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Engineering Cost Studies'
By F. L. RHODES

INTRODUC TTON

I subject assignetd to me in the “Notes Regarding the Pro-

gram ol the Conference” is “The Theoretical Principles of
lZconomic Studies and Their Possible Application in Undergraduate
Courses.”  With vour permission, | shall digress somewhat from a
literal consideration of this title. 1 shall not vwdertake to derive
formulae, to set up equations and to obtain maxima and minima
from them. The mathematics can readily be obtained from available
sources.  On the other hand, [ shall attempt to outline the field for
cconomic studies in engineering work, using illustrations drawn from
telephone engineering practice.

What is an engineering cost study?  When vou or | reach a de-
cision to purchase a certain pair of shoes, making a sclection from
an assortment ranging in price from (say) $5 to $15, we have per-
formed, conscionsly or unconsciously, some of the reasoning of an
engineering cost study.  Among the factors influencing our decision
will be the probable length of serviee life of ditferent pairs, as well
as the ability to extend this by an expenditure, to bhe made at some
futnre time, for maintenance as represented by new soles and heels,
which, perhaps, can be applied economically to a moderately costly
pair but not o to the cheapest.

These two elements, depreciation and current maintenance, are
factors entering into engineering cost studies but they are not all
of the factors. Whether we have the necessary capital in hand, or
are obliged to hire or otherwise raise it, the annual cost of the capital
must be taken into consideration, and treatment of the matter of
depreciation s incomplete without consideration of salvage value
and cost of removal.

Thus, unlesz we pursne our investigittion into details that are not
ordinarily considered when buying shoes, it is evident that our

Y Notes of a Talk given at the Bell System Educational Conference, Nugust, 1924,
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homely illustration, while ~cr\1ncv; Ro0% \:rnur our attention on certain
important subjects to he taken ug i this paper, falls short in respect
of others that can not he neglected in engineering cost studics.
Broadly speaking, engineering cost studies deal with the comparative
annual costs of alternative projects. Frequently they also involve
comparisons of expenditures to be made at different times in the
future. They

wre of value to industrial executives in assisting them
to arrive at decisions where several courses of action are open, hut
they are not the sole guides in arriving at decisions.  No hard and
fast formulae can take the place of judgment based on experience.
Formulae of this nature are properly used as guides to assist judgment.

The necessity for guidance from studies of this kind arises most
frequently in a growing plant.  The telephone plant always has
been, and so far as we can anticipate, will continue to be a rapidly
growing thing.

This means that whenever an addition is to be made, the question
arises, how much capacity for growth is it most economical to provide
for?  As an illustration of this, consider with me the problem that
arises when it becomes necessary to place somewhere an underground
cable.  Obviously it would be uncconomical to construet an under-
ground conduit of one duct for this cable and next year or the year
after to dig up the street and lay another duet for a second cable
and so on in piccemeal, hand-to-mouth fashion.

On the other hand, it would not be economical to estimate the
number of cables that would be required in a hundred years, even if
we could foresee the needs so far ahead with any degree of certainty,
and to place at the outset sufficient duets to care for all the cables
required along that route in the next century, for in that event, the
carrving charges on the idle ducts would prove much more expensive,
in the long run, than would additions made at infrequent intermediate
times.  Somewhere hetween one year and one hundred years is the
most economical period for which to provide duct capacity in ad-
vance.  The determination of this period, based on suitable con-
struction costs, the expected rate of growth in cable requirements,
and other factors is one of the useful results obtained from an engi-
neering cost study.

Under our organization, practically all types of plant and equip-
ment are developed by the Central Staff.  These are standardized
in a range of sizes sufficient to meet all the needs of the husiness.

The choice of standards and sizes to meet specific situations arising
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in the field is made by the proper officials of the associated operating
companices.

If a picce of apparatus or equipment, correctly designed within
itself, is installed in the wrong place, or if a4 wrong size is sclected,
Toss will result.

Questions of where to place plant and what size to employ, and
when to replace existing plant canstantly confront the operating
engineers in the field. In the telephione business every major con-
struction project is described in what we term an “estimate’” which
i nothing more or less than a detailed design for the project, em-
bodied in drawings and specifications, accompanied by a carefully
prepared estimate of its cost. These estimates originate in the Plant
Departments of the Associated Companies and are really the bids
of the construction forces for performing the work. These estimates
pass through the hands of the Chief Engincer of the Associated
Company for hiz serutiny and approval before they proceed to the
higher officials of that company for final authorization. The Chief
Engincer considers these estimates in their relation to the general
plans of the Company with reference to the growth of the business
and the plant.  For many years the chief of the Department of which
I am a member, Viee President General John J. Carty, occupied the
post of Chief Engineer of the New York Telephone Company, the
largest associated company of the Bell System. [ have heard him
say that when, while occupving that position, an estimate for some
specific picce of work came before him for review, he asked himself
three questions regarding it:

1. Why do it ar ali?

2. Why do it now?

3. Why do it this way?

Rigorous proofl sufficient to answer these three questions will
justify the endorsement of any engineering project, and, furthermore,
cach question generally involves an engincering cost study.

FUNDAMENTAL PPLaNS

Of all the engineering cost studies that are made in connection
with the telephone industry, none is more far-reaching in its cffect
than those involved in what we term our “fundamental plans.” In
order to give a fair idea of the importance of the work done under
our fundamental plans, it will he necessary to describe bricfly what
a fundamental plan is.
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In completed form a fundamental plan shows what the general
lay-out of the telephone plant in a city is expected to be at some
definite time, usually from 15 to 20 years in the future. It shows:

(a) The number of central office districts that will be required to
provide the telephone service most cconomically, and the
boundaries of these central office districts.

(h) The number of subscribers' lines to be served by cach central
office.

(¢) ‘the proper location for the central office in cach district to
cnable the service to be given most ecconomically with regard
to costs of cable plant, land, buildings and other factors.

(1) The proper streets and alleys in which to build underground
conduits in order to result in a comprehensive, consistent and
ceonomical distributing system reaching every city block to
be served by underground cable.

(¢) The most cconomical number of ducts to provide in cach con-
duit run as it is built.

These arc all very delinite problems that confront the exccutives of
our Associated Companies when plant extensions are required.  Our
experience has shown that our fundamental plans reduce guessing
to a minimum by utilizing the experience of years in studying
questions of telephone growth in order to make careful forecasts
on the best possible engineering basis.

A few words as to how funda-
mental plans are made may not be out of place.

The basis of the fundamental plan is what we term a commereial
survey, which is a forecast of the future community showing the
probable amount, distribution and character of the population and
the probable market for various classes of telephone service.

Before making this forecast, it is important to know what are the
present conditions as to population and use of the telephone service.
To ascertain these facts a census of the community from a telephone
‘point of view is made. Present telephone users are classified into:

Residence Felephones.

Business Telephones in Residence Areas.

Telephones in Business Section.

tn analyzing Residence telephones all families are divided among
those ocenpying:

(i) Private Residences.,

(b) Two-family 1ouses.
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¢ \partments.
O Lsdging Touses.

In cach class, sullivisions are made acconding to the rent paid
as it has been found that a close relition exists between rent and the
class of telephone service used.  Business telephones are divided
into 20 or 30 ditferent classes.  \n important factor in the forecast is
the future population of the city, both as a whole and by sections.

This involves, in cach particular problem, not only study of the
past growth of the city in question, but also careful amd detailed
comparizons with the growth history of other citics where condi-
tions have been such that the experience in those places is useful
in making the prediction for the city being studied.

Having arrived at forecasts, for certain future dates, as to the
number of telephone users to be provided for, where they will be
located, what character of service they will require, what time of
day they will call, and how frequently, and where they will call, it
hecomes a definite, althongh intricate engineering problem to de-
termine the most economical number, size and location of huildings
and switchboards and the location and size of conduit runs.  All of
the promising combinations of future offices and districts as indi-
cated by experience and the geographical characteristics of the city,
are laid out on working maps and the annual costs are figured.  The
arrangement which gives the lowest equated annual costs over the
period of time for which the study is made is, in general, the one
which is adopted.  Fundamental plans are reviewed every few years,
particularly when some major plant addition, for example, the open-
ing of a new central ofhice, comes up for consideration.  In this way
we are constantly looking ahead and following & coordinated plan;
but this plan is not a rigid, fixed thing. 1t is moditicd as frequently
as may be necessary to meet the constantly changing requirements.
In work of this kind. future expenditures must be given greater or
less weight accordingly as they are required to be made in the near
future or at some more distant tinie.  This is taken into account hy
equating future expenditures in terms of their present worth; that
i, the sum in hand, at the present time, which, at compound interest,
will be just suthicient to provide for the future expenditures when
they are required.

TRANSMISSION STANDARDS AND STUDIES

An interesting and typical annual cost problem which arises in
connection with fundamental plans is that of obtaining a proper cost
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balunce between the circuits employed for subseribers' loops and
those employved in interoffice trunk lines.  The larger the wire, the
better will be the talk.  But it will also bhe more expensive.  The
first step in solving this problem is to decide how good the trans-
mission must be to afford satisfactory service 1o the telephone using
public.  Our present standards are a matter of growth; the accumu-
lated results of tong and extensive experience. They are live, working
standards constantly being intelligently scrutinized and, when neces-
sary, modilied. A\ discussion of the values of the standards emploved
would unduly prolong this paper.  Therefore, let it suffice, at this
time, to state that the telephone offices in a large city, including its
environs, may be divided into metropolitan offices and suburban
offices; that is, the central business offices separated from the subur-
ban residential offices.  Between subscribers in different  districts
suitable standards of transmission are decided upon.

Before describing this study further, reference must be made to the
practical necessity for the standardization of construction materials.
Subscribers’ loops run in length from a few hundred feet 10 3, 4 or 5
miles.  If we tried theoretically to make all talks exactly equal in
loudness, we should have as many dilferent sizes of wire in our cables
as there are different lengths of loop. To reduce the complexity, our
cable conductors are of certain standard sizes, which experience has
shown are sulficiently close together to meet the needs of the busi-
ness.  These standard sizes, in American Wire Gauge, are Nos. 24,
22,19, 16, 13 and 10; the three latter not being used in subscribers’
loops.

Having adopted standards of transmission and standards of cable
conductor sizes, our problem is to obtain the standards of transmis-
sion with the standards of cable conductors in the most economical
manner.

The method of doing this, in brief, is to Agure out the annual costs
which would be incurred in doing it a number of different ways and
to select the way that gives the lowest annual cost. In this kind of
a study, which we call a “loop and trunk™ study, it has been con-
venient to designate the subseribers’ loops by their maximum circuit
resistance.  Adopting this form of designation, it may be assumed,
first, that all of the subseribers’ loops will have an average transmit-
ting and receiving cfficiency as goad or hetter than a 350-ohm loop;
as a second assumption, that they will be as good or better than a
100-0hm loop; and, as third and fourth assumptions, 150 and 500-ohm
loops, respectively.  In assuming, for example, a 350-ohm loop in
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No. 2-gauge cable, it s, of course, necessary that all subscribers
hay ing loaps longer than the amount of No. 2 E-gauge cable represented
by this resistanee shalt be put in No. 22-gange or No. 19-gange cable
as may be required.

The transmission losses, bhoth  transmitting and  receiving, are
then computed Tor the assumed loops.  The transmission losses in
central office apparatus are constant and known.  Subtracting the
losses in the offices and in the substation loops for cach assumed
grade of loop from the transmission standards, leaves the amount
ol transmission loss which can be allowed in the interothice trunks
corresponding to cach limiting grade of subscribec’s loop.  On the
basis of this allowable transmission loss in the trunks and knowing
the distances between central othees, we are enabled to fix the size
of conductor required in the trunks.

Knowing the grade of foops and trunks required for cach of the
above assumptions, we can then compute the total annual charge
of giving service according to that assumption. If the assumptions
have been wisely chosen it will usually work out that the first
assumption, that is, a very high grade of subscriber's loop, will not
be as economical as some others, due to the relatively high cost of the
subseribers” loops taken as a whole.  Neither will the last assumption,
that is. a very low grade of subseriber’s loop, be the most economical,
on account of the relatively high cost of the trunks. Somewhere
between, however, there will be some assumption which will show
the smallest total annual charge.

To find more precisely the most economical arrangement, the vari-
ous values are plotted with the assumptions as to subscribers' loops
forming one set of ordinates and the total annual cost forming the
other. The point on the curve representing the lowest annual cost
then indicates the proper grade of subseribers’ loops to employ.  In
the case of the longer interoffice trunks, loading is, of course, em-
ployed.  In the design of toll lines and toll switching trunks generally
similar cost balancing methods are employed.

In many cases, the problem can be solved by the determination
ol what we term “the warranted annual charge” of transmission
which may be defined as the annual cost of improving the talking
clticiency of the eircuit in the cheapest way by a definite small amount.
By means of studies of this kind, we obtin a plant closely approxi-
mating a balanced cost condition. That is, in such a plant, a dollar
can be spent in improving transmission elficiency, no more cffectively
in one part than in another.
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OruER APFLICATIONS OF ENGINEERING COST STUDIES

IF'rom what has already been said, it shoull not be inferred that
the sole application of engincering cost studies is in connection with
the problems arising in the operating ficll.  The question whether
or not a more elficient piece of apparatus at a higher cost is war-
ranted enters into most of our development problems. The econ-
omies of the case lic at the root of our development work in all portions
of the plant.

At this point I should ke to call attention to the fact that our
development work covers not only what are termed “transmission”
matters, but also very important problems in switchboards, outsidle
plant and other phases of the business.

The service which we provide is a communication service, which
involves important problems affecting the means for connecting
and disconnecting the parties as well as those other important prob-
lems, to which your attention has heen particularly directed, relating
to the loudness and quality of the transmitted speech.

In cable design, particularly in the case of intercity cables and
interoffice trunk cables, the average separation between wires in
the cable affects the electrostatic capacity of the circuits and there
is a definite capacity which represents the most cconomical degree
of concentration of the wires in the cross-section of the cable. The
spacing and inductance of loading coils presents another problem
in balanced costs. 19ven in the case of wooden poles we make use of
cconomic cost studices.

The length of life of a pole depends upon a variety of factors, the
most important of which are the character of the timber; whether
or not a preservative treatment is employed and, if so, the nature
of the treatment; the local climatic and soil conditions and the
original size of the pole.

The strength of a pole varies with the cube of the diameter of the
sound wood at the weakest section.  1f the original size of the pole
is only slightly more than the critical size at which replacement
should e made, the life of the pole will be very short, as decay will
reduce the size at the ground line to the critical size within a few
vears. On the other hand, a pole of huge size at the ground line
would have a very long life before rotting sufficiently to require
replacement, but the [irst cost of so stout a pole might readily be
so great that its annual eost woukl exceed that of a smaller and
cheaper pole.  In our specifications for poles we have constantly
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to bear in mind that the chimination of poles containing timber
defects of one kind or another means that we are adding something
to the first cost of our poles and the evitevion must alwavs be whether
or not the climination ol these defects will suthciently prolong the
life of the poles to warrant the inereased first cost.

There have now been placed hefore vou several examples of proh-
lems oceurring in the telephone industry in the solution of which
engincering cost studies may be awdvantageoushy employed, and,
probably, enough has been said to make clear the importanee of
this form of cconomic analysis.

IFacrors ENTERING INTo ANNCAL CosTts axn Tueir
EvattaTtiox

Let us now consider together the principal factors entering into
anntal cost, and how, in the course of our work, we evaluate them.

The several factors are these:

. Cost of money-.

. Taxes.

Insurance.
Depreciation.
Current Maintenance.
. Administration.

. Uperating Costs.

1y —

= o e

Cost of Money. The operating companics of the Bell System
obtain the new money that they use in extensions to their plants
from the sale of their capital stock and securities bonds and notes.
Such a return must be paid the investor, by the Company, as will
induce a constant flow of new capital into the business.  This steady
intlux of new capital is required because the System can not decline
to expand. Tt is obligated to meet the increasing needs of the public
it serves.  Its need for new capital is a direet result of public demand
for the service it renders. The rates for service which public utilitics
may charge are regulated by the commissions, but neither the com-
missions nor the utilities can fix the worth of money.  Public utilities
must pay the cost of money just as they must pay the cost of lahor,
poles and other material.  No investor can be foreed to invest.  If
the rate is below what money is worth in the general money market,
he will keep out. Utility companies must bring their otlerings to
a general money market and submit them, in open competition, with
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the offerings of undertakings of every kind requiring capital. There
are two ways of getting new money :
I. From investors willing to lend. These are the bond and note
holders.
2. From investors willing to become partners in ownership.  These
are the stockholders.

Not only do stockholders expect a higher return than bond and
note holders, but if the stockholders’ earnings are insulficient, the
bond investor will take his money to some safer market.  Taking
into account the ratio which must be prudently maintained hetween
funde:l debt and stock, a proper figure should be obtained as repre-
senting the average annual cost of money. This fignre should not be
confused with the figure that represents a fair rate of return includ-
ing a margin for surplus and contingencies.

Taxes. Taxes are levied by various governmental bodies, munici-
pal, county, state and federal, on many different bases.  In some
specific plant problems, taxes have to be computed to meet the con-
ditions of the case at hand but, in gencral, it is sufficient to emiploy
a percentage charge for taxes based upon the average experience.

Insurance. In the case of buildings, and cquipment contained in
buildings, an annual cost item to cover insurance should be included.

Depreciation.  Depreciation may be defined as the using up of
property in service from all causes.  These causes include:

(a) Wear and tear, not covered by current repairs.

(1) Obsolescence.

(¢) Inadequacy.

(1) Public Requirements.

(e) Lxtraordinary Casualties.

All telephone property, except land, is subject to deterioration,
and the continued consumption of the investment is a part of the
cost of the serviee which must he provided for by charges against
carnings.  Only a small portion of the plant actually wears out in
service. Instances of this are the rotting of poles and the rusting of
iron wire, a relatively small amount of which is used in the plant.

On the other hand, it has been the history of the telephone business
that enormous amounts of plant have been taken out of scrvice
through no defect in their physical condition but ecither hecause
they had hecome obsolete through the development of some more
cconomical or efficient type of cquipment, or because they had
become inadequate (o serve the growing needs of the business.
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\n example of obsolescenee is the replicement ol antigiated
methods of distribution by more nwdern tyvpes. Fxamples of inaed-
cquaey are the replicement of open wires by cable, and the replace-
ment ol small cables by Lirger ones. FExamples of public requirement
are the abandonment of pole lines and their replacement by under-
gromnd construction due to road improyements, aned the rebuilding
of sections of underground conduit due to changes in the grade of
streets or o the construction of transit subways,  Examples of
extraordinary casualties are fires, sleet storms and tornadoes.

The annual charge for depreciation is an amount which, if entered
in operating expenses cach vear during the service life of o unit of
plant, would, at the end of that service life, vield a sum equal to
the total depreciation of that unit; that is, its tiest cost in place less
the net salvage obtained at it removal. The consumption of capital
is 4 necessary part of the cost of furnishing service and must be pro-
vided for by charges against carnings during the life of the property,
In arriving at this depreciation charge the best thing we can da is
to take our experience of vears and look over the whole situation
and apply our judgment o it. The value of this judgment depends
on the experience, knowledge, ability and integrity of the people
who exercise it.

The amount of this charge shoulld be determined for cach hroad
class of plant and it depends upon the average serviee lile and the
net salvage value.  Net salvage value is gross salvage value minns
cost of removal, and takes into consideration both value for reuse
and junk value.  For instance, the net sabvage value of station
apparatus is relatively high hecause a large part of the equipment
can be rensed in another location.  In other ¢
the net salvage value may be a minus quantity, as there is little or
nothing to offset the cost of removal.

<, such as iron wire,

Carrenl Maintenance.  Current maintenance  charges  comprise
the cost of repairs, rearrangements and changes necessary to keep
the plant in an efficient operating condition during its service life.
In cost studies, current maintenance charges shoukl be derived from
expericnce and expressed, generally, on a unit of plant basis, as.
for examply, per pole, per mile of wire, per foot of cable, or per sta-
tion, according to the kind of plant being considered.  Generally
speaking, they bear no direet relation to first cost of plant as other
annual charges do.

For this reason, when comparing the annual costs of two or more
plant units of different sizes or types, an incorrect result would be
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obtained if maintenance charges were expressed as a percentage of
the first cost.

However, for comparative cost studies of average plant, main-
tained under average conditions, 1C is sometimes within the precision
of the study to employ figures expressed as a percentage of the first
cost, provided the figures were derived from the cost of maintaining
average plant where average conditions were known to obtain.

Administration.  In certain cost studies, a small allowance is
usually made to cover that portion of the salaries and expenses of
the general officials of the Company which is fairly chargeable to
the administration of the plant.

Operating Costs. In certain classes of engineering cost stadies,
comparisons may involve the situation where one type of plant
costs initally more than an alternative type, but permits savings
to be made in the daily operating labor which may or may not offsct
the additional first cost. In such cases, to obtain a true comparison,
the operating labor costs under each plan must be combined with
the total annual charges which are applied to the first costs of the
respective plant quantities.

PrisENT WoRrTHS

Ingineering cost studies frequently involve a balance between
plant installed at the present time and plant installed at some future
time. An example of this would be the comparison of a pole whose
life was 10 be extended by attaching it to a stuby after (say) 15 years,
with a stouter and more expensive pole installed at present or with a
pole to which preservative treatment was applied prior 1o its instaila-
tion.

In such cases it is not sufficient to compare annual costs which
are to be incurred at different times without reducing them to a
hasis upon which they can properly be compared. I a given amount
is required to be expended at some future time, it obviously requires
a smaller sum at present in hand to meet this obligation if the fixed
time is far distant than if it is in the immediate future.

Let us picture ourselves at the end of the year 1921, Il an annual
charge of $1,000 is to be paid cach vear for the 5 yvears heginning Jan-
uary 1, 1925 and ending December 31, 1929, there will be required,
to provide for these five $1,000 payments, the sum of 84,100, in hand,
assuming that interest is compounded annually at 7 per cent. On
the other hand, if these five annual payments of 1,000 cach instead
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of beginning in 1925 were to begin ten vears Later, that s, it they
were to run from January 1, 1935 o the end of 1939, we should re
quire, in hamd, S2,081, that is, only about hall as mueh.

To compare, upon a fair basis, expenditures that have to be niade
at different times, it is customary, as has been done in the preceding
example, o redace these different expenditures to their “Present
Worths," or the cquivalent in cquated  or accumulated  annnal
charges.

SUMMARY

From all that has been said, it becomes evident that, whenever a
specific addition is made to a growing plant, we are, to a greater or
less extent, committing onrselves to a dehnite programme for reliey -
ing, reinforcing or replacing it at some future time in order most
ceonomically to provide for the requirements of growth.

The underlying thought, which can not be overemphasized, is so
to plan the plant that, as lar as practicable, it will serve for its {ull
life. and require no wholesale changes involving the abandonment
of substantial portions of the installation.  While the design should
be based upon the best estimates of future growth that are obtain-
able, it must be recognized that the most carefully designed plam
layouts emploving the hest possible estimates of growth, may not
always meet the ultimate requirements of flexibility.  The chances
of a comprehensive plan not fitting in with Tuture development
can, however, be reduced to a minimum by thoughtful initial
planning.

Generally speaking, our distributing plant layout, once it is estab-
lished, can not readily nor economically be materially changed.
Conszequently, if it is not sufficiently flexible in the fundamentals of
its design to meet reasonable future possibilities, it may affect ad-
versely the carrying out of proper and cconomical relief measures,
or may require abnormally carly reconstruction or replacement. It
is very desirable, therefore, always to keep in mind, in any plant
layout work, the progressive relief steps which are likely o be re-
quired to mcet the changing conditions affecting the service require-
ments. \Whenever plant is moved, or taken out of service, property
loss is realized.  Certain expenditures for these purposes represent
the most ceonomical way of conducting the business.  But it is of
the utmost importance that they should alwavs be incurred along
the line of maximum cconomy, which means that behind every plant
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addition must be engineering cost studies to assist in furnishing
the answers to the three questions:

Why do it at ali?
Why do it now?
Why do it this way?

s be borne in mind that these studies do not and
can not, in themschves, constitute the sole criterion for determining
what should be done. They are, at the best, only an aid, guide and
check to be utilized, within their limitations, in arriving at conclu-
sions that must, in the last analysis, rest gpon seasoned judgment
and experience.

But it must alwa

Nevertheless, so great do we find the importance of these engineer-
ing cost studies in our work, and so great must be their importance in
the engineering of any other kind of growing plant, that the question
might be raised whether, in courses of engincering instruction, a few
hours at least could not advantageously be devoted to acquainting
the student with the nature and importance of these economic
problems.



The Limitation of the Gain of Two-Way Telephone
Repeaters by Impedance Irregularities
By GEORGE CRISSON

INTRODUC TLON

] ECNUSE of the fact that it is a difficulr and expensive matter

to build and maintain the high grade circuits that are require |
for madern long distance telephone transmission with  repeaters,
many workers in this feld have attempted o devise some [orm of
tvo-way repeater which would he able to give as large a gain as
destred without singing or poor quality due to irregularities existing
in the lines.  They have thought that if such a repeater could e
constructed it would permit the use of lines less carefully bhailt and,
therefore. cheaper than are at present required, and  that fewer
repeaters would De required because Farger gains could he obtained
at cach repeater.

As o matter of fact the irregularities in the lines have a very im-
portant effect and control, to a geeat extent, the repeater gains which
can be used whenever a telephone eircuit is arranged =o as to be
capaible of transmitting in bhoth dircetions over a single pair of wires
with constant ctheieney.

It i~ the object of this paper to explain, in a very simple way,
why this is true. To do this the phenomenon of clectrical retlection
is first made clear. Then a two-way: repeater system s introduced
and the effects of retlection upon this system are explained.  Niter
mentioning several of the types of repeaters which have been used
successfully, the paper concludes with an explanation of the allacies
underlying a number of schemes which have been proposed from time
to time by varions inventors.

RevLECTION N TrLEPHONE LiNEs

Whenever discontinnities or irregularities exist in telephone cir-
cuits, retlection of a certain part of the speech wave takes place
at each irregularity.  In order to appreciate why it is that ircegularities
in two-wire telephone cirewits affect very greatly the amounnt of
repeater gain which can be secured whenever two-way operation is
desired, it is first necessary to obtain a clear picture of why it is that
retlections take place at irregularities.

Fig. 1 represents an infnite ideal telephone line withont repeaters.
If such « line is non-loaded or continuously loaded cach part of it

I3
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is exactly like every other part having the same length. If the line
is loaded with coils then each loading section is exactly like every
other loading section.

When a telephone transmitter or other signaling device A acts
upon such a line it causes a wave to travel over the line away from

A I To infimity

IFig. 1

the source.  If the line includes resistance or other losses this wave
gradually becomes smaller until it is too weak to be detected but no
portion of the wave returns to the source after once leaving it.

If somme portion of the line differs in its electrical makeup from
other portions of the line it constitutes an irregularity and interferes
with the passage of the wave.

IFig. 2 shows a line exactly like that of Fig. 1 except that an irreg-
ularity B has been introduced.  This irregularity has been shown

[-] M
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v

as a scries resistance though any other departure from the regular
clectrical structure of the line would produce similar effects.

When a wave encounters such an irregularity, it splits into two
parts one of which continues in the original direction of propaga-
tion along the line while the other is propagated in the opposite
direction toward the source.

In order to understand this phenomenon, which is called reflection,
imagine that a wave is traversing the line from left to right. \s it
passes the point B a current flows through the series impedance
which constitutes the irregularity and this causes a drop of potential
through the impedance.  Obviously, this changes the state of affairs
as there is now a sudden alteration in the voltage across the line as
the wave passes the irregularity: whercas there is no such alteration
without the irregularity.

Suppose that for the impedance element we substitute the output
terminals of a generator which has a negligible impedance and arrange
the generator so that it is exeited by the wave traveling over the line
but that the excitation is not affected by the voltage set up by the
generator itself.  Such an arrangement is shown in Fig. 3. The
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arrangement for exciting the generator is supposed not o require
an appreciable amount of power or o constitute an irregularity,
This generator then resembles the series impedance of Figo 2 i that it
produces no disturbance in the line when no waves are passing bat as
sooll as a wave accives the generator becomes active and produces a

___.@.

Fig. 3

voltage in series with the line. By proper adjustment ol the exeiting
mechanism of the gencrator the voltage across its output terminals
can be made just equal to the distucbance produced by the impedance
clement at B in Fig. 2 and so exactly reproduce the cffects of the
irregularity.  1n order to do this the generator might have to absorb
energy from the wave passing over the line instead of giving it out,
but it would establish the desired voltage relations.

Now a~ the gencrator has no appreciable impedince the wave passes
through it without interference but the e.m.f. which it sets up ob-
vioushy: sends out waves in each dircetion from the generator.

On the right of the irregularity will be found one wave made up
of the original undistuched wave combined with that from the gene-
rator and traveling onward in the original direction.  The combined
wave will usnally be smaller than the original wave though it
might under some circmmstances be larger and its shape might or
might not be altered depending upon the nature of the icregularity
and the character of the line.

On the left of the irregularity will be found the original wave
traveling from left to right and the retected wave traveling from
right to left.

By a similar process of reasoning the retlection caused by bridging an
impedance across the line at the point B can be illustrated.  In this
case the output terminals of the gencrator should be bridged across
the line and made of very high impedance.

Any departure from the regular structure of the line such as occurs
at the junction of two lines of different types or where loading coils
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have the wrong inductance or are wrongly spaced causes refleetions
in the manner described above.
IDEAL REPEATER ON AN IDEAL LINE

Fig. 1 shows an ideal telephone circnit consisting of two sections
of line Ly and Ls which are free from irregularities and are joined
by a repeater R. The remote ends of the line sections are connected
to terminal apparatus A; and A: which have impedances which

L —_ L
Ay | Y.]n [T; I Ae
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Fig. 4

smccthly terminate the lines, that is, if either line had originally
extended to an infinite distance from the repeater and had been cut
to connect it to the terminal apparatus, this apparatus would have
the same impedance as the part of the infinite line which was cut off.
The construetion of the repeater R is limited only by the require-
ment that if an clectric wave arrives at the repeater terminals 75
or 1%y over cither line a similar but larger wave is transmitted from
the repeater over the other line. The gain of the repeater deter-
mines the relative sizes of the waves arriving at and departing from
the repeater.

If now a wave is started at one end of the circuit, for example <1y,
it traverses the line Ly and is absorbed or dissipated in the portion of
the repeater connected to the terminal 77, This wave acts upon
the internal mechanism of the repeater in such a way as to send out
a larger wave which traverses the line L. and is completely dissi-
pated in the terminal apparatus 4.

InEAL REPEATER ON A LINE CONTAINING [RREGULARITIES

Fig. 5 illustrates a line exactly like that of Fig. 4, except that an
irregularity By (or Bs) has been introduced into cach section. 1f a

wive leaves one terminal such as A0, it traverses the line Ly eventually
ving at the terminal 7 of the repeater R with a certain strength,
This wave is wmplificd and transmitted into the line L, which it

iar
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follows until it encounters the ircegularicy: Bao N\t Ba it is partially
retlected, one portion returning to the repeater and the other travel-
e to the terminal 1z where it is absorbed.  The retlected wave
passe~ through the repeater, s amplitied and transverses the line
Ly until it encounters the irregularity By where it is again redected,
one part being propagated to the terminal o1y where it is dissipated,
while the other part returns to the repeater and repeats the eyele
of amplification and retlection. This action continues indetinitely
the wave being retected alternately from the irregularities B, and By,

If the total gain in the round trip path is greater than the total
loss the wave will be stronger on cach arrival at any point in the
circuit than on the preceding teip and will continually increase in
power until the power limits of the repeater or some other cause
prevents a further increase and a steady sing is established.  1f the
gain is less than the loss, the wave will become weaker with cach
teip from B, and Ba and back until it falls helow the strength which
can be detected.

Ividently, if the repeater gain is made so great that a steady sing
i~ established, satisfactory telephoning over the circuit will be im-
possible.  Serious quality impairment may occur, however, when
the gain i~ not so great as this. Conscquently, when irregularities
arc present in a line containing repeaters, the repeater gains are
necessarily limited.

In the above illustration, it was assumed that two irregularities
were present.  Serious effects, however, due to the production of
echo effects which may be heard by the talker, may be produced by
retlection from a single irregularity.  Consequently, a single irreg-
ularity in the circuit will set a limitation on the repeater gain even
though it conld not cause singing if a 22-type repeater were used.

From the foregoing explanation, it is evident that the effect of the
retlections at the irregularities, which limits the repeater gains, is
not depenelent upon any speeial properties of the telephone repeaters.
These limitations will necessarily exist with any types of repeater
whatsoever which have the property of producing amplification
in hoth directions at the same time.

Feeeet or Psina e WRoONG LINE TueEDANCE

The discussion will now be extended to show that not only must the
lines with which a repeater is to work he smooth, if limitation of the
gains is to he avoided, hut also the repeaters must be designed to fit
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fines of cne paticnla tvpe D has jnst been shown: that retlection
takes place i a s or g bridged impedance is inserted inaline.
Phis retlection will tehe place whether the impedance s inserted
At s inteoedi e point in a line or adjacent to a repeater. In-
wrting sach an waps danee adiacent 1o a repeater would, on account
of this refledtion, serionsly limit the gain which could be produced
Iy the repeater. Now inserting an irregularity adjacent to a repeater
smounts to the seme thing as substituting a line having a ditferent
wnpralance for the line with which the repeater is designed to function.
Siiee any change in the impedance of a line connected to a repeater
away from the impedance with which the repeater is designed to
work is equivalent to inserting an irregnlarity adjacent to the repeater,
it is evident that 2 is vmpossible to construct a repeater systems whose
amplipeation will be constant n both directions and whose gain twill
not be linited by irrecudarttes in the lines and by any departure of the
hine impedance from that for shich the repeater is designed.

Stecrsston Pyers or REPEATERS

Iwo forms of repeater circnit, the well known 21 and 22 type
dircnits, have been developed to the point where they have hecome
highly: important and suecesstul parts of the telephone plant. These
Lave Leen so complately deseribed ina paper entitled, *“Telephone
Repeaters™ by Messes. Gherardi and Jewert,! that no further de-
scoption will be attempted here. e s satficient to point out that
in the case of the 22 0 pe repeater the necessary impedancee require-
ments are met by providing networks which imitate closely the
chanctcnstue impedances of the two assochated  lines.  Any de-
parture of the line impedance from the valne for which the network
was desicned or anyieregolarities in the line or terminal  equip-
ment impeee limits on the obtainable gain in the manner deseribed
above, In the case of the 21 type virenit the impedance require-
ments are met by patting the repeater between two similar lines
whore napeedances halance cach other.

Novother tvpe of ropeater eircnit, cadlvd the booster ciremt, wds
wentioned i the paper just referred 1o, This cirenit does not de-
pened upon wnpedincee balainee in the same way as the 21 and 22
e circuits and it s capable of giving two-way amplification but
s perlornines is cven more seriously affected by impedance devia-
tons m the hones than the Later eircaits. The hooster form of re-
pover et heonol vor proval usefal in a commercial way.

1% im e Rt s N o oot ate o Llecrru al Lugineers, 1919, page 1255,
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Devters Estrroving Voo Controrrrn R ays

Many ditferent devices aiming to seeine the practical cquivalent ot
two-way repeater operation by means of reliys  mechanical o
thermionic) controlled by the voice currents themselves have been
suggested.  ln these devices the action of the relays is such that
when transmission is passing in one direction throngh a repeater,
the transmission in the opposite direction is either wholly or pur
tially blocked.  Evidently the gain of such a repeater as this is not
limited by impedance irregularities in the lines, since it is really a
one-way device during the passage of speeeh currents.

Repeaters eontrolled by voice operated devices will not he dis-
cussedd here further in view of the faet that the principal object of
this paper is to treat repeater systems which are truly two-way in
their operation.

Otner Types oF REPEATER Tuat Have BeeN PrROCosED

Several of the arrangements that have been proposed by inventors
who sought unsuecessfully to produce two-way repeaters not subject
to limitation by line irregularities will now he described.

1. Repeaters Involving Balance. \ great many circuits have been
devised which involve the principle of balance.  These always in-
volve the same fundamental principle as the hybrid coil used in the
repeaters now in commercial service though olten the arrangement
appears quite ditferent.  This principle is that the output energy
of the amplifier working in one direetion, for example, the cast bound
amplifier, is divided into two parts, one of which i~ sent into the line
cast and the other into the corresponding network.  The input
terminals of the west bound amplifier are so connected that the effect
on them of the current entering the line cast is opposed by the effect
of the current entering the network and consequently the impedances
of the line and network must aceurately balance cach other to keep
the output energy of one amplifier out of the input circuit of the
other. Somectimes the balance is cffccted by connecting the line
and nctwork into a common cleetrieal circuit and connecting the
input terminals of the amplifier o two points of cqual potential
in this circuit.  In other arrangements two thixes which depend
upon the currents entering the line and network are balanced awgainst
each other in the core of a special transformer so that a winding
connected to the input of the amplifier is not affected.

Usnally the impedance of the network equals that of the line, hut
arrangements are possible and even have certain advantages in
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which the energy is not cqually divided between the line an 't net-
work and the impedance of the network s either greater than or
less than that of the line in .« certain ratio.

Through nnfamiliarity with the principles involved the inventors
cometimes asstime that an approxionite balinee such as might be
obtained by using a simple resistance is sufficient o meet all re-
quircments. None of these arcangements, however, can avoid the
effeets of departures of the line impedance from the values (or which
the networks are designed nor can they better the performance of
the present repeaters in respect to the elfects of impedance departures.
Usnally such cirenits wre inferior in some important respeet to the
ArCANgeEments Now in nse,

2. Crreuits using Rectifiers.  In one type of circuit the inventors
propose 1o use rectifiers to prevent the output energy of one amplifier

Woveam  Awsortes O ocvre
—

A 3
-
Lost #vtsr Lint Cast
o= 3
R f
Fig. 6

acting upon the input cirenit of the other. .\ simple diagram illus-
trating the operation of this scheme is given in Fig, 6. Rectifiers are
placed in series with the input and output cirenits of both amplitiers
and poled in the direetions indicated by the arrow heads which point
in the direetion the rectiicr is supposed to permit current 1o pass.
It is argued that the rectifier in the output circuit of cach amplitier
permits only enrrents of one polarity to enter the line and that the
reetifier in the input cicenit of the opposite amplitier is sa poled that
these output currents cannot pass it into the input circuit and, there-
fore, singing cannot oceur.

I a wave arrives, for example over the line west, the positive half
waves puss through the rectifiers Tand 2 into the input of the east
bound wnd the output of the west bound amplifier respectively.
The oegative half waves are suppressed by the rectitiers. This is
illustrated by Fig. 7 which shows the wave arriving over the line and
Fig S which shows the part of the wave which enters the amplifiers.

That portion which reaches the output of the west hound ampli-
tier is lost while the portion which reaches the input of the east hound




GAIN OF T ey LrrrrtoNe Revt it Ry G4

amplitier, is amplified, and passed on through the rectifier 3 to the line
cast. I the amplifier were completely distortionless and, therefore,
capable of amplifying dicect currents and the rectiiers perfect, that is,
offering zero resistanee to currents i one direction and infnite resist-

“Lty

Fig. 7
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ance to currents in the opposite direction, the currents transmitted
to the line cast would have the wave shapes shown in Fig. 8.

As it would be impracticable to make the amplifier amplify the
dircet-current component of the wave shown in Fig. 8 the amplitier
would tend to send out a wave somewhat like that shown in Fig. 9,

A

Fig. 9

which is the wave of Fig. 8 with the direct component remove.l.
The rectifier 3 then suppresses the negative half waves, finally per-
mitting the wave shown in Fig. 10 to pass to the line cast.  On account

A A T

Fig. 10

of the great distortion involved the quality of speech would be greatly
nupaired if, indeed, the speech would not be rendered unintelligible.
Assuming, however, that intelligible speech is possible in spite of
this distortion, the rectifiers would not prevent singing.  Suppose the
repeater shown in Fig. 6 to be cut into the line shown in Fig. 5 at R
and that waves are arriving from the line west.  There are certain
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line conditions which are practically certain to exist and which woudd
scnd back retlected waves that wounld reverse the potential across
the line cast at the terminals of the repeater. causing impulses to
reach the input of the west hound amplitier.  These impulses will be
amplied and returned 1o the line west where, il similar conditions
exist, they will once more enter the cast bound amplifier. 1 the
gains are great enotgh 1o off<ct the losses caused by the reetifiers,
the system will sing.

1t is, therelore, exvident that rectitiers offer no chance for improving
on the action of the present types of repeaters heeause they cause

*—]
Fig. 11

serions distortion and da not prevent singing except under certain
special conditions not likely 1o be found under practical conditions.

3. Crrennts wsing High- Frequency Switching.  Another device which
i trequently proposed in one form or another is illustrated in Fig. 11,
In this case an amplifir is provided for cach direction of transmission.
These ampliiers are <o designed that their amplifying power can be
destroved and restored periodically at high frequency by currents
frem o suitable source, the amplitier in one direction being active
when the other s ivactive. The frequency of the controlling cur-
rents s above the andible range.  Inoa variation of this ~cheme a
single amplitier is used which is pointed first in one direction and
then i the other at a frequency above the audible range. It is
argued that since there is amplincation in only one direetion at any
given instant the system cannot sing.

hnagine such a repeater to be inserted in the line at R in By 5y
and that voite waves are arriving over the line from s Owing o
the natnre of the repeater these waves will he cut up into a series
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of pulses having o frequency egual to that of the controlling curvent
and varving in magnitude according to the shape of the voiee wanve
betng transmitted.  These pulses will be pactially retlecied at the
irregnlarity Ba and part of #heir energy will retuen to the repeater
Due to the fact that a finite time s required for the pulses (o pass
front R to By and back, they are likely to arrive at the right moment
to find the ampliier set for amplification in the opposite direetion
in which case they will pass throngh towards L1 For a single irreg-
ularity, it would be possible to select a frequency such that the pulse
would return when the repeater is set against it, hut this woull re-
quire a different frequency for cach irregularity which is obviously
impossible.

In case the line cannot transmit the high frequency pulses, their
energy would be stored in the inductance or capacity of the first ele-
ments of the line L; and returned to the amplifier when it is in condi-
tion to transmit from Lo to L. To avoid the latter objection it has
been proposed to employ low pass filters on the output side of each
one-way amplifier to convert the high frequency pulses back into
ordinary voice waves before passing them into the line, but this
obviously defeats the object sought in using the high frequency
control of the amplification because cach amplificr now receives
ordinary voice waves and gives out enlarged copies of them which
are subject to the same reflections as if plain one-way amplifiers
without the high frequeney control had heen used.

FFrom these constderations it will readily be scen that repeater
systems depending upon high frequency variation of the gain to
avoid singing and the necessity for impedance balances are inherently
unworkable.



Practises in Telephone Transmission
Maintenance Work'
By W. H. HAR%EN

Sysorsis Tlns paper descnbos the practival applications of transm
mupntenance incthesds oo telephone svstem. Fhe mrll.uxl.- applica
1oll Grants of vatious types are fiest discussed, inlormation being included
n this connection on the maintenance of the amplifier cirenits involved in
telephone repeaters and carrier. Testing methods applicable to the local
or exchange aren plant are neat deseriluad, the deseription including l)ul.h
vanual and ln.nz\inr switching systems,  The results accomplished in
toll and keal transmission maintenance work are considlered from the
standgpennt of the kinds of trouble which can be climinated and the efect
which these troubles have on service, .

The methods described in the main Ixxdy of the paper relate particularly
1o tests of volume etheioney Certain other Transmis nuintenance
testing methods directhy associated with volume etficieney tests are bricfly
deseribed m Appendin A ot the paper

=

T is the purpose of this paper to present g general picture of the

practical applications of methods of  measuring  triansmission
eliicieney in the Bell Sy stem which have heen developed by study
and expericance under plant operating conditions. The rapid growth
ol the telephone industry has nude it necessary that these methods
be such as o allow them o be applicd on a large scale in a sys-
tematic and  economical manner  thereby providing for a quick
periodic check ol the etheiency of the varions types of circuits as
they are nsed inoseryiee.

Iransmission maintenauee can he broadly denned as that nuinten-
ance work which is direeted primarily towards insuring that the talking
vihviencies of the telephone cirenits are those for which the circuits are
designed. There are, of course, nuny elements which alfeet the talking
etheieney and varions Jd-c. and a-c. tests are available for ehecking the
clectnical characteristios of circuits and equipment to insure that these
characteristics are being maintained in accordanee with the proper
stamdards. In the nal analysis, however, an overall test of the trans-
mission efliciency of the cireuit in the condition i is usad in serviee
or in the case of ampli-
her cireaits, the gain which it should give, T
therefare, oller a means whereby nany of the eleetrical charicteristics
ol ciccnits can be quicklv and acearately cheeked,

In referring o transmission testing apparatus in this paper, four

will show at once whether i is giving the loss
ansmission  tests,

standand 1y pes deseribead in previous papers are involved. The fiest
thiee types Tisted below were deseribed by Best and the fourth by
Z., October, 1924,

Pas v prossms bt the Paoti Cagst Convention, 1. T, E,
absteadel cvthe Jowend 1 L F N0l B o 11T, 1924
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Clark.*  Reference i these papers was also made to the standard
oscillators used in supphing the measuring currents for the sets,

Lol Transmiission Measuring Sel. This is an “car batanee”
portable set suitable for loop transmission testing only and designed
primarily for testing cquipment and cireuits in the smaller central
oftices.

