
transistors have been developed to operate at 
collector currents of 10 amperes by increasing 
the junction area and using ring-type emitters. 
Collector-to-base current ratios range up to 20 
at 1 ampere and to 60 at 10 amperes. Thermal 
resistances are about 1-2°C/w. 

621.314.7: 546.289 2919 
A High-Frequency Germanium Drift Tran-

sistor by Post-Alloy Diffusion-J. S. Lamming. 
(J. Electronics Control, vol. 4, pp. 227-236; 
March, 1958.) Two or more impurities of dif-
ferent conductivity type are alloyed into n-
type Ge to produce an alloyed p-n junction 
which is then modified by diffusion to produce 
a diffused p-n junction, the graded n-type 
region being suitable for the base and the p-
type region for the emitter of a drift transistor. 
Alpha cut-off frequencies in excess of 200 mc 
with collector capacitances of 1.5 pf and base 
resistances of 5012 have been achieved by this 
method. 

621.314.7:621.372.57 2920 
The Advantage of Considering a Transistor 

as an Active Quadripole-A. Pinciroli and S. 
Fubini. (Ricerca Sri., vol. 28, pp. 152-159; 
January, 1958.) The matrix analysis of tube 
networks used in 2744 of 1949 (Pinciroli and 
Taraboletti) is similarly applied to transistor 
circuits, which simplifies the solution of net-
work problems. 

621.314.7:621.396.822 2921 
Noise in Junction Transistors-A. van der 

Ziel. (Pnoc. IRE, vol. 46, pp. 1019-1038; June, 
1958.) A survey of shot noise and flicker noise 
in junction diodes and transistors. The shot 
effect theory is treated in detail, both from the 
collective and corpuscular points of view. 
Fonger's theory of flicker noise is given. Ex-
perimental noise measurements are reviewed 
in relation to the theories described. Sixty-one 
references. 

621.314.7:681.142 2922 
Silicon-Germanium Transistors-J. J. 

Bowe. (Electronic Equipment, vol. 5, pp. 26-27; 
September, 1957.) Temperature characteristics 
of point-contact transistors for computer 
applications are considered. Si-Ge alloy is 
shown by tests to be preferable to pure Ge. 

621.314.8.004.15 2923 
Evaluation of Transistor Life Data-J. D. 

Johnson and B. VanSwearingen. (IRE TRANS. 
ON RELIABILITY AND QUALITY CONTROL, no. 
PGRQC-11, pp. 15-26; August, 1957. Abstract, 
PROC. IRE, vol. 45, p. 1432; October, 1957.) 

621.383.27 2924 
Temperature Dependence of Photomulti-

plier Gain-F. E. Kinard. (Nucleonics, vol. 15, 
pp. 92-97; April, 1957.) The gain stability of 
photomultipliers in the range -20° to +60°C 
was measured by recording output pulse height 
as a function of temperature when a light pulse 
of constant amplitude was applied. 

621.383.27 2925 
A Photomultiplier with Controllable Cath-

ode Area-W. Hartmann. (Ann. Physik., 
Leipzig, vol. 20, pp. 247-249; July 15, 1957.) 
An improvement in signal/noise ratio can be 
achieved by reducing the effective area of the 
photocathode by means of a control electrode 
to the minimum necessary for a given applica-
tion. 

621.383.4:546.289 2926 
Narrow-Base Germanium Photodiodes-

D. E. Sawyer and R. H. Rediker. (PRoc. IRE, 
vol. 46, pp. 1122-1130; June, 1958.) The 
operation of Ge photodiodes at room tempera-
ture both as reverse-biased and photovoltaic 
detectors is analyzed. General expressions are 
derived for the steady-state and the time-vary-
ing detector signal components. Equivalent cir-
cuits for both reverse-biased and photovoltaic 
operation are obtained as well as the noise 
equivalent circuit for reverse-bias operation. 
Advantages of a reduction in base width, and 
narrow-base photodiode design are discussed. 