3 Transmission Measuring Sel. This is a “meter halanee
portable set suitable for both loop and straightaway transmission
testing and designed  primarily: for testing circuits and equipment
in the larger central offices.

Vot Transeusston Measuring Sel. Yhis is a “meter halance™ set
suitable for both loop and straightaway transmission testing and
designed for pernianent installation at the larger toll offices primarily
for testing toll circuits.

2l Gain Sel. This is a
ing ampliier gains.

Certain other testing methods in addition to volume efficieney
tests are also extensively nsed in transmission maintenance work
and some of the more important of these are brietly discussed
Appendix A of this paper.

Since the routine procedures in testing toll eirenits using the above
apparatus differ considerably from those followed in the local or
exchange area plant, the toll and local practices have been considered
separately in the following discussions:

‘meter balance™ set designed Tor measur-

Traxssusston Tests ox Torr CireUiTs

The importance of having available means for quickly checking
the transmission ethiciency of toll circuits and of economically main-
taining the proper standard of transmission is evident when it is
considered that in a plant such as that operated by the Bell System
there are at the present time more than 20,000 toll circuits in service.
The circuits making up this s
struction, depending on the service requirements and length, and
also npon certain other factors determined by engineering and
cconomical design considerations.

From the standpoint of maintaining transmission efficiency between
toll offices, the various types of toll circnits can be divided into three
general clisses: one, non-repeatered circuits, two, circuits equipped

2 F. . Best, “M urlng Methads for Maintaining the Transmission Efhciency
of Telephone Circait Journal of the A, [. E. E cbru.\r\ 1924, A B. Clark,

“Telephone Transmission over Long Cable Circuits, _]uunml of the 1. I. E. h,
January, 1923.

stem are of various types and con-
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with telephone repeaters and  three, circuits equipped for carrier
operation.  The Litter two classes are alike in many respects as far as
the maintenance methods are concerned and both require somewhat
more attention than the circuits not cquipped  with amplifying
apparatus.  The length and number of repeaters involved are also
important factors which must be taken account of in tandem repeater
and carrier circuit maintenance.  Very long tandem repeater eircuils

. b Hlustration of £\ Trans
mna

sion Measuring Set and 4-B Oscillator Installed
oll Test Room

such, for example, as the long toll cable cireuits deseribed by Clark?
require: special maintenance procedures similar in many respeets to
those required in carrier maintenance.

The -\ type of transmission measuring set generally used for
testing oll cirenits may be considered as a toll transmission test
desk. Fig. 1 shows g picture of one of the Latest models together
with an oscillitor for supplying the measuring current, installed at
a wll otfice for use in rontine testing.  The set is provided with
trunks to both the wll testhoard and toll switchboard, and also
with call cirenits o tll operators’ positions for use in ordering up

circuits for test. The electrival measuring cireunit is designed so that

tests iy be made on awo toll-circuits looped at the distant end, or

ghtaway on one

oll circuit the distant terminal of which termi-
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nates in an othee also equipped with o transmission measuring set
of the same tvpe.

To iHustrate the application of this toll transmission test desk,
Fig. 2 shows schematically an arrangement of Tour toll olices having
circttits hetween them of the three geaeral classes  non-repeatered,
repeatered and cacrier. Othees .\ and D are equipped with traus-
mission measuring sets of the type shown in Fig. 1.\ logical testing

Tof Offce A Toll Office B Toll Office C Toll Office D
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Fig. 2 - Schematic Diagram of Typical Toll Circuit Layout to Illustrate General
Method of Testing Non-Repeatered, Repeatered and Carrier Circuits

procedure for the arrangement in Fig. 2 is for olfices X and D to test the
non-repeatered circuits 1 to L and 10 to 13 by having them looped
two at a time at the distant terminal offices B and €. By “triangu-
lation measurements’” on any three circuits in cach group, the cquiv-
alent of each individual circuit can be readily computed.

For the circuits 5 to 9 extending between offices A and D equipped
with telephone repeaters or carrier, straightaway measurements
can be made in cach direction with the two transmission measuring
sets provided. Loop tests could, of course, also be made on the
circuits from ecither office .\ or D, but this woukl require cutting
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the telephone repeaters out of one circuit or having available a non-
repeatered or non-carrier circuit, since the gains of the repeaters in
the two directions introduce variable factors in the overall equivalents
which do not permit triangulation computations to be made. The
overall tests on the carrier cirenits do not differ in any way from
the tests on repeatered or non-repeatered circuits, cach carrier channel
being tested as a separate circuit through the switchboards.  The
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Fig 3 Mup Showing Locations in Bell System of Permanent Transmission
Measuring Sels

measuring current is modulated and demodulated in the same manner
as voice currents inder regular operating conditions and the measured
cquivalent, therefore, indicates the overall transmission efbiciency.
The map of Fig. 3 shows the locations in the Bell System of trans-
mission measuring sets of the general type deseribed above. A a
number of the larger toll centers, such as New York and Chicago,
where the number of 1ol circuits to he tested require it, several trans-
mission measuring sets are installed. There are now in operation
between 10 and 50 of these sets, making it possible to test all of the
longer and more important toll routes in the system.  The shorter
toll cirenits radiating out from the large toll centers are also tested
with these same sets. A\ the smaller ¢ffices where fied transmission
measuring sets are not warranted, the toll circuits which cannot he
picked up by the larger «flices are tested by portable transmission
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measiring sets of the 1=\ or 8-\ types in connection with other main-
tenanee work.

One very essential requirenient in carrying on a sy stematic testing
program is to have records of the detailed makeup of the woll cirenits
which give both the circuit layvouts and the equipment associated with
the cirenits. Such a record is valuable, not only in giving the main-
tenance forees a picture of the circuits and equipment which they are
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Fig. 4 Sample of a Toll Circuit Layour Record Card

testing, but it also furnishes a means for establishing the transmission
standards to which they should work. When transmission tests indi-
cate trouble, this record becomes of particular serviee in locating and
clearing the cause.

Fig. | shows a sample of the type of toll eircnit layout record card
which has proven very satisfactory and is now generally used in the Bell
System.

Telephone Repeater and  Carrier Maintenance. Voice frequency
telephone repeiters were discussed in a paper by Messrs. Gherardi
and Jewett® and carrier systems in a paper by Messrs. Colpitts and
Blackwell.* The various arrangements of amplifiers to provide for
telephone repeater and for carrier operation as described in these
papers make up integral parts of toll circuits and introduce elements

2 Gherardi and Jewett, “Telephone Repeaters,” Transacticns of 1. 1. F. E.,
1919, Vol. XXV, part 2, pps. 1287 10 1343,

¢ Colpitts and Blackwell, “Carrier Current Telephony and Telegraphy,” Trans-
actions of . I. E. E., 1921, Vol. XI., pps. 205 10 300.
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in the circuits which have (o he given particular local attention in
maintaining the overall transmission cfficiency.  Since both tele-
phone repeaters and carrier employ the same types of vacuum tubes
with very similar arcangements for power supply, the maintenance
requirements for the two are much the same. The chief items to
be observed in both carrier and repeater maintenance are that the
gains specificd o give a desired overall transmission: equivalent be
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Fag. 5 Schematic Diagram of a 22-Type Telephone Repeater Showing [mportant

-oral Transmission Maintenance Tests

kept as constant as possible, that these gains remain fairly uniform
within the range of frequencics involved, and that conditions do not
exist which will disturh the averall balance hetween the circuits
andd networks sutheiently to canse poor quality of transmission.

Considering telephone repeater maintenance, Fig. 5 shows a sche-
matic diagram of a 22 type repeater and indicates the important
tests which are muade focally to insure that the appardatus is function-
g i i satisfictory manner as i part of a toll circuit. The numbers
applied o the different tests listed in the figure show approximately
the points in the repeater circuit at which the tests are made, the
purposes of the tests being evident from their names.

When carrier operation is applicd 1o toll circuits, an additional
transmission system is introduced involving the nse of currents of
liigher frequencies than those in the voice range.  From a main-
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tenance standpoint this means that certain additional testing methods
must e cmploy ed which wil) insure the proper generation and trans-
mission of the carrier currents and that the modulation and de-
modulation of the voice frequency enrrents is accomplished without
distortion or excess loss in overall transmission,

To give a general pictire of the more important features involyved
in the transmission maintenance of carrier systems, Fig. 6 shows a
schematie diagram of a carrier Liyout having one carrier  repeater.
The particular arrangenient shown is for the type B system described
by Messrs. Colpitts and Blackwell* although the same general main-
tenance considerations apply to any of the present systems. 1t will
be noted that three series of tests are required, one for the carrier
repeaters, one for the carrier terminals and one for the system as a
whole,  The nature of these varions tests and the approximate points
in the carricr system where they are applicd will be evident from the
names and numbers nsed in the figare.

For both telephone repeaters and carrier systems, provision is
made in the regular testing cquipment so that the tests can be very
quickly applicd both as a rontine proposition and also when required
for trouble location.

TrANsMEsston TESTIS 0N Excuanor Arey Crrevrrs

The transmission conditions in the exchange arca plant are im-
portant not only from the standpoint of insuring good local service
but also to insnre good toll serviee, since the local plant forms the
terminals of wll connections. The exchange or local plant offers a
somewhat different transmission maintenance problem than the toll
plant, particnlarlv with respeet to the routine testing procedures
which mnst be followed to insure satisfactory transmission.  This
nsidered that in cach ecity and town a
complere relephone systent is in operation which involves the use of

will he evident when it is ¢

a large number of cirenits of various 1vpes. There are also in use
three general types of telephone switching  cquipments; manual,
panel machine switching, and step-by-step machine switching, and
I certain eities cmbinations of these cquipments. 1t is estimated
that at the present time in the Bell System there are in the neighbor-
hood of two and ane-hali million exchange area cirenits, exclusive of
subscribers” hnes, involving equipment other than contacts and
wiring which may direetly affect the transmission of speceh.

The general classes of exchange area cirenits in both manual and
ntachine switching offices, important from a transmission maintenance
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standpoint, are listed in Table 1. The operating features of nannal
telephone systems are generally well knowa as are also the features
of step-by-step machine switching svstems, both having been in use
for many years. The panel machine switching system which is .
relatively recent development was deseribed ina paper by Mesars.
Craft, Morchouse and Charlesworth.®

TABLE 1

Classification of Circuts in the Exchange Area Plant Importunt from a Fransmission
Maintenance Stundpoint

Mantan OFFIcES

Local Pl N Toll Toll
Switechhoards Switchboards Switchboards Festhboards
Cord circuits Cord circnits Cord cirenits Composite set

circuits

Operators’ Operators’ Operators' Composite ringer
circuits crcuits circuts circuits
Trunk circuits Trunk circuits Trunk circuits Phantom &

plex ci
Miscl. circuits Miscl. circuits Miscl. circuits Miscl, circuits

Subseribers” loops and sets
Operators' telephone sets

MACHINE SWITCHING OFFICES

Pancl Step by Step
District selectors Conncctors
Incoming selectors Toll selectors
Trunk circuits Trunk circuits
Miscl. circuits Miscl. circuits

Subseribers' loops and
Cperators telephone se
Special service positions

tor

tieneral classes of exchange arca circuits involving equipment
other than contacts and wiring which affect telephone trans-
mission,

While it may appear at first hand from the above discussion that
transmission testing in the exchange plant i~ a complicated and
expensive matter, this has not proven to be the case. It has heen
found by expericnce that the systematic use of transmission measur-
ing sets, following the testing methods which have been developed
provides a means for periodically checking transmission conditions
with a relatively small amount of testing apparatus and with a small
maintenance foree. Al of the transmission circuits exclusive of sub-
seribers’ lines in a 10,000-line central oftice, cither manaal or machine
switching, can, for example, be completely tested by two men in

8 Craft, Morchouse and Charlesworth, ** Machine Switching Telephone System
for Large Mctropotitan Areas,” Journal of the (1. 1. E. E., \pril, 1923,
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period of trom o 10 four weeks, five and one-hall S-hour days per
week assumed) any trouble found being cleared as the testing work
is done.  The mainienance of the subseribers' lines is not included
in this work since it is taken care of by other methods as outlined
Later.

In order o give a generid picture of the application of transmission
testing in the exchange telephone plant, a brief discussion of the
methods cmployed in both manual and machine switching systems
is given below. 1o cither svstem the loop merthad of testing proves

Lig. 7 Hlustration of a 3-\ Transmission Measuring Set Being Operated in a
\Manual Ofhice

most satisfuctors, that is, one measuring set is used and where hoth
terminals of a cireuit are available as in cord cireuits, a loop test
through the circuit is made.  In testing trunk cireuits two trunks
are Jooped together at their distant terminals and a measurement
made on the two combined

Transmission 1'ests on Manual tivchange Jdrea Circuits. In central
oftiee, 1. B XL and toll switehboards, the cord cireuits and associated
nperators’ eirenits are tested by using @ portable transmission meastir-
ing ~et, moving this along the hoards as required o pick up the cords,
Fig 7 shows a 3\ transmission measuring set heing operated at an
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A switehboard ]nni(inll. e cords are |iil‘kn| Hp il ||ll|ugn| dhive ll_\
into the set as shown and meastirements made of the Toss ol both the
cord andd operator’s circnits,  Uronk cirenit tests are made at the
switchboards in the same mauner as previoush deseribed for loop
transmission tests on toll cirenits, portable measoring sets such as
shown in Fig. 7 cenerally being criployed for this work.  Operators’
sets are inspected periodically and transmitter and receiver efticieney
testing methods are under ficld trial which provide a means for test-
ing these instruments in central offices,  The miscellineous trans-
mission circuits in an office are tested at the points where they can
be most conveniently picked up.  The tests on toll test board cirenits
are made at this board and involve chicly loop tests an the eqguip-
ment associated with the toll circuits in the office and tests on the toll
line circuits between the toll testboard and toll switchboard.
Transmission Tesls on Machine S ilching Circuits.  The transmis-
sion circuits in panel machine switching systems are identical to those

in manual systems, while these circuits in step-by-step systems are

of a different design but essentially the same as far as transmission

losses are concerned.  Transmission tests on machine switching cir-
cnits are similar to those on manual cireuits but involve special methods
for picking up the circuits and holding them while the measurements
are made.  The standard types of transmission measuring sets are
used in this work in conjunction with the regular testing equip-
ment provided in the machine switching oftices and the methods
which have been developed olfer a quick and convenient means for
making the tests. In manual offices the cireuits terminate in jacks
or plugs at switchboards where they are readily aceessible. In ma-
chine switching systems, provision is made Tor terminating the circuits
in jacks at test desks or frames where they can be picked up by
patching cords and tested as conveniently as the correspouding types
of circnits in manual offices.  Machine switching systems offer an
important advantage in transmission testing work, particularly in
trunk testing, in that the cirenits to be tested can be looped auto-
matically by the use of dials or selector test scts, thereby doing away
with the necessity for having someone at the distant oftice complete
the loops manually.

In panel machine switching offices the circuits fnvolving trans-
mission equipment correspouding to cord circuits are the “district”
and “incoming” selectors.  These are tested by ~etting up the trans-
mission measuring set at the district or incoming [rames and connect-
ing the set to the test jacks associated with the eirenits. Tests on
trunks between manual and panel machine switching offices where
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both sy stems are in operation in the same exchange area are generally
made from the manual office, the loops being dialed from the o1
switchboard, while trunks between two machine switching offices
are tested from the ontgoing end of the trunks.

Fig. S shows u 8-\ transmission measuring sct as used in a machine
switching office ready for making tests on district selectors. To

s e e

i
- adtanam——-

Iig. 8 Hlustration ,»( a4 3-\ Transmission Measnring Set, Set up in a Panel Machine
Switching Othee for Testing District Selectors

illustrate the general method of testing panel machine switching
cicenits, the upper diagram of Fig. 4 shows the schematic arrange-
ment for measuring trunks between two panel machine switching
otfices Fhe transmission measuring set is located at office A, and
connection made to the ontgoing end of the trunks to office BB through
the test jacks at the tronble desk. A standard selector test set llhl‘('
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in local maintenance work and o high impedance holdmg el e
also connected 1o the trunks through the measuring set, these heng
used to establish the loop and hold this loop while the tests are nade.
At oflice B ewo spare multiple cirenits are cross-connected at che main
distributing frame.  Any two trunks in the group can then be auto-

Off ce A

Trunks Incoming To Office B

[ Apparatus m Transm.ssion Circut.

(1) Arrangement showing method of making overall Transmission Tests
on Trunis between Two Pane! Machine Switching Offices

Office A Office B

Second Third
Selector  Selector Comrector MOF

Trunks incoming To Office B
— T

Cross Connect.ion

:
$
X
H
-
&

E) o]

[@ Apparatus in Transmission Circut, [ Apparatue n Tranemission Circurt

(2) Arrangement. showing method of makirg overall Transmission Teste
Trunxs betwern Two Steo by Step Machine Sw-v.:hmq Offices

Fig. 9 ~S-hematic Diagrams Showing Methads of Making Transmission Tests on
A Trunks Between Panel Machine Switching Ot and (B) Between Step by
Step Machine Switching Oftices

matically looped together at office B by the use of the selector test
set which functions to connect the trunks 10 the two spare multiple
circuits previously cross-conncected at office B.

In step-by-step machine switching offices the circuits involving
transmission equipment corresponding o cord circuits are the con-
nectors.  Each connector is provided with a test jack through which
connection can be made to a transmission measuring ~et and the
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loop completed over o test trnmk by dialing.  Local selectors do not
contain any equipment other than contacts aud wiring in the trans-
mission cireaits but these can be tested in the same nanoer as con-
nectors if it is desired to cheek the wiping contacts and wiring. Toll
selectors which imvolve cquipment in the transmission circuit can
also be tested in the same manner as connectors.  Trunks between
manual and machine switching ofices can he most conveniently
tested from the manual oftice, the trunk loops being established
dircetly by diding.

To illustrate the general method of testing step-by-step machine
switching cireuits, the lower diagram of Fig. 9 shows the schematic
circuit arrangement for testing trunks between two machine switching
offices. The transmission measuring set is located at office 2\ in a
position so that it can be patehed to the ontgoing trunk repeater test
jacks and an artangement for dialing and holding is connected to the
trunks throngh the measuring set. At office B the apparatus in one
trunk is disconnected and this trunk used ax a test trunk by cross-
connecting it at the main distributing frame to a spare subscriber’s
multiple terminal.  All trunks in the group can then be tested by
dialing over them, from ofhice A, the number of this spare terminal
at affice B which automatically lonps them back over the test trunk.

Maintenance of Subscribers’ Lines and  Stations. The circuits
niking up sulseribers” lines from switchboard to instruments con-
sist simply of pairs of conductors, almost always in cable, with the
necessary protective deviees. These can be checked by certain
d-c. tests deseribed in @ recent paper.®  Equipment is also provided
in local test boards for use in making talking transmission tests be-
tween the station and the test boards.  Accurate machine methods
for determining the efficiency of transmitters and receivers have
Leen developed for testing new instruments and instruments returned
from service.

General Scheme of Testing Exchange Area Circuits.  The plan
Feing followed in the Bell System for systematically checking the
transmission conditions of exchange areit cireuits is to have all offices
tested  pericdically: by men cquipped  with portable  transmission
meastring sets who travel from office to oflice. 1t has heen found
by eaperience that afrer an office has onee been tested and any trans-
mission troubles eliminated, it is only necessary thereafter 1o make
transmission tests at infregquent intervals, these subsequent tests
serving primarily as a check on the Jocal maintenance conditions.

SWo It Hharden, " Elecncal Tests and Thar Applications in the Maintenanee
of Tdephone Transaassion,” Bell Svstem L echmreal Jowrnal, July, 1924,
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With a testing plan of this Kind Licge avcas can be covered by a small
traveling foree with a small amounnt of testing cquipment. Fhis
results in a very cconomical transmission testing program wlule .t
the same tinwe insuring that transmission conditions are maintained
satisfactorily .

IMig. 10 shows a typical transmission testing team Layout.  The
team is cquipped with an automobile which proves an economical
means of transportation between oflices and exchange areas and

Fig. 10—Hlustration cf a Typical Transmission Testing Team Layout

provides a convenient method for carrying the testing equipment.
During transportation this equipment is packed in padded trunks
which insures against injury. In this particular case the equipment
includes, in addition to transmission testing sets and oscillators, other
apparatus such as a wheatstone bridge, crosstalk set and noise measur-
ing ~et so that other maintenance work may be done in connection
with transmission testing whenever this is desired.

RESULTS ACCOMPLISUED

The results accomplished in transmission maintenance work can
best be appreciated by considering the kinds of troubles which ad-
versely affect transmission and which can be deteeted and eliminated
by routine testing methods. Consideration is [irst given to the gencral
causes of troubles which are detrimental to both toll and local trans-
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mission, and later the featares in this connection more particnlarly
identined with telephane repedters and carrier svstems are disenssed.

I'he ditferent classes of cirenits given in Table T are made up of
various combinations of the following individual pirts:

Regearing Coils 1'lugs

Retardation Coils Facks

Relay s Kevs

Condensers Heat Coils

Kesistanees Carbons

Auto- ransformers Wiring Switehboard 10 N D, VL
Induetion Coils « Uross-connection
Lowding Cails Outside

Cornds Transmitiers

Recenvers

The above parts are combined in various ways to nuke up the com-
plete aperating circnits such s cord circuits, operators’ circuits,
trunk circuits, ete. Each complete eircuit causes a definite normal
less 1o telephone transmission which must he taken account of in
designing the plant to meet the varions service requirements.  If,

however, any of the parts nsed are defective, if the wrong combina-
tens of parts are used, or if the installation work is not correctly
done, excess transmission losses will result which may very seriously
affect the transmission when the particular circuits involved are
employed in an overddl connection,

Classification of Commion I'xpes of Troubles. An analysis of a
large amonnt of transmission testing data has made it possible 10
develop a delimite trouble classification which is particularly helpful
in transmission maintenance work and  which permits the most
ion troubles,  1x-
perience has shown that the troubles found can he divided into two
general classes. A troubles which can be detected cither by simple

vihvient use of the results in eliminating trinsmiss

d-c.oor a-c. tests i connection with the regular day-hy-day main-
tenance work or by transmission measuring sets, and B troubles
which can be detected most readily by transmission MCASHIING sels,
The most important troubles i the above classes are as follows -

Class \ Class I3
Chpens Electrival Detecrs

unils Incorrect Wiring

~—t Wrone Ty pe ol Eguipment
Cutants Massime Equipment

Iigh Resistanee
Low Insnlation

If, in making transmission tests i a eentral olfice, o high per-
rentage of Class A troubles is fomnd the remedy s generally to instigate
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more rigid local maintenance routines paving particular attention to
the type of circnits in which the troubles are located. The per-
centage of Class B troubles is not as a rule as high as the Cliss A\
troubles and experience has shown that when Class B troubles are
once eliminated by transmission testing methods only infrequent
subsequent tests are required to take care of any additional trouhles
of this class which may get into the plant.

In determining what constitutes an excess loss, the value of the
transmission as well as the practical design and manufactaring con-
siderations to meet operating limits are taken accennt of. \n exeess
gain is also considered as a trouble on cirenits equipped with ampli-
tiers, since this may produce poor quality of transmission which is
likely to he more detrimental to service than an excess loss. The
valie of transmission based on cconomical design  considerations
varivs, depending on the first cost and annual charge of the particular
types of circuits involved. .\ gain of one TU in the toll plant is
generally worth more, for example, than one in the local plant, since
it coests more to provide.  In transmission maintenance work the
cost «f making transmission tests and elearing trouble is balanced
against the value of the transmission gained for the purpose of estah-
lishing c¢conomical transmission limits to work to.

Specitic Examples of Commion Troubles Found and Their Effect on
Transmission. Certain kinds of troubles which are detected by
transmission measuring sets do not cause excess losses which can be
quantitatively measured.  Such troubles are, however, readily de-
tected by “ear halance™ transmission measuring sets in that they
cause noise or scratches and by the “meter balance™ sets from tluctu-
ations «f the needle of the indicating meter. The most common
trouble «f this kind is due to cutouts or opens which may he caused
by dirty connections, loose connections, improper key and relay
adjustments, etc. While not causing a quantitative value of excess
loss, this class of trouble is very detrimental to transmission and
more serious in many instances than fxed excess losses.  Indeter-
minate troubles of this nature are given an arbitrary excess
based on expericence.

loss value

Considering troubles which give delinite losses, the most common
kinds are caused by clectrical defects in equipment, incorrect wiring
of cquipment in circuits and wrong types of cquipment.  The other
classes of troubles, such as crosses, high resistances, and low insula-
tien, also gencrally give measurable excess losses but these are not
as common in the plant, since troubles of this nature are more likely
to affect the signaling and operation of the eircuits and are, therefore,
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eliminated by the regular maintenance work.  Missing equipment
Wil §11 certain cases canse again in teansmission but atfects the cirenits
adversely in ather ways,

Typical examples of common troubles, with the exeess losses which
they canse, are given in the following table:

Ty pe ot Uircuit Canse of Approximate Excess
and bquipment Frouble Transmission 1.oss?
Repeating coils Llectnical detects
cords, incoming Generally  short  cir-
trunk circuits, seleet- cuited turns 1.5t0 5.0TU

ors, 1oll connectors
Incorreet wiring  Ceen-
crally reversed  wind-

ngs 2.0 10 130 TU
\u]x | isory relavsin Ilecrrical defects
** cord circuils ) pen noninductive
winding About 2.5 TU
Bridged retardation I lectrical defects (Gen
coils or relays i toll crally  short  circaited
¢ ord circuils, com- turns 1.0to 5.0TUC
posite  sels, connecl-
ors and  step-hy-step
repeaters
Repeating coils on Wrong tyvpe of equip-
loaded  toll switching ment  incorrect wir-
1runks ing 1.010 407U
Induction coils in op- 1 lectrical defects. In-
erators' telephone sets corrict wiring 1.0 1o 130710

I'here are, of course, many other speciic types of troubles detected
by transmission tests which give definite quantitative losses but the
above will serve ta illustrate the value of this testing work in climinat-
ing excess losses in i telephone plant.

Maintenance Features Pecydiar lo Telephone Repeaters and Carrier
Systems.  The same classilication of troubles diseussed above applies
o repreaters and carrier systems. Amplifier equipment, however,
cmploys certain features which are not common to the more simple
telephone cireuits amd some of the troubles which may oceur if the
proper maintenance procedures are not followed will seriously affect
service. It is for this reason that repeater and carrier installations are
provided with special testing cquipment which is always available
for use cither in rontine maintenance or in locating and clearing
any troubles which may oceur i service.  Automatic regulating
devices are also provided swherever this is practicable in order to
reduce to a minimum the amount of manual regulation  and
maintenance,

W I Marun, * The Lrnsmassion Ui, Jonrnal of the . 1.
BS P J,Nol T poduo 1021, 6 W Siath,  Practical Application of
mwaon b, BN 1 Vol T po ik, 1929,
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I'he important clements in both repeaters and carriers which
directly alfect transmission or eause service troubles in other wavs
are as follows:

Filament Batieries Potentiomelers

Plate Batteries Filters

Grd Batterws Transmission Equalizers
\acuum Tubes Signaling Lyguipment
Halancing Foguipmen Patching Nerangements

The tests outlined in the main body of the paper aim o insure
that the above essential parts of repeater and earrier civenits are
functioning properly and that the cquipment as a whole is giving
the desired results in overall transmission efficieney.

CONCLUSION

The above discussion of testing methods and the results accom-
plished indicate how a eomprehensive and cconomical transmission
maintenance program can be applied to a telephone plant to check
the volume efficiency of the circuits against the established standards.
Consideration is eontinually being given to new testing methods and
their applications in order that further improvements in service may
be effected and increased economices in testing taken advantage of.

A s AU B

Prixcieres oF TESTING METUHODS CLOSELY ASSOCIATED WITH
Traxsusstox Lrricrexcy TesTs

Teats of volume elficiency often need o he supplemented by other
methods of testing in transmission maintenance work.  Transmission
cificiency both as regards volume and quality may be seriously affeeted
by noise or crosstalk, and tests for any conditions of this kind are
therefore important in maintenance work.  Furthermore  when
efficicney tests show exeess losses or unsatisfactory cirenit conditions
other testing methods prove very valuable in loeating the cause.

To illustrate this phase of transmission maintenance the principles
of some of the more important testing methods are briefly described
below. Two of the tests employ a method very similar to loop trans-
mission testing while others employ the well known “null” method.
A speeial method emploving three winding transformers and ampli-
fiers widely used to determine impedanee balanee conditions between
lines and networks is also described.  Several methods which involve
simply current and volitage measurements have been mentioned in
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this paper but these are generally well known and therefore require
no detailed deseription.

1. MEANUREMENTS OF CROSSTALK

In the circuit shown in Fig. 11, if a-c. power is supplied to a cireuit
known as the “disturbing’ circuit and unbalances exist hetween this
circnit and a second known as the “disturbed” circuit, power will he
transferred from one cirenit to the other causing crosstalk in the
second. A definite power transmission loss therefore takes place
between the two circuits which can be measured by a loop trans-
mission test similar to the efficiency tests deseribed in the main body
of the paper. An adjustable shunt called a “crosstalk meter’ cali-

Crosy Talx Metes

Disturbed Cireuit

Darurbng Crcurt

Measurements of Cross Talk

Fig. 11 Diagram Showing Principles of Crosstalk Measurements

brated in cither 770 or in crosstalk mnits s substituted for the two
circuits.  With the same power sapplicd alternately 1o both the
“disturbing” circuit and the meter and with the sending and receiving
end impedance conditions as shown, the meter shunt is adjusted
until, in the opinion of the observer, the annoyvance produced by the
tone in the receiver is judged 1o be cqual for the two conditions.
The reading of the shunt if there was no distortion of the line cross-
talk currents would then give the volume of crosstalk which could
L expressed in 770 as 10 Jogw £ £ similar o loop  transmission
testing.  However, this relation only holds approximately in practise
since the line crosstalk measured s produced by various currents
having dilferent phase relations amd o certain amount of distortion
thercfore oconrs. The commercial form of crosstalk set now used is
cauippred to give the approximate impedance relations required and
also provides o feature for eliminating the effect of line noise except
i the case of one ope of measurement whivh is made on long cable
cucnits  Lor practcal reasons the results are generally expressed in
crosstalk umits rather than 770
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20 MEASTREMENTS OF NOIs]

The common method of measoring noise i a telephone cirenit is
shown in the diagram of Fig. 120 In this test an artiticial noise
current produced by a generator of constant power P, called a "noise
standard”” is substituted for the line noise current. 1 the two noise
currents were exactly alike as regards wave shape and the relative
magnitude of the Trequencies involved they would produce the same
tone in the receiver and their volumes could he made vqual by -
justment of the noise shint. The power ratio, 2, P, as indicated

Noise Shunt

Circuit, under Test

Measurements of Noise

Fig. 12 Diagram Showing Principles of Noise Measurements

by the shunt, would then give a measure of the line noise in terms
of the noise standard.  This condition, however, is not met with in
practise due to ditferences in wave shape of the two noise curren
For this reason noise measurements are made by adjusting the noise
shunt until the interfering effects of the noise on the line and from
the shunt are judged to be the same for which condition the power
supplicd 1o the receiving network by the noise standard is not neces-
sarily the same as that supplied by the line. The receiving end
impedances however, are kept as nearly alike as practicable to pre-
vent reflection losses.

3. MEASUREMENTS OF LINE-NETWORK Baraxce (21-Ciroeir
BALANCE TEsT)

The testing arrangement of Fig. 13 shows the principle of the 21-
circuit balance test referred to in the main body of the paper in
connection with telephone repeater and carrier maintenance.  In
this test the gain of an amplifier calibrated in 70 is used to com-
pensate for the loss throngh a three winding transformer or ontput
coil of a telephone repeater.  If the impedances of the balaneing
network and line were exactly alike at all frequencies, fe., Zo=7Z1,
and no other unbalances existed in the circuit none of the power
supplied by the amplifier to the input of the three-winding trans-
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former would be transferred to the output, r.e., the power ratio Ps P,
would be infinity.  However, this ideal condition cannot be produced
in practise so that there is always a fiite power loss between the
input and output of the transformer which can be measured approxi-
mately by the gain of an amplifier calibrated in 77U, An internal

o
Pr
o Baticmng k"'" Rl

Circut. under Tect
e Wi
! .
[ I 3 wng
P het work vr.--r:-’ae.-
e Osput Py

Messurements of Impedance Balance Between Lines and Networks
(21-Circunt Tests on Telephone Pepeaters and Carrier)

Fie. 13 Dhiagram Showing Principles of 21 Circuit Balince Tests

path for currents which may produce “'singing’ or a sustained tone is
established if the gain of the ampliher P, P, is greater than the loss
P, Py through the three-winding transformer.  As unbalances between
network and line become greater the loss through the three-winding
transformer becomes less thereby requiring less gain in the amplifier
to produee a “singing” condition. 1t should be noted in this con-
nection that 1o produce the condition deseribed above exactly, the
current received around the “singing™ path must be in phase with
the starting current. In practise this condition obtains sutficiently
accurately so that the gain of the amplitier required to produce
“singing” gives an approximate measure of the impedance balance
between line and network.

b Meast REMENTS OF RESISTANCE, REACTANCE AND  [MPEDANCE

Diagram (a of Fig. B shows the wheatstone bridge circuit for d-c.
resistance measurements. 1t is unnecessary 1o deseribe the well
known principles of this bridge but mention is made of it here in view
of its importance and use in telephone maintenance work. 1t supplics
an indispensable method of measurement for certain trouble locations,
such as crosses and grounds and embodices the fundamental principles
of all null tests,

Diagram (b) of Tig 11 gives a bridge circuit for measuring imped-
ance, the particular arrangement shown being for measurements of
impedances having inductive reactance,  The bridge measurements
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express impedance in terms of its resistance component and equivalent
inductance or capacity.  In measuring an impedance having induetive
reactance at any frequency, f, for example, a balance gives R« R
and L=L.. At the frequency f, the effective resistance is given
dircetly by the value of R and the reactance by the relation, 2 7 f L,

AC Source
oF Power

(3) Direct Current Resistance {b) Impedance having Induclive Reactance

Mull Method of Measuring Resistance, Reactance and Impedance

Fig. 14 Diagrams Showing Principles of Null Methods for Mcasuring Resistance,
Reactance and Impedance

The impedance is the vectorial sum of these twoor N RP4(2 7 f L)%
In maintenance work involving impedance measurements as will be
noted in the next testing method described, the effective resistanee
component and the equivalent inductance are generally used directly
without combining.

5. MEASUREMENTS OF LINE [MPEDANCE AND LOCATION OF [MPEDANCE
[RREGULARITIES

Fig. 15 shows a telephone circuit connected to a bridge and termi-
nated at its distant end in characteristic impedance. If the circuit
has approximately uniform impedance throughout its length the
resistance and equivalent inductance curves of this impedanee within
a range of frequencies will be fairly smooth as indicated by :1 and €
of the figure. The curves are not perfectly smooth since it
practicable to construct the line for perfeet impedance uniformity.
If at some point in the circuit an irregularity is present sueh as an
omitted loading coil, an inserted length of line of different construc-
tion, etc., which changes the impedance, this will produce a periodie
change in the resistance and inductance curves o and C such as
shown by Curve B. Curve C will he changed in the same way as
Curve o but for simplification this is not shown on the diagram.

The change in impedance in the circuit reflects syune ol the current
sent out back to the sending end where it adds 1o or subtracts from

not
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the sending current depending on the phase relations of the two cur-
rents al any particular frequency . Sinee impedance equals £ 1 its
value changes as the value of 7 changes. This is made use of in line
impedance measuring work to give a focation of impedance irregu-
larities which may exist somewhere in the line.

Crcut under Tect

Traquency of Messuring Corrent

Ml Mehod of Weaturing Line Impedance and Locatng Impedance bereqular ties.

Fig. 15 Diagram and lmpedance Cnrves Showing Principles of Line 1my
Measurements by Null Method and Location of Impedance Irregularitics

Referring 1o Fig. 15, let o equal the distance in miles to an im-
pedance irregularity and f. one frequeney at which the resistance
component of the impedance is a maximum.  The next maximum
point will occur at a frequency f2 such that as the frequency has
leen increased, one complete wave length is added in the distance
traveled by the refleeted current. Maximum points at fa, fy, cte.,
vecur in the same way as the (requeney is increased.  Considering
the two values fi and fa let

17 aelocity of current in miles per second

I = wave length at frequeney fi

I o wave length at frequeney fq

N number of wave lengths in distance traveled

In reflected current or 2 d,

Inductance - Mithenrye
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At frequency fi then,

FROENSVEENSTON. VN T E NN

L
A I,
. e
and at fi, gL W
also at /., =1/
aud at fa, Wa=1"fa
Substituting above
ST
N= -’ll'." and
. 2df»
N+1= I
ogf. 9
Subtracting, = -d'.f' - _d'.f' or
1 I
Vv
I ==
: 20f2=f1)

which is the distance in miles from the sending end of the circuit to

the point of impedance irregularity.

The velocity of propogation

1" is not exactly constant within the entire frequency range but does
not vary sufficiently to materially effect the aceuracy of impedance
trouble locations by this method.



Mutual Inductance in Wave Filters with
an Introduction on Filter Design

By K. S. JOHNSON and T. E. SHEA

PART 1
Gearrar Priscirres or Wave Finrer DESIGN
Principles of Generalized Dissymmetrical Networks. \We shall con-
sider first the impedance and propagation characteristics of certain gen-
eralized networks. 1t can be shown that any passive network having

ane pair of input and one pair of ontpul terminals may, at any frequency,
be completely and adequately represented by an cquivalent T or = net-

21.-\

i 1 Gencralized Disssmiaetniead T Network Connected o Impedances Equal
to Its Image Impedances

work.!  The impedance and propagation characteristics of any such
network may be expressed in terms of its eqaivalent 77 or 7 network.
These characteristies ace detined by (1) the image impedances, and
(20 the fransfer constant, 1he latter including the attenuation constant®
and the phase constant? I the case of a symmetrical network,
the image impedances and the ransfer constant are, respectively,
the aterative tmpedances (ov characteristic impedances) and the propuga-
fron constant employed by Camphicll, Zobel, and others.  The terms
imvolved will be subsequentdy defined.

Consider the dissymmetrical 77 network of Fige 1o L glives 3220
terminals of the 7 network are connected to an impedance Z1, the

LCamplell, €0 N, Crisndal Oilliions,” T ransactions 1. 1. E. k., (1911)
Vol XXX, Part 1L, pp. 873 900, G
The 7" amd = networks reforred to above

are sometinies called star 17 and defta (2)
networks, respectinehy

3 T he ve d and smaginany

parts of the transtor constant have heen called by Zolsel,
the Camasp v e m Y

ol svel the anndse con ot respecinely See Biblicgraphy 13,

52
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impedance looking into the 77 network at the T2 terminals will be

S VARVATE AR

- lk/c\‘/ni“/l W)

Similarly, if the 1=2 terminals of the £ network are connected to an
impedance Zp,. the impedance looking into the 3 - 1 terminals of the
T network will be

Ze\Za+2Zuy)

Za l-/RF/ +ZatZs’

If Zi 2 is cqual to the terminal impedance Zg,, and if, similarly,
Zsy ¢ is equal to the terminal impedance Z;,, the network will then be
terminated in such a way that, at cither junction (t—=2or 3= 1), the
impedance in the two directions is the same.  In other words, at each
junction point, the impedance looking in one direction is the fmage
ol the impedance looking in the opposite direction.  Under these
conditions Zj, and Z,, are called the image impedances of the 1" net-
work. If cquations (1) and (2) are solved explicitly for Z;, and Z;,,
the following expressions are obtained:

'(/1+/(‘)(/|/n+/\/c+/n/r)

= 3
N (ZstZc) ®
= (Zpt+Zc)(Za /lf+/\/c+/n/r) )
o (Zat+Zc)

If Zo 15 the impedance looking into one end of the network with
the distant end open-cirenited, and if Z;, is the corresponding imped-
ance with the distant end short-circuited, it may be shown that the
image impedance at either end of the network is the geometric mean
of Zoc and Z;,..  What is here termed the image impedance is, there-
fore, equivalent to what Kennelly has called the surge impedance®

The propagation characteristics of a dissymmetrical network may
be completely expressed in terms of the transfer constant.  The
transfer constant of any structure may be defined as one-hall the
natural logarithm of the vector ratio of the steady-state vector volt-
amperes entering and leaving the network when the latter is termi-
nated in its image impedances.  The ratio is determined by dividing
the value of the vector volt-amperes at the transmitting cud of the
network by the value of the vector volt-amperes at the receiving end.

3 There is at present lack of common agreement as to the basis of \h.ﬁmunn of
this term, and it is often defined upon the hasis, not of open and short-circuit im-
pedances, but of a uniform rccurrent line (Sce ‘A L. E. 5. Standardization Rule
12054, edition of 1922). The formulae derived by the two methods are not equiva-
ment in the case of dissymmetrical networks.
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The real part of the transfer constant, that is, the attenuation con-
stant, is expressed by the above definition in napiers or hyperbolic
radians and the imaginary part, that is, the phase constant, is ex-
presscd in vircular radians.  The practical unit of attenuation here

Z, £
1 27 2 3
— AW — W
2-% Zh, Z; 2 22
2 4

Fig. 2 Generalized Symmetrical 7 Network Connecied 1o Impedances Equal to
Its Image Impedances

used is the transmission unit® (1 TU=.11313 napier). It can be
demonstrated that the transfer constant, 0, of the 7' network shown
in Fig. 1is
O=tanh ! }Z”zt.mh 1 ‘Z'fZ"-*—,Z"lZ.C_{»Z."Z(
Wz \ Zu+Zo)(Zs+Zo)
(5)
(Za+Zco)(Zp+Zc)
Z: !

=cosh ! \

in which Z,. and Z, are, as previously defined, the open and short-
circnit impedances of the network.  The ratio Zy, Z, is the same at
both ends of any passive network.

Principles of Generalized Symmetrical Networks.  Cousider now the
impedance and propagation characteristies of the generalized sym-
metrical structure shown in Fig. 2. On account of the symmetry of
the structure, the inige impedances at both ends are identical, and
from equation (3) or (1) their value may be shown® to he

Zim | zlz,(nff/}?). ©)

In the case of a symmetrical 77 structure, such as is shown in Fig. 2,
the impedance Z; is called the mid-series image impedance. The
signiicance of this term will be evident, if the series-shunt type of

SV Martin, “The Transmission Unit and Telephone Transmission Reference
Svstem, Bell Svs Tech, Jour, July, 1924, Jour, A, L . E, Vol 43, p. 504, 1924,

$Zobel, O ], “Theory and Design of Unitorm and Composite Llectric Wave-
Falters,” Bell Sysi. Tech. Jour., Jan., 1923,
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structure shown in Figo 3 is regavded as made ap of symmetrical 7°
networks or sections, the junctions of which oceur at the mid-points
of the series arms.

Suppose now that the steseture of Fige 3 s vonsidered to be made
up of symmetrical @ networks, or sections, cach of which is represented

Z, iz
=Sy v ! AW AMWWA— = -

z, zZ, zZ,

Fig. 3 Generalized,Recurrent Series-Shunt Network

[ z
—WW\

2,22, 322, 272,32 2,32

2 a4
Fig. 4 Generalized Symmetrical = Network Conncected to Impedances Equal to
Its Image Impedances

as in Fig. +. By methods similar to those employed for the 7" network
of Fig. 2 it can be shown?® that the image impedance of the general-
ized 7 network of Fig. 4 is given by

: [ 2z -
Zr= | l7 d (7)
1 ’l
\ Tz,
In this symmetrical structure the image impedance is called the mid-
shunt image impedance.

The image transfer constant of either a 77 or a 7 symmetrical struc-
ture is

O=AA+jB=2 sinh '\’ i meeh (1457 ). )

In discussing the generalized networks of Figs. 1, 2 and 1, it has been
assumed that the networks were terminated in their respective image
impedances.  1n practical cases, filters must be designed to work
between impedances which are, in general, not exactly cqual to their
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image impedances «t more than one or a few Trequencies. For a
w. 1, operating between a

sending-end impedance Zs awd a receicing-end  impedance Zg, the
carrent in Zg, for an clectromotive foree acting in Zg, is
Y R AN R BVENG VI AN VAW "
Lot Zi’ N WZi i+ Zs T Zntie
1
_ZL.-—ZR Z],—st(A,_.(,'
Zi. 47k Zn+2Zs

generalized structure, such as that of F

Iy
e U ((_))
1

Sinee I Zs+Zg) is the current (Ig) which would flow if the gener-
alized T network were not inserted in the cireuit, the ratio of the re-
ceived current, with and withont the network in the circuit, may be
expressed by the relation

Ix ( Ly 2R )(\ IZ,,Z,\) (\/IZ,_.Z;)

I N\ AZZp/\ 2+ 2s I\ Lyt 2g
1
-
AE ’<l_(z,_—zRMzmz.\)(_z; (1)
AR R A VAT A

In general, the electromotive force does not act through a simple
sending-end impedance Zs but through some complex circuit. The
cnrrent ratio (g I will, however, be the same iu cither case. The
principle underlying this fact is known as Théeenin's Theorem ®

The absolute nugnitude of the current ratio, l Ip Ig l, is a measure
ol the frarsmission loss caused by the introduction of the network.
The transmission loss may be expressed in terms of transmission units
10) by aid of the following relation

T'U=20Togs 5:| an

Reference to equation ©10) <hows that the transmission loss caused
by the introduction of any network is composed of five factors. The
first three fuctors of this equation are all of the same general type
with the exeeption that the tirst of the three is reciprocal in nature
to the other two. These two Litter factors have been called reflection
facters and determine the reflection losses which exist between the im-
pedances imolved. The fourth factor is the fransfer factor and
expresses the current ratio which corresponds to the transfer con-

CCasper, Wo b, " Telephone Transforiners,” Transactions A, 1, E. E., March,

1924, p. 1 Thévenn, ML, " Sor un Nouveasa Théoréme d'Electricit¢ Dynamique,”
Compres Kendus, vol. 97, p. 159, 1883,
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stant. Fhe last factor has been called the interaction factor. The
value of the retlection Tactor is evidently a function simply of the ratio
of the impedances involved, while the absolinte value of the transfer
fuactor is ¢ * where .1 is the real portion of the teansfer constant and
henee s the attenuation constant.  The value of the interaction
factor is seen to be unity cither when Zp,=Zg or when Zp =Zs. 1t
also approaches unity il the value of 0 is sulliciently large.

In the case of a symmetrical structure, such as is shown in Fig. 2,
or Fig. b Zy, = Z, = Zp and equation (1) reduces to

Ix ( Zs+Zr )(\ TZ:Z\) ( \ -1ZIZR)

II\"7 \/‘/.AZR VAR A Zi+7Zr
1
9 9
N (e (422, 3
Zi+Zr) \Z1+Zs

If the structure is symmetrical, and if, furthermore, the sending-end
impedance Zs is wqual to the receiving-end impedance Zg, equation
(12) becomes

Ir 0 VZ1Zg 1 .

=X =l —— 08 ¢ s . 13

el (Zi+Zg)? l_(z,-z@)-(w (13)
IR

The preceding formulae make it possible to calculate rigoronsly
the transmission loss caused by any network whose image impedances
and transfer constant are both known. In the symmetrical case, if
Zy=Zs=Zg, the transmission loss is determined simply by the value
of the attenuation constant. In general, in the attennation range
of frequencies, the value of 0 of a wave filter is relatively large and
the interaction factor is substantially unity. Consequently, the
transmission loss caused by any filter in its attenuation range is de-
pendent practicaltly only upon the value of the attenuation constant
and the retlection losses between Zs and Z,;, Zg and Zj,, and Zs
and Zg, respectively.  Throughout most of the transmission range
of a filter, its image impedances may be made very closely equat to the
terminating impedances so that the transmission loss caused by the
filter in this range is dependent simply upon its attenuation constant.
In the intervening range, between the attenuated and the non-at-
tenuated bands, the transfer factor, the retlection factors and the

interaction factor must all be taken into account.”

7 Zobel, O. J., *“Transmission Characteristics of lilectric Wave-Filters,” Bell Sys.
Tech. Jour., Oct., 1924,
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Impedance and  Propagation  Characteristics  of  Non-Dissipative
Filters.  1f the series and shunt impedances of the structures shown in
Figs. 2 and 1 are pure reactauces, as they would be in the case of a
non-dissipative filter, the ratio ol the quamtity Z, 1Z: must be eithier
a positive or negative numeric. 1t has been shown by Campbell® and
others that the attenuation constant is zero, and that the structure
frecly transmits at all frequencies at which the ratio Z; 4Za lies
bhetween and — 1. Therefore, by plocting values of the ratio Z, 12,
it i~ possible to determine the attenuation characteristic of any sym-
nmetrical structure as a function of frequency.

In the transmission range, the phase constant of the symmetrical
structure shown in Fig. 2 or Fig. |1, is

B=2"5in '\l%j“ (14)

Henee, the expression for the image transfer constant of cither of the
symmetrical structures shown in Fig. 2 or Fig. 4 is

5 -7

0=0+4+j 2 sin '\ Lt (15)
In the attenuation region, Z, 12, may be cither negative or positive.

16 Zy 4Zz is negative and s greater in absolute magnitude than unity,

the attenuation constant is

WJ= (16)

N 12

and the phase constant, or the imaginary component of the image

trausfer constant, is

oA =2 cosh

B=(2K—1)x (17)
where A is any integer. THenee,
0=2cosh ' T4 2K — 1) 18
Nz T )m (18)
IFrom equation (8), when Z, 122 is positive, the attenuation constant is
A sinht £ 19
N L
and the phase constant B is zero, 1lence,
0 2sinh ! Z'+‘n. 2
N 7 J (20)

fCampladl, G A Phyvsical Pheory of the Eleetric Wave Fifter,” Belt Svs, Tech.
Tour , Nov , 1922 !
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As a result of equations (I8) and (201, in the attenuation range,
the phase constant of a non-dissipative symmetrical lter section is
always zero or an odd muhtiple of £,

The cut-off frequencies, by which are meant the divisional frequencies
which separate the transmission bamds from the attenmution bands,
must always occur when 7y 12:=0 or when Z,"1Z:= — 1, sinee,
lor the transmission hands, Z, 1Z: must le between (b and — 1.

The general formulae for the image impedanees of the symmetrical
networks shown in Figs. 2 and Fare equitions (6) and (7), respeetively.
From these equations, the image impedances are pure resistances in
the transmission range of a non-dissipative structure.  In the at-

tenuation range, however, the image impedances are pure reactane

S5
the mid-series image impedance is a reactance having the same sign
as Zi, while the mid-shunt image impedance

is & reactance having the
same sign as Za.  In these attenuation bands, the image impedances
(pure reactances) have positive or negative signs depending upon
whether they are increasing or decreasing with frequency. The order
of magnitude of the image impedances may be found from Table 1.

ENBEE ]

Efin : . . Then the And the
Valueof 70/ is  Vaiveol 115, s DAGEET SUHER A
& b e =0 Image fmpedanee s Image Impedance is

Zero Zero Zero Zero
Zero Finite Zero t fero T
Zero Infinite Finite { Finite f
Finite Zero Finite ** Zero **
Finite Finite Zero* or Finite Infinite * or Finite
FFinite Infinite Infinite 1 Infinite f
Infinite Zero Infinite ** Lero*®
Infinite Finite Infinite ** Finite **
Infinite Infinite Infinite tnfinite

* When both Z, and Z; are finite and Z, = —4Z, the mid-sceries image impedance

is zero and the mid-shunt image impedance is infinite.
t This condition gives a cut-off frequency.
** This condition results in infinite attenuation.

Types of Non-Dissipalive Series-Shunt Seclions Iaving Not More
Than One Transmission Band or More Than One llenualion Band.
Since the series and shunt arms of a non-dissipative hlter section may
vach be composed of any combination of pure reactances, it is possible
to have an infinite number of types of filter sections.  However, it
is seldom desirable to employ filters having more than one transmission
band or more than one attenuation band.  Under these conditions,
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it is generally impracticable 1o employ more than four reactance cle-
ments in either of the arms of a section.  Likewise, a total of six
reactance elements in both the series and shunt arms is the maximum
that can be economically employved.

Types of two-terminal reactance meshes having not more than four
clements, are listed in Fig, 5. In Fig. 6, the corresponding frequency-

1 4 3a

L G B el =L

LG

8d
Fig. 5 ~Two-Terminal Reactance Meshes Containing Not More Than Four Elements

7 | |
T —
2 3

4

W b A e

tig. 6 Reactance-Frequency Characteristics, of the Meshes of Fig. 5, Shown in
Svamboliec Form

reactance characteristios are represented. Reactance characteristics
Nosc band 2 of Fig. 6 are reciprocal in nature, that is, their product
is a constant, independent of frequency.  Reactance characteristics
Nos. 3 and 1 are similarly related if the frequencies of resonance and
anti-resonance coincide. Simikar relations exist hetween character-
istics Nos. & and G, and between characteristies Nos, 7 and 8. Pwo
forms of reactance mesh in Fig, 5 (Nos. 5a and 3 give the same
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reactance characteristic (No. 3 of Fig, 6) and are, therefore, by proper
design, electrically equivalent.  Characteristic No. 6 of Fig. 6 also
corresponds to two reactance meshes of Fig. 5 (Nos. 6aand 6b) and
the latter muay, therefore, be considered cquivalent.  Likewise, re-
actance meshes 7a, Th, e and 7d of Fig, 5 give chavacteristic No. 7
of Fig. 6 and are therefore potentially  egunivalent; also reactance

® n, SR 7 - x =
0 0 0 o} 0 ob— L
0 f ® o ® o ® 0 ™ 0 © 0 © ®
2 3 4
0 T~ X e ® a = W=
0 (o] Q 0 Qo [§] 0! [o]
0 §f o 0 0 ® 0 © o ® 0 ® o ® o o
5 e 7 8
o m i s iz 7= *
o 0 0 0 0 0 0 0
o f ®o (o} ® o ® o 0 0 o o » 3 ®
5] 10 Il 2
©
0
Oj'CD
3 14

Fig. 7 Propagation Constant (Mtenuation Constant and Phase Constant)
Characteristics, Shown in Symbolic Form

meshes Nos. S, Sh, Se and Sd of Fig. 5 are represented by reactance
characteristic No. 8 of Fig. 6 and, consequently, may also be designed
to be equivalent. The equivalence of the above reactance meshes
has been discussed by Zobel ® and will be subscquently treated at
length. [t is to be understood that, for the sake of brevity, in what
follows, meshes Nos. 3, 6, 7 and S cover, respectively, all forms of
the equivalent meshes:

Sa and Sb; 6a and 6b- Ta, Th, Tc and 7d; and
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Sa, 8h, Sc and N Using these reactance combinations ® for the
series and shuny arms, there are only a relatively small number of
types of filier structnres. All of these types of filter structures are
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Fig 8 Ml Series and Mid-Shunt Image Impedance Characteristics, Shown in
Symbohic Form

listedd in Fable 1, and are called lose pass, high pass, and band pass
hlters thaving only one transmission hand) and band  elimination
* The wneral victhod of deriving the attenwation and phase characteristics of a

section from the seactance frequency charactensties of its series and shunt arms
s discussasl Iy Zobel i blography 13
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hlters thaving two pass hands and only one attenuation band). Their
attenuation constant and phase constant characteristics, with respect
o frequeney, are shown sy mbolically in Fig. 7. The mid-series and
mid-shunt image impedance characteristios with respeet to frequeney
are shown in Fig. S0 In Table 11, the figure at the head of each
column indicates the reactance mesh in Fie. 5 which is used for Z,
(series impedance) and the figure at the left of cach row indicates
the mesh in Fig. 5 which is used for Zs (shunt impedance).  The
ligures in the squares of the table denote, reading from left o right,
the propagation characteristics (attenuation and phase), the mid-
series image impedance, and the mid-shunt image impedance, re-
spectively, as shown in Figs. 7 and N

For example, the filter corresponding to the third column and to
the fourth row (3—14) has a series arm composed of an inductance
in serics with a capacity as indicated by mesh 3 of IFig. 5, and has a
shunt arm composed of an inductance in parallel with a capacity,
as designated by mesh 1 of Figo 5. The attemiation constant and
phase constant characteristics of this filter are shown symbolically
by diagram 5 of Fig. 7, while the mid-series and mid-shunt image
impedances are indicated, respectively, by diagrams 13 and 14 of
Fig. N The svmbolic nature of the diagrams lies in the fact that
the abseissae of cach diagram cover the frequency range from zero
to infinity, and the ordinates of Figs. 7 and N cover the attenuation
constant and the impedances from zero to infinity.  For example,
the structure cited has an attenuation constant characteristic (diagram
S oof Fig. 71 composed of a transmission hand lving between two at-

tenuation bands, the attenuation constant being infinite in one of
them at zero frequency, and in the other, at infinite frequeney.  The
phitse constant of this structure is — 7 radians in the lower of the 1wo
attenation bands, inereases from —7 to 47 radians in the trans-
mission band (passing through zero), and is 47 radians throughout
the upper of the two attenuation bands.  The mid-series image
impedance (diagram 13 of Fig. S is a negative reactance in the lower
of the two transmission bands, decreasing from infinity, at zero fre-

queney, 1o zero at the lower cnt-off frequency, is a pure resistance
thronghout the transinission hand, and is a positive reactance, increas-
ing from zero to infinity, in the upper of the two attenuation bands.
The mid-shunt image impcdance characteristic (diagram 11 of Fig. 8)
is reeiprocal in nature, for this stricture, to the mid-series image
impedance characteristic, This type of filter also possesses, in the
general case, a double band pass attenuation characteristic and cor-
respotding phase and impedince characteristies. .\ discnssion of such



ST DNPDECTANCE LN HEHEE FIETERS 63

characteristivs is ontside the scope of this paper even thongh nuny
of the structures listed in Table T will show, if completely amalyzed,
nlti-hand  characteristics,  Where no specific characteristies are
listed i1 Table 1, no low pass, high pass, single band pass, or single
band elimination claracteristics are obtainable with a Alter seetion
limited to six differeat reactance elements.,

In Table H, a Lirge number of the structures have identically the
sune types of attenuation constant and phase constant characteris-
tics.  For example, six of the seven low pass filter sections have at-
tenuation constant and phase constant characteristic No. 2 of Fig. 7.
Likewise, six of the high pass structures have attennation constant and
phase coustant characteristic No. L. Also, in Table 11, band pass
groups are to be found having respectively, the following propagation
characteristics common to cach group: 6, 7,8, 9, 10, ITand 12. Finally,
ten of the eleven band elimination structures listed have propagation

constant characteristic No. 14

Although six of the seven low pass wave filters have the same at-
tenuation constant and phase constant characteristics, the various
image impedance characteristies differentiate the structures among
themselves.  Similar dilferentiations exist in the high pass, band pass,
and band elimination groups of structures.  lu cach of the four types
of Alter sections however, all of those structures having the same series
reactance meshes (that s, having the same series configuration of
reactance elements) may be designed to have the same mid-series
image impedance characteristic and, similarly, all of those structures
within each type having the same shunt reactance meshes, or con-
figuration of elements, may be designed to have the same mid-shunt

image impedance characteristic.

In view of the fact that some of the structures listed in Table 1
have the same attenuation and phase constants but have different
impedance characteristics, the question arises as to the relative virtues
of the latter. Furthermore, since certain of the structures have
the same mid-series or mid-shunt image impedances but have different
propagation characteristics, it is possible to join together such struc-
tures and obtain a composite structure which has no internal reflection
losses, that is, one whose total transfer constant is the sum of the
varions transfer constants of the individual sections. o order to
minimize reflection and interaction losses in the transmission range,
it is generally desirable to use, at the terminals of the tilter, seetions
whose image impedances closcly simuliate those of the terminal im-
pedlances to which the filter is connected.  The choice presented by
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Rlter structures having different impedance characteristies hut the
same propagation characteristic is, therefore, of advantage.  In the
attenuation range this is also true where impedance conditions are
imposed at the terminals of the filter.

One class of structures which possess desirable image impedances
and whose characteristic ¢ readily determined from simpler struc-
tures is the so-called derived m-type®  The simplest forms of derived

mZ, mZ,
2 7
MW 7 WW——
' 4
m
I=m2 4
4m

Fig. 9 Mud-Series Equivalent m-Type of Section

structures are shown in Figs. 9 and 10, The structure of Fig. 9
has the same mid-series image impedinee as that shown in Fig.
and the value of this impedanee is given by cquation (6).  The
structure of Fig. 10 has the same mid-shunt image impedance as the =
structure shown in Fig. 4 and the value of this impedance is given by

(&)

17

P 10 Mid-Shuni Equivalent - Type of Section

cquation (7. On acconnt of this identity of the respective mid-series
and the mid-shunt image impedances in the two cases, the structures
shown in I

Vand 10 are called, respectively, the mid-series equiva-
lent derived m-ty pe and the mud-shunt equizalent derived m-type. The

7 and = stenctures of Figs, 2and Eave called, respectively, the proto-
types of the dertved mestructirees of Figs, 9 and 100 1o a series-

shunt filter composed of sections of the m-type of Fig, 9 or Fig. 10,
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the ratio (Zy 1Z2), of the series impedance o four times the shunt
inpedance is

(@) - () . 2
e - ()

Irom this expression, when Z; 122 of the prototype is 0 or —1, the
corresponding value of (Z; 1Z), for the derived mi-type is also 0 or
— 1. Henee, the derived type has the same cut-oft frequencies and
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Fig. Ht -~ Attenuation Constant (in TU) of a Filter Section I \pr(wul in Terms of the
Ratio of 1ts Scries Impedance to Four Times Its Shunt [mpedance (i.c., Z1/4Z2— K /&)

therefore the same transmission and attenuation regions as its proto-
LG5 T

Impedance and Propagation Characleristics of Dissipative Fillers.
1t has been pointed out, in the case of non-dissipative structures, that
the ratio Z; 1Z. is cither a positive or a negative numeric. I there
is dissipation in the filter structure, that is, if the resistance associ-
ated with the reactance elements cannot be neglected, then the ratio
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Zyy4Zs will not, in general, be a numeric but a vector.  However, the
general formula (8), still holds trie with dissipation.  For determining
the attennation constant and phase constant of a dissipative structure
il is convenient to use two formulae which may he derived from (8).
These formulac are

A =cosh ‘(K+\ (K = 1)+ 4K cos? d;) (22)

B=cos (=K+\ KR*+2K cos ¢+‘)v (23)

where
Z\ £
1. | 472

‘£ K *0,
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Fig 12 Phase Constant of a Filter Section Fapresse L Ferms of the Ratio of Its
Seres Impedance 1o Four Times 1ty Shunt bnpedance (Le,, Z/4Z, K, +®)
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Formulie (220 and (23) are expressed in napiers awd circalar radians,
respectively.  They are tepresented in U aml in radians by Lamilies
ol enrves such as are shown in Figs: T and 12,

A convenient ratio which expresses the dissipation in any reactanee
clement is the absolute ratio, d, of its eflective resistanee to its re-
actance.  In the case of a coil, d < R Lw while in the case of a con-
denser d = RCw.  The reciprocal ratio Q ‘]1 =!;‘;—=R:,w has also been
widely used as o measure of dissipation in reactance clements.  The
ratio d or Q will not, in general, be constant over a wide frequency

3N]
Y]

J~|
,A

L? 2c 3t _‘-2_

-~
1

_2L
2,
Cy)
<& —0

Fig. 13—Typical Band Pass Wave Filter Section (Mid-Series Termination)

— 000

range.  Uf the value is known at an important frequency in the trans-
mission range, it may ordinarily be regarded to hold for the rest of
the transmission range. The effect of dissipation on the attennation
constant is most important in the transmission band, where the at-
tennation constant would be zero if there were no dissipation.  Its
effect is most pronounced in the neighborhood of the cut-off fre-
quencies where the transmission bands merge into attenuation bands.

In the attennation bands, the general clfect of dissipation is negli-
gible. It largely controls, however, the value of the attenuation
constant at those frequencies at which infinite attenuation would
vecur if there were no dissipation.  The effect of dissipation upon
the phase constant is most pronounced in the neighborhood of the
cut-olf frequencies where resistance rounds off the abrupt changes in
phase which would otherwise occur (see Fig. 12).

Characlerislics of a T'ypical Filter. In order to illustrate specifically
the principles employed in filter design, consider as an example the
band pass structure 3—3 of Table 1. This structure is illustrated
in Fig. 13. It will be assumed that the dissipation in the coils cannot
be neglected, but that the dissipation in the condensers is of negligible
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magnitude. 1 Ky and RBoare the etfective resistances of the inductance
clements Ly and La, respectively, the series impedance, Zy, of a series-
shunt recurrent structure composed of sections of the type shown
in Fig. 13 is

5 < i

e 1<,+j(wl,[— ) @1

w(y
The impedance of the shunt arm is

Za=Retj(ula= ). (25)

In substituting for R, its value Lwd and for Ry its value Lywd, the
ratio Z; 122 becomes

% - By l—'lll—w"‘[‘l('l (26)
Ay L. P Ii?
Wl
Assuming d to Ins zero, the ratio Z; 122 0=
P - Colw?lyCy—1) (27)

1Zs 1w LaCa— 1)

Referring to Table 1, the structure shown in Fig. 13 has two dis-
tinct attenuation and phase characteristics.  These are, respectively,
characteristics Nos. 9 and 10 of Fig. 7. These two sets of character-
istics arise from the fact that the shunt arm may be resonant at a
frequency less than, or greater than, the resonant frequeney of the
series arm.  The two attenuation chiracteristios are inverse with
respect to frequency . We shall, therefore, diseuss only one of the two
cases, namely, that in which the shunt arm resonates at a frequency
greater than the resonant frequency of the series arm (that is, L,Cy
is greater than L:C:). The frequency at which the shunt arm is
resonant will be designated as L, due to the faet that in a non-dis-
sipative filter 1the attenuation constant is infinite at this point.  In
other words,

g — (28)

" B/ L. O -
It is evident that the frequency at which Z, s eesonant is a cut-off
frequency sinee Zyand therefore Zy 1, is zero at this point. An
inspection of graphical carves ™ deawn for Z, and 14,2, under the above

¥ For an illustration of the constraction of sach enrves see Bibliography 12, Fig. 7,
also Bibliography 13, 1ig. 2 :
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vonditions, will show that thisis the lower of the two cut-oll Teequencies
i), that is

’ |

N ot (29)

L e

By ecquating Z; 122 to =1 in equation (27) the npper cut-otl fre-
quency (f2) i~ found to he
| Cat 1Cy

=SNG T 1)

(30)

For these explicit relations for fi, f2 and fo, equation (26) may be

rewritten
. =(f, [ .' —l}[(x—m -1]
s [1 U —][l—jtl) —|]

When d is zero this equation becomes, for the non-dissipative case
L-G)I0-())

Zy _ fe S
“ Loy

a2 1

From the preceding formulae and Irom the curves shown in Figs.
11 and 12, it is possible to read directly the attenuation constant and
the phase constant for the structure shown in Fig. I3, at any fre-
quency, provided the values of fy, fa and f. are known. The formulae
for the dissipative case are of ns¢ mainly throughout the transmission
bands and near the frequency f..  Elsewhere, the formulae for
Zy 4Zs for the non-dissipative structure may be employed without
undue crror.  The preceding formulae have been derived in a direct
manner, but may be obtained more simply by considering the structure
of Fig. 13 to be a derived form of the structure 3—2 in Table 11
In order to minimize reflection loss effects, it is, as a rule, desirable
to terminate a filter in an impedance equal to the image impedance
of the filter at the mid-frequencey,'t (f,,) or at some other important
frequency.  From cquation (6) and the values of Zy and Zs, the mid-
series image impedance (Z,), at the mid-frequency in the non-dissipa-

tive case is
= |: [L. \,"14.; ] (33)

1 Defined as the geometric mean of the two cul-off frequencics fi and fi; or f.
—
Mo

(31)

(32)
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From formulae (6), (20), (3, and (33) the mid-series image impedance

at anv frequency s
( S _Jm\?
—" fm I .
e | = i (34)
v
Im S
An inspection of formula (31) indicates that the mid-series image
impedance is symmetrical with respecet o the mid-frequency, fo.
In a similar way, the mid-shunt image impedance (Z,') at the mid-
frequency is

AL, [T 4L 35)

o) Yl

and the mid-shunt impadance, (Z7), at any frequency is

(1) -y
i Fn \r
=N - (L)
T v \fm

Tt will b noted, that if the values of the inductances and resistances of
a filter are mudtiplied by any fuctor and if all the values of the capacities
are divided by the same factor, the transmission loss-frequency character-
istic is not changed (neither are the cut-off frequencies, nor the frequencies
of infinite atlennation) bt the image impedances are multiplied by this
Jactor.

From the preceding Tormulae, explicit expressions may be derived
for the values of Ly, €y, La, and Co. These expressions, which are
given by Zobel B in a slightly different form, are as follows:

= (36)

fy= n(fz:jlfn' Gt

s lf;r:/ilm' (38)

; L ij - i3 (39)
(fa=fim (10)

w o Si—= 1y

2 Since the value of the transfer factor, « 0, is dependent simply upon the ratio
Z 1y it as evident from equation (10 that the transmission loss caused by the inser-
tton of any neticork 1 a circual is depewdent simply upon impedance rafios. Con-
seqquently, 1he above theorem is quite general and applics not only to filters but to
any passive network
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w here

()
" I (1)
(F) -
\ i

As a nnmerical example of the determination of the constants of a
tilter seetion ol the type under consideration, assume that the lower
cut-off frequency, fi, is 20,000 cycles, and that the upper cnt-off fre-
quencey, fa, is 25,000 eyeles and that the frequency of infinite attenu-
ation, fo, is 30,000 cycles.  Assume, furthermore, that the value of
the mid-series image impedance, Zo, at the mid-frequency: is 600 ohimns.
Then from formula 1), m=.742; henee from (37), Ly =.0284 henry;
from (38), C3=.00224X10-¢ farad; from (39) L.=.00577 henry and
from (10) Ca=.00186X107¢ farad. Assuming d =.01, the value of
Z; VW2 as given by formula (31) at fi (22,360 cycles) is found to be
305 176°% L Referring to formula (22), in which A =.305 and ¢ =
176°.1, or to the curves of Fig. 11, this value of Z,/4Z» corresponds
approximately to .01 napiers or .36 7°U.  Similarly, from equation
(23), or from the curves of Fig. 12, this value of Z; 1Z, gives 1.15
radians, or 67°, for the phase constant. At zero frequency, the value
of Zy tZ: is, from cquation (31), .:')4‘2. ’0°, which corresponds to 1.36
napiers or to 11.8 7'U.  Likewise, at infinite frequency, the value of
Zy 4Z2 is 1.23 0° which corresponds to an attenuation loss of 1.97
napiers or to 16.6 77U.  From the curves of Fig. 12, the phase constant
is zero both at zero and at infinite frequency.

Composile Warve Fillers. It has previously been pointed out that
certain groups of the structures listed in Table 11 have the same mid-
series or mid-shunt image impedance characteristics but that the
various structures in such a group may have different attenuation
and phase constant characteristics.

If a hlter is composed of any number of symmetrical or dissyn-
metrical sections, so joined together that the image impedances at
the junction points of the sections are identical, the attenuation and
phase constant characteristics of the composite structure so formed,
are equal to the sum of the respective characteristics of the individual
sections.  Furthermore, the image impedances of the composite filter
will be determined by the image impedances of the accessible ends of
the terminating sections.  The desirability of forming such composite
filters arises from the fact that a better disposition of attenuation
and phase can be obtained by employing, in one composite structure,
a number of ditferent types of the characteristics shown in Fig. 7.
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The dissymmetrical networks ordinarily employed in composite
striuctures are usually L type networks cach of which may be regarded
as one-half the corresponding symmetricul 77 or = network.  General-
ized forms of such networks are shown in Figs. 14A, B, and C. By
joining two of these half-sections, such as are shown in Figs. 14B

NI

(A) (8) ©
Fig. 14— Generalized Series-Shunt Structure Divided Into Successive 1alf-Sections
(L-Typer

and C, we may form the full 77 seetion shown in Fig. 2. Similarly,
by joining the two half-seetions illustrated in Figs. 1L\ and B, the
full 7 section of Fig. I results. The transfer constant, 04, of a half-
section, stich as is shown in Figs. 11\, B, or C, is one-half the transfer
constant of the corresponding full section, that is,

0, =1 =sinh '\ |/ (42)

Hencee, the attenuation constant and phase constant of a half-section
are, respectively, one-half the attenwation constunt and phase constant
of a full section.  An important relationship between the half-section
and the full scetion, which makes it convenient 10 use half-sections
in composite wave filter structures, is that the image impedances,
Zy, and Zy, of any half-section are equal respectively 1o the mid-
series and the mid-shunt image impedances of the corresponding
full sections.

A typical example of the method of forming a composite low pass
wave filter is given in Fig. 15, where three half-sections of different
types and one full seetion are combined into a composite flter. The
designations below the diagrams in Fig. 13\ refer 1o the number of
full sections and to the ratio £, f.. In a practical filter, the various
15B.

The composite nature of the attennation characteristic of the filver
of Fig. 158 s illustrated iu Fig, 16, on a non=dissipative basis. In

shunt condensers and series coils are combined as illustrated in INig
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Typical (Non-Dissipative) Composite Low Pass Wave Filter and Its
Component Sections and Half-Sections
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Fig. 158, the image impedance, Zg,, at the 1—2 terminals has char-
acteristic No. 2 of Fig. N, while the image impedance, Zp,, at the
3—1 terminals has characteristic No. T of Fig. 8.

Electricatly quivalent Neticorks.  Reference has been made to
the fact that any passize network having one pair of input terminals
and one pair of output terminals may be adequately represented, at any
Srequency, by an equivalent 1 or = nctwork. In general, this represen-
tation i~ a mathematical one and the arms of the T or 7 network
cannot be represented, at all frequencies, by physically realizable
impedances.

Furthermore, any concealed network, containing no impressed clectro-
motive forces, and having N accessible terminals is always capable of
mathematical representation, at a single frequency, by a network having
not more than N (N —1) 2 impedances, which impedances arc determin-
able from the woltage and current conditions at the accessible terminals.
FFor networks having three or more terminals, this arbitrary mesh of
impedances may possess @ number of variant configurations. It is
also true that the equivalence of the arbitrary mesh to the concealed
network holds, at any single frequency, for any and all sets of ex-
ternal or terminal conditions, and that the magnitudes of the imped-
ances of the arbitrary mesh are determinable, at will, on the assump-
tion of the most convenient set of terminal conditions for each in-
dividual case.  Familiar instances are the impedance equations
derivable under various short-circuit and open-circuit conditions.

In specific cases, which are of particular interest, one nctwork nay
he shown to be capable of representation, as far as external circuit con-
ditions are concerned, by another network which is physically realizable,
and the latter may be substituted for the former, indiscriminately, in any
circutt without conscquent altcration, at any frequency, in the circuit
conditions external to the interchanged networks.

Equivalent meshes having two accessible terminals and employ:-
ing respectively, three or four impedances in each mesh have been
discussed by O. ). Zobel.® 1o Alter design, two-terminal meshes are
of importance only in those cases where the impedances are essentially
reactances.  Figs. 1TA, B, C and D illustrate the physical configura-
tions which reactance meshes employing not more than four elements

may take.  We are not generally interested in meshes having more
than four clements for practical reasons which have previously been
discussed. Whenever any of the reactance meshes shown in Fig. 17
occur, e may, wih proper design, substitute for it an equivalent mesh

W Sce Appendia HIT of Bibliography 13,
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of the associated Lype or [ypes.  Rigorons equivalence exists, eren with
dissipation, when the ratio of resistance to reactanee, (d), is the

same for all coils and the ratio of resistance to reactance (d”) is the
same for all condensers,

ot G o mmm

) mm oy ﬂiﬂ«

Fig. 17 Groups of Equivalent Two-Terminal Reactance Meshes

The relations which the equivalent meshes of Fig. 17 must observe
are as follows:

[C:=(‘.-l+('5v (V1=E-B((‘A+(‘B). Ll=%- (43)
: (1+ . ) ‘
(-+4)
(45)
2 (16)
'+1,.)
L ~[‘5‘(I.+1m_1n( 1+’
T - Ci
17C _ LrLs(Lgt+Ls)(CrtCs)? 7)

(LrCr—LsCy)?
| Le=Ls+Lp=Ly=Lg+Ls, (18)
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C y - & _ LgCr = LaCa)?
' (1 Lp\?' Crt O (Lg+LaO? (Cr+Cs) (49)
)
1
- CoCye _ CrCy .
(2_("-('1+('||'_('R+('~' (50)
o Bidla o o
La= Lot ls L= e Cup=0Ca, (51)
co=G(vel) =, B (32)
L. (I +( :)‘
Cy
Ly=Le Gy =Ci+ o, Cop= i?t(‘,ﬂ‘g:. (53)
1

_K+N K = LCCK

1 2140,
where K = (L,Cy+ LaCy+ L2Co)? = VGl Ce, (54)
s CiCa 1G4 LaCr+ LoCa— LaCr L
(R_('.\—('e' L= = yLy=L:—Ls. (55)

Ln'): - CrO(Cr+C) L+ Ls)?

o - v -
= (& = S6
Gy (‘l( 11 Cp) (“(l+l.|- okCrm LaCs)? , (56)

Co=Cy+Cp=Cyp =g+, (>7)
L L{ (LgCr— LsCy)? -

L= - = . i ) 38

! (l Cp\* Ly+Liyw (Ck+COLg+Ls) (58)
+(.|)

Lyl Lyl

P . 3¢
it Ly Lo Lg+ L. (59)
. (S . CCa
ERSRI T A L (60)
(R (&
La=Li(14 ) . Cu e, (61)
(1)
* s loa
ComCy Ly Lyt L Ly I'i/,l-{-],._.), (62)
1
K4\ Al yL.Ca*K
I\ .
20,04
Whate RSLC 4L Cat LaCalt= 1Ly Lals, (63)
L Ly & L,y 4 I-|(.'.'+,4;'('2_I.R(‘g . .
N 5 =TI VCr=Ca—Cs. (64)
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For example, the two meshes in Fig, 17\ will be equivalent if
Cy =000 mif. s =.001 mnf. Ly 000 h.

Cp =000 ml, Cy=.0001 mf. Ly ~.100 h.

and the two meshes in Fig 178 will be equivalent if
Ly =.002h. (@ = Ly =008 h.
Ly=.010h. Cq =.001 mf. Ly=.010h.

Also, the four meshes of Fig, 170 will be equivalent if

Lg =001 h. Ls=.002 h. Cr=.001 mf. Cy =002 mf.
L, =.006 h. L. =.003 h. Cy =.000333 mf.  C;=.000667 mf.
Ly =001 h. Ly=.002h. Cq =.003 mf. Cp= 000667 mf.
Ly =.003 h. Ly =.000667 h.  Cy-=.001 mf. Ci=.002 mf.

and the Tour meshes of Fig, 17D will be equivalent il

Lg=.001 h. Ls=.001 h. Cr=.001 mf. Cs=.002 mf.
Ly =.0000553 h. L:=.0005h. Cy =021 mf. Ca =003 mf.
Ly=.0065 h. Lg=.0005 h. Ca=.000333 mf.  Cp=.00267 mf.
L =.000555h. Ly-=.005 h. Ci-=.003 mf. Ciy=.0002:f mf.

It is then evident that the following reactance meshes of Fig. 5
may be designed to be equivalent: Sa and 5b; ta and Gb; 7a, 7h, 7c,
and 7d; and Sa, Sbh, 8¢, and Sd. Tlence, the following (ilter sections

Z, 2 Z,

Z Zy Z.

O O O
Fig. {8—Equivalent T and = Generalized Networks

referred to in Table 1 have, for the same impedance and propagation
characteristics, a number of variant forms of physical configuration.
=6, 6—-23-5.6—H2=06,5=3,1—5,1=-5,3-06 =TS,
d3=0, b 6, 7=3, 6=3,3=7, 1=-7,51and 8=-3.

OFf the equivalent meshes having three aceessible terminals the
most common are the familiar T and 7 networks.  The general rela-
tionships which must be observed for the cquivalence of 77 or 7 net-
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works are due to Kennelly ™ and for their generalized form, as illus-
trated in Fig. 18, are as follows:

v ZA’ZB' - Zli'ZL" D Z:I'ZC' =

= A=, I e T (1]

s o s RN o i R e 7
Znte ZaZp Zplc

Za'=Z ¥ Zc+ B =2y +2Zs+ Zle=lp+Zc+ (66)

A Lo Za
We shall discuss here only two of the principal reactance meshes of
the 7" and = form, namely, those cmploying solely inductances and

La Le Lg'
o AL O

- L3 JLe

(e, - O (e, O

C. o
Icc = Ce
o, ¢ O O T ‘]»‘o

Fig. 19 Eguivalemt Tand x Inductance Networks and Equivalent 7 and = Capacity
Networks

L

solely capacitics. 1t is to be understood that wherever an inductance
or a capacity mesh of any of the following tvpes occurs, its variant
network may be substituted for it without change in the electrical
characteristics of the circuit excluding those conditions within the
mesh or its variant. Fig. 19 illustrates equivalent 77 and 7 networks
of inductanee and capacity.”  The formulae relating the inductance
and capacity nieshies of Fig, 19 ace as follows :
L'l / Ly'Le! Latle!

Nt el NS BT CLa'+ Ly + L

Wkeanelly, AL L, U The Lauivalence of Triangles and Three-Pointed Stars in
Conducting Networks,” Flectrical World and Fngineer, New York, Vol, TV

No 12, pp. 413 1L, Sept, 1o, 1899, Also
Flectrical Engineering® (1911 (Appéendix

L L s (67)

XIV,
“Applicarion of Hyperbolic Functions to

" These meshes are rigoronsly mruimlrul_ even when resistance is present if the
ratio d is the same lor all of the inductances and if the ratio d’ is the same for all of
the capucitivs,
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LR+ L +’I‘"‘ Lp' =1, H,.+’,"" =L L ’,’" (680
('\'=(.l:('.(l;‘+(.‘. (A/("(.'Ii(l.(“’;(.(‘. (.(.,:(.I‘(}'I(“(l;('f'(‘(' (i
PO “"\ <',«:<'n’+(1-'+('1‘jf/."'.
(‘('=(',|'+('(-'+( (l (I'( Gl
Ly i
Lc
(a) AND

AND

- = - -
c) )Em\‘ ANDWWAND ‘H—s%#“-

TIT-THT

Fig. 20- T\pl(“ll Examples of Equivalent Filters Involving the Interchange of
hree-Terminal Networks of Inductances or of Capacitics

A few examples of the variant filter structures which may arise,
due to the existence of equivalent three terminal meshes of capacity
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and inductance, are illustrated in Fig. 20, in which Figs. 203, B, and
C represent cither individual sections or portions of composite filters
and Fig. 20D represents a composite hlter.  When equivalent re-
actance meshes occur entirely within a filter or within a section of a
filter, the Alter or the section will have the same cut-off frequencies
and frequencies of infinite attenuation and the same attenuation,
phase, and image impedance characteristics, whichever equivalent

Z Z, 2,
2 2

Fig 2t—Genceralized Forms nf Zquivalent Series-Shunt, Bridged-T, andLattice
e Filter Structures

form of mesh is substituted for an existing mesh. When equivalent
meshes are interchanged in cither recurrent or composite Olters the
substitution is generally made after the series-shunt structure is
gned and after it has heen found that the substitoion will effect
cconomics.  The three terminal meshes referred to oceur, in general,
in unbalanced filter structures.  For balanced filter circuits, corre-
sponding meshes will be found for cach of the equivalent networks by
the process of dividing cqually the series impedance hetween the two

de

series lines of the filter.

While the discussion in this paper is based principally on the scries-
shunt structure there are twoe other important types of structures
which will be mentioned.  These are the so-called lattice ® type struc-
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ture and the bridged-1 type structure. Typical series-shunt, bridged-7°,
and lattice type structures are illustrated in Fige 208, B and C,
respectively.  The three cirenits shown are cleetrically equivalent,
except for halance hetween the series arms, if the following relations
hold :

z..‘=(r+]',\.)zl. Zu=(+2KVZ,  Ze=1a, a0
Zi=x, 2 = ((+ K) 2t Zs. (72)

In the previous discussion of equivalent networks no referenee has
been made to networks containing mutital inductance, many of which
are of particular interest and importance.  These will be now discussed
in detail.

PART 1t
Wave Fieters UsiNGg MuTtvaL INDUCTANCE

Before considering the equivalent meshes which may be formed by
the use of mutual inductance between pairs of coils, and the types of
wave filters which may be obtained by the use of these equivalent
meshes, it will be necessary to define certain general terms.

The self impedance between any two terminals of an electrical net-
work is the vector ratio of an applied e.m.f. to the resultant current
entering the network when all other accessible terminals are free from
external connections.

The muinal impedance of any network, having one pair of input
terminals and one pair of output terminals, is the weclor ralio of the
c.m.f. produced at the output terminals of the network, on open cir-
cuit, to the current flowing into the network at the input terminals.
Since mutual impedance is a vector ratio, it may have either of two
signs, depending on the assumed directions of the input current and
the output voltage. The sign of the mutual impedance is, in general,
identified by its effect in increasing or decreasing the vector impedance
of the meshes in which it exists. It is vsually convenient, in this
case, to consider either a simple series or a simple parallel mesh of
two self impedances between which the mutaal impedance acts. For
the purpose of determining the sign of the mutual impedance, we shall
eonfine our discussion to a simple series combination.  Consequently,
the mutual impedance will be called either series aiding or series
opposing.

When a mutual impedance, Zyy, acts between two self impedances
Zy and Z., (Fig. 22) connected in series in such a way as to increase
veclorially the impedance of the combination, it is called a series aiding
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mutual impedance. Similarly, when a mutual impedanee acts in such
a way as 1o decrease vectorially the impedance of such a combination,

z, Zu 2,
AW WY

- = Z s
Fig. 22 Mutual Impedance Acting Between Fwo Sclf Impedances Connecte |
in Serics

it is called a series opposing mutual impedance. VFor example, if the

total impedance, Z, of the combination shown in Fig, 22 is

o IVAT S VAT S VAT S VAT

/ 1

the mutnal impedance is series aiding. On the other hand, if the total

impedance, Z, of the combination is

IR VAS S A E SV VAR S VAT

! 1

the mutual impedance is series opposing.
Transformer Representation. i, in Fig. 22, Z, represents the self

impedance of one winding of a transformer and Z. the self impedance

7 =Zx+z'z+2Z‘\l (73)

7 VAR AT VA, (7H

Z dM Zl
r— y'y ot TN——— 3

2 O— —0 4

Fig. 23 7" Network Containing Two Self Impedances,” | Eaving Mutaal Impedance
Between Them

of its other winding, the series impedance of the two windings (hetween
terminals 1 and 3 in Fig. 23), as given by equations (73) and (71), will
determine whether the mutual impedance, Zyy, is series aiding or
SUTICS oppasing

The mutual impedance between the two windings may be repre-
sented by an equivalent network of sell impedances  connected
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as shown e Figo 200 The dour terminal network  illustrated  in
Fig. 21 may have various configieations.  The equivalent 77 Torm is
In view ol the equivalenee iHustrated in Fig, 25,

shown in Fig.

EQUIVALENT
NE TWORK

Fig. 24 Equivalent Network Representation of the Structure Shown in Fig. 23
the two-winding transformer of Fig. 23 may itsell be conpletely repre-
sented by a single 77 network as indicated in Fig. 26, The theory of
the cquivalent 17 network representation of a transiormer has been

z, z,

|o—"ﬂ“o'\—] [—’T‘ﬂ\—oa

2 O———— ———-—-0 4

Fig. 25 - T Network Representation of the Structure of Fig, 24

discussed by Go A Campbell,' WL L. Casper ® and others.  Tn general,
the sell and mutual impedances of a transformer will be complex
The arms of its cquivalent 7" network will contain resist-

quantities.
Z,% 2y Z, 72w

T 03
|

ez,
[

20 0 4

Fig. 26 T Network of Self Impelances Equivalent to the Structure of Fig. 23

ance and inductance components which may be either positive or
negative.  However, in the case of a transformer having no dissipa-
tion, ‘i, no d-c. resistance, no eddy current and no  hysteresis
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losses) the arms of its equivalent 7" network are composed simply
of positive or negative inductances.  Of the three inductances in-
volved, at least two of them must be positive while the third may be
cither positive or negative.

From Fig. 25, it is evident that two windings or coils, together
with their mutnal impedance, may be represented by an equivalent
network which affords a transfer of energy from one winding to the
other. This cquivalent network may, with limitations, contain
positive or negative inductances.

While the two-winding transformer of Fig. 23 has been represented
by an equivalent 7" network in Fig. 26, the equivalent network may

alternatively be of 7 form (Fig. 27) instead of 7 form, through the

Zl zz_zvz
22 i
3
20
0 4

Fig. 27~ 7 Network of Scll Impedances LEquivalent to the Structure of Fig. 23

general relationships for 77 or 7 networks previously stated. When
no dissipation exists in the transformer, cither equivalent network
will have at least two positive inductances while the third inductance
may be cither positive or negative.