621.383.4: 546.48.231 : 535.371.07 2927 
A Hysteresis Effect in Cadmium Selenide 

and its Use in a Solid-State Image Storage 
Device-F. H. Nicoll. (RCA Rev., vol. 19, pp. 
77-85; March, 1958.) 

621.383.4: 546.48.241 2928 
Cadmium Telluride Photovoltaic Cells-

G. A. Lomakina, Yu. A. Vodakov, G. P. 
Naumov, and Yu. P. Naslakovets. (Zh. Tekh. 
Fiz., vol. 27, p. 1594; July, 1957.) Samples 
having a specific conductivity of approximately 
409-1 . cm-i and a thermo-EMF of 200 eiv/deg 
were investigated. When exposed to sunlight, 
these photocells gave an EMF >500 mv with 
an efficiency of 2 per cent. 

621.384.4:621.397.611.2 2929 
Differential Method of Lag Compensation 

in Photoconductive Devices-H. Borkan and 
P. K. Weimer. (RCA Rev., vol. 19, pp. 62-76; 
March, 1958.) By taking the difference of the 
signals from two photoconductive elements 
having unlike transient responses, a resultant 
signal can be obtained having a faster response 
than either element alone. Measurement of lag 
compensation using a pair of commercial photo-
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cells and a pair of photoconductive camera 
tubes have been made. The application of the 
method to a single camera tube, designed to 
yield a lag-corrected signal directly, is discussed. 

621.385.029.6 2930 
Calculation of Resonance Frequencies of a 

Smooth-Anode Cylindrical Magnetron in the 
Brillouin State—J. Coste. (C.R. Acad. Sci., 
Paris, vol. 245, pp. 1404-1406; October 21, 
1957.) The perturbation method applied earlier 
[1903 of 1956 (Coste and Delcroix)] is outlined, 
and results of calculation are considered with 
reference to the analysis of Harris (3293 of 
1952). Restriction of the Brillouin state to a 
distance from the cathode of twice the cathode 
radius, and an alteration of sign in a formula of 
Harris, lead to real values for the resonance 
frequencies. 

621.385.029.6 2931 
An Electrostatically Focused Travelling-

Wave-Tube Amplifier—K. K. N. Chang. 
(RCA Rev., vol. 19, pp. 86-97; March, 1958.) 
The principle of biperiodic focusing (640 of 
1958) has been applied by using a pair of con-
centric bifilar helices and an annular gun. De-
sign curves for choice of optimum geometry of 
the tube for a given beam perveance using a 
minimum focusing field are given. Experimen-
tal dc tests have shown a current transmission 
of 97 per cent with a beam perveance of about 
2 X 10-6A/V3/7. A 10 db gain has been observed 
at 2970 mc. 

621.385.029.6:537.533 2932 
Note on a Method of Investigation by 

Analogy of Interaction in Valves with Crossed 
Electric and Magnetic Fields—D. Epsztein. 
(C.R. Acad. Sci., Paris, vol. 245, pp. 1790-
1793; November 18, 1957.) The interaction 
between HF waves and an electron beam in 
crossed-field tubes is investigated by means of 
a CR tube in which analogous effects occur. See 
also 3703 of 1957. 

621.385.029.6+621.384.61:621.372.2 2933 
The Propagation of Slow Waves—J. Dain. 

(Electronic Eng., vol. 30, pp. 388-393; June, 
1958.) A brief history of the use of continuous 
interaction between electrons and a traveling 
wave is given. The basic properties of the field 

patterns of traveling electromagnetic waves as 
applied to particle accelerators and microwave 
tubes are discussed and the techniques for 
measuring the main parameters are outlined. 
Consideration is given to simple and multiple 
periodic structures with particular reference to 
cross-wound helices and corrugated wave-
guides. 