From the principles previously outlined in Part 1, for the equivalence
of certain electrical meshes and for their substitution for one another
in any circuit, it is obvious that when two coils, with mutuaal im-
pedance between them, exist in a cireuit, in the manner shown in
Fig. 23, cither of the mieshes shown in Fig. 26 or 27 may be substituted
for them or vice versa. The representation of the mutual impedance,
Zyr, by an equivalent network (Fig. 25) makes it possible to represent
the transformer of Fig. 23 by a 7" or = network containing only self
impedances. This affords a great simplification in the analysis of
filter circuits containing pairs of coils having mutnal impedance
between them in that it permits such circnits to be reduced to an
equivalent  series-shunt (or Lattice or bridged-7) type structure.
Consequently, the methods of design which have been built up for
the series-shunt and kindred type stenctures may be direetly applied
1o the solution of circuits containing such pairs of coils,
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Lwo-Termunal Lquivalent Meshes. .\ list of equivalent two-terminal
reactance meshes, due to Zobel, has been given in g 17, All of the
weshes in Figs. 178, C and D contain two inductance clements.
Mutual indnctanee may exist hetween any two inductive clements
without changing fundamentally the nature of the reactance meshes.
I'his means that when mutual inductance exists hetween two eoils in

ol

i

(&
| =1
(©) (

Fig. 28—Equivalent Two-Terminal Reactance Networks, Only Oue of Which
Contains Mutual Inductance

any of these meshes, the mesh may be designed to be electrically
cquivalent to, and eonsequently ean be substituted for, a correspond-
ing mesh of the same type having no mutual inductance.

For example, consider the mesh shown in Fig. 28\ which is poten-
tially equivalent to the first reactance mesh of Fig. 17C and, conse-
quently, to the other three reactance meshes of the same figure.
The inductance elements L;" and L.’, together with the mutual in-
duetanee M acting between them, may be represented by an equiva-
lent 7 network, as previously stated. The reactance mesh formed
by L;’, Ly, and M, together with its equivalent T and = forms, is
shown in Fig. 29. By means of the relations given in Figs. 290A and
B, it is possible to derive, from the structure of Fig. 28, the equiva-
lent structure shown in Fig. 25B. Likewise, from formulae (15) and
(46) for the equivalence of the two structures of Fig. 178, the mesh of
Fig. 28C can be obtained from that of Fig. 28B. Furthermore, if the
two induetances shown in series in Fig. 28C are merged, it is again
possible, by means of the conversion formulae for the two meshes of
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Fig. 178, to determine the constants of the mesh shown in Fig. 28D

from the known values of the constants of the structure of Fig. 28C.
The relations which must exist if the strueture of Fig. 28D is to be

equivalent to the structnre shown in Fig. 28, or vice versa, are given

by the following relations

Lo (L)L — M)

Co=C, Ly= (I e A (75)
. wo (L' £ MN\?
L.=L,, ,=(, ( 1:? ) . (76)

The npper and lower of the alternative signs, in the preceding equa-
tions, correspond respeetively to series aiding and opposing connec-
tions. The equiralence of these four-clement meshes makes it possible

Ly ML, LM

(a) (e)

FFig. 29 Lquivalent Three-Terminal Inductance Networks

5 L
M

|
L‘r\_'c. Lo

() (s)
Fig. 30 Equivalent Two-Terminal Reactance Networks, Only One of Which
Contains Mutual Inductance

to derive at once, the relations which must exist between certain
cquivalent three-clement meshes involving miual inductance.  For
example, if the capacity Cof of Fig, 287 is zero, the mesh reduces to
the three-clement mesh of Fig, 300 and the formulae given above
are then applicable for the cquivalence of the structures of Figs.
30\ and B.

In the same way that the meshes illustrated in Fig, 28 were shown
o be potentially equivalent to cach other, it is possible to prove that
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the meshes of Figo 31 are poteutially cquivalent. The equivalence
of the mesh showa in Fig. 318 to that of Fig, 31N is satislied by the
relations given in Figs. 20\ and Bo The cquivalence of the mesh
of Fig. 31C o that of Fig. 318 is governed by the equations (36 to 61)
for the equivalence of the hiest and last structures of Fig. 17D, Fin-

mm-fn’n-{}E]—n
(c)

Fig. 31 Lquivalent Two-Terminal Reactance Networks, Only One of \Which
Contains Mutual Inductance

(o)

ally, the equivalence of the mesh of Fig. 31D to that of Fig. 31C is
controlled by the relations for the equivalence of the first two structures
of Fig. 17D.

The formulae relating the constants of the structure shown in Fig.
31D to the corresponding constants of the structure shown in Fig.
31A are as follows:

’_ 2 Do e (1> ~ _ CyCs e
L —L1(|+C2) y Ly =Lo Co'= Cot o (!i—(vl+(-2| (77)
in which—
-~ CaClCa+Cp)L® . . . .
CUs T, L Tt L8]
and
L= [CatLax M) i.\[(‘n)'y Lo= Lalg—M? (79)

(Ca+Cr)*Ly 5T .

The upper and lower of the alternative signs, in the preceding
equations correspond, respectively, to series aiding and opposing
connections.
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The equivalence of these four-terminal meshes makes it possible
to derive the relations which must exist for corresponding cquivalent
three-clement meshes, with and without mutual inductance.  For
example, if in Fig. 317, the capacity Cy is of infinite value, the mesh
reduces to that shown in Fig. 327\ and the formulae given above are
applicable for the equivalence of the meshes of Figs. 32\ and B.

The remaining meshes of Figs. 17C and D have similar potential
equivalence to meshes of the same fundamental type but having mutual
inductance between the respective pairs of coils.

Three-Terminal Equivalent Meshes. Three terminal meshes con-
taining mutual inductance will now he discussed. Tt has been shown

(8)

Fig. 32 —Equivalent Fwo-Terminal Reactance Networks, Only One of Which
Contains Mutual [nductance

that two coils, with mutual inductance between them (Fig. 297), are
cquivalent to certain 1" and 7 structures containing only tangible
inductances (Figs. 298 and C). Referring to Fig. 29B, it is seen that
two coils, with scries opposing mutual inductance hetween them
(corresponding to the upper alternative signs in Fig. 20B), are equiva-
lent to a " network having three positive inductance arms, provided
the mutnal inductance M is less than Ly and Ls’. The values of
these arms are respectively, Ly'— M, L"— M, and M. Mf 1] is larger
than L,’, one arm of the equivalent 7" network is a negative inductance
while the other two arms are positive inductances.  Similarly, if A/
is larger than Lo/, a different arm of the 7" network will be a negative
inductance while the two remaining arms will be positive inductances.
1t is physically impossible for the value of M to be greater than both
Ly and Lo, Henee, it is impossible for more than one arm of the 7°
network, shown in Fig. 208, 1o be a negative inductance.

When two coils have series aiding mutual inductance between them
(the lower of the alternative signs in Fig. 208) they are equivalent
toa I"network in which two of the arms consist of positive inductances
viz,, L'+ M and Ly'+ M, while the third arm consists of a negative
inductance of the value — M.




SIERESEL [NDUCTANCE EN WAFE FHLTERY o1

Whenever, in an cquivalent 77 network, one of the arms is a positive
(or negative) inductance, a corresponding arm of the x network will
also he a positive (or negative) inductance. Consequently, as inthe
case of the cquivalent 7" network, the cquivalent 7 network shown
in Fig. 200 may consist of three positive inductatiees or two posi-
tive inductances and one negative inductanee, depending upon the
sign and maguitude of M.

It is interesting to note that, in Fig. 298, point D is in reality a con-
cealed terminal, i.e., it cannot be regarded as physically accessible.
There are, therefore, only three accessible terminals to the equivalent

L La
A B

Le

c c

(a) (8)

Fig. 33 —Equivalent 7° Networks of Inductance

T network. In the = network shown in Fig. 29C there is no such
concealed point. There are, however, as in the preceding case, three
accessible terminals 1, B and C.

When the mutual inductance, M, is equal to ecither one of the self
inductances, Ly’ (or Lo'), and the windings are connected in series
opposing, the equivalent 7" and = networks of the transformer coalesce
to the same L type network. For example, if Li'=0 in Fig. 29\
both the 7" and the = networks of Figs. 29B and C resolve into an L
network whose vertical arm has the value Af and whose horizontal
arm is L.’ — ).

A problem of practical importance is the equivalence of T and =
meshes, containing three coils with mutual inductance between all
of the clements, to similar 7" and 7 meshes containing no mutual
inductance. The T networks of Fig. 33 are potentially cquivalent.
The formulae governing their cquivalence are

Ly=L\+M+Miz—Ma, (80)
Lp=Lo+Ma— M3+ Mo, (81)
Le=Ls— M4 M3+ Moas. (S52)

In the above Tormulae, the signs correspond to the case of a series
aiding mutual inductance between all the pairs of coils.  When the
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mutual inductance hetween wany two coils changes sign, the signs ae-
companying that mutual inductance in the above formulac are

reversed.

Fig. 34 Equivalent = Networks of Inductance

Similarly, the 7 networks of Fig. 31 are also potentially cquivalent

The formulae governing their equivalence are

o Lelyt Lelot Lyl

L,
! by
y Lily+ Lol 41l
!a[i = l ’
, Ly Ll Ll
L '= 1. ;
in which
La'Ly )
I-x= " " " M 2.
L F L' +le RFuh
Lgilni ’
Ly = 7 0 F May,
& (BRI B FRY
I L <5 Vi,

k= I._|”+I-1i”+l-(,‘”
where
La"=Ly+M2+ M3,

I.n” = /q' B .1”2 =+ .”és,
Lo = Ly 4 Mg £ M3y,

(83)

(89)
(90)
1)

As in the preceding case, the upper of the two signs oceurs with the

series aiding mutual indoctance between all the pairs of coils,

When

the mutual inductance hetween any two coils changes sign, the signs
accompanying that mutual induetanee in the above formulae are

reversed.,

At least two of the three inductances (in Fig. 33B or in Fig. 34B)
will always be positive in sign while the third inductance may be



METESL. INPECTINTE N Wabh Bl FERS a3

cither positive or negative.  Consequently, three coils having mutual
inductauce between each of them and having only three accessible
terminals offer no greater possibilities than do two coils having mutual
inductance between them and having three terminals.  In both
cases the structure is equivalent toa 77 or © mesh composed of three self

(o) (€)

Fig. 35—Equivalent Filter Sections, With and Without Mutual Inductance

inductances, at least two of which must be positive.  With specific
relations between the various sell and mutunal inductances, it is possi-
ble for the three coils with mutual inductance hetween each of them
to be equivalent (as in the case of two coils with mutual inductance)
simply to an L network composed of two positive self inductances.

Since either two or three coils with mutual inductance between
them are, in general, equivalent, at all frequencies, to a 7° or 7 net-
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work composed of three self inductances, it is possible 1o substitute
the one type of mesh for the other in any kind of a circuit without
affecting the currents or voltages external to the meshes involved.
This substitntion is always physically possible provided none of the
arms of the cquivalent 77 or 7 networks i= a negative inductance.

The structures shown in Fig. 35 are illustrative of the power of
equivalent networks as tools for the solntion of filter structures con-
taining mutual inductance.  The equivalence of the structure shown
in Fig. 358 to that of Fig. 35.\ is evident from the equivalence of two
coils (Fig. 29) with mutual inductance (M;2) between them to three
inductances, Ly, Lp and Le without mutual inductance.  Likewise,

Z, 22,

Fig. 36~ Balanced and tU'nbalanced Forms of a Filter Section, Containing Mutual
Inductance

the equivalence of the structure shown in Fig. 35C 1o that of Fig. 358
is obtainable by successive mesh substitutions.  The equivalence of
the structures shown in Fig. 35D and £ to that of Fig. 35C are also
obtainable from equivilences previously referred to. I the propaga-
tion and impedance characteristies of either of the structures of
1. 35C or 1) are known, then the other structures shown in Fig. 35
will have the same characteristics.  Furthermore, if the values of
the constants of any one of these structures are known, the constants
of any of the other structures are readily obtainable by means of

transformation formulae.

In a large number of wave Olters, the structures are unbalanced;
s are placed in one of the two line
wires while the remaining wire is a short circuit.  Ordinarily, the
object in using sueh an unbalanced structure is 1o minimize the nnm-
ber of clements required in the series arms. Tt should he noted,
however, (Fig. 36) that in case an inductance clement enters into

that is, all of the series impedane:
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both series arms, it can be replaced, in symmetrical structures, by
two equal windings of a single coil having mutual inductance between
them and of such value that the series aiding inductance of these two
coils is equal to the total inductance required in the corresponding
unbalanced steucture.  For example, the structures shown in Figs.
36\ and B are eleetrically equivalent to each other, that is, they
have the same image impedance and transfer constant.

Tvpes of Sections Obtainable Whose Equivalent Series-Shunt Sections
Contain No Negative Inductances. 1t has previously been stated that
an infinite number of types of series-shunt tilter sections may be had,
il no limitations are placed on the complexity of their reactance arms.
It has also been stated, however, that for tilters employing only one
transmission or one attenuation band, the maximum number of cle-
ments which can ordinarily be used economically per section is six.
A similar limitation exists when mutual inductance is employed, in
that sections can selkdom be economically used whose prototype
structures contain more than six reactance elements.

Tnasmuch as by the equivalences which have been discussed, many
varient forms of a section may exist, which forms are reducible to the
same series-shunt prototype, an effort only to list and discuss the
p:o’otype sections will be made.  The prototype to which any given
section then reduces will readily be found by the application of the
foregoing principles. A few examples will later serve to make this clear.

In censidering the prototype sections which exist when mutual
inductance is present in a filter section, we shall first list the reactance
meshes of which mutual inductance may form a part.  Referring to
Fig. 5. an inspection of the cquivalences so far discussed will show
that the following meshes may be partly or wholly composed of mutial

inductance:
1,3, }, 5 (aand b), 7 (a and b), and 8 (a and b).

Censequently, a large number of the sections listed in Table 11 and
formed from the reactance meshes of Fig. 5 may represent wot only
actual sections containing no mutual inductance, but also equivalent
prototypes of sections containing mutual inductance. Sections con-
teining mutual inductance within only the series arm or the shunt
ussion since suech arms

arm, respectively, are not included in this dis
may be readily redueed to equivalent arms, without mutual induet-
ances, by the substitution of equivadent two-terminal meshes. The
prototypes which are under discussion are listed helow :

Lot pass Iligh pass
1-3.5—3 =10 —5
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Band pass
S=1, I—1, 3~ I—1, 1=5,5—1,3=-7,3=5,8=1, 1-8, 5—4,

d—5, and 7—

Sections corresponding to the equivalent series-shunt prototypes
listed will have the same impedance and propagation characteristics
as the prototype, and may he used indiseriminately in place of the
prototype.  Consequently, when a seetion has been reduced 1o any
of the above prototypes, its various characteristies may be found
from Table 11 and Figs. 7 and S,

As an example of structores which have mutual inductance and
which are cquivalent to structures listed above, consider the section

M 2

L L
2 I 2
3 a

Fig. 37 Low Pass Filter Seetion Containing Two Coils, Having Mutual Inductance
Acting Between Them, and a Condenser Shunted From Their Junction Point

shown in Fig. 37, This section contains two coils having mutual
inductance, and a condenser shunted from their junction point.  The
three-terminal mesh formed by the two coils L 2 and L2, together
with their series opposing mutual inductance M, may be represented,
as in Fig. 298, by its equivident 77 mesh.  The resulting equivalent
scetion is that shown in Fig. The structure of Fig. 38, having a
series reactance mesh corresponding to No. 1 of Fig. 5, and a shunt

L
{ 2-M 5%'MZ
M
9
o —
5 4

Fig. 38 Filter Seetion Containing No Mutual Inductance, Equivalent 1o the
Section of Fig, 37

reactance esh corresponding to No. 3 of Fig, 5 is that listed as
I =3 in Table I and in the above list. - Consequently, it has propaga-
tion characteristic No. 2 of Fig. 7, and mid-series image impedance
characteristic No. 1 of Fig. 8. The scction of Fig. 37 may, conse-
quently, be joined at either end o any strncture having a mid-series
image impedanee characteristic such as that designated as character-
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istic No. 1 of Fig. 8. The section of Fig. 37 is nol capable of mid-
Jhunt termination since point 6 of Fig. 35 is not ph\\ir illy aceessible.
Similarly, the seetion shown in Fig. 39 is cquivalent to the series-
shunt strueture of Figo 100 1f the transformer mesh in Fig. 39,
formed by 2La. M and 2Le be replaced by its equivalent o mesh,

assuming series opposing windings  the structure of Fig. 10 resulis,

1 >~ M~ 3

2L, 2L,
c (5
2 4 2 4
Flg. 39 Band Pass Filter Section IVig. 40 - Filter Section, Containing No
Containing Mutual Inductance Mutual Inductance, I,quu.nlcul to the

Neetion of Fig. 39

This structure is listed as band pass seetion IT—1 in Fable 11 and has
¢. 7, and wid-shunt image im-
pedance characteristic No. 11 of Fig. 5. Consequently, the section
of Fig. 39 may be joined efficiently to any filter section of Table 11
having the mid-shunt image impedance characteristic No. LE of
Fig. N or to any section containing mutual inductance and having
the same mid-shant image impedance characteristic. The section
of Fig. 39 is not capable of mid-series termination, since point 5 of
inductive clement 1=3 of Fig. 40 is not physically accessible.

C

Fig. 11 limmplcs of Filter Sections Containing Mutual Inductance
‘

propagation characteristic No. 7 of 1

Three further examples of the substitutions which have been dis-
cussed are represented in Figs. 41\, B, and C. By mecans of sub-
stitutions these structures are evidently equivalent to series-shunt
sections 1 =1 (mid-shunt terminated), 4 —4, (mid-shunt terminated),
and 3—7 (mid-scries terminated), respectively, and they have the
characteristics detailed in Table 11, The above examples represent
only a few of the many variant forms of structures which may be con-
structed by means of the various equivalences herctofore discussed.
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T'ypes of Sections Obtainable 1Whose Series-Shunt Equivalent Sections
Contain Negative Inductances. 1t has already been pointed out that
the following meshes of Fig. 5 may be at least partly composed of
mutual inductances:—Nos. 1, 3, 4, da, 3b, 7a, 7b, Sa and Sb. When

e - a2
3 4 sa 5'b

'I
+ + = =
T i S R
7a 7'o 8'a )

IFig. 42 - Two-Terminal Reactance Meshes of Four or Less Elements, (‘oplaining
Negative Inductance and Effectively Realizable Within Filter Sections

the connection of the coils is such that the mutual inductance effectively
results in producing a negative arm in the mesh in which the mutual
inductance exists, the meshes may he shown as illustrated in Fig. 42.
The reactance-frequency characteristics of these arms are given in Fig.
13, 1tis to be noted that two general forms of reactance characteristics
st for arms Ha” and 55" and that one form of reactance characteristic

‘@ ‘
’-';, "1‘74 ‘\/ /,5. .

-jx ] * .f-\

-®

+@ 1

&jx\) L/ ’ ' Ui
0 ns S [ 4
e~
-0 1 ' '
sa&sb 5'b 7' ®
Fig. 43 Reactance-Frequency Characteristics of the Meshes of Fig. 42 Shown in
Symbolic Form

is common to the two reactance arms.  This duality of characteristic
arises from the fuct that the arms cach contain two inductances, one
positive and one negative, and that the gencral shape of the reactance
characteristic is determined by the predominance of cither the posi-
tive or the negative inductance. The characteristic which is peculiar
to arm Ha” occurs when the negative inductance of this arm is smaller
than the positive inductance.  Likewise, the churacteristic peculiar
to arm 50" oceurs when the negative inductance of this arm is larger



SHUNT ARM

SHUNT ARM

SIORCHISNN DU AN O LN WL FILITERS Ut}

than the positive inductance.  The characteristic which is common to
both arms 52’ and 5b° corresponds 1o the alternative conditions regard-
ing the relative magnitudes of the negative and positive inductances
and the two arms Sa” and 30 are potentially equivalent under these con-
ditions. By means of feasible combinations of the reactance arms of
Figs. 5 and 42, there can be physically constructed a limited number of
prototype wave filter sections having no more than one transmission
or one attenuation band.  Such sections —involving not more than a
total of six reactance clements in the series and shunt arms—are

listed in Table 111

TABLE HH

Tabulation of the Propagation and Impedance Characteristics of Series-Shunt Wave
Filter Sections whick can be Formed from the Reactance Meshes of Figs. 5 and 42

SERIES ARM

1 3 3a Taorib
1 No Pass 17132 21-22-¢ Double
Band Band Pass
3t 15-1=* 16113 * Low-and- Daouble
Band Pass Band Pass
17-17-* 16-22-*
Sra 16-16-* 18-13 ¢ 20~23=¢ More Than
TONES e Jfwpdes Six Elements
Dm0
32e22-4
aori'b Low-and- 16-17-=* More Than More Than
Band Pass 2wl Six Elements | Six Elements

SERIES ARM

1 + 3’h 8’a or 8'b
1 No Pass 25.*9 24-*-10 High-and-
Band 20-*- 16 Band Pass
23 2=19 262 =19
4 23-*-14 20-*-14 27 ¢ 14
28 ¢ 14 3¢ 14
20t 37
High-and- 26-* 24 More Than
Sh 24 24 Band Pass 200me S Six Elements
0
31wy
8a or 8b Double Bouble More Than More Than

Band Pass Band Pass Six Elements | Six Elements
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The representation of the characteristios of the structures of Table
111 s similar to the scheme «f Table 1. The hignres at the top and
side (for example 1 -3") indicate respectively, the series and shunt
reactance meshes af Figs. 5 and 42 which form the prototype sections.

o 'ncol‘ ‘I T o © i

0—//—0 —/— \f—/—oo[ —‘MO

0o f ®0 f @ ofmo;m % fToofm %fomof®
15 16 17 18

[10]

VIV AN AT

% foofo %foofa %foof ® % foof ®

©

13 20 2l 44

AN NI RSV

% foofa foofo ofmof o %foof®

®

23 24 25 26

JV%HLﬁWNWf

Oofmofmnofmoj‘cn 6 f o f momf(nofco

27 28 23 30
o i r\/:l-n o|
0\-{\‘ o /\f V
0 f®wo fo % f o o f @
3 32

Fig. 41 Propagation Constant - \ttenuation and Phase ¢ onstant) Characteristics
of Lilter Sections Containing Negative Inductances, Shown in Symbolic Form

Ihe igures in the corresponding hox (for example, 15— 1 —*) indicate
that the structure has propagation characteristic No. 15 of Fig. 11,
and mid-series image impedanee Noo T of Fig. 8 The symbol *
indicates, when inserted in the second or third position, that the
stracture is not physicadly capable of mid-series or mid-shunt termina-
tion, respectively .

Te will e noted that only one low pass prototype section (1—37)
is given in the table, exclissive of special cases of hand filter structures.
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Lts attenuation characteristic (No. 15 of Fig. Th s unigne as a low
pass characteristic in that the attenwation constant is finite at all fre-
quencies.  The phase characteristio simulates, ina general way, that
of the two clement low pass filter (see propagation characteristic
No. Lof Fig. 7) but the phase shift in the transmission band is, in
general, different. Sinee the strncture has mid-series image im-
pedanee characteristic No. it may be joined efficiently (e, without
reflection losses) o seetions of the T=2 and 1=3 types.

Similarly, high pass prototype section =1 has a unique high pass
attenuwation charaeteristic in that the attenuation constant is finite
at all frequencies. The phase characteristic is, in general, similar
to that of the two element high pass ilter 2= 1 exeept for the values
of the phase constant in the transmission band.  The section may be
joined cficiently at mid-shunt to sections of the 2— Fand 1 =1 types
since it has the same mid-shunt image characteristic (No. 9).

The attenuation characteristics of the band pass prototypes listed
in Table 11 will, in general, differ from the attenuation character-
istics of structure listed in Table 11, Tlowever, many of them differ
only in minor respects and could have been represented identically
in the symbolie fashion of Fig. 7. Inasmuch as such structirees will
not, however, have exactly the same attenuation characteristics for
given cut-off frequencies and  frequencies of infinite attenuation,
different symbols or diagrams have heen emiployed to represent them.

Certain characteristics are worthy of comment because they are
not obtainable, even approximately, in structures not having negative
inductance.  For example, propagation characteristies Nos. 16 and 26

Fig. 10 are band pass filter characteristios having finite attenuation
at all frequenci

Characteristies No. 22 and No. 29 are unigue in
that there exist two frequencies of infinite attenuation, located on
one side of the pass band. The attenuation constant is, in general,
finite at zero and at infinite frequencies.  Charadteristics 19 and 28
are special cases of Nos. 22 and 29, respectively, and have two fre-
quencies of infinite attenuvation on one side of the pass band.  In
the case of 19, the attenuation is infinite at zero frequency and at a
frequency between zero and the lower cut-off frequency.  Charac-
teristic 28 has infinite attenuation at infinite fregquency and also at a
frequency between the upper cut-off frequency and infinite frequency.
Characteristics Nos. IN and 27 have confluent band characteristics
and have only one frequency of infinite attenuation, located either
at zero frequency or at inhnite frequen FFinally, characteristies
Nos. 20 and 31 are contluent characteristics in cach of which one fre-
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quency of infinite attenuation oceurs and the attenuation is hnite
at zero frequency and infinite frequency.

As a general rule the phase shift characteristies shown in Fig, 44
are similar to the corresponding characteristics shown in Fig. 7. The
phase characteristics of the former, within the pass bands are, in
general, however, of a distinetly different character than those of the
latter even though the phase constant at the cut-off frequency and the
mid-frequency may be the same.  Phase characteristics 21 and 24
(IFig. 44) are of special interest, however, in that while they belong
to the peak type sections, the phase is of the same sign throughout
the entire frequency range.  Also phase characteristics 22, 29, 30 and
32 have a unique property, for band pass structures, in that the phase
undergaes a change in sign within one attenuation band.

In regard 1o the impedance characteristics, it is noted from Table 111
that no novel impedance characteristics are obtained in structures
having negative inductances as compared to the structures nol having
negative inductances. This is a valuable property of the prototype
structures listed in Table 1T as it permits composite flters to be
readily formed utilizing both the sections of Tables 11 and 111,

Characteristics of a Txpical Filter. In order to illustrate the deriva-
tion of design formulae for a speeific prototype having negative
inductances, consider as an example the band pass structure 3—3" of
Table 111, We shall neglect the effect of dissipation on the character-
istics of the structure, as the treatment of dissipation has been previ-
ously outlined.  The prototype cited is illustrated in Fig. 45A. Two

2C, £L, 1L 2C 2¢ 2C, 2¢, 2C
Pk~ -
=ity shlgs et "
o CQ T G

B
Fig, 45 Prototype Section Containing Negative Inductance, and Two of Its
Physically Realizable Forms

methads of physically obtiining such a prototype are illustrated in
Figs., 158 and C. In this structure the series impedance Zy is

A =j(wl,; _wl(‘.)' (Y2)

* For a general method of proving the equality of the image impe Linces of sections
containing negative inductance and of appropriate sections containing no negative
inductance, reler 1o the Appendix.
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Ihe impedance of the shunt ann is
’ . I
Zs —j(wl‘r{‘w(.:). ©3)

The ratio, Z, 122, which controls the attennation and phase con-
stants, per section, of the structure is

% j(‘”""u(l‘,) _Ca L =LCt,

A5 ) DG G

- 1)
g s A
J(wL'."*‘w(.z

From the impedance characteristics of reactance meshes 3 and 3/, as
illustrated in Figs. 6 and 43, and the combined reactance character-

-4z,
+J’X PASS
BAND[~
I+ ATT. BAND —— AT T, BAND-»
0
T ]
_JX Ap\

g

Fig. 46—Reaclance-Frequency Characteristics of the Series and Shunt Arms of
the Prototype Section of Fig. 45-A

istics of Fig. 46 for Z,, 4Z, and —4Z,, it will be noted that the lower
cut-off frequency, fi, is that at which Z,; =0, Hence,
1

= 95
fl ?.zr\/LIC‘ ( )

Similarly, the upper cut-off frequency is that at which Z,=—4Z, or
Jely—j, «Ciy=jlwls+jt @C:.  From this relationship, the upper cut-
off frequency is
! CatidCy
L . 96
/ ‘-’ﬂ\’C.C,(Ll—AlL,) (96)
Let f, be assumed as the frequency where Z; is a minimum, that is,
where «’L,C2=1. We may then write

1
f' - 2x \/L2(‘2.

(97)
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Substituting the above values of f, f2 and £, in formula (91) we obtain

for Zy 47, ;
Zy == (i,) (;:>+ l' (98)

1Z: R ToNE
(7)) (7)o

From this last expression the attenunation and phase characteristics
may be plotted from formuliae (22) and (23) or from Figs. 11 and 12,
The attenuation and phase constant chracteristics are shown sym-
bolically as characteristic 16 of Fig. 41, This structure has unusual
attenuation properties which have already been discussed.

From cquation (6) and the values of Z, and Zs, in (92) and (93),
the mid-series image impedance (Z ), at the mid-frequencey, is

o= Loy Sy "Ly 1L,

(I g 94
BN RN (o)

Sinee the mid-series image impedance, at any frequency, is the
same as that of flter section 33, we have:

[fl *// : ; [\ _lfl_f2 s {‘L’l‘]Q

Lr=Zo § 1 )

\ T2 Iw)? - \ [ Fe _ 20y
Jm e \ B \ .('3]
where fm is the mid-frequeney (fo =\ fif2), as bhefore.
The prototype is not capable of mid-shunt termination, henee, its
hypothetical mid-shunt impedance charvacteristic will not be derived.
FFrom the preceding formulae, explicit expressions may be derived
for the values of Ly, Cy, La and Co

L Zom'

"_,7(';',_,__,'”' L101)
. fa=fy y
Gi= bz fi3Zom” (192)

e =% l—n® it

T wfamf0) Am’ (i)
(fo—Sydm'

7ol f'."" f.’m"-"

;)

m' - 1+ -
\ ("’\ +1

17

(101)

(105)
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As o numerical example of the solution of the prototype discissed
asstume, as in the example following equation (D, that the lower ent-off
lreqquency fi s 200000 eyveles and that the npper cut-oll frequency S
is 25,000 cyeles.  Assnme fr, a convenient parameter for the families
of attenuation and phase constant curves which this section may
have, for any given cut-ofl frequency, to be 30,000 cyveles,  Assume
that the value of the mid-series image impedance Z, at the mid-fre-
quency is 600 ohms: then from formulia (99 m"= LOS3: henee L= 0112
henries, Cp=.001533 X 10 ¢ farads, L. =.00152 henries and Ca=.0181X
10 ¢ farads.  The structure with the numerical values of inductanee
and capacity for this specitic example is shown in Fig. 7.\,

L 2C= 6=
+='=0206h. - 00306 m#. 00306m¢.

TR S T —

= 2=00306mé | _o I -0398h
00308 mé. ?'Lﬁ(‘ODZh. L=03%8h& "<y B L=0398

== C,=0i84m¢ = C,=.0184mf.
A B
2C,=00306 . L,=04izh.  2C=.00306mf,

_{

Li
M=5'=0206h.
0%

= Co084mE

&

Fig. 47 ~Numerical Example of Equivalent Filter Sections Containing Negative
Inductance

If, for the 7 mesh inductances in Fig. 47, we substitute a trans-
former mesh having the values shown in Fig. 17 B, the mesh of the latter
figure is clectrically cquivalent to the prototype steucture and is an
example of the method of employing the structure. Similarly, Fig, 47C
illustrates the substitution of another type of three clement mesh
for the coil mesh of the prototype structure of Fig. 17\ and is another
example of the manner in which the prototype may be physically
expressed.

The structure of Fig. 17B represents a similar case to that of 18\,
However, as the mutual inductance is here serics opposing, the proto-
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type series-shunt equivalent structure is shown in Fig. 488 and con-
Lins no negative inductances, It will_be found that the values
chosen correspond to the numerical example of the structure 3—3
following cquation 41.

L= 2C,= L
00448 mf 00448 m# < 3+=0142 h)

2
= h.g =0200h. 2C= 2C,=00448+
e 00448 m £ L=+00577h.
= C:=00486mf =, 6,=.00486 mf

A B

FFig. 48—Numcrical Example of a Filter Section Containing No Negative Inductance

ARPIZN I

CONDITIONS FOR TUE EQUALITY OF Tt IMAGE IMPEDANCES OF
Tyri AL FILTER STRUC TURES

It has heen stated that the formation of recurrent and composite
wave filters is dependent upon the maintenance of equal image im-
pedance characteristics (of the sections or half-sections joined) at
cach junction point throughout the filier.

A general method of ascertaining the conditions for the equality
of image impedance characteristics will be demonstrated by illus-
trations from typical pairs of sections.

[llustration No. I Negative Inductance in Shunt Arm of One Struc-
ture. Consider the hlter sections listed as 3 4 (confluent structure)
i Table 11, and 3 1" in Table 111, 1t will be shown that, under
proper conditions, their mid-series image impedance characteristics
may be made cqual at all frequencies. (By reference to the above
tables, hoth sections have mid-series impedance characteristic No. 13
N).

IFrom equation (6)
Gy e 0 Z?
VAR AV S e (10('1)
In Fig. 149, let

- y 5 . 1 .
Zy Zid /-1"*1‘*"4'*‘]-“(-'- (107)
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2y KiZw+Kn Zan, (108)
and 7y Kz, (109)
where Ky Ly, Lo Kn Co Cland Ko L' Ly (110)
From (106)
ZI'.'=R:+/jI" (111)
in which
[L. Ly
1 12)
RS (
l 1
% S o2, 2, B
TITTIT—{}—- - - - - — T —] —srrrrn—
Zia Z KaZia KpZs
Zz 2 2
(" =c¢ & 4L L
2, 2 7 7 i A

Fig. 49-—Two Structures Having Equal Mid-Series Image Impedances, One of
Which Contains a Negative Inductance in Its Shunt Arm

From (107) and (111)
Zir=R*+\(Zw+2Z8)°=1 42}, + (1 4+ K 2)R*+ 111723, (113)
where K ~Z4Zp RP°=L,'Ls=C. 'Cy. B (114)
Now from (106) and (108)

zpy=zia+ A0 < (R

- "~ KuRc)Ziat
(l\ ARg

= Kakc )KR2+"“Z (115)

Since, by postulation, in Fig. 49, Z,=Z,", we may equate the cocfh-
cients of (113) and (115). This gives

0
+ =R kR, (116)
E ARy
1+§=( ‘1‘5—1\,;1\()1\ (117)
S
and 2 »A."A. (118)
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Whenee Ky z.‘,=|. (119)
1
kR L N ,
. e e ) 20
il K. e o F (120

where fi and f: are the lower and upper cat-off frequencies, respee-
tively, and fir N fifs of the structures of Fig. 9.

From (116) and (120)

o Lt Sl I Wrfe

Romsem 5 ("""1\',.‘) B! (f.",r‘-;)‘ A2t
Therefore, when the relationships hetween the constants of the two
structnres of Fig, 19 satisfy equations (119), (120) and (121), the
structures will have the same mid-series image impedance character-
istics.  Explicit relations for the values of €)', Ly and Ly may be
obtained from equations (119), (1200 and (121) as follows:

('1’=(‘n (122)
R 3
Ly Llfl' (123)
il

L. T(]. fz)' =0

Conscquently, if the constants and cut-off frequencies of a confluent
structure are known, the constants of a structure of the 3 1° form
having an identical mid-series image impedance characteristic can be
derived from eguations (122), (123) and (121).

Hlusiration No. 2 Negative Inductance tn Series :drne of QOue
Structure.  Consider next the hilter sections listed as 3 1 (conlluent
structore) in Table 11 and 1 1 in Table 1. 1t will bhe shown that,
under proper conditions, their mid-shunt image impedance charac-
teristics may be made cqual at all frequencies. (By reference to the
aboyve tables, hoth sections have mid-shunt impedance characteristic
N 1 o g S0

1 rom equation (7
Vo Vbt 1 (125)

where Viel Zy YVa=1 Zoand V=1 Z;.



VUILUL INDUCTINCGT TN U THE RS 109
In Iig D0, let
| .
ETE = I 3 - jw (e, (126)
V. T4V le‘gﬁj 2 }
120 A Yuy +Rplan, (125
and 1" - = K¢V, (12%)
-l-'l -KCY?A LI C}-l——‘
e
Ya)¥ar, ¢ L rat, Y, & YaalY,
IR BN TR B Agd?
.—Y: Yx——

Fig. 30 Two Structures laving Equal Mid-Shunt Image Impedances, One of
Which Contains a Negative Inductance in Its Series .\rm
where Ky L. L', Kg-Co! Coand K¢ La LY (129)
From 11253)
S
Yr=Gi 4+ 1 (130)
: ; - | (% 2
in which G ) 2 (131)
Nz \E)
From (126) and (130) por
YPA=GC+1 a4+ ep?=1 413 +(14+K 21+ 113 (132
where K Yo Yo G=L, L:=C: C. (133)
Now from (125) and (127
o)e N R
=10V +“’F = (T‘—l\,‘hc)l,-..+
(A‘l"f—l\ I\c)I\G“+ (131)
Since, by postalation, in Fig. 50, Y, =17, we may cquate the coelfi-

cients of (132) and (131).

1

K5
1 1

1+5 =

This gives

R.Ke.

(1\ WK 5

~KsKc)R,

(135)

(136)
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| 1 _ Ki (137)
anc 4 = 4 - ¥
Whence  Kpe=l. (139)

Ca
B e i .
Vil TR T 139
and K. L = LG =~ o (139)

where fi and f; are the lower and upper cut-off frequencies, respec-
tively, and fi is the mean frequency (N fy f2) of the structures of
Fig. 50.

From (135) and (139)

Ko pr=g(m-g)=5G-0) oo

Thercfore, when the relationships between the constants of the two
structures of Fig. 50 satisfy equations (138), (139) and (110), the
structures will have the same mid-shunt image impedance character-
istics.  Explicit relations for the values of ¢, L." and L)’ may be
obtained from equations (138), (139) and (140) as follows:

(B =1E (141)
fi

B =Ty, e

=Ly (142)

Ly = — (143)

(_/.'.' _ N )
fl f2

Therefore, if the constants and cut-off frequencies of a confluent
structure are known, the constants of a structure of the 1'—4 form

having an identical mid-shunt image impedance characteristic can be
derived from equations (111), (112) and (143).
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Some Contemporary Advances in Physics VI
Electricity in Gases
By KARL K. DARROW

1. INTRODUCTION

1E physicists of a quarter of a century ago, who devoted them-

selves 1o the study of electricity in gases, were happily inspired;
for among the myriad of intricate and obscure phenomena which
they observed there are some few of an extreme simplicity, in which
the qualities of the individual atoms of matter and clectricity are
manifest; in analyzing these they entered upon the path that led most
directly to the deeper understanding of nature which is superseding
the physics of the nincteenth century, and the physies of today is
founded upon their efforts,  The electron was perceived for the first
time in the course of ohservitions on the eleetrie discharge in rarefied
and other experiments in the same ficld established the atom

gises
in science as a real and definite objeet. The discovery of the atom
is commonly credited to the chemists; yet iifteen years have not passed
since students of chemistry were being warned by a famous teacher
that “atom’ and “molecule’™ are figurative words, not on any account
to be taken literally!  The laws of chemical combination were held
insufficient o prove that atoms have any real existence; though
clements nany ablways combine with one another in unchanging propor-
tions, this does not prove anything about the weights of the atoms, or
their sizes, or their qualities, or even that all the atoms of an element
have the same weight, or even that there are any atoms at all.  Now
that we are past the necessity for this caution, and can count atoms,
and measure their masses, and infer something about their structure,
and estimate how close together they can approach, and know what
happens to them when they strike one another or are struck by
clectrons; now that we can fill in the picture of the atom with so many

and so diverse details, we are indebted for this progress chiefly to the
men who gathered the data and made the theories concerning the
conduction of clectricity in gases.  Many will remember how in the
vears before the great war this fick] of research seemed the most vital
part of physies, the most inspived with a sense of new life and swift
advance; now others share with it the centre of the stage, but they
won their places chietly hecause of the light it shed upon them.

It scems strange that the flow of cleetricity in gases should have
proved easier to interpret than the flow of electricity in metals, which
in appearance is certainly by far the simpler. One applies the terminals

12
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of & hattery to the ends of a wire, and promptly the eleetrie potential
distribmtes itsell with a uniform gradient along the wire and a current
Hows steadhly down i, So rigorously is the current proportional to
the voltage between the ends of the wire, over very wide anges of
voltage and current, that we regard the ratio as an essential constant
of the wire; and we regard the ratio of potential-gradient (electric
el to current density as an essential characteristic of the metal,
and give it a name  resistivity or specific resistance and refer o
theories of conduction in metals as theories of metallic resistunce.
1t all seems exceedingly simple, and vet in the foregoing article of this
series | have shown how all the attempts (o interpret it have gone
in sain.  Much more complex in appearanec is the discharge through
A gas. One applies the terminals of a battery to a pair of electrodes
facing one another in the open air, and perhaps nothing happens, or
~o minute a current flows that the most delicate of instruments is de-
manded to deteet it; and then when the hattery-voltage is very slightly
raised. there may be an explosion with a blaze of light, dissociating the
was and corroding the electrodes, and draining off the available elec-
tricity in a moment.  Or if one of the electrodes is acutely pointed
there may be glows and lnminous sheaths around it or tentacles of
bluish light ramifying from it far and wide through the air. Or the
discharge may rise to the heat of incandescence, and the gas and the
clectrodes shine with a blinding radiance, the brightest light that can
be kindled on the earth.  Or if the electrodes are enclosed i a tube
containing a rarefied gas or vapor, the gas tlares up into an extraordi-
nary pattern of light and shade, lucent vividly-colored clouds floating
between regions glowing feehly or obscure; and as the gas is graduoally
pumped away, the pattern changes and fades, a straight beam of
electrons manifests itself by a luminous column traversing the tube,
the glass walls flash out in a green fluorescence, and finally all becomes
extinct.  \s for that even gradient, and that constant proportion
between current and field strength distinguishing the metals, we
cannot find them here.  There is no such thing as the resistance of
a4 gas; we had better forget the word, we cannot attach any physical
meaning to the ratio of current and voltage.

I must not give the impression that all these manifold forms of the
cleetric discharge in gases are understood.  Certain of the simplest
of them have been clarified, and as a result still simpler ones have
been realized and comprehended in their tums, and so on down to
the simplest of all, which is the discharge across a vacunm. This
~ounds somewhat like a paradox and so it would have scemed thirty
or forty yvears ago, when clectricity was thonght to be inseparable
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from matter, and the only known discharges across gases were the
discharges in which the gas plays an indispensable role. 1t is im-
portant to note the manuer of this evolution, for much of the history
of modern physics is dominated by it. We should not be nearly so
far advanced as we are, had we not learned two things: how to reduce
the amount of gas in a tube until an electron can Hy clear across it with
scarcely any chance of meeting an atom, and how to persuade an elee-
tron to emerge from a metal otherwise than by starting a discharge
in a gas over its surface. We who are so familiar with the idea of
cleetrons boiling out of a hot wire, or driven out of a cold metal plate
by light shining upon it, or fired as projectiles out of exploding atoms,
find it difhcult to imagine the confusion which of necessity prevailed
when all these processes were unknown.  In the early stages of
research into the discharge in gases, it was made clear that of each
self-maintaining discharge a stream of clectrons flowing ont of the
negative electrode is an essential part; the electron-stream maintains
the gas-discharge, and reciprocally the gas-discharge maintains the
electron-stream. The latest stage commenced when it was made
possible to produce and maintain such an electron-stream inde-
pendently of any gas-discharge, and deal with it at will.

I.et me then begin the exposition with this idea, which so many
years of research were required to render acceptable: the idea of a
stream of clectrons emerging from a metal wire or a metal plate, at a
constant rate which is not influenced by the presence or absence of
gas in the space surrounding the metal. The reader may think
cither of thermionic electrons Howing spontaneousiy out of a hot wire,
or of photo-clectrons flying out of a metal plate npon which ultra-
violet light is shining.!

2. Tuk Frow or ELkctroNs Turocoi A VERY RAREFIED MONATOMIC
Gas, AND THEIR ENCOUNTERS WITH THE ATOMS

Conceive a sonrce of clectrons, a negative electrode or cathode,
which is enclosed in a tube.  If the tube is highly evacuated, the

'\\’hihl' forming or

s ideas it is preferable to think of the photoelectric source,
for a varicty of reasons; the electron-stream is not very dense, the clectrons emerge
with kinetic encrgies never in excess of a certain sharply-marked limiting value,
the metal is cold and not likely 10 react chemically with whatever gas surrounds it.
Also several of the classical fundamental experiments were performed in the years
from 1898 1o 1906, when the photoclectric effect had become a reliable instrament
of research and the thermionic effect had not. Nowadays it is sometimes used in
the hope of surpassing the accuracy of earlier work, or in experiments on compound
pases which the hot wire might decompose.  Still the hot wire is so much easier
to msert and handle, its emission so much more convenient and controllable, that
it will no doubt he employed in the great majorily of experiments in the future as
in the past.
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electrons enter the vacoum freely: electricity has no horror of a
vacuum, any more than nature generally.  Still there is something
which suggests the herror vacut of the scientists before Galileo; for
the electrons whicli are already partway across the vacuum tend, by
their electrostatic repulsion, to push back their followers which are just
emerging from the metal.  This is the space-charge effect, which Las
become famons since the andion hecame almost as common an ob-
jeet as the incandeseent lamp in the American home. | shall presently
have to write down the equations describing this effect; for the time
being we may ignore it, so long as the electron-stream is not more
profuse than a photoclectric current generally is. The clectrons of
these scanty discharges enter into the vacuum and pass over without
hindrance.

At this point it is advisable to say what is meant by a “vacunm.”
Scientists are growing more exigent year by year in their use of this
term; thirty or forty years ago people spoke of “vacuum tubes’™ mean-
ing tubes so full of gas that they would transmit a big current with
a resplendent luminous display, but this self-contradicting usage has
become quite intolerable. At the present day the least density of
gas, or the highest vacuum, commonly attained corresponds to a gas-
pressure about 107" as great as the pressure andrdensity of the atmos-
phere.  This means that there are about 10 ®* molecules in a cubic
centimetre of the “vacuum,” which may make the name sound absurd.
But the practical eriterion for a vacuum is not whether the remaining
atoms seem many or few, but whether they are numerous enough to
affect the passage of a discharge; and as an eleetron shooting across a
tube 10 em. wide and evacuated to this degree has 999999 chances
out of a million of getting clear across without enconntering a molecule,
the tube is vacuous enongh for any sensible definition,

Next we will imagine that a gas is introduced into the tube, in
quantity sufficient so that each electron going from cathode toward
anule will collide on the average with one or possibly two atoms on its
way. Itis best to begin by thinking of one of the noble gases, of which
helium, argon and neon are the ones in common nse; or of the vaponr
of a metal, mercury vapour being much the casiest of these to work
with; for their atoms behave in a simpler and clearer manner toward
the clectrons than do the molecules of the commonest gases, particu-
larly the oxygen molecules which are so numerous in air.  In fact the
practice of using the noble gases and the metal vapours — that is to
say, the monatomic gases—wherever possible in these researches ought
really to he regarded as one of the great advances of the last few years;
our predecessors would certainly have learned more about the dis-
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charge in gases than they ever did, if they had not stadied it in air
ninety times out of a hundred, and in other diatomic gases most of
the other ten.

Let us suppose that the tube contains helinm of the extremely small
density T have just defined. Then so long as the kinetie energy of an
clectron does not exceed 1975 volis, it will rebound from any helinm
atom which it strikes, like a very small perfectly elastic ball rebound-
ing from a very large one. We might conceive the contents of the
tube (for this purpose and only for this purpose!) as a lock of immense
ivory pushballs floating Lingnidly about, with it Dlizzard of equally
clastic golfballs or marbles darting through the interspaces and oceca-
siomally striking and bouncing off from one of the pushballs. 1 the
collisions hetween eleetrons and atoms are perfectly elastic, as | have
said withont giving evidence, the eleetron will lose an extremely
part of its kinetic energy at cach collision, owing to the great disparity:
in mas s a fraction varving from zero up to not more than 000537
depending on the direetion of rebound.

This was verified in a pretty experiment by KT, Compton and J. M.
Benade, who utilized a certain effcet® which eleetrons produce when
5 volts at the moment of a
collision with a helium atom. For example, when the pressure of

small

they have kinetie energy execeding 19,

helium was l 3t mm. and the clectrons were drawn from a cathode to
an anode (1265 cm. away, a voltage-difference of 20.25 (plus an un-
known t‘nrrw'lmn) was required ta produce this effect; when the anade
was .90 em. from the cathode the required voltage-difference was
23,15 (plus the same correction). The extra volts were spent in re-
placing the energy lost by the clectrons in the collisions with helium
age of L0003
of the electron’s encrgy lostin cach collision, excellently in agreement
with the assumption.

atoms over the extra 6.3 mm.; they amounted 10 an ave

Now as for the transit of the clectron-stream from cathode to
anode, the helinm atoms will simply thin it down by intercepting
sonte of the eleetrons and turning their courses backwards or aside.
The greater the number of atoms in the path, the greater the pro-
portion of clectrons intereepted: it can casily be seen that, so long
as the gas is not denser than 1 have specitied, this proportion inereases
As i l'\llUlH‘llli.lI function of the number of atoms hetween cathode

and anode,?

whether this number be inereased by introducing more
gas or by moving the anode farther away from the cathode. 1
* [nciprent fonization, as descoribud below .

' he proportion inereases more slowty when there are already so many atoms he-
tween anode and cathode that an electron is likely 1o strike two or more on its way
ACTUSS,




SOME cONTEMPORARY B0 INCES IN PHYSICS 1 17

the anode and the cathode are two parallel plates d centimetres
apart, and there are 22 helinm atoms in a cubic centimetre of the gas
between, and Ny electrons start ont in a second diveetty towards the
anode from any arca of the cathode, the proportion AN NV, of clee-
trons which are intercepted before they reach the anade is

AN No=1-¢ 114 )

and the number of clectrons reaching the corresponding arca on the
anode in a second, No— AN, conforms to the equation :

loge (Vo—AN) = —.1 Pd+const. )

The coctficient 41 is a constant to be interpreted as the effective cross:
sectional arca of the helium atom relatively to an oncoming clectron
that is, the atom behaves towards the electron like an obstacle pre-
senting the impenetrable area . 1o it

In the experiments performed to verify these assertions and de-
termine the value of .1, the simple geometricifl arrangement which
1 have described is gencrally moditied 1 one way or another for
greater accuracy or convenience.  Mayer approached most nearly
to the simple arrangement; in his apparatus (FFig. 1) the clectrons

. !‘@ l’»}"li;\ﬁ r

Fig. 1—Apparatus for determining the percentage of clectrons which gy across a
gas of variable thickness without interception.  (Mayer, Aunalen der Physik)

which emerge from the hot filament at G, pass through the two slis
in front of it, an: then go down the long tube to the anode K, which
is drawn backward step by step.  The logarithmic curves of current
versus distance for various pressures of nitrogen (Fig. 2) are straight.
Unfortunately the current also diminishes as the distance is increased
when the nitrogen is pumped out altogether; this is attributed partly
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to residual vapors and partly to the clectrons striking the walls of the
tube.  The other curves are corrected for this effect, and then A is
calculated.  For helium it is 25.10 '* cm?; the values obtained by
modifications of the method agree well.*

The helium atoms therefore behave as so many minute and yet
appreciable obstacles to the passage of the clectron-stream, so long
as the cleetrons are not moving so rapidly that their energies of motion
do not surpass 19.75 volts. Llectrons as slow as these bounce off
from the atoms which they strike.  \When, howeyver, an electron pos-
sessing kinetic energy greater than 19.75 volts strikes a helium atom,
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Iig. 2 Curves illustrating the interception of electrons by nitrogen molecules which
they strike.  (Mayer, Annalen der Physik)

it is lable to lose 19.75 volts of its energy to the atom, retaining only
the remainder.  This energy does not become kinetic energy of the
atom, a process which would be incompatible with conservation of
momentum; neither is the atom broken up; it receives the quota of
cnergy into its internad cconomy, where some kind of a domestic
change occurs with which we are not concerned for the moment,
exeept in that it furnishes an exceedingly accurate indireet way of
caleulating the exact amount of encrgy taken from the celectron. The
atom is said 1o be put into an “excited” or sometimes into a ‘“meta-

¢ The modificd methods are generally more accurate.  Ramsauer's device, which
I deseribied in the first article of this series, is probably the best. By a magnetic
field hie swung a stream of clectrons around through a narrow curving channel, and
those which were deviated even through a few degrees struck the limiting partitions
and were lost Irom the beam; he varied the number of atoms in the channel by
varying the gas-pressure.  In this way he discovered that 4 for argon atoms differs
very preatly for different speeds of the electrons; it was later found that other kinds
of atoms have a variable .1, although happily the variations are not great, This
seems steange at frsttbut it is probably stranger dhat A should have nearly the same
value lor dilferent speeds of the oncoming clectrons, as for many atoms it does; and
stranger yet that it should have the same value for an oncoming atom as for an
oncoming clectron, as is often tacitly assumed, and not too incorrectly,




SOME CONIFMPORARY JADUANCES IN PHYSICS U] 119

stable” state, and the energy whicls it takes np, measured in volts,
is called its resonance-potential. The electeon is left with only the
difference between its initial energy and the 19.75 volts which it
surrendered.

This loss of energy in a so-called “inelastic™ eollision cau be dem-
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FFig. 3 Curve displaying resonance-potentials of mercury.
(Einsporn, ZS. f. Physik)

onstrated by inserting a third electrode into the path of the clectrons,
charged negatively to just such a degree that an clectron retaining
its full initial speed can overcome the repulsion of the electrode and
win through to it, while an electron which has lost a quantity of
its kinetic energy in an inelastic collision cannot quite “make the
grade.” When the energy of the clectrons streaming into the helium
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is raised just past 19.75 volts there is a sudden falling-off in the num-
her of electrons arriving at the third electrode.  The curve in Fig. 3,
obtained by Einsporn, shows the current into such an clectrode in
mereury-vapor rising and falling again and again as the voltage
passes through the values which are integer multiples of 414 volts,
the least resonance-potential of mercury.  Helium has a sccond
resonance-potential, at 20015 volts: neon has two, at 16.63 and 1845
volts respectively; argon three, at 11.55, 13.0 and 14.0 volts;® mercury
two, at .9 and 6.7 volts. 1t is almost certain that in cach case these
are only the most conspicuous among many, but the lowest men-
tioned is the lowest of all.

Up to this point we tind the gas acting as a mere inert obstruction
to the discharge; every collision of an clectron with an atom inter-
rupts the progress of the clectron toward the anode and to that extent
impedes the discharge.  Past the resonance-potential the same action
continues, wlthough the interruption is doubtless less severe when
the cleetron is deprived of part of its energy of forward motion than
when it is flung backward with its motion reversed in direction and
its energy intact. At the resonance-potential, the gas does begin
to assist the discharge in an indircet way.  \toms which are put
into an “excited state” by @ blow from an clectron revert of them-
selves 1o the normal state, some time later: in so doing they emit
ridiation, some of which falls upon the cathode; some of this is ab-
sorbed in the cathode metal, and eapels clectrons which go along
with the maintained clectron-stream as extra members of it. Thus
the gas helps in inereasing and maintaining the discharge; this cffect
is of great theoretical importance, and 1 wilt return to it later; but
in these actual circumstances it is not very prominent.

The really powerful cooperation of the gas in the discharge com-
mences when the eleetrons are given so great an energy that they dis-
rupt the atoms which they strike, tearing ofl an clectron from cach and
leaving a positively-charged residue, an fon which wanders back
towards the cathode while the newly-freed clectron and its liberator
go on alicad towards the anode. The onset of this jonization may
be detected by inserting a third clectrode into the gas, it heing charged
negatively to such a degree that no clectrons can reach it, but only
positive ions: or by the inerease in the current hetween cathode and
anode, for the current increases very suddenly and very rapidly
when the energy of the primary electrons is raised past the threshold-
value, the fonising-potential of the gas; 21.5 volis Tor helium, 21.5 for
neon, 153 for argon, 1001 for mercury.  Consider for example the

S 1 take the values for neon and argon from Hert2' latest publication,
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precipitate upward cush of the cureent-voltage curve in Fig. 4, from
the work of Davis amd Goucher.®

At this point T will digress to speak very brielly of the succession of
events which oceurs when the electron-sgream is much denser than

+E

Fig. 4 Onset of fonization in mereury vapor at 10.4 volts (preceded by subsidiary
effects at 4.9 volts and 6.7 volts; see footnote®). (Davis and Goucher)

we have hitherto imagined.  So long as the energy of the electrons
does not attain the resonance-potential of the gas, there is no reason
to expect any novel effects; the collisions will be perlectly elastic,
just as when the electrons were few.  But when the atoms are thrown
into the “excited state’ by tmpacts, there will be occasional cases
ol an atom being struck twice by electrons in such quick succession
that at the moment of the second blow, it is still in the excited state
provoked by the first.  Now, much less energy is required to ionize
an atom when it is in the excited state than whea it is normal; con-
sequently when the electrons are so abundant that these pairs of

¢ The sudden upturn at 10.4 volts is the swilt rise of cucrent at the onset of ioniza-
tion. The much less violent uptarns at 4.9 and 6.7 volts are due to the clecirons
expelled from the nietal purts of the apparatus by the radiation from the excited
atoms. In the lower curve, by modifying the apparatus, the latter upturns are
translated into downturns to distinguish them from the upturn which denotes
ionization. This distinction was not realized until 1917, and in articles published
between 1913 and 1917 the lowest resonance-potentials of gases are given as their
nizing potentials. Enormous improvements in the methods and technigue of
measuring these critical potentials, and recognizing of which kind they are, have
beva effected since then.
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nearly-simultaneous collisions happen often, ionization will begin at
the resonance-potential.  In a profuse electron-stream, the threshold
potential for ionization is the lowest resonance-potential.  Another
feature of the profuse discharge is, that when ionization does com-
mence the current leaps up much more suddenly and violently than
it does in the scanty discharge. This is because the electron-current
is depressed at first by the space-charge cffect, the repellence which
the electrons crossing the gap exert against the electrons which are
on the verge of starting; when positive ions first appear in the gap,
they cancel the action of a great number of the traversing electrons,
and the flow of electrons from the cathode to anode is immensely
increased. I shall speak of this more extensively further on.

We return to the case of the feeble electron-stream. We have con-
sidered various things which an electron may do to a helium atom
which it strikes—bouncing off harmlessly, or putting the atom into
an excited state, or ionizing it; we have mentioned that each of the
two latter actions commences at a critical value of energy, at the so-
called resonance or fonizing potential, respectively; we have con-
sidered the effect of each of these actions upon the discharge. Have
we listed all the possible interactions between atoms of matter and
atoms of electricity, when eclectrons flow across helium? and if we
knew all the resonance potentials and all the ionizing potentials?
of helium, could we predict all the features of all electrical discharges
in pure helium, whether in rarelied gas or in dense, whether the elec-
tron-stream be scanty or profuse? This is the general belief; whether
justified, it is impossible to say. We evidently need another Maxwell
or another Boltzmann, somebody exceedingly skilful in statistical
reasoning, able to take the information we can provide about the
possibility or the probability of various kinds of impacts, and deduce
the state of affairs in the mixture of atoms, ions and electrons without
getting hopelessly entangled in the frightful maze of equations into
which his very first steps would certainly lead him.  While awaiting
him we have to content ourselves with our successes in interpreting
the llow of clectrons through very rarchied helium and the other noble
gases and the metal vapors; and as for the discharges in denser gases

71 have simplified this passage somewhat 50 as not to retard the exposition. We
know that an clectron may " exeite™ a helium atom if its energy exceeds 19,75 volts,
but this does not prove that it must do so; it is more reasunable to suppose that it has
a certain chance of exating the atom, zero when its energy is less than 19.75 volts,
but greater than zero, and a certain function of its energy, when the latter exceeds
19.75 volts. We should know these functions for all the resonance-potentials and for
the ionizing-potential; independent experiments to determine them have been per-
formed, and no doubt will be multiplied.
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we have ta take the experimental data as we lind them, and analyze
them as best we may, not with too great an expectation of penetrating
to the properties of the ultimate atoms; and yet, as we shall see, the
analysis does in certain cases penetrate unexpectedly far.

3. Tie Frow oF ELeEcrRoNs AcRoss DENSE AR, NITROGLEN,
FIWDROGEN AND SiMILAR Gases

The celebrated series of rescarches by Professor Townsend of
Oxaford and by his pupils, eommenced in 1902 and continuing through
the present, relate chiefly to such gases as hyvdrogen, nitrogen, oxygen
and the familiar mixture of the last two which we breathe; and chietly
to these gases at densities much greater than we have hitherto con-
sidered—densities corresponding to such pressures as a thousandth
or a hundredth of an atmosphere, therefore so great that an electron
crossing over from a cathode to an anode a few eentimetres away must
collide with scores or hundreds of atoms. If a stream of electrons is
poured into perfeetly pure helium of such a density, we must not look
for a sudden onset of ionization when the voltage between cathode
and anode is raised just past 24.5, for the reason illustrated by those
experiments of Compton and Benade—the electrons lose energy in
all of their collisions, even the elastic ones, and arrive at the anode
not with the full energy corresponding to its potential but with this
energy diminished by what they lost on the way. In the familiar
diatomic gases, the electrons lose much more energy in their ordinary
collisions. 1 did not speak of these gases in the foregoing section,
because experiments of the very same type as those which show the
sharp distinction between elastic impacts and inelastic impacts in the
noble gases and give the sharply-defined values of the resonance-
potentials of these gases, yicld comparatively vague and ill-defined
data, when they are performed on hydrogen or air. In these gases,
above all in active gases like oxygen or iodine, it is unlikely that any
of the impacts, whether the electrons be moving rapidly or slowly,
are truly elastic.’

$ However, Foote and Mohler have obtained quite undeniable evidence of critical
potentials, at which the loss of energy by the impinging clectron is much greater
than it is just below these potentials. The electron can transfer energy to (and
receive energy from) a molecule in more different ways than to (from) an atom; such
as by sctting the molecule into rotation, or putting its constituent atoms into vibra-
tion relatively to one another. There is also the mysterious fact of “electron aftin-
ity"" an electron may adhere firmly to a non-ionized molecule. Numerous measure-
ments of the rate at which electrons progress through a gas (a field of rescarch which
I have not space to consider here) indicate that at ficld strengths such as prevail in
these experiments, adhesion of clectrons to molecules is rare and transient.
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Now if an electron on its way through the cleetric field from cathode
to anode strikes atoms so often that it rarely has a chance to acquire
wore than say half a volt of energy from the held hetween one impact
and the next, and if in each impact it loses most of the energy it has
just acquired i this condition prevails, we need not wonder that the
voltage between the electrodes must e raised far beyond the ionizing-
potential of the gas before there is the least sign of intensification of
current.

In interpreting the experiments upon such gases and at such pres-
sures as these last, it has been customary to make a more drastic assump-
tion, the opposite extreme from the one which justified itself in dealing
with rarcticd helium; it is assumed that the electron surrenders at
every impact all the encrgy which it has derived from the field since
its last preceding impact. One may be inclined 1o make mental reser-
vations in aceepting so extreme an assumption, and it could almost
certainly be advantageously madified; but as a tentative assumption
it is successfnl enongh 1o be legitimate.  If it is true the electron
can never build up a capital of energy step by step along its path;
the only chances it will have to tonize will come at the ends of un-
usually long free tlights.

Let us imagine a specitic case pour fiver les idées: supposing the
anode and the cathode to be parallel plates d apart, and representing
the potential-difference hetween them by 1V oand the field strength
bhetween them by X (V=17 d), we will set d=6 cm., 17=300 vol
X =50 volts em.; we will imagine that the interspace is filled with
a gas having an lonizing-potential equal to 15 volts, and so dense
that the average free path of an clectron between collisions is one

millimetre. 1 sav that the average free path is 1 mm. long; if all the
sivty free paths which the cleetron traverses in going from cathode
to anode were equal, it would never acquire more than 5 volts of
energy, and could never ionize an atom; but owing to the statistical
distribution of free paths about the mean value, there will be a certain
number out of the sisty whieh will be longer than three millimetres,
and Jong enough, therefore, for the electron to acquire the 15 volts of
cuergy which are necessary to ionize. 1n this case there will be 60 €,
about eight, of these long free paths.  Ineach centimetre there will
be 10 ¢ of them. 1 will use the letter o' to designate this latter num-
ber, which is the number of atoms struck by the electron in each centi-
metre of its path, at moments at which it has energy enough to jonize
an atom; o is therefore the number of chances to ionize which the
clectron has per centimetre. The formula for a’ is:

gl . e T
g Lo NN = (e CVe N = Bpe Bolo X 3)



SOM IS CONTENMPORGAERY A DIANTES 1N PHYSTUS a0 s

in which 15 represents the ionizing-potential of the gas; N represents
the mean free path of the clectron: €, its reciprocal, is the number
of vollisions suffered by the electron in cach ventimetre of the path:
and, since Cis proportional to the pressuce of the gas, it is replaced
by Bp in the tnal formulation.”

I is already elear that the new assumpition leads to a theory which
requires a different language and a different set of ideas from those of
the foregoing seetion.  Not the ionizing-potential, but the number
of wnizations performed by an electron in a centimetre of its path,
is the quantity to be measured by experimental devices; not the
voltage between the electrodes, but the field strength in the gas, is
the factor which controls the phenomena '
which are expected to conform 1o the theory, the appropriate pro-
cedure is to measure the number of molecules which an electron ionizes
in a centimetre of its path, for all practical values of the held strength
X and the density of the gas (or its pressure p) as independent vari-
ables. I will designate this number, following the usual practice,
by a:if the theory is trie it cannot be greater than &', it may be less.
These quantities o and o are statistical quantities, not like the ioniz-
ing-potential qualities of the individual atom or molecule, and this
is @ misfortune and disadvantage of the theory and of the experiments

In dealing with gases

which it interprets: we are not, so to speak, in the presence of the
ultimate atoms as hefore, we are one step removed from them, and this
step a difficult one o take.

The measurement of a is effected by varying the distance d between
anode and cathode, and determining the current as function of 4. 1If
Ny electrons How out of the cathode in a second, the ionization com-
mences at the distance do= 1"\ from the cathode, and from that

? Since the number of free paths, out of a total number Ny, which exceed L in
length is equal to Ny exp (—L \); and since the potential-difference between the he-
ginning and the end of the path of length L, if parallel to the Gield, is YL. 1t may
he objected that the clectrons bounce in all directions from their impacts, while the
language of this paragraph implies that they are always moving exactly in the
direction of the field. The rebuttal is, that if they do lose almost all of their energy
in an impact, or all but an amount not much greater than the mean speed of thermal
agitation, they will soon be swerved around completely into the direction of the
field no matter in what direction they start out.

19 The ionizing-potential determines the distance from the cathode at which foniza-
tion commences; this is equal to do=1% .\, and within this distance from the
cathode there is no ionization and the theory does not apply; beyond this distance
the jonization is controlled entirely by the fickd strength and by the namber of in-
tlowing electrons and the voltage hetween cathode and anode affects it only insofar
as it affects these.
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point onward the electron-stream increases exponentially, so that
the current Ne arriving at the anode is

Ne= Noe exp a (d—do) (4)

In Townsend's experiments the cathode was a zine plate, the anode a
film of silver spread upon a quartz plate; through little windows in
the silver film a beam of ultraviolet light entered in from behind,
crossed over the interspace and fell normally upon the zine plate,
and drove clectrons out of it.  The zine plate was raised and lowered
by a screw; the voltage-difference between it and the silver film was
altered pari passu so that the ficld strength in the gas remained always
the same.  The current rose exponentially as the distance between the
plates was increased, and thus a was determined. A typical set of
data (relating to air at 4 mm. pressure, with a field strength of 700
volts em.) is plotted logarithmically in Fig. 5, the logarithm of the
current as ordinate and the distance from anode to cathode as abscissa.
The first few points lie close to a straight line, corresponding to an
exponential curve such as cquation (4) requires; the value deduced
for ais 8.16.  (The distance dy is abont .35 mm. and has been ignored.)
Of the divergenee of the later points from the straight line 1 will speak
further on.

Such an experiment shows that there 7s an a —that the theory is
not at any rate in discord with the first obvious physical facts—and
it gives the value of « for the existing values of X and p.  Townsend
performed many such measurements with different field strangths
and different pressures, and so accumulated a large experimental
material for determining « as function of the two variables p and X.
To interpret these we will begin by making the tentative and tempo-
rary assumption that whenever a molecule is struck by an electron
having energy cnough to ionize it, it is ionized- -that is, o’ =a.
Rewriting the equation (3) which expresses o as function of p and X,

we see that

o /)=/f exp ( Blwp '\‘)=f (¥ ). (5)

Thercfore, if o' =a, the quotient of « by p is a function of .\ and p
only in the combination X' p; or, whenever the pressure and the fiekd
strength are varied in the same proportion, the number of molecules
ionized by an electron in a centimetre of its path varies proportionally
with the pressure. | leave it to the reader to invent other wavs of
expressing (5) in words which illuminate various aspects of its ph)"‘ cal
meaning.
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Fig. 5 l.ogarithmic plot of the currents across a gas (air) in which ionization by
collision is occurring, for a constant field strength and various thicknesses of gas
(Data from Townsend)

Experimentally, the test of (3) is made by dividing each one of
Townsend's valies of a by the pressure at which it was determined,
and then plotting all these values of a’p versus the corresponding
values of X p. Al the points for any one gas should lie on or close
to a single curve, and within certain ranges of pressure and field
strength they doj; so far, good. The curve should be an exponential
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one, and within certain ranges of ficld strength and pressure it is;
again, good.  The next step is to calenlate the values of B and Th
which the curve imposes on the gas to which it relates. 1 quote the
values of 1%, the ionizing-potential, which Townsend presents:

Air H. CO)y HC) 11.0) A e

25 20 0 Al 23.3 16.5 ] T 1253

When the first of these valiues were determined. no more direct way
of measuring ionizing-potentials was known.  Now that we have
some vithies obtained by the direct methods sketched a few pages back,
and fortified by indirect but very forcible evidence from spectroscopy,
it is possible and guite important to test some of these. The values
for argon and helinm, although of the proper order of magnitude, are
certainly too low. This is not in the least surprising, considering how
many of the collisions between electrons and atoms must be perfectly
clastic. 1t seems indeed rather mysterious that the current-voltage
relation in either of these gases should have conformed closely enough
to (1) to make it possible to define and measure «; but the electrons
no doubt entered into many of the collisions with energy enough to
put the atoms into excited states, if not to ionize them; and it is
nearly always possible to take refuge in the assertion that the im-
purities may have heen sufficient to distort the phenomena.  As for
the other gases in the list, all of them diatomic or triatomic, Town-
send’s values are too high - not very much too high, however; usually
a matter of one-third 10 two-thirds."

1t appears therefore that the theory 1 have just developed is too
simple, and must he amended. Tt seems nataral o begin by dropping
the tentative assumption that a molecule is ionized whenever it is
hit by an electron having as much or more energy than is required
(o ionize it, and adopt instead the idea ounce already suggested in
these pages, that it is sometimes but not always ionized by such a
blow; that there is a certain probability of ionization by a blow from
an clectron having energy U, a probability which is zero when U< 17
and is some yet-to-he-determined function of {7 when U> 1. This
would leave intact the conclusion that a p shonld be a function of
X p,oa conclusion which we have alrcady found to be verified by
expreriment ;s but it would relieve ns of the necessity of assuming that

Townsend's values of B hikewise correspond to values of the effective cross-

section of the molecule, the quantity 1 of eguation 20, which are of the same order
of magnitude as the direetly determined values of L1, A
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that function is precisely the exponential Tunction appedring in (5).
lzssentially the theory is reduced o this postulate: the number of
molecules ionized by an electron in a centintetre of its path depends
only upon the enerwy it acquires from the held inits free flight from
one collision to the next. I in this form the theory still eannot
give satisfaction, the next step will be to alter the original assumy-
tion that the electron comes practically to a dead stop in every col-
lision. In dealing with the noble gases and the metal vapours, the
facts about elastic collisions which 1 have aleeady ontlined prove
that this assumption should not be made at all. 1t is elear that this
is another problem for the future Boltzmann!

Meanwhile, one of the cardinal features of the Townsend experi-
ments is the fact that they display the gradual advent of the trans-
formation of the maintained currents which we have hitherto con-
sidered, into the self-maintaining discharges which are the fami

lar
and the spectacular ones; and we now have to examine the agencies
of this transformation.

4. Tuir Discuarct Becins 1o CONTRIBUTE TO Tt [SUECTRON-
STREAM Wict MaiNrtains It

Greatly though the current of primary electrons from the cathode
to the anode may be amplified by the repeated ionizations which |
have described, there is nothing in this process which suggests how
the discharge may eventually he transformed into a self-maintaining
one like the glow or the arc.  The free electrons may ionize ever so
abundantly, but as soon as the supply from the cathode is suspended
by cutting off the heat or the light, the last electrons to he emitted
will migrate off towards the anode, and whatever electrons they
liberate will go along with (hem, leaving a stratum of gas devoid of
clectrons in their wake; and this stratum will widen outwards and
keep on widening until it reaches the anode, and then the discharge
will be ended.  Something further must happen continnally in the
was through which the electrons are flowing, something which con-
tinually supplics new free electrons to replace, not merely to supple-
ment, the old ones which are absorbed into the anode and vanish
from the scenc.

We have already noticed one sort of event continually happening
in such a gas as helivm trnersed by not-too-slow electrons, which
might coneeirably develop into a mechanism for maintaining the dis-
charge; for, when an atom of the gas i put into the “excited state”
by a blow from an clectron, it later returns into its normal state, and
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in so returning it emits a quantum of radiant energy which may
strike the cathode, and he absorbed by it, and cause another clectron
1o leap out of the cathode amd follow the fiest one. There are two
other conceivable processes, which have the merit that they can not
only be conceived but also witnessed in uperation by themselves when
the right conditions are provided. Positive ions flung violently
against a metal plate drive clectrons ont of it, as can be shown by
putting a positively-charged colleetor near the hombarded plate and
noticing the current of negative charge which flows into it; and posi-
tive ions Howing rapidly across a gas jonize some of the atoms in
it, as may he shown by sending a beam of such ions across the inter-
space between two metal plates. with a gentle crosswise ficld between
them which sucks the freed clectrons into the positive plate.  The
mechanism of the first process is not understood, except when the
positive ions are so many and so swift that they make the metal hot
cnough 1o emit thermionic clectrons, which does not happen in the
cases we are now considering.  The mechanism of the second process
is only dimly understood, but it is clear enough that a positive ion
driven against an atom is much less likely to ionize it, than an electron
of equal energy woukl be®  Either of these two processes is very
incfficient, at least at the comparatively low speeds with which posi-
tive jons move under the circumstances of these experiments; but they
are probably elficient enough te do what is required of them. No
doubt all three of them contribute to the discharge; but the relative
proportions in which they act certainly differ very much from one sort
of discharge to another, and will furnish research problems for years
to come.

Returning to Fig. 5, we note once more that as the electrodes are
moved farther and farther apart while the density of the gas and the
ficld strength are held constant, the current at first rises exponentially
(lincarly in the logarithmic plot) as it should if the free electrons and
only the free electrons ionize; but eventually it rises more rapidly
and scems to he headed for an uncontrollable upward sweep.  Town-
send atteibuted this uprush to the tardy but potent participation of
the positive ions, cither ionizing the molecules of the gas by impact
after the fashion of the negative ions, or driving clectrons out of the
cathade when they strike it, or both.  EFither assumption leads to

21 momentum is conserved in 1he impact hetween ion and atom, the ion must
retain a large part of ats kmetic energy after the vollision, or ¢lse the struck atom
mist Tahe a large part of it as Kinetie encrgy of ils own motion; it is not possible
for the striking particle to spend nearly its entire energy merely in liberating an
electron from the stenck one.  Conservation of momentum perhaps docs not pre-

vadl on the atomic scale; but of all the principles of classical dynamics, it is the one
which the reformers of physics most hesitate to lay violent hands upon.
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an equation expressing the data equally well.  If we adopt the former,
and designate by 8 the number of molecules jonized by a positive
ion in a centimetre of its path, and by Ny the number of electrons
supplied per secomd at the cathode, we get

. Nola—@e'a ]
N (©
Of course, 3 must be much smaller than «, or the positive ions would
have made themselves felt carlier. Or if we adopt the latter idea,
and designate by & the number of eleetrons expelled from the cathade
(on the average) by cach positive ion striking it, we arrive at the
formula
N

N 1)

(i)
Naturally £ must be much smaller than unity for the same reason.
In Iig. 5 the broken curve represents (6), with the values S.16 and
0067 assigned to a and 85 it also represents (7), with the values
S. 16 and 00082 assigned to a and k.2 (1t was expected that the
curves representing the two cquations would be perceptibly apart
on the scale of Fig. 5; but they were {ound to fall indistinguishably
together.)

Evidently, therefore, the positive tons, weak and lethargic as they
are in liberating electrons (one has only to compare 8 with «, or look
at the value assigned to £ in the last sentence!), can produce a notable
addition to the current when the electrodes are far enough apart; and
more than a notable add tion, for when the distance d is raised to the
value which makes the denominator of (6)—or of (7), whichever
equation we are using —equal to zero, the value of N is infinite!  Per-

3 The derivations of 6) and (7) are as follows. Represent by M (x) the number of
electrons crossing the plane at x in unit time (1he cathode being at x =0 and the anode
at x=d ; by P (x) the number of positive ions crossing the plane at x in unit time;
by .V, the number of clectrons independently supplied at the cathode per unit time,
which is not necessarily equal to the value of 1/ at x —o (hence the notation); by ¢
the current, or rather the current-density, as all these reasonings refer to a current-
flow across unit area. \We have

Me+Pe=i, hence
making the assumption which leads to (6 we have

dM dyx=aM+8P =a—p3 M+8tc

The boundary conditions are: M =Ny al x=0and M =7 eal x=d4. Integrating the
equation and inserting these we get (6). Making the assamption which leads to

(7. we have
dM dx=alM

The boundary conditions are: M= Ng+k i e—~M) or 14k M =No+ki ¢ at x=o0,
and M =i e at x=d. lIntegrating the equation and inscrting these we arrive at (7).
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haps the best way to coneeive of this is, that as the distance between
the plates is increased toward that critical value of d, the value of
o—which is the rate at which we have to supply electrons at the
cathode, in order to keep a preassigned current flowing—diminishes
continnously and approaches zero; so that eventually the current
will keep itself going (and actually start itself) with the assistance of
the occasional ions which are always appearing spontancously in
every gas, even though it be encased in an armor-plated shield.  Of
course, it is rather risky 1o predict just what is going to happen,

when an equation which has been fined up to represent a finite physical
phenomenon over a certain rnge exhibits an inhnite discontinuity
at a point outside of that range.  Usnally, of course, the infinite value
which the equation requires is modified into a finite one by the influ-
ence of some factor which was neglected when the equation was
devised.  In this case, howey er, the infinite discontinuity corresponds
1o a sudden catastrophic change.  If an electrometer is shunted
across the interspace between anade and cathode, its needle is forci-
bl jerked; if a telephone-receiver is connected in series with the
interspace, it makes a clicking or a hanging sound; if the gap is wide,
so that the voltage just hefore the disruption is high, there is a brilliant
flash, which may bear an uncomfortably strong resemblance to the
lightning-bolt which is the cosmical prototype of all electric sparks.

What goes on after the eritical moment of transition or transforma-
tion depends on many things; aud not only on obvious features of the
spark-gap, such as the kind and density of gas and the shape and size
and material of the electrodes, but also on such things as the resistances
and the inductanees in series with the discharge, and the qualities of
the source of electromotive force and its ability to satisfy the demands
for current and voltage which the new discharge may make.  Some-
times these demands are oo extravagant for most laboratory sources
or perhaps for any source to meet; probably this is why the spark
hetween extended plane surfaces in dense air is as ephemeral as it is
violent.  But this does not always happen; in a sufficiently rarefied
was. the self-maintaining discharge which sets in after the transforma-
tion requires only a modest current and a practicable voltage, and
supports ivself with a few thousand volts applied across its terminals.
The same thing occurs in a dense gas, if cither of the electrodes is
pointed or sharply curved, like a needle or a wire; the condition, more
exactly, is that the radins of curvature of either electrode should he
distinetly less than the least distance beiween the two.  The trans-
formation, however, is always very sudden, whether the new dis-
charge be transient or permanent; and there are also sudden transi-
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tions from one sort of sell-maintuning discharge o another, c.e.,
from glow to are or from one Kind of glow to another when certain
eritical conditions are transgressed  (entical conditions which may
themselves depend on the battery and the civenit as well as the con-
stants of the spark-gap).  There are discontinnities of current and
discontinuities of voltage at these transitions, and abrupt changes

in the visible appearance 1 the discharge; and at each transforma-
tion there is a rearrangement of the distribution of space-charge in
the gas.  Ththerto we have encountered space-charge only in one or
two of its simplest manifestations, retarding the low of an ¢lectron-
stream across a vacuum, and suddenly annulled when positive ions
are mingled with the stream. Now we have to consider much subtler
and more complicated cases, in which the space-charge varies rapidly
in density and even in sign from one part of the gas to another, and
the fickl and potential distributions are utterly distorted by it; and
these distortions are essential to the life of the discharge. This
distribution of space-charge is indeed dominant; and so T will write
down some Tormulae which may be used to deseribe it.

A, Dicrisston 1o WRite Dows Sone SpacE-CHARGE
lZouaTioNs

The fundamental equation of the electrostatic tield, known as
Poisson’s equation, is

_diU dV der

SR e e )

in which 17 represents the electrostatic potential, and p the volume-
density of electric charge.

We consider only the mathematically simplest case in which all
variables are constant over cach plane perpendicular to the x-axis,
and so dependd only on the coordinate x; as for example near the
middle of an exceedingly wide tube with the y-axis lying along its
axis. In this case Poisson’s equation is

=~—..—=—pr (h

in which .\ represents the potential-gradient, or field strength with
sign reversed.'t The value of .\ is determined at all points when the

" Field-gradient is therefore, proportional to space-charge with sign reversed,
and vice versa.  Positive field-gradicent implies negative space-charge; negative field-
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value of .\ at any vne point and the values of p at all intermediate
points are preassigned.  Thus let Xy represent the preassigned value
of X at x =0, and Xy represent the value of X at ¥y =d; we have

n
Ny=—dn / pdx+No. (10)
Jo

Consequently the P.D. between any two points is also determined;
that between x =0 and x =d is

d x
e x:,:-;;[d;-/ pdx+Nod. an
Jo Jo

Now we introduce the further assumption that the clectric charge
is concentrated upon corpuscles (clectrons or charged atoms) of
one kind, of equal charge £ and mass m, of which there are ndv in a
very small volume dv at x; » is a function of x.  Then

nE=p. (12)

Assume finally that the corpuscles are moving with speed u, identical
for all corpuscles having the same x-coordinate, but depending on «;
represent the current-density by 7; we have

nEu=i (13)
and consequently
p=i/u. (14)

Now consider the How of current hetween two parallel planes, from
one clectrode at x =0 to the other at x=d. I the current is borne
by corpuseles of one kind, and the assumption last made is true; and if
we know the speed of the corpuscles at every point between the plates,
and the Licld strength at some one point; then we can caleulate the field
strength everywhere hetween the plates, and the potential-difference
between them.

The cnstomary convention about the fichl strength is to assume
it to be zero at the clectrade Trom which the corpuscles start, so that
NXe=0in (11). Rewriting (11) to take account of (11), we have

" e
Vam Vo= —tmi [ dx [ dx u (15)
70 3
as the general equation.

gradient smplies posiive spacecharge, onlorm Gkl implies zero space-charge.

Lo instructive to examine mappings ol leld-distribution with 1his principle in
mind, such mappings, tor example, asThose in Fig. 9. “Fhe unitorm Gield in a current-
carrving wire means that positive and negative charges arve distributed everywhere

in the metal with cquat density  a com fusion one nnght forget, but for these more
reneral cases,
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I we suppose that the corpuscles acquirve their speed icat the distanee
xin free hght from the cleetrode where they start, we have Ymu’ =el”,

YU
(Do Vg2 ,\/"’ id?. (16)
e N

This is the equation adapted o electrons or other jons Howing across

and

otherwise empty space.
If we suppose that the corpuseles have at cach point a speed propor-
tionad to the fickl strength at that point, we have =2k d 1 dy, and

2 iINpid®

l'./*i'u=3\ - (17)

This equration would be adapted to ions drifting in so dense a gas,
or so weak a field, that they acquire wery litlle energy from the feld
(in comparison with their average energy of thermal agitation in the
wias) between one collision and the next, and lose it all at the next.®

If we conceive of ions which acquire much energy from the ficld
between one collision and the next (much, that is, in comparison
with their average energy of thermal agitation) and lose it all at
the next collision, we have w*=(wel 2m) d1” dx and

(V=10 2= Cid>? (18)

the constant C being equal to N m R multiplied by a certain numer-
ical factor, and ! standing for the mean distance traveled by the ion
between one collision and the next.

The theory just given is too simple; it is an essential fact of the
actual physical case that the ions emerge, at the surface of the clectrode
whence they start, with forward velocities which are distributed
in some way or other about a mean value. These initial forward
velocities, though often small compared with the velocities which the
ions may acquire as they cross to the other electrode, are large
enough so that all of the ions would shoot across the gap if the field
strength were really zero at the emitting clectrode and assisted them
everywhere beyond it.  In fact the space-charge creates a retarding
ficld at the surface of the emitting electrode, and a potential minimum
(il the tons are negative; a potential maximum, if the ions are positive)
at a certain distance in front of it.  Here, and not at the emitting
clectrode as we previously assumed, the field strength is zero.  Equa-
tion (16 is often valid in practice, because this locus of zero fickl-
strength is often very close to the emitting clectrode.  In fact, by

B \s in electrical conduction in solid metals (cf. my preceding article).



136 BELL SYSTEM TECHNICAL JOURN.AI

raising the P.D. between the plates sufficiently, the locus of zero
ficld ecan he driven back into coincidence with the emitting plate;
bevond which stage, the “limitation of current by space-charge”™
ceases,  But if the D, is suthciently low the potential minimum (or
maximum) is prominent and is remote from the clectrode, and in
these cases the equations we have just dedoced are inapplicable.

1t thus may readily happen that when we apply a certain potential
10 one clectrode and a certain other potential to another electrode
separated from the first one by gas or vacuum, we may find points
hetween them where the potential is wot intermediate hetween the
potentials of the electrodes.  This is a queer conclusion, 10 anybody
accustomed to the flow of cleetricity in wires.  But it is true, and
must be kept in mind.

6. T SELF-MAINTAINING DISCUARGES

The Are ought to he the easiest 1o understand among the self-
maintaining discharges, in one respect at least; for it keeps its own
cathede so intenscly hot that thermionic clectrons are supplied con-
tinuously in great abundance at the negative end of the discharge,
and the theorist can begin his labors by trying to explain how and
why this high temperature is maintained.  Anything which tends to
lower the temperature of the cathode, for instance by draining heat
away from it, is very perilous to the are. Stark uses various schemes
for preventing the cathode from growing very hot, and they all killed
the arc. This also explains why the are is most difficult to kindle
and most inclined o tlicker ont when formed hetween electrodes of
a metal which conduets heat exceptionally well, and most durable
when formed between electrodes of carbon, which is a comparatively
poor conductor for heat. 1t probably expiains why the arc has a
harder time to keep itself alive in hydrogen, a gas of high thermal
conductivity, than in air.  While the gas in which the are has its
being and the anode to which it extends both intluence the discharge,
the high temperature of the cathode is cardinal,

The cathode is presumably kept hot by the rain of positive ions
upon it striking it with violence and yielding up their energy of
motion to ity at least this is the obvious and plausible explanation.
Now the arc is commonly and casily maintained in fairly dense gases,
with @ comparatively small potential-difference between  widely-
separated electredes; and the cnergy which an ion can acquire from
the tickl stiength prevailing in it in the short interval hetween two
collisions with molecules, is so small that it cannot he made 1o account



SPREE CONERVPARERY IDIEANCES IN PHYSICS <171 137

for the furions heat developed at the cathode when the wns imally
strike it Just before the jons arrive at the cathode they mnst be
endowed with a Kinetic energy which is very unusual (to say the least)
in the middle of the discharge; and ivis in et observed that just in
front of the cathode there is a sharp and sudden potential-tall, cor-
responding to a strong ticld extending but o dittle way outward from
the electrode and then dyving down into the weak tiekl prevailing
through the rest of the are. This strong ticld picks up the ions which
have meandered to its outward edge from the body of the discharge
and hurls them against the cathode  not very forcibly, for the energy
they receive from that potential-fall is not a great amount by ordinary
standards, and most of the ions probably lose some of it in collisions
on the way; but with much more energy than they would be likely
to possess anywhere else in the are.