621.385.029.63:537.533:621.375.9 2934 
Parametric Amplification of the Fast Elec-

tron Wave—R. Adler. (PRoc. IRE, vol. 46, 
pp. 1300-1301; June, 1958.) A proposal for 
applying parametric amplification to the elec-
tron coupler described by Cuccia (2975 of 
1949), by feeding a pumping signal to an 
electrode system so as to produce an inhomo-
geneous transverse field across the electron 
stream. 

621.385.1 2935 
The Schottky-Langmuir Law of Discharges 

in a New Reference System for Small Electrode 
Distances—K. Mie. ( Hochfrequenztech. u. 
Elektroakust., vol. 66, pp. 1-11; July, 1957.) A 
new approximation to the Langmuir solution is 
derived which is applicable to tubes with 
small electrode distances, operating under 
conditions very close to the Boltzmann limit. 

621.385.1 2936 
Considerations Affecting the Rise and De-

cay of Cathode Currents in Receiving Tubes— 
E. R. Schrader. (RCA Rev., vol. 19, pp. 109-
127; March, 1958.) Curves, resulting from the 
application or removal of heater, are analyzed 
to determine their dependence on various tube 
properties. Current decay is more reproducible 
and permits better resolution. In some types of 
tube changes in cathode activation appear as 
shifts of the temperature-limited region and 
sometimes as transient changes in the space-
charge-limited region. Experiments with a 
diode having a rotating anode are used to 
illustrate the effects of cathode poisoning and 
reactivation. 

621.385.1:621.317.799 2937 
High-Speed Tester Checks Tubes in 

Groups—Gordon. (See 2843.) 

621.385.3/.5+621.314.71:621.396.822 2938 
Experimental Investigation of Low-Fre-

quency Noise in Valves and Transistors—V. B. 
Abramov and V. I. Tiklionov. (Radiotekhnika, 
Moth., vol. 12, pp. 45-51; June, 1957.) MEas-
urements of the spectral intensity of noise are 
described and tables are compiled showing re-
sults obtained for various operating conditions. 

621.385.5:621.396.822 2939 
The Noise Characteristics of the Valve 

Type EF 86 in the Low-Frequency Region— 
M. Jansen and H. Lembke. (Nachrtech., vol. 7, 
pp. 519-523; November, 1957.) Report on 
tests made on triode-connected tubes to obtain 
the noise spectrum in the range 1-107 cps. 

621.387 2940 
Lateral-Current Control Mechanism for 

Cold-Cathode Gas Discharges—D. J. Belknap 
and L. R. Crump. (J. Ape. Phys., vol. 29, pp. 
737-738; April, 1958.) 

621.387:621.316.722 2941 
Noise and Impedance Measurements in 

Voltage-Regulator Tubes—A. van der Ziel and 
E. R. Chenetk. (Physica, vol. 23, pp. 943-952; 
October, 1957.) Results of a series of measure-
ments over a frequency range 1 cps-30 mc in-
dicate that at low frequencies both admittance 
and noise are influenced by the same current 
multiplication process. 

MISCELLANEOUS 

621.3.004.15 2942 
On the Measurement of Component Re-

liability—I. K. Munson. (IRE TRANS. ON 
RELIABILITY AND QUALITY CONTROL, no. 
PGRQC-11, pp. 27-33; August, 1957.) In re-
liability tests at elevated temperature care 
must be exercised to ensure that the rise in 
temperature does not cure and hence conceal a 
defect in the component, e.g., by annealing 
soldered parts. 

413.164: [621.38+621.372.8 2943 
Elsevier's Dictionary of Electronics and 

Waveguides in Six Languages [Book Reviewj— 
W.E. Clason. Elsevier, Amsterdam. and Clever-
Hume Press, London, 628 pp.; 1957. (Nature, 
London, vol. 181, p. 801; March 22, 1958.) The 
languages included are English, French, 
Spanish, Italian, Dutch, and German. 