This potential-full immediately in front of the negative clectrode,
the cathode-fall of the are, is measured by thrusting a probe or sound-
ing-wire into the discharge as close as possible to the cathode (gener-
ally about a millimetre away), and determining the P.D. between
it and the cathode. The probe is regarded with some distrust, as it
raises in an acute form the old question as to how far the phenomena
we observe in nature are distorted by the fact that we are observing
them; the wire may alter the potential of the point where it is placed,
or it may assume a potential entirely different from that of the en-
viconing gas; but the general tendency nowadays, T helieve, is to
aceept its potential as a moderately reliable index of the potential
which would exist at the point where it stands if it were not there."
The cathode-fall, as so measured, depends unfortunately on quite
a number of things; the material of the cathode, the gas, the current.
The gas is always mixed with a vapour ol the electrode-material,
particularly in the vicinity of the clectrode; the only way to have a
single pure gas is to enclose the whole system in a tube, evacuate the
tube to the highest possible degree, and then heat it until the vapor-
tension of the metal of which the cathode is made rises high enough
for the vapor to sustain the arc.  This is practicable with the more
fusible metals; and with mercury, the arc generates heat enough to

maintain the vapor-tension sulficiently high. In pure mercury-

1% On this matter the l'(pcrunulls of Langmuir and Schottky, mentioned further
along in this article, promise new knowledge. The probe antomatically assumes
such a potential that the net current-tlow into it is nil; for example, if it is immersed
inan u)m/c(l was in which clectrons and ionized atoms are roaming about, its eventual
potential is such that equal numbers of particles of the two kinds strike and are
ahsorbed in it per unit time. 11 the clectrons are much more numerous or have a
much_higher average encrgy, or both, this potential may be several volts more

negative than the potential at the same point before the probe was put in.  The
same may be said about the wall of the tube.
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vapor, the cathode-fall assumes the value 1.9 volts which is the first
resonance-potential of the mercury atom and therefore, as we have
seen, is effectively the ionizing-potential of the free mercury atom when
the electron-stream is as dense as it is in the arc.  This suggests a
delightfully simple theory of the whole process: the electrons stream
from the cathode, they acquire 1.9 volts of energy from the cathode-
fall, they ionize mercury atoms at the outward edge of the region of
high fickd strength, the positive ions so created fall backward across
the cathode-fall and strike the cathode, surrender their energy to it
and so keep it hot, more electrons pour out, and so forth ad infinitum.
It remains to be scen whether so simple a theory can be modified,
by statistical considerations or otherwise, to explain the values of
the cathode-fall in mixed and diatomic gases.

We do not know a priori what is the ratio of the number of electrons
flowing outward across the cathode-fall in a second to the number
of ions flowing inward. It might, however, be very great, and still
the number of ions within the region of the cathode-fall at any instant
could far surpass the number of clectrons within it—the electron
moves so much more rapidly than the ion, and has so much better a
chance of crossing the region in one free flight without a collision.
Even in hydrogen, in which the ions are the lightest of all ions, the
clectron current would have 1o be 350 times as great as the ion-
current if the electrons just balunced the fons in unit volume. It is
therefore legitimate to try out the assumption that the region of
cathode-fall is a region of purcly positive space-charge, in which some
such equation as (16), (17), or (I8) gives the current of positive ions asa
function of the cathode-fall and the width of the region. K. T. Comp-
ton selected (18). Unfortunately the width of the cathode-fall region
has not been measured, but he assumed it equal to the mean free
path of an clectron in the gas. The value which he thus calculated
for the current of positive fons was about 197 of the observed total
current; the remaining 99 consists of the electrons.

From the cathode region onward to the anode, the gas traversed
by the arc is dazzingly brilliant.  In the long evlindrical tubes which
enclose the mercury ares so commonly seen in laboratories and studios,
the vapor shines everywhere exeept near the ends with a cold and
rather ghastly white light tinged with bluish-green.  This is the
positive column of the merenry are. The potential-gradient along
it is uniform, suggesting the flow of clectricity down a wire; but here
the resemblance stops, for when the current-density goes up the
potential-gradient goes down.  The curve of voltage versus current,
which for a solid metal is as we all know an upward-slanting straight
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line, is for the arc a downward-slanting ciueve (Fig, 6). Sach a curve
is called o characteristic, and the are is said to have a negative character-
wstie. lonization goes on continually within the positive column,
andd ions ol hoth signs can be drawn ont by a crosswise field; but
recombination of fous, a4 process which we have uot considered, also
goes on continmally and maintains an cquilibritnn. Presumably jo
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Fig. 6—\oltage-current curves or *‘characteristics,” for are discharges (below) and
glow discharges (above) in air, between gold electrodes.  The different curves corre-
spond to different anode-cathode distances.  (Ives, Jonrnal of the Franklin Institute)

15 the cffect of the ficld strength on this equilibrium which causes
the current-voltage curve to slant in what most people instinctively
feel 1s the wrong way; but the theory of the equilibrium is not yet
far advanced.

Langmuir aml Schottky, working independently in Schenceetady
andd in Germany, performed some very pretty experiments by thrust-
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ing negatively-charged wires or plates into the positive column. These
wires and plates surrounded themselves with dark sheaths, the thick-
ness of which inereased as the potential ol the metal was made more
and more highly negative. The explanation is, that the clectrons
in the positive column cannot approach the intrided wire, being
driven back by the adverse ficld; the dark sheath is the region from
which they are excluded, and across it the positive ions advance to
the wire through a tield controlled by their space-charge. The equation
seleeted by Langmuir to represent the relation between the thickness of
the sheath, the voltage across it, and the current of positive ions into
i, is (16). s the sheath is visible and its thickness can be measured,
as well as the other quantities, the relation can be tested.  This was
done by Schottky; the result was satisfactory.  When the intruded
clectrode is o wire, the sheath is eylindrical, and expands as the voltage
of the wire is made more negative. s the area of the outer boundary
of the sheath is increased by this expansion, more ions from the positive
column touch it and are sucked in, and the density of flow of positive
ions in the column can be determined. By lowering the potential
of the wire gradually o that the clectrons can reach it, first the fastest
and then the slower ones, the velocity-distribution of the electrons
i the column can be ascertained.  Their average energy depends on
the density of the mereury vapour, and may amount to several volts.

Beyond the positive column lies the anode, itself preceded by a
sharp and sudden potential rise.  The clectrons are flung against it
with some foree, and it grows and remains very hot; usually, in fact,
hotter than the cathode.  This high temperature does not seem to
be essential to the continuance of the discharge, for the anode can

be cooled without killing the are; yet it scems strange that a quality
so regularly found should bhe without influence upon the discharge.
One must heware of underestimating the influence of the anode;
when an are is formed in air hetween two electrodes of different
naterials, it behaves like an are formed between two clectrodes of
the siame material as the anode, ot the cathode!

The so-called low-roltaze are, although not a self-maintaining dis-
charge, merits at least a paragraph. .\ dense clectron-stream poured
into 4 monatomic gas from an independently-heated wire, and ac-
celerated by o P surpassing the resonance-potential of the gas,
may ionize it so intensely that there is a sudden transformation into
« luminous are-like discharge.  This is a sort of “assisted™ arc, its
cathode heing kept warm for its henefit by outside agencies.  Its
history is a long and interesting chapter of contemporary physics,
whereof the end is not yet. The most remarkable feature of this are
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is that it can survive even if the voltage between anode and cathode
is far below the resonance-potential of the atoms of the gas, which
scems impossible. A year ago it scemed that this effect could always
be ascribed to high-voltage high-frequency oscillations generated in
the arc.  This explanation was presently confirmed in some cases and
disqualified in others, and now it appears that when there are no
oscillations an astonishingly strong  potential-maximum  develops
within the jonized gas.  Potential-maximum and oscillations alike

are probably to be regarded as manifestations of space-charge.

The Glow (n a rarcfied gas is a magnificent sight when the gas is
rareficd to the proper degree, not oo little and not too much; divided
into luminous clouds of diverse brightnesses and diverse colors, re-
calling Tennyson's “fluid haze of light,” yet almost rigidly fixed
and their proportions, it is onc of the most theatrical

in their distanc
spectacles in the repertoire of the physical laboratory. The grand
divisions of the completely-developed discharge are four in number,
two relatively dim and two bright; beginning from the cathode end,

IFig. 8~ The Crookes dark spa welween i}
negative glow  See footnote 12 Ast

cathode (thin line at left) and the
e Royal Soctety

they are the Crookes dark space, the negative glow, the Faraday dark
space, and the positive column.  Additional gradations of color and
brightness ean often be seen very close to the cathode and very close
o the anode. Photographs of the glow which give .m\'thi;m ap-
proaching a true idea of its appearance 1o the eve are |1.1an t(r. find.
1 reproduee in Fig. 7 some photographs tiken nearly lifty years ago by
de la Rue, which have reappeared in nmany a4 text; they show r.hiol].)'
the striking flocenlent clondlets into which the positive column some-
times divides itsell, In Fig. 9 th ore

> tw o sketehes made by Graham.
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The Crookes dark space (or cathode dark space, or Hittorf dark
spave as it is called in Germany) extends from the cathode to the
boundary af the bright luminows clond which is the negative glow.
The bonndary is generally so well-detined and distinet that an observer
lineds it easy ta judge when a sonnding-wire just touches it, or the
cross-hair of a telescope coineides with its image; “in the case of axy-
gen,” Aston said, “the sharpuess was simply amazing; even with so
large a dark space as 3 em., the sighter could he set (to the boundary)
as accurately as to the cathode itself, fe., to about 0.01 mm.” 1 re-
produce some of Aston's photographs in Figure 8, although he says
that for reasons of perspective the houndary of the negative glow ap-
pears more diffuse than it really 1.7 The electrie tield strength within
the Crookes dark spice is greater, often very mnch greater, than in
any of the other divisions of the discharge; almost the whole of the
voltage-rise from cathade to anode is comprised within it, and the re-
mainder, although spread across all the brilliant parts of the glow, is
inconsiderable unless the tube is made unusually long.  The hehavier
of the dark space when the current through the tube is varied (by
varying a resistance in series with the tube) is curious and instruc-
tive. If the current is small and the cathode large (a wide metal
plate) the negative glow overarches a small portion of the cathode
surface, lving above it like a canopy with the thin dark sheath he-
neath it.  When the current is increased the canopy spreads out,
keeping its distance from the metal surface unaltered, but increasing
its area proportionally to the current; the thickness of the Crookes
dark space and the current-density deross it remain unchanged. If
the experimenter continues to increase the current after the cathode
i= completely overhung by the glow, the dark space thickens steadily,
and the current-density across it rises.

The changes in the voltage across the Crookes dark space which
accompany these changes in arca and thickness are very important.
The voltage is measured with a sounding-wire, like the cathade-fall
in the arc; but since the boundary of the dark space is so sharply
marked, the experimenter can set the sounding-wire accurately to it
instead of merely as close as possible to the cathode. So long as the

Y Adjacent to the cathode a thin perfectly dark stratum can be distinguished
especially in the picture on the right . The .. across this thin black space is, as
nearly as it can be guessed from the widih of the space, of about the magnitude of
the ionizing-potential of the gas. In fact \ston estimated it for helium (to which
the pictures refer) as 30 volts, a good anticipation of the valuc 24.5 assigned years
later to the ionizing potential. It scems therefore that the outer edee of the very

dark space is at the level wherce the electrons coming from the cathode fiest acquire
energy cnough to ionize.
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negative glow does not overarch the whole cathode, and the thickness
and current-density of the dark space keep their fixed minimum
values, the voltage across it remains constant likewise.  This is the
normal cathode-fall of the glow. It is an even more thoronghgoing con-
stant than the thickness or the cnrrent-density of the dark space, for
these vary with the pressure of the gas (the dark space shrinks boih
in depth and in sidewise extension, if the current is kept constant
while the gas is made denser) while the normal cathode-fall is immune
to changes in pressure. 1t depends both on the gas and on the ma-
terial of the cathode; the recorded values extend from about 60 volts
talkali-metal cathodes) o about 100 volts. Nttempts have been made
to correkate it with the thermionie work-function of the cathode metal,
and there is no doubt that high values of the one tend o go with
high values of the other, and low with low. When the cathode is
entirely overspread by the negative glow and the dark space begins
to thicken, the voltage across it rises rapidly; the cathode-fall is said
to hecome anomalous, and may ascend to thonsands ol volis.

Almost the whole of the voltage-rise from cathode to anode, as |
have stated, is generally comprised in 1he cathode-fall; the remainder,
although spread over all of the brilliant divisions of the discharge, is
inconsiderable unless the tube is unusually long.  The feld strength
in the Crookes dark space is also much greater than anywhere else in
the glow.  This is illustrated by the two curves in Fig. 9, representing
the field strength in the discharges sketched above them. (For the
region of the Crookes dark space, however, the curves are defective.)
In the luminous clouds the cleetrie foree is feeble, and they in fact
are not essential to the current-flow; if the anode is pushed inwards
towards the cathode, it simply swallows them up in succession with-
ont interfering with the cuerent; but the moment it invades the
Crookes dark space, the discharge ccases unless the clectromotive
foree in the cireuit is hastily pushed up. The mechanism which keeps
the glow alive lies concealed in the dark space.

One natarally tries to invent a mechanism resembling the one
stigeested for the are: the cathode-fall serves to give energy 10 the
electrons emerging from the cathode, so that they ionize molecules at
the edge of dhie negative glow; and the ions fall against the cathode
with energy enough o drive out new electrons. But the details are
more ditheult 1o explain. The cathode-fall gives much more energy
to the cleetrons than they need w ionize any known molecule, so that
apparently its high valne is what the ions require to give them enough
vnergy o extract dectrons from the cathode. We can hardly argue
that the electrons are therntionie clectrons; the cathode does not
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grow hot cnougl; if it does, the cathode-fall saddenly collapses, and
the glow is liable to tarn into an are. Expulsion of clectrons from cold
metals by dons striking them has been separately stadied, but not
sulticiently.

On the other hand, there is good evidence that the Crookes dark
space, like those dark sheaths scooped out in the positive coluns

Faraday Crookes
dark space Negative glow dark space

=__ =

x, [\

WENEREE

T TV

681(?!2[4!6!820

Negative

Uniform positive column.  Faraday dark space. glow
+ -

Z465£12I416£820

Fiz. 9 Sketches of the glow in rarcficd nitrogen at 1wo pressures (the higher below
with curves showing the trend of field strength along the discharge.  (Graham,
Wiedemanns Annalen)

of the mercury are by intruding a negatively-charged wire, is a region of
predominantly positive space-charge, in which positive ions advance
towards the cathode in a manner controlled by some such cquation
as (16) or (17). For example, Gunther-Schulze proposed (16) to de-
seribe the state of affairs in the Crookes dark space in the condition
of normal cathode-fall; that is, he assumed that the ions fall unim-
peded from the edge of the negative glow to the cathode surface. No
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doubt this assumption is too extreme, vet it leads to unexpectedly
good agreements with experiment.  Thus when the thickness of the
Crookes dark space is altered (by altering the pressure of the gas)
leaving the voltage across it constant, the current-density varies in-
versely as the square of the thickness, as it should by (16). And when
Gunther-Schulze calculated the thickness of the dark space from
(16), using the observed values of cathode-fall and current for six
gases and two kinds of metal, and substituting the mass of the mole-
cule of the gas for the cocllicient m in that cquation, the values he
obtained agreed fairly well (within 1077) with the observed thick-
nesses.  Long before, J. J. Thomson had proposed (17), and Aston
tested it by a series of experiments on four gases, in the condition
of strong anomalous cathode-full.  \s & of that equation should be
Iy proportional 1o the pressure p of the gas, the product id*17-2
(1" standing for the cathode-fall) should be constant at constant
pressure, and the product id®17 2p should be constant under all cir-
cumstances.  These conclusions were faicly well confirmed for large
current-densitics.

Several attempts to test the theory by actually determining the
potential-distribution in the Crookes dark space were made with
sounding-wires and by other methods; but they have all been super-
seded, wherever possible, by the heautiful method founded on the
discovery that certain spectrum lines are split into components when
the molecule emitting them is floating in an intense electric field, and
the separation of the components is proportional to the strength
of the ficld. This was established by Stark who applied a strong
controllable cleetrie ficld to rdiating atoms, and by LoSurdo who
examined the lines emitted by molecules rushing through the strong
fickl in the Crookes dark space, in the condition of anomalous cathode-
fall.  Now that the clfeet luis been thoroughly studied it is legitimate
1o turn the experiments around and use the appearance of the split lines
as an index of the field strength in the plice where they are emitted.
Brose in Gernany and Foster at Yale did this.  1n the photographs

Fig. 10, 11) we sce the components merged together at the top, which
is at the edge of the negative glow, where the field is very small;
thence they diverge to a maximum separation, and finally approach
one another very slightly before reaching the bottom, which is at the
cathode surface.™  This shows that the net space-charge in the Crooke

inverse

1 he displacenionts of certain components are not rigorously: proportional to the
fie ld, anel sometimes entirely new lines make their appearance at hitherto unoccupicd
places when o strong el is applied. Both of these anomalies can be detected in
l]hr |I-u tares,  For the origmal plate trom which Fig, 11 was made 1 am indebted 1o

. Loster.
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Fig. 10— Spectrum lines sulxlivided and spread out in the Crookes d\rk vace by
the strong and variable ficld.  Sce tootnote ! . 8. Foster, Physica i)
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dark space is positive from the edge of the negative glow almost but
not quite to the cathade; there is a thin region just above the cathode
where there is more negative charge than positive. This is splendid
material for the theorist, and it is deplorable that the methoad cannot
be applied except when the cathode-fall is anomalous and exceedingly
large.

When a narrow straight hole is pierced in the cathode, the positive
ions making for it shoot clear through, and can be manipulated in
a chamber provided behind the cathode.  Tn particular the ratios of
their charges to their masses can be measured, and thence their masses
can be inferred.  This is Thomson's “positive-ray analysis,” which
Aston developed into the most generally available of all methaods for
analvzing elements into their isotopes. I the density of the gas is so
far reduced that the Crookes dark space extends to the anode, the
clectrons can be studied in the same way and their charge-mass ratio
determined.  Henee the mass of the electron can be deduced, and
its dependence upon the speed of the electron aseertained, yielding
precious evidence in support of the speeial or restricted theory of rela-
tivity. These are among the simple phenomena which 1 mentioned
at the heginning of this article, in which the properties of the ultimate
atoms of clectricity and matter are revealed.

The positive column, which is the brilliant, colorful and conspicuous
part of the glow, resembles in some ways the positive column of the
mercury arc.  In it the potential-gradient decreases with increasing
current, and the characteristic of the glow is negative (Fig. 6).
Often the positive column subddivides itself into a regular proeession of
cloudlets or striations, all just alike and equally spaced (Fig. 7). The
potential-difference hetween two consceutive striations has the same
value all along the procession, and everyone feels instinctively that it
ought to he the ionizing-potential or the resonance-potential of the
gas; but this is evidently too simple an interpretation for the general
case, althongh striations at potential-intervals of 19 volts have been
realized in mercury vapor.  Cenerally, if not always, the striations
appear when the gas is contaminated with a small admixture of
another.  In this fact the key to the problem of their origin probably
lies.

The Glozw in a dense gas (as dense as the atmosphere, or more so)
is visible onhy when the surface ol either or hoth electrodes is curved,
with a radius of curvature smaller than the minimum distance between
the two.  In these circumstances the field strength varies very greatly
from one point to another of the interspace, at least before the space-
charges begin to distort the field, and presumably afterwards as well;
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it attains values just in front of the cury ed clectrode (or electrodes,
if both are curved) so great that il they prevadled over an equal inter
space between flat electrodes they would instantly provoke an explosive
spark. i some cases the glow ina dense gas resembles a very con

.

4

I'ig. 12—The ;,lm\ in air at ntmmphuw pressures, near a curved electrode (the
other electrode is a plate beyvond the tnpr\l the picture). In 1, 4 the curved electrode
is the anode; in 2, , 6 it is the cathode J. Zeleny, Physical Review

tracted and reduced copy of portions of the glow in a rxu'ci]ml?gd\.
Thus in the photographs (Figs. 12, 13) of the luminosity surrounding a
very curved cathode, it is possible to discern two dark spaces and two
bright ones, the first dark space lying just outside the cathode, the last
bright region fading off into the darkness which extends away towards
the Hat anode (far above and out of the picture). In the pictures of the
glow surrounding a very curved anode, we see only a luminons sheath
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Often there is a luminous evlindrical sheath encasing the wire, and
from the boundary of the sheath ontwards to the outer eylinder the
gas is dark, 1t s customary to assume that the dark region, like the
other dark spaces we have considered, is traversed by a procession of
ions of one sign, positive or negative as the case may be, moving at a
speed proportional to the fickt and controlled by their own space-
charge according to the equation in cyvlindrical coordinates corre-
sponding to (17); and the experiments support this assumption to a
certain extent.

I must use my last paragraph to crase the impression—inevitably
to be given by an acconnt so short as this, in which the understood
phenomena must be stressed and the mysterious ones passed over—
that the flow of electricity throngh gases is to be set down in minds
antd books as a perfected science, organized, interpreted and fin-
ished. Quite the contrary! there are as many obscure and mysterious
things in this ficld of physics as there are in any other which has been
explored with as much diligence.  Its remarkable feature is not that
most or many of the phenomena in it have heen perfectly explained;
but rather, that for those few which have been explained, the ex-
planations are very simple and clegant; they are based on a few funda-
mental assnmptions about atoms and electrons which are not difficult
to adopt, for they are not merely plausible but actually demonstrable.
Pechaps as time goes on all the phenomena will be explained from
these same asswmptions.  There will be experimenters who modify
the apparatus and the circumstances of past experiments so that all
of the avoidable complications are avoided and the phenomena are
simplified into lucid illustrations of the fundamental principles; and
there will be theorists, who take the complicated phenomena as they
are delivered over to us, and extend the power of mathematical analy-
sis until it overcomes them. They may find it necessary to make other
and further assumptions, beyond those we have introduced; at present
it is commonly felt that ours may be sufficient. Whether posterity will
agree with us in this, must be left for posterity to decide.




Carrier Telephony on High Voltage
Power Lines
By W. V. WOLFE

INTRODUCTION

HEE use of power from hydro-clectric generating stations and

central steam plants has increased until single companies serve
a territory of many thousands of square miles and the problem of
coordinating the distributing centers with the generating stations
has steadily increased in complexity.

One of the essentials of this coordination is obviously an adeguate
system of communication and until the recent advent of high frequency
telephony, this service was secured over privately owned telephone
lines and over lines of publie service telephone companies.

The advent of the power line carrier telephone system now offers a
highly reliable and satisfactory means of communication in connection
with the operation of power systems.  This equipment has been
designed to employ the power conductors as the transmission medium
and to provide service as reliable as the power lines themselves with
a low initial cost, a small maintenance charge, increased safety for
the operating personnel and  transmission comparable in quality
and freedom from notse with that obtained on high grade commercial
toll cirenits.

PRELIMINARY PROBLEMS

In proceeding with the development of the Western Electric Power
Line Carrier Telephone System three major problems were encount-
ered. 1t was irst necessary to Iearn from field tests and close contact
with power companies the characteristics of power lines and asso-

ciated apparatus at high frequencies and the operating requirements

for such a telephone system; second, it was necessary (o develop a
safe and efficient method for coupling the carrier apparatus to the
power conductors and third, to seleet and develop circuits and cquip-

ment suited 1o this service.

The superiority of the full-metallic over the ground return high
frequency circuit was casily established by comparative measure-
nients of attenuation, noise and -interference, and therefore the experi-
mental work was largely confined to the former circuit.

152
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Hicar FrEQEENCY NrreEsvarton ot Powrr Lases

Since the measurement of the attenuation of a circuit ordinarily
requires that the circuit be terminated i its surge impedance ' to
avoid retlection ellects, the brst step in determining the attenuation
of the power line was to measure its surge impedance. \fter con-
sidering several methads for measuring this impedance, a substitution

IMPEDANCE 1N OHIAS

Toie’

e o maree
Tt

“ @ " - iy 20 13 [ w s % 3t

FFig. 1t Open Circuit (£,) and Short Circuit (Z,) lmpedance as Mcasured at
Carrier Frequencies on a 110,000 Volt Power Line 12 Miles Long

method was adopted because of its simplicity and the rapidity with
which measurements could be made.  This method depends upon the
fact that the apparent or measured impedance of a uniform line
terminated in its surge impedance is equal to that surge impedance
and it consists in terminating the line in a known resistance and
determining the value of current supplied to the line by an oscillator

! Surge or charaeteristic impedance may be defined as the measured impedance of
a uniform line of infinite length or in 1he ease of a finite line it may he expressed

mathematically as Z S len " ey onk

circuited circuited
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and then substituting for the line a won-inductive resistance until
the same value of current is drawn from the oscillator.  In employing
this method for determining the surge impedance it was assumed that
the oscillator ontput was constant, and that the phase angle of the
surge impedance was small.

A study of the curves on Fig. | shows that the apparent impedance
of the line will change with the impedance in which the line is termi-
nated in different ways, depending upon the frequency used. (1) If

900

3
IMPEDANCE — OHMS

a0

TERMINATING

MEASURED IMPEDANCE — OHMS
200 300 400 500 €00 700 800 900

Fig. 2 Graphical \nluuon of Substitution Method for Determining the Surge
Impedance of a Power Line

a frequency mid-way between the quarter wave lengths ? is used,
the open circuit and short-circuit impedances are the sawme. (2) If
a frequency corresponding to an even quarter wave length is used,
an increase in the terminating impedance will produce an increase
in the apparent impedance of the line. (3) 1f a frequency corre-
sponding to an odd quarter wave length is used, an increase in the
terminating impedance will produce a decrcase in the apparent imped-

? Whenever the length of the line becomes equal to, or some mulliplc of, one

quarter of the length of the clectric wav e of the (Urnsp()ndll\g frequency, it is refcrrul
to as a quarter wave length frequency, or, for short, a quarter wave length,
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CARRIER 1FIEPHONY ON HIGH OLEAGE LINES 1

v
o

anee of the line. 10 the apparent impedance of the line is plotted
agdinst the terminating impedance, in (1) the enrve will be hori-
zontal; in (2) the curve will have a positive slope approaching 157
and in (3) the curve will have a negative slope of approxinitely
15°. Each ol these caryes will intersect a 15 line drawn throngh the
origin at @ point where the terminal impedance is equal o the surge
impedanee of the line,  This intersection can be determined with the
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Fig. 3 Frequency vs. Mttenuation and Frequency vs. Surge [mpedance’as Measured
on the Tallulah Falls-Gainesvitle 110,000 Volt Power Line

greatest ease and accuracy when the curve crosses the 45° line at
right angles or under condition (3), that is, when the determination
is nuwde at a frequency corresponding to an odd quarter wave length.
To determine the surge impedance at ‘a given frequency all that was
necessary was to terminate the line at the distant end in an impedance
which it was anticipated would be just helow the surge impedance
and measure by the substitution method the apparent impedance
of the line, and then to terminate the line at the distant end in an
impedance which would just execed the surge impedance and deter-
mine the corresponding apparent impedance. The intersection of
a straight line through these points with the £5° line determined the
correct terminating impedance. In Fig. 2 is shown a dctermination
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of the characteristic impedance of the Tallulah Falls-Gainesville
line of the Georgia Railway and Power Company at three different
frequencies.

The attenuation of the line was then measured by terminating it
in its characteristic impedance and measuring the current in to the
line and current out of the line® The results of the attenuation
measurements made on the Tallulah Falls-Gainesville line are shown
on Fig. 3. The irregularities in the attenuation shown by the lower

20
IMPEDANCE CHARACTERISTICS OF A TYPICAL
6600: 110000 VOLT TRANSFORMER BANK
f AT CARRIER FREQUENCIES
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Fig. 4 Impedance Characieristics at Carrier Frequencies of a Typical 6600:110000
Volt Transformer Bank

curve are probably caused by the crror in assuming that the phase
angle of the surge impedance was small and that the surge impedance
wis a straight line function of freguency.  From these and other
data it was evident that for frequencies as high as 150 K.C. the
attennation is not excessive,

Fhion FrEereNey CHARM TERISTICS 0F POWER TRANSFORMERS

In order to determine the efiect of power transformers on the use
of the power line as a transmission medium for high frequency currents,

vy 5
~where 1y is

1,
the current into the network and Iy is the current received from the network and
measured ina circuit whose impuedance corresponds 1o the characteristic impedance
ol the network,

3 Attennation expressed in transmission units is cqual 10 20 logy,
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the impedance of typieal transformer banks was measured.  In
Fig. 4 is shown the impedance versus fregquency characteristic of a
three phase, 110,000 6600 V7., 12,000 K.\, transformer bank con-
nected Cstar ™ on the high side with the neutral grounded and “delta ™
on the low side. s shown by the diagram, these measiurements
were made between phases on the high side with the low side open
circuited and short cirenited.  The coincidence of these curves for
frequencies above 30 K.C. indicates that at these frequencies the
dominant characteristic is the distributed capacity of the high winding
and the impedance is probably unaffected by changes on the low
potential side of the transformer.  Below 30 K.C., however, the
impedance changes rapidly both with frequency and with the low
potential termination.

A study of Figs. 3 and Fand other data shows that the desirable
frequency range i which to operate a power line carrier telephone
circuit is that from 30 K.C. to 150 K.C. In this range the attenua-
tion is not excessive, it is very little alfected by the associated power
apparatus, and it is independent of the conditions on the low potential
power circnits.  The curve shown in Fig. 3indicates that, contrary to
the common belief, the attenuation in this range i a relatively smooth
function of frequency.  This conclusion is supported by the fact that
in the various installutions of power line carrier telephone cquip-
ment which have been made since the attenuation measurements on
Fig. 3 were obtained, no power Imes have been encountered where the
attennation was a critical function of frequency. Another important
argument for the selection of this frequency range lies in the fact that
it 1z well above the range employed for multiplex telephony on com-
mercial telephone systems and therefore precludes any interference
with such systems.

Covreine BErweeN CARRIER EQUipMENT AND PowbEr LiNg

Probably the most difficult problem to solve was that of providing
a satisfactory method for connecting the carrier cquipment to the
power line. The use of power transformers has not been found prac-
ticable for if frequencies low enough to be efficiently transformed were
employed, the attenuation of the circuit would he a function of the
conditions in the distributing network and a change in the number or
arrangement of transformers would result in an appreciable change
in the attenuation.  Such a method of coupling to the power line
would also have the objection that communication would not he
possible when the power transformers were disconnected from the line.



158 BELL SYSTEM 1ECHNICAL JIOURNAL

Since it did not seem practicable to develop a carrier frequency
transformer suitable for connecting hetween phases of a high voltage
power line it was decided to couple to the power line by means of
capacity. Two general types of condensers are possible, first, a con-
centrated capacity condenser and second, a distributed capacity
condenser. A concentrated capacity condenser suitable for direct
connection to a high voltage power line was not available, but its
development has been snceessfully undertaken by the Ohio Brass Co.
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Iig. 5 ~Voltage Amplification Characteristic of Iligh Frequency Transformer

The distributed capacity was obtained by suspending a wire parallel
to the power conductor and employing this wire as one plate of the *
condenser and the conductor as the other plate. Both of these meth-
ods of connecting to the power line have been developed and are
described later.

DEsioN oF TiE CArRIER EQUIPNMENT

Although the “carrier suppressed” system has many advantages
over the “carrier transmitted ™ system, the dithiculty of securing filters
suitable for suppressing the unwanted products of the modulation
prevented the nse of the carrier suppressed system.

Several general characteristies of 1he eleetrical and mechanical
design of this carrier cquipment are worthy of note.  The various
stages of vacnum tubes in both the transmitting and recciving cir-
cuits are coupled by transformers.  These transformers are closed
iron core coils using the standard core employed for andio-frequency
transformers. Fig. 5 shows the characteristic of one of these trans-
formers, and it is evident (rom this figure that the variation in am-
pliication from 50 K.C. to 150 K.C. is only a fraction of a trans-
mission onit.
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Although the frequencies employed by this eqaipment are fairly
high, it was practicable to mount all of the apparatus on standard
steel relay rack plates.  In order to minimize the maintenance on this
cquipment no “C™ hatteries have been emploved, the grid potentials

Fig. 6—17ront View of Transmitter Panel with Cover Removed from Tuning
Condensers

being obtained from filament drop, “B’ battery drop and a com-
]iill‘llinn:n[ these 1wo.

l_‘Th(- transmitting unit shown i Figs. 6 and 7 is divided into two
parts, the transmitting circuit proper and the power amplifier.  The
ficst is a circnit comprising a 101-D tube functioning as a Hartley
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oscillator with inductive feed-hack, a 223-\ tube operating as a
speech amplifier or modulator and a 223-\ tube operating as a high
frequency amplificr. The plate or constant current system of modu-
lation is employed but differs somewhat from the usual practice in

“A,
3

S

tog 7 =Rear View of Transmitter Panel with Cover Removed

that the output of the high fiequency amplifier s modulated rather
than the ontput of the oscillator itself.  This scheme was found to
deliver more modulated power than the usual arrangement sinee it
is not limited to the siime extent by the overloading of the high fre-
queney amplifier. This eivcuit has a power outpur of one watt, which

has proved to be ample for normal operation of the carrier system.
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I'o provide for operation of the system when the attenuation on the
power line has been materially inereased by line fault conditions a
power amplifier is provided.  This ampliice employs a 50 watt tube
(211-\) and is placed in the cireuit by a simple switching operation.
When this amplifier is operated, the output of the transmitting circuit
is impressed upon the grid of the 50 watt tube and amplitied to ap-
proximately hfty times its normal power output.

Lo the present type of carrier system duplex or two way operation
i~ secured by the use of two ditferent carrier frequencies, one for
transmission in cach direetion. A= will he pointed out later in the

Fig. §— Rear View of Receiver Panel

seetion on signaling the lower frequency is always assigned to the
calling station.  The transmitting cirenit must therefore operate at
two different frequencies.  This change is accomplished by the auto-
matic operation of the relay shown in Fig. 6. The operation of this
relay ehanges the capacity in the oscillating circuit, thereby changing
its frequency.  The values of the two frequencies at which the trans-
mitting eircuit operates are determined by the variable condensers
F1 and F2, Fig. 6, and certain fixed condensers which are connected
in parallel with the variable eondensers.

The reeeiving unit shown in Fig. 8 is extremely simple. [t i~ not
tuned and the only control is the filiment rheostat. 1t consists of
three 101-D vacuum tubes operating respectively as a carrier frequency
amplifier, a negative grid potential detector and an audio frequency
amplifier.

Two way operation is sccured by operating the transmitting and
receiving circuits at dilferent frequencies and separating them by
means of filters. In the single channel systems this separation is
secured by a high pass filter and a low pass filter although in the mul-
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tiple channel system band pass filters will be employed.  Fig. 9 shows
attenuation versus frequency characteristics of the high and low pass
filter combination. A study of these curves shows that the trans-
mission loss or attenuation in the high pass filter 1o frequencies trans-
mitted by the low pass filter is never less than 90 T.U., which corre-
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IFig. 9 Transmission Characteristic of 1ligh Pass and Low Pass Filters

ponds to a current ratio of approximately 30,000 or a power ratio
of approximately 9 x 10, and the attenuation in the low pass filter
to the frequencies transmitted by the high pass filter is also equal to
or greater than 90 T,

The characteristics of these filters are remarkable when it is con-
sidered that the frequency range in which they operate is higher
than that employed for multiplex carrier telephone systems, the
attenuation sceured is higher than that ordinarily required for such
systems, and a power of S0 watts has to be transmitted  through them
thereby introducing special problems in the design of the coils and
condensers. Figs. 10 and 11 are front and hack views of one of these
filters.

One of the unusual featores in the use of these filters is the fact that
the position of the filters in the circuit is changed from time to time
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by the operation of the relay shown on Fig. 11, that is to say, when
the transmitting circuit is operating at a frequency lower than S0 KL.C.
the low pass filter is conneeted to itand when the transmitting eircuit
is operating at a frequency higher than 100 K.C. the high pass Alter
must be connected to it.

SIGNALING SYSTEM

Signaling or ringing is accomplished at the transmitting end by
changing the frequeney of the oscillator from a frequency helow SO K.C.
to a frequeney above 100 K.C. without changing the Glters.  This is

Fig. 10—Front View of Low Pass Filter with Cover Removed

Fig. 11 -Rear View of Low Pass Filter with Cover Removed

accomplished by operating and releasing the relay in the oscillator
circuit. Since the filter connected to the transmitting circuit will
pass only one of these frequencics, pulses of the carrier frequency are
sent out on the line. At the receiving end these pulses are ampli-
fied and rectified and the change in the space current of the detector
operates a marginal relay.  The number and arrangement of these
pulses is controlled by a spring-operated selector key of the type com-
monly employed for telephone dispatching on raileoad lines. At the
receiving end these pulses operate a train dispatching selector relay
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(see g, 12) which responds to 17 impulses.  This selector relay will
respond to only two arrangements of these 17 pulses.  The first
arrangement is 17 consecutive pulses in which case these pulses must
follow one another at the correct speed and must be of the correct
duration. This makes it possible to ring all stations at the same time
as may be desirable in issuing general orders. The selector relay
will also respond to 17 pulses broken up into three groups in which
case the correct number of pulses must occur in each group and the
total of the three groups must be 17, This makes it possible to

Fig. 12 Rear View of Signaling and Low Frequency Panel Showing the Signaling
Apparatus

select one station from a group of more than 30 stations without dis-
turbing the others.  In addition to these desirable characteristics a
single sclector relay will provide seleetive ringing on four low fre-
quency eatensions from the carrier terminal.

The carrier equipment may be operated with complete control and
talking facilities from ecither a telephone located at the carrier terminal
or a telephone some distance from the carrier terminal but connected
to it by a physical telephone circuit.  In any event the control is
automatic, the transmitting circuit operating only when the receiver
is off the switchhook, while the reeeiving circuit operates continuously

Designating the carrier frequeney which is below 80 K.C. as Fy

and the carrier frequency which is above 100 K.C. as Fa, the opera-
tion of a carrier system comprising three carrier terminals designated
as A, B and C with a remote control station designated as o1 located
at the load dispiatcher's othee and separated from the carrier terminal
by ach of
these stations muay  communicate with any of the other stations.

sveral miles of physical telephone circuit is as follows. 1

Communication between 21, B and C is carried on over carrier cir-
cuits; communication between .1 and oAy is carried on over the physical



circuit while communication between by, B oamd arried on over
cireuits which are composed ol a carrier en il physical cir
cuit operating in tandem. When in the normal or non-operated
conditions, cach of these carrier terminals is set up to receive a signal
on frequency £y, but when the receiver is removed from the switeh-
hook at any station to initiate a call, the careier terminal corre-

. 3110 K.V, Coupling Condensers [sed for Coupling Carrier Circuit 10 a
110 K.V, Power Line

sponding to that telephone is automatically set up to transmit on
frequency Fyoand receive on frequency Fao When the ringing key is
operated, pulses of Trequency Fy are sent ont and received at all of the
other carrier terminals. At the called station these pulses operate
a selector relay and ring the bell, and when the operator removes
his receiver from the switch-hook to answer the call, his carrier terminal

is automatically set up to transmit on frequency Fa and reccive on
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frequency Fi. This switching of the transmitting and receiving cir-
cuits from one frequency o another is neces.ary where more than
two stations are operated on the same svstem and it is desirable for
every station to be able to call every other station without routing
the call through a central point.

If station Ay is conneeted with station I by means of two or more
pairs of telephone wires which are noc exposed to high voltage power

3
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FFig. 14 —Transmission Charaeteristic of Coupling Band Pass Filter

lines, a simple D.C. remote control circuit may be employed. IHow-
ever, if only two wires are available or if the telephone lines to he used
are exposced 1o high voltage power lines and must therefore be equipped
with insulating transformers and drainage coils, it is necessary to
employ a somewhat more complex alternating current control circuit.
In this circuit the 135 eycle interrupters and relays familiar to the
telephone plant are employed.

The voice frequency cireuits used in connection with this carrier
cquipment are the standard two wire and four wire circuits used in
commercial telephone practices.

CovrranG nv CONDENSERS AND BY IUSTRIBUTED CAPACITY

Fig. 13 shows two of the 120 K.V coupling condensers developed
by the Ohio Brass Co.  Each.of these condensers has a capacity of
{003 pf although similar condensers having a capacity of 007 uf are
also available. These condensers are approximately 5 {t. in diameter
and 12 ft. high over the bushing and weigh about 8,000 pounds. The
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condenser clement is muade up ol a large unmiber of small condenscers
in paratlel, the assembly being immersed in transformer ol

At present these condensers are emploved as the series capacity
clement of a single section, contluent (vpe, Campbell hand pass Hilter
as shown by Fig. 22, the general attenuation characteristic being
shown by Fig. 1L This filter is intended to transmit elficiently the
carrier frequencies, and to exclude power frequency currents.

= = i

Fig. 15—Typical Layout ol Power Line Carricr Telephone System, Using Iligh
Voltage Condensers for Coupling to Power Line

In Fig. 15 is shown a typical layout of a condenser coupled power
line carrier telephone system.

In employing the distributed capacity type of condenser for coupling
to the power line, two coupling wires (sometimes incorrectly called
antennae) are suspended parallel to the power conductors for a dis-
tance of approximately 1,000 ft. Fig. 16 shows the last tower sup-
porting the coupling wires in an installation at Anniston, Alabama.
This is a twin circuit 110 K.\ power line and in order to sccure
coupling to both lines, the coupling wires are suspended midway
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between the top and bottom phases.  The box shown on the tower
in INig. 16 is the coupling wire tuning unit shown in Fig. 17, The
coupling wires are terminated in this tuning unit.  In Fig. 18 is

Fig., 16 Distant End of Typical Conpling Wire Installation Showing Coupling
Wire Tuning Unit

shown the schematic diagram of the wire coupling circuit and Fig. 19
illustrates the character of the resonant peaks secured by this circuit.
The series inductances Ly and the terminating inductance L. are
variable and by adjusting them the points of resonance may be
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shifted to correct tor variations in the coupling wire induetanee and
capacity  Tor ditferent installations. Fig. 20 illustrates a typical
carcier terminal installition employing the wire conpling method.
The only point in favor of the wire coupling as compared with the
condenser coupling is the fact that for power lines of voltages higher

Fig. 17—Coupling Wire Tuning Unit

than 33 K.\ it is somewhat cheaper.  On the other hand condenser
coupling i~ much more etheient, thereby increasing the range and
reliability: of the system. 1t also permits high quality transmission,
the transmission through it i~ not affected by small variations in
frequency, and the component parts are of constant value determined
at the time of manufacture and require no adjustment at the time
of installation.  In addition to these advantages the inspection and
maintenance of the condenser is easier than for the coupling wires.

PROTECTIVE MEASURES

In considering the problem of safety to the operating personnel
and the equipment from the power line voltage, the normal insulation
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supplicd by the high voltage condenser where it is employed or by
the air separation where the coupling wires are employed, is dis-
regarded, since this insulation may fail, thereby applying the power
line voltage to the line terminals of the coupling circuit shown in

COURLING  COUPLING WIRE
¢ WIRES

TUNING UNIT

10 CARRIER
CQUIPIAENT

Fig. 18—Schematic of Wire Coupling Circuit

Iig. 21. The circuit shown in this figure is the same both for con-
denser and for wire coupling installations. The first element of
protection is the horn gap, which is mounted outside of the building
and scrves to limit the voltage to ground which the drop wire fuse,

w
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Fig. 19 Character of Resonant Peaks sceured with Wire Coupling

constituting the sccond clement of protection, will have to break.
This fuse consists of an clement inside of a porcelain tube the ends
of which are closed by lead caps.  This fuse is about 5 inches long
and by inelr in diameter and is supported by the wire itself.  When it
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Lails, the are established within the porclain tube causes the  tuhe
to break and permits the wires to fall apare. In power line earrier
telephone practice this fuse is so installed that a clear drop of at least
20 {1, is obtatned. The third clement of protection is the <shunt coil
with the mid-point grounded. I many respects this element is the
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Fig. 20 Typical Layout of Power Line Carricr Telephone System Using Wire
Coupling

most important one, since it provides a low impedance path to ground
for power frequencies, thereby draining off the 60 cycle potentials
which are collected by ecither the coupling wires or the condensers
in normal operation.

As will be noted from Fig. 27 the line series inductances and this
shunt inductance coil comprise a unit (the upper pancl) which is
known as the filter coil unit. The coils on this unit are insulated
for 20,000 volts on the line terminals and are constructed of edgewise
wound copper ribbon large enough to carry heavy momentary currents
without damage. The fourth element of protection is a fused switch
and surge arrester such as is commonly employed for the protection of
private telephone lines exposed 1o power lines.  This device consists of
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fuses in series with the line and forming the blades of a switch. These
fuses have heen found satisfactory for the interruption of voltages as

high as 25,000. Following this fused switeh iz a 1,500 volt breakdown
static spark gap to ground and a 300 volt breakdown vacuum gap
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Fig. 21 - Schematic of Protection Circuits
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across the line. Following these there are two series capacity clements
which are high voltage mica condensers. These condensers have a
capacity of .007 uf. and a breakdown voltage in excess of 7,500, Finally,
there is provided a repeating eoil with the mid-point of the line side

HIGH FREQUENCY LINE IN TRANSMISSION UNITS

CARRIER FREQUENCY IN KILOCYCLES
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Fig. 22 Change in the Attenuation of the High Frequency Line Necessary to
AMaintain a Constance Voice Frequeney Level with Variation in the Frequency of
the Carrier

winding grounded and protected by 5300 volt vacuum gaps to ground.
This repeating coil is also provided with a grounded shield between
the windings and has a breakdown voltage from the winding to the
shield of 1,000 volts. The operation of this protective cireuit has
been demonstrated several times in the field by connecting one phase
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ol a 110 K.\ power line direetly to one of the line terminals of the
protective cireuit. o every case the circuit has operated  satis-
factorily.  In no case has any of the standard apparatos been dam-
aged nor has there been any evidence that the elements of protection
beyvond the third, that is, the shuat coil with the mid-point grounded,
have been called npon to function.

TrANSMISsION LEVEL CHARNCTERISTICS

FFig. 22 shows the attenuation (expressed in transmission units) of
the high frequency line veesus the carrier frequeney of KCL e will
be noted that over the range from 50 KC. to 150 K.C. the variation
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Fig. 23—\ariation of Overall Gain with the Mtenuation of the ligh Frequency Line

in attenuation is less than 53 T.U7. This enrve was made with a constant
audio frequency input of 3.35 mils and an output of 3.35 mils from
the carrier vircuits, the aundio frequency being 1,000 cyceles.  The
variation of audio frequency level with the attennation of the high
frequency line is shown in Fig. 23, The obscrvations given in Fig. 24
were made on an artificial transmission line in which the line constants,
and therefore the attenuation, could be readily changed without
changing the carricr frequency.  The shape of this curve s a function
of the receiving circuit since the audio input, carrier frequency and
the modulated output of the transmitting cirenit are maintained
constant. It shows that for audio frequency levels lying between
— 10 and 410 T.U. the equivalent i~ approximately a straight line
function of the attenuation of the high frequency line, and that
therefore the receiving eircuit is not overloaded.

Fig. 21 shows the audio frequency load characteristic.  This curve
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is principally a function of the load characteristic of the modulator
and it shows that for inputs greater than 1 mil, the modulator is
overloaded. In practice the overloading of the modulator is pre-
vented by increasing the average low frequency line cquivalent to an
attenuation of 10 T.U, hy means of a resistance artificial line. This

AUDIO GAIN N TRANSMISSION UNITS
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Fig. 24 ‘Transmitting Circuit Load Characteristic

arrangement is desirable in order that the balancing of the low fre-
quency hybrid coil may not be complicated when operating over very
short physical circuits.

The curve in Fig. 25 is a single frequency quality characteristic
and shows that where the method employed for connecting to the

»
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Fig. 25 Single Fregneney Quality Characteristic

power line will permit, remarkably true voice transmission may be
sceured, The variation in the equivalent over the range from 100
cyeles o 5,000 cyeles is only 5y T.UL, while the variation from 300
eveles to 5,000 cyeles is only 2 T.U. Reference to Fig. 19 will indi-
cate, however, that less satisfactory quality characteristics are ob-
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tained when the wire coupling method is employed, hecause of the

sharpness

resondanee of the coupling circuit.

AeaiaMay Power CoMPANY [NSTALLATION

26 and 27 are photographs of the installation of power line
r telephone equipment at the Anniston substation of the Mabame

;7 i |
|

51 -~
i

T

et

ol
{
el |

> o "




176 RELL SYSTEM TECHNICIL JOURNAL

Power Company.  Fig. 26 illustrates the simple character of the
assembled units and freedom from controls. The right hand bay
is devoted to power control apparatus with space reserved for the
135 cyele remote control equipment when it is emploved.  The left

Fig. 27 - Typical Installation of Coupling Pancls

hand bay includes the transmitting and recciving circuits, the high
and low pass carrier frequency filters and the voice frequency and
D.C. control circuits.  Beginning at the top of this bay, the” first
panel, which is hlank on froot, carries the system terminal. block
to which all wiring except the power supply is connected.  The second
panel is the high pass filter; the third panel is blank.  The fourth
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panel is the transmitting equipment, both low power and high power.
The hlth panel is the reeciving eirenit; the sisth panel contains the
voice frequeney and signaling cquipment. The seventh panel contains
D.C. control equipment, and the bottom panel is the low pass Glter.
On the wall to the right of the carrier panel assembly are shown the
filter coil unit and the hlter and protector unit. These units are nore
clearly shown in FFig. 27 and diagrammatically in Fig. 21, Returning to
Fig. 26, the desk stand which the operator is using is that associated
with the carriee equipment, while the key mounted on the table im-
mediately to the left of the desk stand is the selector key employed for
ringing.  IPig. 16 shows the coupling wire installation at this station.

The power line carrier telephone equipment which has been brielly
described in the foregoing article is in successful operation today on
several power systems in this country.  Its reliability, simplicity: of
operation and maintenance have heen well established.

The large number of variables which are involved in line failure
conditions make it impossible to predict what cffect these emergency
conditions may have on the operation of the carrier equipment.
The fact remains, however, that under many simulated and actual
trouble conditions successful operation of the carrier equipment has
been obtained.

With the growing nced of power companies for communication
facilities, it 15 probably only a question of a very short time before
multiple channel carrier, systems will be in operation on the large
power systems of this country.



Abstracts of Bell System Technical Papers
Not Appearing in the Bell System
Technical Journal

Photomechanical Wave Analyzer Applied to Inharmonic :Aunalysis.!
C. F. Sacta. This type of Fourier Analysis deals with wave-forms
which are not strictly periodic, since they are of finite duration and
of varying cyclic forms. llence in a finite frequency range they have
an infinite number of infinitesimal components (shown by the Fourier
Integral) as contrasted with the finite number of finite components
at regular intervals (shown by the Fourier Series).

This analyzer utilizes the continual repetition of the aperiodic
wave, deriving therefrom a periodic wave, the infinitesimal compo-
nents neutralizing except for frequencies which are integral mul-
tiples of the frequency of repetition; here the components build up
to finite magnitudes. The simple relation between these components
is seen from the corresponding Fourier Integral and Series identities
for the unrepeated and repeated waves respectively. By increasing
the period of repetition a new set of components can be similarly
derived.

The wave form is represented as a black profile on a transparent
strip whose ends are joined to form an endless belt.  Driven at con-
stant speed past a transverse illuminated slit, it generates light Hluctu-
ations which are converted into clectrical fluctuations by means of a
selenium cell. A tuned circuit, amplifier, rectifier and microammeter
are used to select and measure the components, while the frequencies
are determined by the speed of the strip, the frequency of tuning,
and the time scale of the original wave form.

“ Demagnetization and Ilysteresis Loops.”* L. \W. McKEEHAN and
P. P. Crorri.  The fact that permalloy shows its maximum initial
permeability in the absence of external magnetic fields is used to
cheek the exact compensation of the earth’s magnetic field or other
stray fields by measurement of the initial permeability of a strip or
wire of permalloy placed parallel to the field component to be com-
pensated.  Increased accuracy is obtained by the use of somewhat
greater helds than those which approximately give the initial permea-
bility. The effect of demagnetization by an alternating enrrent ficld
is studicd with samples of the same sort, the apparent permeability
varving as the external field at the time of magnetization is varied.
The dissymmetry in hysteresis loops where the upper and Jower limits

VL6S, RS L, Nol. 9, AT, 1920,

1.0, S, R S. L, Vol 9, pp. 479-485, 1924,
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are unsymmeteical with respect to the zero of magnetic fickl is illus-
trated and the detection of such dissymmetry is discussed.

U Clussified List of Published Bibliographies in Physics, 1910 16223
Kart K. Darrow. This work, undertaken at the request of the
National Rescarch Couneil, represents an attempt to cope with the
problem of providing a convenient and adeqguate hibliography of
physies, not by actually writing a complete classitied hibliography
(which would fill a huge volume and require the prolonged labor of
several men), but by listing the very numerous partial hibliographics
under a detailed subject-classification.  Many of the accounts of
rescarch published in scientific journals contain short histories of the
previous work in the subjects which they treat, many others contain
lists of references, aned there are also a number of critical or nneritical
reviews of particular fields with thorough documentations.  The
Classified List of Published Bibliographies refers to all of these which
appeared in any of the familiar physical journals between 1910 and
1922 inclusively, and a number of books as well; it is believed that
almost every article upon a physical subject, which has ever been cited
or reviewed in another article, can be traced through the List.  The
svstem of classification, in which the field of physics is divided into
seventy-five classes with numerous subdivisions, is much the most
detailed and elaborate which has been made out for the science of
physics in a score of yvears. An adequate system of classification is of
great value in any science, for researches which are clasified under
it are not only made easy to trace, but their various aspects and their
mutual relations can be emphasized. Because of the rapid growth
and evolution of physics, the earlier systems have mostly become
inadequate; bnt it is hoped to make and keep this system elfective
by constant attention and revision, and to extend the use of it.

Transmitting  Equipment for Radio Telephone Broadcasling.?
Epwaro L. NELsox. The general transmission considerations apply-
ing to any system for the high quality transmission of speech or music
are outlined brietly, and the specific requirements to be met by the
various apparatus units in a radio broadcasting equipment are dis-
cussed in some detail. The standard Western Electric 500-watt
broadcasting equipment, which has found application in some fifty of
the larger stations in this country and abroad, is described. Its per-
formance capabilities are illustrated and it is indicated that a standard
of performance has been attained which renders possible reproductions
not substantially different from the original.

3 Bulletin of the National Research Council, No. 47.
¢ Proc. of The Inst. of Radio Engincers, Vol. X!11, page 553, 1924,
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“The Vapor Pressures of Rochelle Salt, the I ydrates of Sodinwm and
Potassium Tartrates and Their Saturated Solutions.”® WH. H. Lowgry
and S. O. MorGax. The vapor pressures were determined by a static
method at several temperatures between 15° and 40°. Tempera-
tures were controlled to 0.1° and the pressures read to £0.1 mm.
The measurements on the saturated solution of Rochelle salt show
that the solid phase in such a solution is unstable above 40°, in agree-
ment with other investigators.

Minimal Length A rc Characteristics.® H. E. IvEs. This paper is a
study of the clectrical dischiarges which oceur between opening con-
tacts. It is found that the discharge occurring when currents below
a certain value are broken are atmospheric sparks corresponding to a
definite breakdown voltage, which in the case of air is about 300 volts.
Above a eritical value of current, which is different for every material,
the discharge is an are, in which the voltage corresponding to the
discharge varies with current.  Spectograms taken in the two regions
show only the air spark spectrum for all materials below the eritical
current and the are speetra of the materials above the critical current.
The charaeteristic equations of the arcs caused by the opening con-
tacts are derived and are used to obtain expressions for the current
vs. time relations at the opening contact.

T'he Dependence of the Louduess of a Complex Sound Upon the Energy
in the Various Frequency Regions of the Sound.” 1. FLETCutRr and
J. C. SteiNBERG. Two complex sounds were studied, one with a con-
tinuous energy frequency spectrum corresponding to connected specech,
the other a test tone having discrete frequency components. By
means of filters the energy was removed from all frequencies either
above or below a certain frequencey, and the resulting decrease in
loudness was measured by attenuating the original sound without
distortion until equal in loudness to the filtered sound. Taking the
average results for six observers, this decrease was found to depend
on the absolute values of the lowdness.  For a loudness of 22 units
above threshold, cach frequency region contributes to loudness in
proportion to the energy in that region weighted according to the
threshold energy for that frequeney. For a loudness above 30 units,
however, this is no longer true, because of the non-lincar character of
the response of the ear. By assuming cach frequency region con-
tributes in proportion to a fractional power of the weighted energy
of that region, values of the total louduess in agreement with ob-

* Jour. M. Chem. Soc., Vol 15, pp. 2192 2106, 1024,

¢ Journal of the Franklin Institute, Vol 198, pp. 437 474, 1024,

7 Physical Review, Vol 24, page 306, 1924,
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served values are obtained i proper values are taken for the fractional
power, deereasing to one third as the loudness increases to 100 units.

Correlation Between Crack Development in Glass While Conducting
Electricity and the Chemical Composition of the Glass® Farie I
Scurstacer. A\ study was made of the suseeptibility to crack
developrmient shown by five different Kinds of glass when they were
suthjected to the action of an eleetrie current. The results indicated
that the tendency to crack inercased with inereasing alkali content
of the glass and with increasing electrical conduetivity.

Report of the Chairman of the Telegraphy and Telephony Committce
of the Anterican Institute of Electrical Engineers.® 0. B. BLACKWELL.
This report gives a brief summary ol the advanees which have been
made or which have come into prominence in the communication
art during the year.  Papers which have heen presented hefore the
Institute and which, in general, have recorded such advances are
reviewed.

Selective Circuits and Static Interferenee?®  J. R. Carson. This
paper is an application of a general mathematical theory to the gues-
tion as to the possibilities and limitations of selective eircuits when
employed to reduce “Static” interference.  In the case of static
interference and random disturbances in general the random and
unpredictable character of the disturbances makes it necessary 1o
treat the problem statistically and express the results in mean values.
In spite of the meagre information available regarding the character
and frequency distribution of static, this treatment of the problem
vields general deductions of practical significance.  The conclusion
i~ reached that for given signal requirements there is an irredncible
residue of static interference which cannot be eliminated.  This
limit is closely approached when a filter of only two or three sections
i~ employed as the selective circuit, and only a negligible further gain
i~ made possible by the most claborate circuit arrangements. 2\
formula is also given for caleulating the relative figures of merit of
selective circnits with respect to random interferencee.

The Guided and Radiated Energy in Wire Transmission J. R.
Carsox. This is a mathematical analysis of wave propagation along
guiding wires from the fundamental cquations of clectromagnetie
theory. It is shown that the engineering theory of wire transmission
is incomplete, and that, in addition to the transmitted wave of en-

* Jour. Am. Chem. Soc., Yol. XLV, No. 8, Augast, 1924,

? Journal of the American Inst. of Elec. Engincers, Vol. 43, page 1083, 1924

13 Trans, . 1. E. E.; 1924,

Y Jour. A 1L E. K, O, 1924,
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gincering theory, an infinite series of complementary waves exist. It
is through these waves that the phenomena of radiation are directly
accounted for. Except for the phenomena of radiation, however, the
complementary waves are of theoretical rather than practical interest
in present-lay transmission practice, and except in extreme cases they
may be ignored in practice without appreciable error.

Sound Magnification and [is A pplication to the Requirements of the
Deafened.” Harviy FLErcnir. A general description of the gen-
cration and propagation of sound waves was given and experiments
performed to illustrate the principles involved. The general require-
ments for aiding persons having various amounts of deafness were
outlined. The relation between the loudness of speech received by
the ear in a room of average acoustic characteristics and the distance
the speaker is away from the ear was illustrated by a chart.  Also,
a chart showing the characteristic frequency regions and loudness
levels of the fundamental speech sounds, and one showing the interpre-
tation of speech at various loudness levels by persons having various
degrees of hearing, were exhibited. By means of these three charts
it was shown how one could predict the amount of intelligibility which
would be obtained by a person having a definitely measured amount
of hearing. In particular it was pointed out that such sounds as
th, f, and @ will be the first sounds to be lost as the hearing decreases.
These sounds are the casiest ones to detect by lip reading so that
hearing aids and lip reading go hand in hand in aiding one who is
hard of hearing to obtain the proper interpretation.

Abstract of a Telephone Transniission Reference System® L. J.
SIvIAN.  The subject is dealt with in four parts: A—The function of
a transmission reference system; B Requirements to be met by the
reference system; C - Work done on the construction and calibration
of a preliminary model of the new reference system; D—Proposed
future development of the new reference system in its final form to
be adopted as the standard for the Bell System.

A brief discussion of the methods and apparatus entering into the
general problem of rating telephone transmission is given. It is

2 Lecture given before the Annual Conference of the American Federation of
Organizations for the 1lard of tHearing, Washington, D). C., Thursday, June §, and
published in Volta Review, September, 1921,

A large number of the audience who listened to this lecture were hard of hearing.
A rough measurement of the amount of hearing of each of those present was made
and groups arranged according to the degree of hearing.  The amplification was
then adjusted to cach group to suit their particular needs. The results seemed
to be most gratifying, as ncarly everybody said that it was the first time they ever
Lmargl a public lecture of this sort without difficulty since they had become hard of

caring,

12 Electrical Communications, Vol, 111, pp. 111-126, 1924,
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conclided that a physical reference system is essential, and that a
mere specification of its physical operating characteristios is insufh-
cient.  The inadequacy of the reference systems now in use is pointed
out.

The conditions ta be aimed at in the new reference system are:
[ The performance of the system and of its component parts musc
be specitiable in terms of quantities admitting of definite physical
measurement; 1—The performance of the reference system, under
specitied operating and atmospheric conditions, must remain constant
with time; T The reference system must be free from non-lincar
distortion over the range of acoustic and electric amplitudes which
it must handle; IV The frequency response over the range of speech
frequencies must be as nearly uniform as possible.

Of the above, conditions T and 11 are regarded as the most im-
portant. It is also proposed to buikl auxiliary reference systems
which will meet conditions T and 1T while falling short of 111 and V.
These are needed for purposes of ready comparisons with the com-
mercial circuits commonly in use.
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The Transmission of Pictures Over
Telephone Lines

By H. E. IVES and J. W. HORTON, Bell Tel. Lab. Inc.
R. D. PARKER and A. B. CLARK, Amer. Tel. & Tel. Co.

INTRODUCTION

HE problem of directly transmitting drawings, figures and
photographs from one point to another hy means of electricity
has long attracted the attention and curiosity of scientists and engi-
neers.!  The broad principles of picture transmission have been
recognized for many years. Their reduction to successful practice,
however, required, among other things, the perfection of methods
for the faithful transmission of electrical signals to long distances,
and the development of special apparatus and methods which have
become o part of the communication art only within the last few
vears. Prominent among the newer developments which have facil-
itated picture transmission are the photoeleetrie cell, the vacuum
tube amplifier, clectrical Glters, and the use of carrier currents.
None of the systems heretofore devised have been sufficiently
developed to meet the requirements of modern commercial service.
The picture transmission system deseribed in this article has been
designed for practical vse over long distances, employing facilities
of the kind made available by the network of the Bell System.
The desirability of adding picture transmission facilities to the
other communication facilities offered by the Bell System seems now
to be well assured.  Various engineers of the System have made
suggestions and carried out fundamental studies of the possibilities
for picture transmission offered by the telephone and telegraph
lacilities in the Bell System Plant which have aided materially in the
development of the method to be described.
1 A comprehensive account of earlier work in Picture Transmission will be found
in “Telegraphic Transmission of Pictures,” T. Thorne Baker, Van Nostrand, 1910,

and the " llandbuch der Phototelegraphie und Telautographie,” Korn and Glatzel,
leipzig, Nemnich, 1011,
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The account of the picture transmission system which follows is
intended to give only a general idea of the work as a whole. A num-
ber of enginecrs have collaborated in this work, and it is expected
that later publications will describe various features of the system
and its operation in greater detail.

GENERAL SCHEME OF PICTURE TRANSMISSION

Reduced to its simplest terms, the problem of transmitting a pic-
ture electrically from one point to another calls for three essential
clements: The first is some nieans for translating the lights and
shades of the picture into some characteristic of an electric current;

Fig. 1—Sending end nptlcal system in section: (L) light source; (D) condensmg lens;
(A) diaphragm; (S) projection lens; (C) transparent picture film in cylindrical
form; (P) photoelectric cell

the sccond is an electrical transmission channel capable of trans-
mitting the characteristic of the eleetric current faithfully to the
required distance; the third is a means for retranslating the eleetrical
signal as received into lights and shades, corresponding in relative
values and positions with those of the original picture.

Analyzed for purpoeses of electrical transmission, a picture consists
of a large number of small clements, cach of substantially uniform
brightness. The transmission of an entire picture necessitates some
method of traversing or scanning these clements. The method used
in the present apparatus is to prepare the picture as a film trans-
parency which is bent into the form of a eylinder. The cylinder is
then mounted on a carriage, which is moved along its axis by means
of a serew, at the same time that the film eylinder is rotated. A
small spot of light thrown upon the film is thus caused to traverse
the catire film area in a long spiral. The light passing into the
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interior of the cylinder then varies in intensity with the transmission
or tone value of the picture.  The optical arrangement by which a
small spot of light is projected upon the photographic transparency
is shown in section in Fig, 1.

The task of transforming this light of varying intensity into a
variable electric current is performed by means of an alkali metal

Fig. 2 -Photograph of photoelectric cell of type used in picture transmission

photoelectric cell.  This device, which is based on the fundamental
discovery of the photoelectric cffect by Hertz, was developed to a
high degree of perfection by Elster and Geitel. It consists of a
vacuum tube in which the cathode is an alkali metal, such as potassium.
Under illumination, the alkali metal gives off electrons, so that when
the two electrodes are connected through an external circuit, a cur-
rent flows. This current is directly proportional to the intensity



190 BELL SYSTEM 1LECHNICAL JOURNGIL

of the illumination, and the response to variations of illumination
is practically instantancous. -\ photograph of a photoelectric cell
of the type used in the picture transmission apparatus is shown in
Fig. 2. This cell is placed inside the evlinder formed by the photo-
graphic transparency which is to be transmitted, as shown in Fig. 1.
As the ilm cylinder is rotated and advanced, the illumination of the
cell and conscquently the current from it registers in succession the
brightness of cach elementary arca of the picture.

Assuming for the moment that the photoelectric current, which is
a direct current of varving intensity, is of adequate strength for suc-
cessful transmission, and that the transmission line is suitable for

N
Fig. 3—Light valve details: (R) ribbon carrying picture current; (1) pole piece of
magnet; () jaws of aperture behind ribbon

carrying direct current, we may imagine the current from the photo-
electric cell to traverse @ communication line to some distant point.
At the distant point it is necessary to have the third clement above
mentioned, a device for retranslating the electric current into light
and shade. This is accomplished in the present system by a device,
due in its general form to Mr. E. C. Wente, termed a “light valve.”
This consists essentially of a narrow ribbon-like conductor lying in a
magnetic held in such a position as to entirely cover a small aper-
ture. The incoming current passes through this ribbon, which is in
consequence dellected to one side by the inter-action of the current
with the magnetic field, thus exposing the aperture beneath.  Light
passing through this aperture is thus varied in intensity.  H it then
falls upon a photographic sensitive ilm bent into evhindrical form,
and rotating in exact synchironism with the film at the sending end,
the ilm will be exposed by amaounts varving in proportion to the
lights and shades of the original picture.  The ribbon and aperture
of the light valve are shown diagrammatically in Fig. 3. Fig. 1
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shows a section of the receiving end of a sy stem ol the sort postulated,
with it light source, the light valve, and the receiving e linder.,

ADARTARION OF SCUENME o TELEPHONE LINE PRANSMISSION

Ihe simple scheme of picture transmission just outlined must be
modilied in order to adapt it Tor use on commercial electrical com-
munication systems, which have been developed primarily for other
purposes than pieture transmission.  OF existing electrical means of
communication, which include lTand wire systems (telegraph and
telephone), submarine cable, and riddio, the wire system, as developed

==l |

Fig. © Section of receiving end optical system: (1) light source; (1) condensing
lens: V' light valve: 1S projection lens; (C) sensitive film

for the telephone, offers great advantage when all factors are con-
sidered, including constaney, freedom from interference and speed.
The picture transmission system has accordingly been adapted to it.

In the simple scheme of picture transmission outlined in the pre-
ceding section, the photoeleetric cell gives rise to a direet current
of varying amplitude.  The range of frequency components in this
current runs from zero up to a few hundred cycles.  Commercial
long distance telephone circuits are not ordinarily arranged to transmit
direct or very low frequency currents, so the photoeleetric currents
are not directly transmitted.  Moreover, these currents are very
weak tn comparison with ordinary telephone currents. On aceount
of these facts, the current from the photoclectric cell is first amplified
by means of vacuum tube amplifiers * and then is impressed upon a
vacuum tube modulator jointly with a carrier current whose fre-
quency is about 1,300 cveles per second.  What is transmitted over

*For a very full description of the standard telephone repeater the readler is

referred to Felcphonc Repeaters,” Gherardi and Jewett, Trans. 2. Nov.,
1919, Vol. 38, part 2, pp. 1287 1345,
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the telephone line is, then, the carrier wave * modulated by the photo-
clectric wave so that the currents, in frequency range and in ampli-
tude, are similar to the currents corresponding to ordinary speech.
When the carrier current, modulated aceording to the lights and
shades of the picture at the sending end, traverses the ribbon of the
light valve at the receiving end, the aperture is opened and closed
with cach pulse of alternating current. The envelope of these pulses
follows the light and shade of the picture, but the actual course of

V
CC P an ] i s A T

PICTURE CHANNEL

M N 1y 1 | 1 (T O L X M
O i M;lw i ‘iil H\I ‘ljr VI T T 1 AR L el |
SYNCHRONIZING CHANNEL

Fig. 6—Diagrammatic representation of the picture and synchronizing currents.
1P) photoelectric cell; (AM) amplifier modulator; () amplifier; (V) light valve;
(M) phonic wheel motors; (T) tuning forks; (AR) amplifier rectifier

the illumination with time shows a fine structure, of the periodicity
of the carrier.  This is shown by the enlarged section of a picture,
FFig. 5; in this the black lines are traces of the image of the light valve
aperture.  Superposed on the larger variations of width, which are
proportional to the light aud shade of the picture, small steps will
be noted (particularly where the line width varies rapidly); these are
caused by the earrier pulses.

SYNCIHRONIZATION

In order that the light and shade traced out on the receiving cylin:ler
shall produce an accurate copy of the original picture, it is necessary
that the two cylinders rotate at the same uniform rate. This, in
general, demands the use of accurate timing devices. The means
employed in the present apparatus consist of phonic wheels or impulse
motors controlled by electrically operated tuning forks.t  Were it

3 A description of electrical communication Iy means of carrier currents will be
found in “Carrier Current Telephony and Telegraphy,” Colpitts and Blackwell,
Trans. A. [ E. E., 1921, Vol. 41, pp. 205 300. A discussion of the relations between
the several components of the signal wave employed in carrier is given in ** Carrier

and Sidebands in Radio Transmission,” Hlartley, PProc. 1. R. E., Feb., 1923, Vol. t1,
No. 1, pp. 34-55.

' A detailed description of the construction and operation of the impulse motor
and its driving fork is given in ‘*‘ Printing Telegraph Systems,”” Bell ‘Trans. A. 1L E. 2.,
1920, Vol. 39, Part 1, pp. 167-230.
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possible to have two forks at widely separated points running at
exactly the same speed, the problem of synchronizing would be
immediately solved.  Actually this is not practical, since variations
of speed with temperature and other causes prevent the two forks
from operating closely enough together for this purpose.  If the two
eylinders are operated on separate forks, even though cach end of
the apparatus runs at a uniform rate, the received picture will, in
gencral, be skewed with respect to the original.  The method by
which this difficulty has been overcome in the present instance is due
to Mr. M. B. Long. Fundamentally the problem is solved by con-
trolling the phonic wheel motors at cach end by the same fork. For
this purpose it has been found desirable to transmit to the receiving
station impulses controlled by the fork at the sending end. The prob-
lem of transmitting both the fork impulses and the picture current
simultancously could be solved by the use of two separate circuits.
If this were done the currents going over the two lines would be
substantially as shown in Fig. 6, where the upper curve represents
the modulated picture carrier [or two successive revolutions of the
picture eylinder, and the lower curve shows the svnchronizing carrier
current modulated by the fork impulses.

It would not, however, be cconomical 1o use two separate circuits
for the picture and synchronizing channels, consequently the two
currents are sent on the same circuit.  In order to accomplish this.
the picture is sent on the higher frequency carrier, approximately
1,300 cycles per second, and the synchronizing pulses are sent on
the lower frequeney carrier, approximately 400 cycles per sccond,
both lying in the range of [requencies readily transmitted by any
telephone  circuit. These carrier frequencies are obtained  from
two vacuum tube oscillators®  The two currents are kept separ-
ate from cach other by a system of clectrical filters at the sending
and receiving ends, so that while the eurrent on the line consists
of a mixture of two modulated frequencies, the appropriate parts of
the receiving apparatus receive only one carrier frequency each.®

*The vacuum tube oscillator as a source of carrier current is described in Colpitts
and Blackwell, Loc. Cit. A gencral discussion of the uum tube oscillator is
given in the “Audion Oscillator,” leising, Jour. 1. I Aprit and May, 1920
A discussion of the arrangement of the particular os: |Huur used with the picture

transmission cquipment is given in “Vacunm Tube Oscitlator,” 1orton, Bell System
Tech. Jour. July, 1924, Vol. 3, No. 3, pp. 308 524,

CThe application of wave filters W multi-channel communication systems is
discussed in Colpitts and Blackwell, Loc. i, More complete discussions are o
be found in: “Physical Theory of Electric Wave Filters,” Camphbell, Bell System
Tech. Jour. Nov., 1922, Vol 1, No. 2, pp. 132,
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Discrievion o \ppearares
Mechanical Nrransements

The essential parts of the mechanism nsed for rotating and advane-
ing the evlinder at the sending station, and for holding the photo-
cleerric cell and the amplifying and modulating system are shown
in the photograph, Fig. 7. .\t the extreme left is the phonie wheel
impulse motor. which drives the lead serew through a spiral gear.

Fig. 7 - Sending end apparatus showing motor, tilm carriage, optical system and
amplifier modulator

The spiral gear ordinarily tirns free of the lead screw, bhut may he
engaged with it by a spring clutch.  The lamp housing, which pro-
vides the illumination for the photoclectric cell, is in the foreground
at the center ol the photograph. The photoelectric cell s in a
cylindrical case at the left end of the large box shown on the track
and projects into the picture eyvlinder on which a film is in process
of heing clamped. The amplifier and modulator system is carried in
the large box to the right, which is mounted on cushion supports to
elimimate disturbances due to vibration.
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The receiving end mechanism for turning and advancing the
cylinder is similar to that at the sending end.  The parts peculiar o
the receiving end are shown in Fig. 8. They cousist of the light
valve, which is in the middle of the photograph, and the lens for pro-
jecting the light from it upon the cylinder. The metal cylinder

Fig. 8—View of receiving end apparatus showing light valve and observation
microscope

around which the sensitive photographic Alm is wrapped, appears at
the extreme right. The microscope and prism shown are used for
inspecting the light valve aperture for adjusting purposes.

Electrical Circuits

The essential parts of the clectrical circuits used are shown in the
schematic diagrams, Figs. 9 and 10, in which the various elements
which have been deseribed previously are shown in their relations o
cach other. .

Certain portions of the electrical eircuits deserve somewhat detailed
treatment.  One of these is the ampliher-modulator system for the
picture channel, the other is the filter system employed for separat-
ing the picture and synchronizing channels.
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In Fig. 11 is shown (at the top) a diagram of the direct current
amplifier and the modulator used for the picture channel, together
with diagrams (at the bottom) showing the clectrical characteristics
of cach clement of the system.  Starting at the extreme left is the
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Fig. 11 Circuit schematic of amplifice-modulator with characteristics of
cach element

photoeleetrie cell, the current from which passes through a high
resistance.  The potential tapped off this resistance (of the order of
30 or 10 millivolts) is applied to the grid of the first vacnum tube
amplifier.  The second vacuum tube amplifier is similarly coupled
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with the tirst, and the vacuam tube modulator in turn to it. The
relationship between illumination aud current in the photoelectrice
cell is, as shown in diagram No. [, lincar from the lowest to the highest
valaes of illnmination.  The voltage-carcent (72 versus /) character-

4t Ve 111 o8 ; W_L”.L’“w

SYNCHRONIZING CHANNEL FILTER

PICTURE CHANNEL FILTER

3
.

&

TRANSMISSION LOSS = TRANSMISSION UNITS
3

0 T T T ST s T [ |
0 4 8 12 16 20 24 28 32 3¢ 40
FREQUENCY- HUNDREDS OF CYCLES PER SECOND

Fig. 12 Circuit schematics (above and attenuation characteristies (helow  of
picture (full line) and synchronizing (dashed line) channel filters

isties of the amplifying tubes and the modulating tube circuits are
shown in the fhgure by the diagrams which lie immediately below
these tubes. They are not lincar over their whole extent. [t
becomes necessary, therefore, in order to preserve the linear char-
acteristic, which is essential for faithful picture transmission, to locate
the range of variation of current in cach of the latter tubes on a lincar
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portion of their characteristics. This is accomplished by appro-
priate biasing voltages (Eg), as shown. As a consequence of this
method of utilizing the straight line portions of the tube character-
istics, the current received at the far end of the line does not vary
between zero and finite value, but between two finite values. This
clectrical bias is exactly matched in the light valve by a mechanical
bias of the jaws of the valve opening.

Fig. 12 shows diagrammatically the form of the band pass filters
used for separating the picture and synchronizing channels, together
with the transmission characteristics of the filters.  The synchroniz-
ing channel filter transmits a narrow band in the neighborhood of
400 c. p. s., the picture channel filter a band between 600 and
2,500 c. p. s.

In addition to the main circuits which have been discussed, arrange-
ments are made for starting the two ends simultaneously and for the
transmission of signals. These functions are performed by the inter-
ruption of the picture current working through appropriate detectors
and relays. Testing circuits are also provided for adjusting the
various elements without the use of the actual transmission line.

Tue TrRANSMISSION LINE

In view of the fact already emphasized, that the currents used in
picture transmission are causced to be similar both as to frequency and
amplitude to those used in speech transmission, it follows that no im-
portant changes in the transmission characteristics of the telephone line
arc called for.  With regard to the frequeney range of the alternating
currents which must be transmitted and also the permissible line
attenuation, the transmission of pictures is less exacting on the tele-
phone line than is speech transmission.  In certain other respects,
however, the requirements for picture transmission are more severe.
FFor speech, the fundamental requirement is the intelligibility of the
result, which may be preserved even though the transmission varies
somewhat during a conversation.  In the case of picture transmission,
variations in the transmission loss of the line, or noise appearing even
for a brief instant during the several minutes required for trans-
mission are alt recorded and presented to view as blemishes in the
finished picture. Picture transmission circuits must, therefore, be
carefully designed and operated so as to reduce the possibility of such
disturbances.  In 1iransmitting pictures over telephone lines, it is also
necessary to guard against certain other effects, including transient
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cffeets and “echoes” caused by rellections from impedance irregular-
ities. .\ high degree of balance between the lines and their balancing
networks at repeater points is also required.  These conditions can be
satisfactorily met on wire telephone lines.  Radio communication
channels are inherently less stable and less free from interference,
and special means to overcome their defects are required in order to
secure high-grade pictures.

dvED PreTtures

CHARACTERISTICS OF R

Al electrically transmitted pictures have, as a result of the processes
of scanning at the sending and receiving ends, a certain amount of
structure, on the fineness and character of which depends the detail
rendering of the result.

The origin and nature of the microscopic structure characteristic
of pictures transmitted by the present process is illustrated by the
diagrammatic presentation of Fig. 13, which may serve at the same
time (o give a review of the whole process. We will assume that the
original picture consists of a test object of alternating opaque and
transparent lines. Such a set of lines is shown at 4. The lines are
assumed 1o be moving from left to right across the spot of light fall-
ing on the film.  The width of the spot of light (corresponding to the
pitch of the screw) is represented by the pair of dashed lines. I
the spot of light were infinitely narrow in the direction of motion
of the picture film, the photoelectric current would be represented
in magnitude in the manner shown at B.  Actually the spot must
have a finite length, so that the transitions hetween the maximum
and minimum values of current are represented by diagonal lines as
shown at (. Due to the unaveidable reactances in the amplifying
system, there is introduced a certain rounding off of the signal so that
the variation of potential impressed on the modulator tube follows
somew hat the course shown at 7). The alternating current intro-
duced by the vacuum tube oscillator is, then, given the character-

isties shown at /2, the envelope being a close copy of D, Passing
out to the transmission line, the fact that the band of frequencies
transmitted by a telephone Jine is limited in extent results in a certain
further rounding off of the envelope of the picture current as shown
in /. The ribhon of the light valve when traversed by the alter-
nating current from the line performs oscillations to either side of the
center of the aperture, consequently opening first one side of the
aperture and then the other. The two curves of sketch G orepre-
sent the excursions of the light valve ribbon, with time, past the
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President and Mrs. Coolidge

variable width line system

Example of cleetrically transmitted news picture

Fig. 14
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edges of the aperture, which latter are indicated by parallel straight
lines. Owing to the fact that the light valve aperture must have i
finite length in the direction of rotation of the cylinder (indicated by
the small rectangle in the center of the sketch), there is a certain
overlapping of the light pulses on the film. (This is, in fact, neces-
sary for the production of solid hlacks.) "These are indicated dia-
grammatically at I7I. In sketch | are shown, from an actual photo-
micrograph, the variations in the image of the light valve as traced
out on the moving photographic film. Here the dashed lines repre-
sent the limits of the image as formed by one rotation of the receiving
cvlinder. 1t will be noted that the images dne to the opening of the
light valve in cach direction form a double beaded line. These
double lines are juxtaposed, so that the right hand image due to one
rotation of the cylinder backs up against the left hand image due to
the next rotation, thus forming on the film a series of approximately
symmetrical lines of variable width. These are exhibited clearly
in the enlarged section of a picture, Fig. 5. It will be understood
that for purposes of illustration, the grating used as the test object
in the preceding discussion has been represented as traversing the
spot of light at the sending end at such a high speed that the final
picture is close to the limit of the resolving power of the system.
Thus the photomicrograph shown in I must be viewed from a con-
siderable distance in order that its difference in structure from the
original object o will disappear. A practical problem in the design
of picture transmission apparatus is to so choose the speed of rota-
tion of the eylinder with reference to the losses in resolving power
incident to transmission that definition is substantially the same
along and across the constituent picture lines.

There are, in general, two methods by which a transmitted picture
may be reccived.  One of these is to form an image of the light valve
apertiure on the sensitive photographic surface. \When this is done,
in the manner described in connection with Fig. 13 the picture is
made up of lines of constant density and varving width. A\ picture
of this sort is shown in Fig. 112\ merit of this kind of picture (when
received in negative form) is that if the structure is of suitable size
(60 to 65 lines to the inch) it may he used to print directly on zine
and thus make a typographic printing plate similar to the earlier
forms of halfl tone, wherehy the loss of time usually incident to
copying a picture for reproduction purposes may be avoided., A
disadvantage of this form of picture is that it dees not lend itself
readily to retonching er to change of size in reproduction.

Another method of picture reception is to et the light from the




Fig. 15 Portion of transmitted picture of variable density line type, enlarged
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Fig. 16—\ariable density line picture—Cleveland high level bridge
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I'ig. 17-—Variable density line picture—Portrait of Michael Faraday
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light valve fall upon the film in a difused manner throngh an aper-
ture of fined length so that lines of constant width (exactly juxta-
posed) but of varying density are produced. .\ photomicrograph
of a variable density picture of the opique line test object previously
discussed is shown at J, Fig, 13, Prints made from filn negictives
reccived in this way, if the structure is chosen fine enough (100 Haes
to the inch or more) are closely similar in appearance to original
photographic prints and may be reproduced through the ordinary
half-tone cross-line sereen.  They may be retouched or subjected to
special photographic procedures in any way desired.  An enlarge-
ment of a portion of a variable density picture is shown in Fig, 15
and examples of complete pictures so received are shown in Figs.
165, 17 and 18,

Electrically transmitted pictures are, in general, suitable for all
purposes for which direct photographic prints are used.  Such uses
include half-tone reproduction for magazines and newspapers, lantern
shdes, display photographs, cte. Among these uses may be men-
tioned, as of some interest, the transmission of the three black and
white records used for making three-color printing plates. The
frontispiece to this article is an example of a three-color photograph
transmitted in the form of three black and white records, each corres-
ponding to one of the primary colors, from which printing plates
were made at the receiving end.

Some practical details of the procedure followed in the transmission
of pictures by the apparatus described may serve to clarify the fore-
going description.  The picture to be transmitted is usually pro-
vided in the form of a negative, which is apt to be on glass and of
any one of a number of sizes.  From this a positive is made on a cellu-
loid ilm of dimensions 5" x 77, which is then placed in the cylindrical
him-holding frame at the sending end.  Simultaneously an unexposed
flm is placed on the receiving end.  Adjustments of current values
for “light” and “dark™ conditions are then made, over the line;
after which the two eylinders are simultancously started by a signal
from one end. The time of transmission of a 3" x 7 picture is, for
a 100 line to the inch picture, about seven nunutes.  This time is a
relatively small part of the total time required from the taking of
the picture until it is delivered in the form of a print.  Most of this
total time is nsed in the purely photographic operations. \When
these are reduced to o minimum by using the negative and the sead-
ing end positive while still wet, and making the prints in a project-
tion camera without waiting for the reccived negative to dry, the
overall time is of the order of three-quarters of an hour.
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IFig. 19 - Electrical transmission of cartoon
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The fickls in which clectrically transmitted pictures may he ol
greatest service are those in whicl it is desired to transmit informa-
tion which can only be conveyed effectively, or at all, by an appeal
to vision. Hlustrations of ecases where an adequate verbal deserip
tion is almost impossible, are portraits, s, for instance, of criminals

Fig. 20—Electrically transmitted fingerprint

or missing individuals; drawings, such as details of mechanical parts,
weather maps, military maps, or other representations of transient
conditions.

The value of electrically transmitted pictures in connection with
xperi-
ments in the transmission of pictures.  Besides the transmission of
portraits of wanted individuals 1o distant points, there is now pos-
sible the transmission of finger prints. Some of the possibilities of
the latter were demonstrated over the New York-Chicago picture
sending circuit at the time of the Democratic Convention, July,
1924. The Police Department of New York selected the finger-
print of a criminal whose complete identification data were on lile
in the Police Department in Chicago. This single fingerprint,
together with a code description of the prints of all the fingers, was

police work has been recognized from the carliest days of e
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transmitted to Chicago and identified by the Chicago experts almost
instantly. This method of identification will be, it is thought, of
value in those cases where difficulty is now experienced in holding a
suspect long enough for identification to be completed.  Fig. 20
shows a transmitted fingerprint.

The fact that an clectrically transmitted picture is a faithful copy
of the original, offers a field of usefulness in connection with the
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Fig. 21 “Transmission of autograph materiab=Iirst section of Japanese-American
Treaty of 1853

transmission of original messages or documents in which the exact
form is of significance, snch as autographed letters, legal papers,
signatures, etc. 1t would appear that this method might under
certain circnmstances save many days of valuable legal time and
the accumulation of interest on money held in abeyance.  For these
reasons, it is thonght that bankers, accountants, lawyers, and large
real estate dealers will find a service of this kind nseful.  Fig. 22
illustrates the transmission of handwriting.
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Messages in foreign languages, employing alphabets of forms not
suited  for telegraphic coding, are handled to advantage.  Thus,
Fig. 21 shows the first section of the original Japanese-\merican
treaty in Japanese script, as transmitted from New York to Chicago.

Advertising material, partienlarly when in the form of speeial
tvpography and drawings is often dithealt and costhy to get to dis-
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Fig. 22 Transmission of signatures

tant publishers in time for certain issues of periodicals and maga-
zines. A wire service promises to be of considerable value for this
purpose.

A very large ficld for electrically transmitted pictures is, of course,
The Press. Their interest in the speedy transportation of pictures
has been indicated in the past by the employment of special traios,
acroplanes, and other means for quickly conveying portraits and
pictures of special events, to the large news distributing centers.  The
use of pictures by newspapers scems at present to be growing in
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favor, and many arc now runuing daily picture pages as regular
features.

Some of the possibilities in this direction were demonstrated by
the picture news service furnished to newspapers, especially those
in New York and Chicago, daring the 192t Republican and Demo-
cratic National Conventions at Cleveland and New York. During
these conventions several hundred photographs were transmitted
hetween Cleveland and New York and between New York and
Chicago, and copies furnished the Press at the receiving points.
Photographs made shortly after the opening sessions, usually about
noon, were transmitted to New York and Chicago and reproduced
in afternoon papers. A demonstration of picture news service on a
still larger scale was furnished on Mareh 4th, 1925, when pictures of
the inauguration of P’resident Coolidge were transmitted from \Wash-
ington simultaneously to New York, Chicago and San Francisco,
appearing in the afternoon papers in all three cities. Illustrations of
typical news pictures are given in Figs. 14 and 18.  The transinission
of timely cartoons offers another field for service, Fig. 19.

Other news-distributing agencies can also use electrically trans-
mitted pictures to advantage. Among these are the services which
make a speeialty of displaying large photographs or half-tone repro-
ductions in store windows and other prominent places. Electrically
transmitted pictures of interesting events, about which newspapers
have published stories, appear suited to this service, and have already
been so used by some of these picture service companies.  They
may also be used as lantern slides for the display of news events
of the day by projection ecither upon screens in front of newspaper
offices or in moving picture theaters.

Miscellaneous commercial uses have been suggested.  Photographs
of samples or merchandise, of building sites, and of buildings for sale
may be mentioned. The quick distribution of moving picture
“stills”" which is now done by aeroplane is one illustration of what
may prove to be a considerable group of commercial photographs
for which speedy distribution is of value.



Propagation of Electric Waves Over the Earth
By H. W. NICHOLS and J. C. SCHELLENG

Syaorsis, The comparatively poor transmission of radie wanves ol Two or
theee hundred meters indicates snme sort of sclectve effect ain the atmos
phere. Such an effect is found to result from the existence of free electrons
i the atmosphere when the magaetic ekl of the earth is taken o aceount,
lu the carth’s magnetie ek, which is about one-half gauss, this selectinve
effect will ocenr at @ wave length of approximately 200 meters.  lonized
tvidrogen molecules or atoms result in resonant effects at frulu( neies of

1 few hundred eveles, this being outside of the radio range.  The paper,
Inmv\‘(-r, takes into account the effects of innizwl molecules as we
clectrons.

The result of this combination is that the clectric vector of a wave travel-
ing parallel 1o the magnetic fickl is rotated.  Waves traveling perpendicular
to the magnetic ficld undergo double refraction.  Critical effects are
abserved in rotation, bending of the wave and absorption at the resonant
frequency. The paper develops the mathematical theory of these phe-
nomena and gives formulas for the various elfects to be expected.

as

HE problem of the propagation over the carth of electromagnetic

waves such as are used in radio communication has attracted
the attention of a number of investigators who have attacked the
problem along somewhat different lines, with the purpose of offering
an explanation of how electromagnetic waves can affect instruments
at a great distance from the source in spite of the curvature of the
carth.  No attempt will be made here to describe adequately the
various theories, but we remark that the theories of diffraction around
a conducting sphere in otherwise empty space did not give satisfactory
results and led to the necessity for the invention of a hypothetical
conducting layer (Heaviside layer) whose aid is invoked to confine
the wave between two concentric spherical shells.  In many cases
this Heaviside layer was considered to have the properties of a good
conductor and it was supposed that a beam of short waves, for ex-
ample, might be more or less regularly reflected hack to the earth.
The high conductivity of this layver was supposed to be due 1o the
tonizing action of the sun or of particles invading the earth's atmos-
phere from outside and producing in the rarched upper atmosphere a
high degree of fonization.  The differences in transmission during
day and night and the variations which occeur at sunrise and sunsct
were supposed 1o be due to the different ionizing effeets of the sun's
rays appropriate to the different times of day.  The explanation of
the phenomenon of “fading™ or comparatively rapid fluctuations in
the intensity of received signals could then he built up on the assump-
tion of irregularities in the lHeaviside layer producing either inter-
ference between waves arriving by different paths or reflection to
different points on the carth’s surface. The principal dithculty in

215
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this explanation is the necessity for rather high conductivity to account
for the propagation of waves (o great distances without large ab-
sorption.

In 1912 there appeared an article by Eecles Uin which the bending
of waves around the surface of the earth was explained on the bhasis
of ions in the upper atmosphere which became more numerous as
the vertical height increased and therehy decreased the effective
dielectric constant which is a measure of the velocity of propagation
of the wave. In this case the velocities at higher levels will be slightly
¢reater than the velocities at lower levels, which will result in a hend-
ing downward of the wave normal and a consequent curvature of the
wave path to conform to the curvature of the earth. In order to
produce this effect without absorption the ions must be relatively
free. 1 they suffer many collisions during the period of a wave,
energy will be absorbed from the wave and pass into the thermal
agitation of the molecules. Thus absorption of the wave can be
computed provided the nature of the mechanism is understood
thoroughly.

Sommerfeld and others have worked out the effect of the imperfeet
conductivity of the ground upon the wave front and such computa-
tions lead to a prediction that the electric vector in the wave near
the ground will be tilted forward and thus have a horizontal com-
ponent.  This cffect of imperfect conductivity is usually given as
the cause of the large clectromotive force which is induced in the
so-called “wave antenna.” This effect. however, apparently docs
not lead to an explanation of the bending of waves around the earth.

There has recently appeared an article by Larmor 2 in which the
idea of a density gradient of ions or electrons is developed further to
explain the bending of waves around the earth without a large absorp-
tion.  This paper, as well as that of 1Secles, leads to the conclusion
that long radio waves will be bent around the earth, and that the
clfect increases as the square of the wave length, becoming vanishingly
small for very short waves.

The Lirge amount of data now available from both qualitative
and quantitative observations of radio transmission shows that the
phenomena may be more complicated than would be indicated by
these theories. Tt is found that very long waves possess a considerable
degree of stability and frecdom from fading and that as the wave
length decreases the attenuation and the magnitude of fluctuations
increases until for a wave length of the order of two or three hundred

! Proc. Roy. Soc., June, 1912,
1 Phil. Mag., Dcc., 1924,
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nmeters there is great irregularity in transmission so that reltable
communication over land for distances as short as 100 miles is not
always possible even with Large amounts of power. With decreasing
wave length we find also variations in apparent direction of the wave.
i the other hand, as the wave length is decreased still further we
find, sometimes, rather surprising increases in range and stability,
I'he nature of the fading changes, beecoming more rapid, and the
absorption in many cases seems to deerease. This peculiarity of
wave transmission must be explained in a satisfactory theory.  In
addition to the apparent selective effeet just mentioned, some observa-
tions indicate that there are often differences between cast and west
and north and south transmission at all wave lengths.

The various irregularities in radio transmission, and particularly
the apparently erratic and anomalous hehavior of electromagnetic
waves oceurring in the neighborhood of a few hundred meters wave
length scem to indicate that as the wave length is decreased from a
value of several kilometers to a value of a few meters some kind of
sclective effect occurs which changes the trend of the physical phe-
nomena.  These considerations have suggested to us the possibility
of inding some sclective mechanism in the earth’s surface or in the
atmosphere which becomes operative in the neighborhood of 200
meters. A\ rather superficial examination of the possibility that
such a selective mechanism may be found in a possible distribution
of charged particles in the atmosphere has resulted in the conelusion
that a selective effect of the required kind cannot be produced by
such a physical mechanism.  There is, however, in the carth's atmos-
phere—in addition to distributions of ions—a magnetic field due to
the carth, which in the presence of ions will have a disturbing effeet
upon an electromagnetic wave. .\sis well known, a free ion moving
in a magnetic field has exverted aupon it, due to the magnetic field,
a force at right angles to its velocity and to the magnetic feld. If
the ion has impressed upon it @ simiple periodie electric foree, it will
execute a free oscillation together with a forced oscillation whose
projection on a plane is an ellipse which 1s traversed in one period
of the applied force. The component velocities wre linear functions
of the components of the clectrie field and at a certain frequency,
depending only upon the magnetic ficld and the ratio 1’:': of the ion,
become very large unless limited by dissipation.  This critical fre-
if 71 i~ measured in clectromagnetic units

quency is equal 1o
2 L 2wmc

and e in electrostatic units. It is the same as the frequency of free
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oscillation.  For an electron in the earth's magnetic field (assumed
to have a value of 12 gauss) this resonant frequency is 1.4 X 10° cycles,
corresponding to a wave length of 214 meters.® \We thus have an
indication that some at least of the phenomena of transmission at
the lower wave lengths may be explained by taking into account the
action of the earth’s magnetic ficld upon electrons present in the
earth's atmosphere and acted upon by the electric field of the wave.
This frequency occurs at approximately the position in the spectrum
at which the peculiar effects already mentioned occur. The next
resonant frequency which would be encountered would he due to the

. o e 1
hydrogen ion which has a ratio, —, equal to 500 that of the electron.
m

The resonant frequency of this ion is only 800 cycles and certainly
can have no sharply selective effect in the propagation of electro-
magnetic waves over the earth. \We have, therefore, worked out the
consequences of the assumption that we have in the upper atmos-
phere two controlling factors influencing the propagation of electro-
magnetic waves in the radio range, namely, free electrons and ions
together with the earth’s magnetic field. The electrons will be
dominant in their effects in the neighborhood of the resonant frequency
and perhaps above, while the heavy ions will affect the wave at all
frequencies and, if much more numerous, may be controlling at
frequencies other than the critical one. In working out this theory
it is assumed that there are present in the earth's atmosphere free
electrons and ions. At high altitudes these are capable, on the
average, of vibrating under the influence of the electromagnetic
field through several complete oscillations before encountering other
ions or neutral atoms. At low altitudes this assumption will not
hold, the collisions heing so numerous that the importance of the
resistance term in the equations of motion becomes much greater.
In either case the ions have no restoring forces of dielectric type.
The motion of the clectron or jon constitutes a conyvection current
which reacts upon the electromagnetic wave and changes the velocity

3 This frequency does not degend apon the direction of the Gield, and is practically
constant over the earth's surface.

On March 7, after this paper had been written, the Pebruary 13 issne of the Pro-
ceedings of the Physical Society of London arrived in New York. In this journal
there was a discussion on ionization in the .ummplmrc in which I’rof, 2. V. Appleton
suggested, in an appendix, that the carth's maguoetic field acting upon clectrons
would change the velocity of a wave and produce rotation. .\ calculation of the
critical frequency w given in which, however, only the horizontal component
of the earth's ficld was used, resulting in an incorrect vitlue for the critical {requency,
namely less than half the actual value. 1f the complete equations are written
down it is evident at once that the total field is involved in the eritical frequency,
no matter what may be the direction of propagation,
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of propagation of the wave.  This s, in fact, the buasis for the explana-
tion of the optical properties of transparent and absorbing media
and also of media which show magnetic or other rotatory powers,
Due to collisions aid recombinations, energy will pass continnously
from the clectromagnetic tield and inerease the energy of agitation of
neutral molecules.  Since this process is irreversible it acconnts for
absorption of vnerey from the wave.

Assume an electron or lon of charge ¢ and mass m moving with
velocity #* and acted upon by an eleetric tield E and the carth's mag-
netic tield H o Fhe equation of motion of the free ion will be

(2] e T L
v=bEt - vx il
¢ c
or at=E+vxh (1

. ’ . . H . )
in which A is written for = anda form e. (When we come to consider
E

. . . . . ot o
absorption it will be necessary to generalize @ into g (l—x —) to in-
nmn

clude a resisting foree, re, proportional to the velocity.)

The total current is given by
tal=E+ > IrNev. (2)

I these equations and the following we are using Gaussian  units
and the summation refers to different kinds of ions.

In order to avoid a complicated mathematical treatment, which,
however, is not ditticult to carry through if necessary, it will be as-
sumed that the magnetic ficld H is along the axis of =. When more
general results are required, they will be stated.  All time variables

5 v 5 n 1) :
are assumed periodic with a frequency 7, so that =i
27 )

Solving equation (1) for the components of ¢ we hnd, for cach
type of ion:
maX+hY
=

h*—a*n® ’

—hXN+ina Y

hr—a*n® ’
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from which it appears that a resonance frequency occurs for

n=- =
Since e/m for the clectron is — 1.77¢ X 107, the earth’s magnetic field
of abont 1/2 gauss will produce a resonance frequency at 1.4 X108
corresponding to a wave length of 2111 meters, while all heavier ions
have resonance frequencies far outside the spectral region to be
considered.

The assumption that the components of the ionic motion are simple
harmonic, in spite of the fact that the motion of the ion is rather com-
plicated, is justified as follows. Irom (1) we find that the velocity
of an ion (7), say #, is made up of the complementary solution, v,
and the particular solution v,” =f(E). The latter depends upon the
impressed force E, while the former has constants of integration
determined by the position and motion of the ion at the last collision.
The complete current is thus

i ST
I= 4,‘,E+2“' + Nef(E).

The second term, however, averages out over a large number of ions
since the initial conditions are random;* hence, as far as the effect
upon wave propagation is concerned, we may treat all quantities
as periodic.

Following the usual procedure for the investigation of the propaga-
tion of waves in media of this kind, we shall rewrite equation (2) in
terms of the components of the electric field, thus for each type of ion:

M
LAY . ok 3 - .
ant= (14 70 YN —i M e —ial,
et —n* =T
o ’:1:' Ve
; s 5 C . 1
dalemi o S (14 T2 ) FmiaX 4o, @
"ot —nt ne* —u*
4,,-13:(1...0‘})7; =7,
n:
in which 4:;—(-=U' or 3.2X10° for an electron and 3.2 . 10° ;III for

an don of mass M. In order to avoid complicated formulas, the
summittions which must be carried in equations (3) to take account

Cltis here assumed that the mean time between collisions is kirge compared to 4
n
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of the effeet of ions of different kinds have been omitted, hut it is to
be understood that the diclectric constants e, o, ctes, are built up
from the contributions of all types of ions.  Thos for an ion of mass
m m
M 2

The effective dielecteie constant, instead of heing unicy, has thus
the structure:

M owe must put ¢, for o, no |, for n,, in equutions (3.

€ — I 0\
(d={ ia € 0
0 0 €

and we may write equation (2) as
drl=(e)E

which has the significance of the scalar equations (3). Thus I is a
linear vector function of E and the operator (e) is skew symmetric,
indicating a rotatory effect about the axis of z.

(The general case in which & has the three components (I ke h)
results in a dielectrie constant having the structure

€ —Bs’—itvs —sz"{"i('e
(&)= —Bstias €2 — 1=l
—Ba—laa— P iy €

of which the above is a special case.  With this value of (e) the equa-
tion (4) below contains the general solution of our problem.)
Let I{, be the magnetic force associated with E in the wave o that

ccurl Il,=(e) E
c curl E= —H,.
Eliminating I, from these equations we get
~TE+T divE= "} (0F )
or in scalar form

. v=_\'+aat div E="5 (e X —ial),
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TP L i E=ditia X e 1), )
By el

oy O 1 n
222 givE =" (7).
l-{—az div E g (e22)

These equations for the propagation of light in magnetically active
substances have been given by Veigt, Lorentz, Drude and others
and form the basis of the explanation of optical phenomena in such
substances.  As applied to optics, they are worked out, for example,
in Drude's “Optics” (English translation), page 433. As applied
to this problem, they assume either that the motion of the ions is
unimpeded or that the resistance to the motion may be expressed as
a constant times the velocity, which, as explained later. may be done
in this case. We shall work out some comparatively simple cases
and point out the conclusions to he drawn from them.

Consider first a plane polarized ray having its electric vector parallel
to the magnetic field and moving in the xy plane; for example paratlet
to x. In this case the electric vector is a function of x and 7 only

of the form
(=2
Z=7, (l)l (I . )

in which = is the velocity of the wave.  Substituting in the general
i

equations (5) we find that

o\,
F=f—X .
a i

(6)
The velocity of propagation is thus a function of the frequency and
of the density N.  This particular case corresponds to that treated
by Eccles and Larmor in the papers cited. Tt will be noted that the
velocity is greater for long waves than for short waves and that if N
is a function of distance from the surface of the carth, the velocity
will vary in a vertical dircction, causing a curvature of the rays as
worked out by the authors mentioned.  In this particular case, how-
ever, which corresponds completely in practice to conditions obtaining
over only a limited arca of the earth’s surface, the greatest effect is
produced on the longer waves.  Since clectromagnetic waves are in
general radiated from vertical antennas so that the eleetric vector
is vertical, this case would correspond to the condition of transmitting
across the north or south magnetic poles of the carth.

The second case to he considered is that of propagation along the
dircction of the magnetic field.  In this case X and 1 are functions
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of z and 1 and the appropriate solutions of the fundamental equations

(D) are
XN=d cosn (/—“:i).

V'=—.lsin n(l—-&') ri=eta,
«

X"=: cosn (I—lﬁ),
€

Y'=d sinn (1—"‘?';), B =€ — .
€

which represent two oppositely  circularly  polarized  components

. . . .. C 3 g
traveling with the different velocities © and © . The plane of polar-
By u

ization is rotated through an angle of 2 7 in a distance given by

R

The third case to be considered is that of propagation at right
angles to the magnetie field, say in the direction of x.  For this case
equations (5) become :

Xx=2y
€1
s N
Ol L
n® L ((l e.) .

2
s .
— ViZ=eZ,
n*
of which the solutions are
. e
. la ., 1.(‘
X=—1,e ¢ )
€

-‘n(rl_“‘”‘) o a

V=1,

mr)

Z=Z,,(“(' e/,

The first of these is merely the (usually small) component of fGeld
required to make the total current solenoidal, that is, to balance the
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convection of electrons.  The last two show that the plane polarized
ray whose clectric vector is parallel to 11 will travel with the velocity

‘T;\\‘hxle the one whose ¢lectric vector is at right angles to this direction
and to the direction of propagation will travel at a different speed,
There is thus double refraction.

Bending of the rays. 1 u is the index of refraction, which is a
function of the space variables, the curvature of the ray having this

index is 2 g“ where s is taken perpendicular to the direction of the
® as

ray. Since g is practically unity except at the critical frequency,
this curvature is 1 2 d p*/ds. In order that the ray should follow
the curvature of the earth it is clear that x must decrease at higher

. e :
altitudes; that is, d—“— must be negative.
s

We shall work out the curvatures for the special cases considered.
(The first case has been given above and was worked out in the papers
cited). For the case of propagation along 7, the two circularly
polarized heams have indices given by

N 1 -
#12=61+OI=1+”2 o1 (@)
e
pd=eg—a=1 Pyl e (%)

( _m)
n/’
. . . S .
We are interested in the values of 1, 2 =5 i which N and & are func-
s

tions of distance s and also of the time. These come out to be

g2 4 Wt Ak 9
YUonle—1ds  (w—1)2 h dx]' )
Co=? [—w2 IL\ w? ‘\:d_)l 0
2T on2lwt 1 ds (w+1)2 h {15]' (&)

A striking fact shown by these formulae is that the curvatures of
the two rays are in general different. A limited beam entering an
ionized medium along a magnetic meridian will be split into two
which will traverse different paths.  Thus we should expect to find,
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oveasionally, a circularh polarized beam at the receiver due to the
fact that the receiving instrimment is located at o point toward which
one of the beams is diverted after having passed through an upper
ionized layer.  This is now Dbeing investigated experimentally. T
is clear that, although the two components do not in general travel
over the same path, both may eventually arrive at the same receiver,
The first ray, however, may have penctrated much higher in the

. L dN
atmosphere than the other, that is, to a level at which e has the
ds

proper negative value to cause it to return to carth.

IFor long waves, these curvatures hecome:

. ow dN  Ndh~
G ‘-_mf[ T T | ()
ow dN | Ndh
. £ 2
G ‘.‘n.F[ ds + h IISJ. .

Henee a limited beam of long waves entering this medium would tend
to split into two of opposite polarization and traverse different paths.
- : 1dN 1 dh .
In the special case for which . = —— throughout the medium,
N ds hods
there will be no such separation of the beam.

I"or very short waves

g a 2N . Ndh .
('—‘Zn.ﬁ[ﬁw ds Y n 115:|' SR
. a ,.,llA\' LV dh

Lo Ju"'l:_w ds ik h 115]' ]

Hence if the most effective cause of refraction is the variation in the
ionic density both components tend to remain together and to travel
with a rotation of the plane of polarization. If variation in the
magnetic held is appreciable the two components tend to diverge as
in the case of long waves.

For propagation at right angles 1o I, say along v, we have

[ s, (15)

== . (1)
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The bending of the plane polarized component having the index
shows no selective effects, being simply

¢ dN

202 ds

Ci= (17)

and is appreciable only for long waves unless .V is very large.  For
the other component we find :

i (18)

where, in order to simplify the formula, only the term containing
aN
ds

has been included.  This applies to ions of one kind.

For long waves these two curvatures become

a ,d\N
Cr= =gz e
S
G il (1 - i‘;wﬂ)l&\». (20)
ot ds

These formulas show that the first curvature is always in the same
0 . dN : s
direction for a given value of s while the second curvature, which is

ds

that of the clectric veetor perpendicular to the magnetie field, is, for
very long wives, in the same direetion as €y but, as the wave length
is decreased or WV incrcased, reverses in sign and becomes opposite
10 Ci. As an example, if N=10, for 6 kilometer waves the curva-
tures are opposite, so that if the first component tends to bhend down-
ward the sceond will tend to bend upward; while if N=100, for the
same wave length hoth curvatures have the same sign and the second
is five times as large as the first.

For extremely short waves the two curvatures are equal as they
obviously should be, since the magnetic field can then have no cffect.

In transmitting from New York to London, for example, waves
travel approximately at right angles to the magnetic fiekl, which in
this latitude has a dip of about 70° I we assume a plane polarized
ray starting out with its electric veetor vertieal, the component
parallel to the magnetic ficld will he the larger and will be subject
to the curvature €y above, while the smaller component will he affected
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by the magnetic field and will have the carvature Co. Fhe two com-
ponents into which the original wave is resolved will travel with
different velocities. 1t is clear that when the distribution of tons
in the upper atmosphere is changed by varyving sunlight conditions,
the resulting etfect at a receiver is likely to vary considerably. Some
of the possibilities will be disctissed later.

Rotation of the plane of polarization. It has been shown that in
the second case, nanmely transmission along the magnetic fiekd, there
will be a rotation of the plane of polarization of the wave. This
rotation is such that the wave is rotated through a complete turn in a

distance given by

: < LA 'w'
L e S
L Lo, e (21)

no  oN ot

"2 wi—1

It is interesting to note that the distance in which a long wave rotates

o
2mcn
through 2 = approaches the constant value =" \; as the wave length
Gi

increases and that for very short waves the rotation of the plane of
polarization tends to vanish with the wave length.

Absorption. When an electron strikes a massive neutral atom the
average persistence of velocities is neghgible and in the steady state
of motion of electrons and neutral molecules the element of convection
current represented by an impinging electron will be neutralized, so
far as the wave is concerned, at every collision.  Of the energy which
has been put into this element of convection current since the last
collision, a part will be spent in accelerating neutral molecules, part
will go to increase the average random velocity of the electron and a
part will appear as disordered electromagunetic radiation. Thus, as
far as the wave is concerned, the process of collision with massive
neutral molecules is irreversible even if the molecules are elastic,
«nd all the energy picked up by the electron from the wave between
collisions 1> taken from the wave at the next collision.  Exactly the
same state of atfairs would exist if at each collision the electron recom-
bined with a molecule and a new electron were created with zero or
random velocity. Thus for massive molecules for which we can
neglect the persistence of electron velocities the effect upon the wave
is exactly the same whether the collision is elastic or inelastic.

These conclusions are verified by the results of two different com-
putations which we have made of the resistance term, re, in equation
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of motion of the clectron.  Consider in the first place a mixture of
electrons and massive neutral molecules, assumed perfectly elastic,
in which the persistence of velocities of the electrons after collision
is negligible.  1f an electric fiecld Xeé™ operates in the x direction and
if the state of motion is a steady one, we can compute the energy w
taken from the wave by a single clectron at any time after a collision
at the time #, and before the next collision.  Let this time after {; be
7. If the mean frequency of collisions is f, the time 7 between colli-
sions will be distributed according to the law

Je it

and we shall obtain the mean energy taken from the wave per collision
by multiplying w by the above expression, integrating from zero to
infinity with respect to 7 and then performing an average over all the
times £;.  The result of this is that the mean encrgy loss per col-
fision is simply

o G n?

2mn® f24n?

and conscquently the loss per second is f times this. If we equate
this to 2%, which is also the rate at which energy is being dissipated,
we find that r =mf, which is therefore the resistance term to be inserted
in the equation of motion of the electron.

If the convection current is carried partly by heavier ions, it will
not be annulled at each collision and all the energy derived from the
field will not be lost on impact.

The foregoing computation assumes as obvious that energy is lost
from the wave at a rate equal to the number of collisions times the
average energy which the clectron takes from the wave between
collisions.  The second method is somewhat more general. The
mean velocity at a time ¢ is found for electrons which collided last
in an interval ar £ This is evidently a function of the velocity
persisting through the last collision and hence of the average velocity
before the impact; so that if the average velocity before collision
was @, that after impact would bhe 8 #, in which 6 is a number less
than unity, depending on the relative masses and the nature of the
collision.  Averaging for all values of £, before ¢ and using the same
law of distribution assumed above, the mean velocity of the ions
since the last collision is obtained. By comparison with the solu-
tion obtained for the velocity of forced oscillation in which the re-
sistive force is rv, we find that r=mf(1 -§). For the special case of
clectrons, § may be taken equal to zero, hencer=nif.  For the case
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of very heavy ions colliding with light neutral moleenles, r o, since
6 1. PFor equal masses 8 would be about one half, hence r=1 mf.

Since the resistance factor 7 is equal to w7, in order (o include the
clicet of attenuation of the wave, we must replace ¢ by

u(l L"I,)

I, as nsial, we assume a wave proportional to
whpe hix
t 3 6'"([ c )
the equations (5) show that, in order to calculate the value of the
absorption constant &k, we must put

uH(L —ik)2=e

in which e is the generalized dielectric constant appropriate to the
case considered.  We have worked out in this way the absorption
for the various cases treated above with the following results.

In the case in which there is either no magnetic field or the magnetic
tield i~ parallel to the dircetion of the electric vector, we find

S . Lin
142 'n*

o.

2o

This formula for absorption applies (for electrons) for any value
of for n. Thus near the surface of the carth where the collision

i

“_will be large even for
n

frequency fis of the order of 107, the fraction
| 3

rather short waves. As we go higher in the atmosphere this ratio
decreases for a given wave frequency until at a height for which

f

, =1 we cncounter the maximum absorption per electron. Above

. 1 .
this level 5 and consequently the absorption per electron decreases.

I'or ions other than electrons the resistance will be somewhat dilferent
from mf, depending upon the ratio of the masses, and a corresponding
change must be made in the above statement.

In this paper we are considering only the effects which take place
at heights above that for maximum absorption so that, gencrally

speaking, . will be small or at least less than unity. This approxima-

tion will be used in computing the absorption constants which follow.
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As an example of the nature of this approximation, at a height of
about 100 kilometers, we may expect an atmospheric pressure of
10~% standard and a corresponding collision frequeney of the order
of 10°. Thus for very long waves of frequency 40,000 cycles per

second we still have L =.1, while at the critical frequency Lisnn]y
n n
1 100.

The computation of the collision frequency for electrons is rather
imvolved becanse of the peculiar nature which such a collision may
have and hecause it probably is not permissible to assume thermal
equilibrium with the molecnles of the gas.  The processes of tonization
and recombination will also lead to complications.  Probably the
most significant information would be the number of electron free
paths per second for unit volume.

The question of the behavior of waves in or below the layer of
maximum absorption per ion is a somewhat different one and belongs
properly in another paper.

IFor the case of transmission along a magnetic meridian the oppo-
sitely circularly polarized rays have the absorption constants:

ol wf n LY e ]

= =

Wt (w— 120 ) P I (wtl)a”

It will he noted that, at the critical frequencey, the first of these waves
. . LA . . : .
has the high absorption ot f‘ and is therefore extinguished in a
200
short distance, while the other wive has a normal absorption constant
v f

e Thus for the case of transmission along a meridian at the
St oon

critical frequency we might eapect a receiving station, sufficiently far
above the ground, to receive a cirenlarly polarized beam.  This would
mean that if a loop were used for reception, the intensity of the
received signal would be independent of the angle of setting of the
loop, provided one diameter of the loop was set parallel to the direction
of propagation of the wave. In general, of course, this ideal condi-
tion could not he realized chie to the disturbing action of the ground
and of other conducting or refracting bodies and the most we should
expuct 10 receive in practice would be an elliptically polarized beam.

In the third case. namely, that of propagation perpendicular to
the direction of the magnetic field, we find that the wave polarized
with its electric veetor parallel to the magnetic field has the same
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e
absorption as before, namely Sy @™ 5 and the other cay whose com-

o )
plex index of refraction is ¢ — . has the absorption constant b (&, 4+ k)
1

in which Ay and k; are the absorption constants given above for
propagation along a magnetic meridian.

At the eritical frequency we find, therefore, that the absorption
n
S

§ ; a.\ o -
constant is abnormally high and cqual to e which i~ one-half
= we

that obtained for the first ray of case 2.

One very striking fact is brought to light by these equations.  Thus,
referring to the two values of absorption constants for transmission
along the magnetie field, we find that for very long waves (for which
w s large) the jonic absorption is very much less with a magnetic
field present than without it.  This means that in this case and in
the next the presence of a magnetic field assists in the propagation of
an clectromagnetic wave by decreasing the absorption.  This reduc-
tion in absorption may amount to a rather large amount, as may be
secn from an inspection of the formula for k. FFor example, if in
this case @ is 20, corresponding to 4,000 meter waves, we find
that under corresponding conditions the absorption due to elecirons
only is reduced by the magnetic fickl to 1 400th the value it
would have for no magnetic fickd. Of course, these cases are not
dircetly comparable because the path chosen by the wave would be
ditferent in the two cases. It is plausible, however, that the propaga-
tion of long waves along the magnetic ficld may go on with much
less attenuation than propagation from LEast to West over a region
in which the magnetie field is nearly vertical, in which case the effect
of the magnetic field is largely absent.  This conclusion, however,
cannot be made in general since a number of other causes are influen-
tial in determining the propagation, for example, the bending of the
rays, so that it is not eertain that transmission over a region i which
the magnetic fiekl is vertical is always more difhcult than in the
other cases.

The reason for the deercased absorption of long waves when the
magnetic field can operate (that is, in all cases in which the electric
vector is not parallel to the field) is that the velocities acquired by
the free electrons are much less for small values of # when the magnetic
field is present.

Fading. By this i> meant a variation with time of the strength of
a received signal at a given point. It is clear that a wave starting
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originally with constant amplitude and frequency can be received as
one of variable amplitude only if certain characteristics of the medium
are variable with the time. So far as the atmosphere is concerned,
these characteristics may be the distribution of electrons and heavier
ions and the intensity and direction of the earth’s magnetic field.
If these are functions of the time, the velocities, bending, absorption
and rotation of the plane of polarization will all be wariable,
the amplitude of variation depending upon the variations of XN,
aN dl
—, 1, —=,
ds ds
many cases magnified greatly in the neighborhood of the eritical fre-
quency.  These effects are obviously sutheiently numerous to account
for fading of almost any character and suggest a number of experi-
ments to determine the most effective causes.  The question of rota-
tion of the plane of polarization, fading and distortion is now being
examined experimentally.

From the formulas it is clear that the veloeity, curvature and absorp-
tion of an electromagnetic wave as well as the rotation of its plane of
polarization ean all he affected by a time variation in the intensity
and direction of the carth’s lield. An examination of the probable
time and space variations of each, however, lead us to the conelusion
that these are not of primary importance in determining large ampli-
tude fading except, perhaps, during magnetic storms. One result of
the last two years of consistent testing between New York and London
at about 60,000 cycles has shown that severe magnetic storms are
always accompanied by corresponding variations in the strength of
received signals. Thus, although the earth’s magnetic field can
well exercise a large influenee upon the course and attenuation of
radio waves, it does not seem likely that its time variation is ordi-
narily a large contributing cause to fading.

This lcaves as the probable principal cause of time variations the
number and distribution of ions in the earth's atmosphere. It is
impossible in this paper, which is devoted primarily to a development
of a theory of transmission involving the earth’s magnetic field, to
consider adequately all the possibilities resulting from ehanges in
ionic distributions, but some general remarks may be made. Imagine
a wave traveling from the source to the receiver. At a short distance
from the source the wave front will be more or less regular but as it
progresses, due to the irregularities in ionic distribution, the wave
front will develop crinkles which become exaggerated as the wave
goeson.  These crinkles in the wave front will be due to irregularities
in the medium and can be obtained by a Huyghen's construction at

as well as the frequency of the wave, the effects being in
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any point.  1f we consider the wave a short distance before it reaches
the receiver, we will find regions in which the wave front is concave
to the receiver and regions of opposite curvature.  Thus at certain
portions of the wave front energy will be concentrated toward a point
farther on and at other parts will be scattered.  The location of these
convex or concave portions of the wave in the neighborhood of a
given receiving point will be very sensitive to changes in ionic dis-
tribution along all the paths of the elementary rays contributing
to the effect at the receiver. Hence, if we knew the location and
movement of all the ions between the transmitter and the receiver,
it would be possible, theoretically, to predict the resultant effect at
the latter point.

To explain fading it is essential that there be a time variation in
this distribution. It is clear that efiects of this kind should be more
marked at short waves than at long wives sinee a region of the medium
comparable in dimensions to a wave length must suffer some change
in order to produce an effect upon the received signal. If, for example,
there were space irregularities in the medium comparable to the wave
length, a kind of diffraction effect would be produced at the receiver
which would be very sensitive to slight changes in grating space.

A possible cause of irregularity may be found in the passage across
the atmosphere of long waves of condensation and rarefaction, each
of which results in a change in the density and gradient of the ions,
cven though the average density remains constant throughout a
large volume. If, as seems plausible, the upper atmosphere is
traversed by many such atmospheric waves of great wave length,
the resulting effect at a given receiving point would be fluctuations
in signal strength due to a more or less rapid change in the confignra-
tion of the wave front near the receiver.

For radio waves whose length is of the order of a few hundred
meters, fading experimentally observed oceurs at a rate of the order
of one per minute (of course, it is not implicd by this statement that
there is any regular periodicity to the fading). The pressure wave
referred to would travel in the upper atmosphere with a velocity of
the order of 300 meters per second at lower levels or 1,000 meters in
the hydrogen atmosphere, so that the wave length of these “sound”
waves would be of the order of 50 of the radio wave lengths. The
irregularities of the medium would thus be of sufficient dimensions
with respect to the eclectromagnetic waves so that one of the char-
acteristics referred to above might be developed. In this way we
might explain variations in intensity of the wave at the receiver re-
curring at intervals of a minute or so.
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These effects, of course, might be produced even without a magnetic
ficld but the results of this paper indicate that conditions in the wave
front will be complicated still further by a rotation of the electric
vector and by the existence of bending and double refraction due to
the magnetic field, these effects being exaggerated in the neighbor-
hood of the critical frequency.  Due to the magnetic field we have
also the possibility of summation effects between components of the
wave which were split off by the action of the field and consequently
had traveled by different paths at different speeds. It is obviously
impossible to make any general statement concerning the nature of
the effects which will be produced by this complicated array of causes
but future experimental work will, we hope, allow us to estimate
the relative importance of the various elements.



Open Tank Creosoting Plants for Treating
Chestnut Poles

By T. C. SMITH

IN tRODUCTION

I‘()R a number of vears chestnut timber, because of its many
. has served a broad fickl of nsefulness

desirable characteristi
in telephone line construction work, not only in its native territory,
the eastern and southeastern part of the United States, but also in
neighboring states.  In fact, as an average, about 200,000 chestnut
poles are set annually in the Bell System plant as replacements and
in new lines.

In arcas which are gradually being extended from the northern
part of the chestnut growing territory into the southern sections,
blight is rapidly making serious inroadls into this class of pole timber.
North of the Potomac River practically all chestnut territories have
been visited by the blight and it has in a major sense crossed into
areas sonth and sonthwest of this river, where it is developing from
scattered spots. While many poles are yet secured in the blighted
areas, they must be cut within a very few vears after becoming alfected,
in order to save them from the decay which destroys blighted poles
after they are killed.

A chestnut pole lasts satisfactorily above the ground line but
decays at and within a few inches below the ground, thus weakening
it at a eritical location.  In order to protect the poles from decay
at this location, the open tank creosote treatment seems to be the
most satisfactory, where the facilities for applying the treatment
are available.  In general this treatment consists of standing the
poles in an open tank and treating them in a creosote bath which
covers them from the butt ends to a point about one foot above
what will be the ground line when the poles are set. The method
of applying the treatment will be explained in more detail further
along in the paper.

Due to the scattered locations of the chestnat timber and also to
the fact that in many places this timber is rapidly being depleted
by the blight, it has required considerable study to establish loca-
tions for open tank treating plants which would be convenient for
applying the treatments and would also have a sufficient available
pole supply (o permit the operation of the plants long enough o

235
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warrant the necessary investment in them. However, suitable
locations have been established and plants have been constructed
which will, when operating to their planned capacities, treat about
139,000 chestnut poles per year, and these plants may easily be
enlarged to treat additional quantities as the demand for treated
poles develops.

These plants have been designed by our engineers and are being
operated for applying preservative treatments to poles used by the
Bell System.

LocaTiNG THE TREATING PLANTS

It might be interesting to bring out the governing considerations
in locating the chestnut open tank treating plants, as compared with
commercial plants for treating cedar poles, which are operating in
the north central and northwest portions of the Uhited States. Due
to the geographical locations in which the cedar poles grow, in rela-
tion to the centers of distribution en route to the locations where
they will be used, treating plants of large capacities can be supplied
for many years with poles which pass them in the normal course of
transporting the poles from the timber to their destinations. Com-
mercial pole treating companies seem to have had no difficulty in
establishing locations for handling 100,000 or more cedar poles per
vear through a single plant; whereas the scattered locations of the
chestnut poles, as outlined above, make it more economical to build
the chestnut treating plants in units varving between 10,000 and
36,000 poles per year capacity.

Several factors were considered in determining the proper loca-
tions for the seven Bell System treating plants which have been
built. 1t was often possible to select a location which was admirably
adapted to the purpose when considered from two or three view-
points but which was found undesirable when considered from all
of the necessary angles.  The principal points considered were:

1. Quantity of poles of the desired sizes available locally which
could he delivered to a proposed plant by wagons, motor vehicles,
vLe.

2. Quantity of poles which could be conveniently routed past the
plant during the rail shipments from the timber to their desti-
nations.

3. Quality of the available timber.
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I. The length of time during which a plant of the desired size
could be supplicd with timber for treatment, This estimated
tigure would, of course, determine the length of life of the pro-
posed plant.

5. Railroad facilities and freight distances from the proposed plant
to points where the poles would he used.

. Availability of labor for operating the plant.

Locating a suitable site for the plant.

Lxperience of the Western Electric Company'’s Purchasing Depart-
ment and the local Associated Telephone Company representatives,
together with information from Government reports, provided the

Fig. 1 Land upon which Svlva Plant was Built

answers to the first hve items. Studies upon the ground were made
to settle the remaining two items after a preliminary survey of the
sittation had indicated what locations scemed to warrant consid-
cration.

Che unevenness of the land as shown by Fig. 1, which is (vpical
of the many available Tocations studied, made it ditheult to sceure a
comparatively level traet of the proper arca and dimensions adjoining
a railroad siding or at a location where a siding could conveniently
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be established.  In fact it scon became evident in making the pre-
liminary studies, that it would be necessary to design the various
treating plants to fit the hest of the available tracts.

As a result of these studies, seven plants were established and
placed in operation in five states as outlined below:

Total Annual Pole
Date when Plant Capacity When
Location Was P’laced in AAnnual Pole Additions Now
Operation Capacity Now Planned Are
| Completed
Shipman, \a | Oct. 1922 10,000 15,000
Danbury, Conn. .. Dee. 1922 10,000 10,000
Natural Bridge, Va. Apr. 1923 10,000 18,000
Willimantic, Conn | Aug. 1923 10,000 10,000
Sylvit, No Covee s May 1024 18,000 25,000
Nashville, Tenn . July 1924 18,000 25,000
Ceredo, W, Va... Sept. 1924 23,000 36,000
Tolals.. . 99,000 139,000

It will be noted from the above table that several of the plants
are not yet working to their capacitics as now planned. In designing
the plants, the plans were made to provide for the total annual capac-
itics shown above.  However, when they were built the initial capaci-
ties were made somewhat lower as indicated by the table, by omitting
in some cases tanks and in other cases pole handling equipment
which could readily be added in conformity with the plans, later
when the additional capacities would be required.

YARD Si1ZES

It might not scem necessary to occupy a very great area in the
operation of a pole treating plant. However, experience with some
of the carlier plants indicated that a reasonably large vard was very
desirable becanse of the number of poles necessarily carried in piles
on skids in the yard both in the untreated stock and in the treated
stock. In so far as practicable the poles in the various treating
plants are arranged in such a manner that cach length and class is
piled scparately.  This greatly facilitates handling the poles, but
requires  considerable space. Ordinarily  about 80 pole piles are
necessary in a yard.

Irom four 1o ten acres of land has heen used for each of the various
pole treating yards.  Fig. 2, which includes about half of a com-
paratively small capacity yard, shows the necessity for plenty of
room for the pole piles.
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YARD Lavor 1s

Sinee the pole treating yvard layvonts are necessarily built around
the railroad sidings which handle the poles in and out of the yards
and transfee them from one location to another inside the yards, it is
desirable to build the vards long and narerow.

1Yiz. 2 Portion of Pole Yard at One of the Smaller Plants.  Tool House and

Creosote Storage Tank at Right

Of course, the sharper the railroad curves can be made in layving
out a siding from the railroad into the pole treating yard, the easier
it is o accommodate the siding to cramped yard conditions or to
spread out the tracks over a short, wide yard.  However, duce to the
use of heavy locomotives on the main lines and the desirability of
having switch curves suitable for the locomotives ordinarily used,
it has been necessary to use 12 degree railroad curves in planning
most of the yard entrances, and in no case has a curve been used
which is sharper than 18 degrees.

It will be noted from Fig. 3 that the pole treating apparatus is so
located that the work of handling poles to and from the treating
tanks will not interfere in any way with loading outgoing cars of
treated poles from the skids. It will also be noted that the poles
which are received from the river are treated during the natural
course of their passage to the “treated” skids.
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Car loads of poles which are received by rail imay be backed into
the track leading to the pole treating plant for treatment or nuy be
unloaded upon the “untreated™ skids af desiced. Tnany event, there
should he a annimum of conlision in the pole moving operations,

Fig. 1 shows the skids at one end of the Sylva yvard hefore poles
had been piled upon them T illastrates the desirability of having a

Fig. 4+ Skid Lavout at One End of Syhva Yard

long, narrow yard and also shows that the switch track is the backbone
ol the Imfc )’;lr(l.

It will also be noted from Fig. © that in the Sylva yard the ends
of the skids are brought up close to the track.  This is because the
pole handling in the Sviva vard is done by means of a locomotive
crane which runs on the track and works from the ends of the cars.

In the Natural Bridge yard, which is shown in Fig. 5, a tractor
crane is used for pole handling.  This unit has erawlers and wheels
which operate on the narrow roadways at either side of the spur
tracks.  The tractor crane runs up to the side of a car to unload it.
By operating at the sides of the cars a much shorter boom is required
by the tractor crane than for the locomotive crane working at the
ends of the cars handling the same lengths of poles.

DELIVELRY OF PPOLEs TO PLANTS

Various methods are used for delivering poles 1o the treating plants,
from the locations where they are cut.  In addition to the use of
automobile trucks with their trailers, and to the use of horse-drawn
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wagons which may be seen along the re ad in Fig. 4, poles are delivered
by railroad cars, river rafts and ox-teams.

In the timber the poles are ordinarily loaded on cars for shipment
o the treating plants by means of a logging loader shown in Fig. 6.

Fig. 5 Yard Layout at One End of Natural Bridge Yard, Viewed from Mast of
Derrick

Fig. 6- Placing Poles on Logging Car by Means of Logging Loader
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.\[[h(mglﬂ it has a short boom, it is able (o handle very long poles
because of the method in which it litts them. One end of the pole,
cither top or butt, is rested against the middle poine ol the hoom
and the pole litted by the wineh line which may be attached only
one-third or one-tourth ol the distance from the loader end to the

il et BT

IFig. 7 Geared Locomotive in Use on Logging Road Which Supplies Poles to
Treating Plant

free end of the pole. 1 lifting long poles by this method, they spring
considerably, and brash timber usually breaks under this treatment.
Thus in handling poles by this method, they are given a test before
they leave the timber.

The winch line i» attached to the pole by means ol hooks which
resemble ice tongs.  From long experience in handling these tongs,
the pole men are able to throw them several feet and catch a pole at
any point they desire. to pull it from the pole pile.  This operation
is very fast.  In fact, under favorable conditions, 35 foot chestnut
poles have been loaded on a car at the rate ol two per minute.

The pole piles along the logging road are usually disorderly, re-
sembling a lot of giant tooth-picks which might have been carclessly
dropped in a heap.
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Steep grades on the logging roads make it very desirable to use
locomotives which have a maximum amount of traction. For this
reason, a geared type locomotive is used which permits a big redue-
tion between the engine and drive wheels, and also transmits the
driving torque to all wheels of the engine and coal tender which is
shown, and also to the wheets of the water tender which is not shown
in Fig. 7.

I“rom one to ten car loads of poles in a group arrive at the treating
plants. A car load varies between 40 and 65 poles depending upon

Fig. 8 ~Car Load of Poles Arriving at the Danbury Treating Plant

the sizes of the poles.  They may be unloaded by a locomotive crane
or a tractor crane or by the method shown in IFig. 9.

At the Shipman Yard the poles are unloaded by cutting the stakes
and permitting the poles to roll down an embankment into piles
from which they are drawn to the treating plant by means of a steel
rope from a tractor winch.

Utilization of the cheapest method of delivering poles to the treat-
ing plants is possible at Ceredo and Nashville where the plants are
located on the river hanks.  These poles are seeurely tied in rafts of
about 100 poles each and either Hoated down the rivers or handled
by stern wheel, river steamboats.
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IFig. 9 —Unloading PPoles at the Shipman Yard

Fig. 10—Four Rafts of Poles at Ceredo Plant
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1t may be of interest to note that the photograph shown in Fig. 10
was taken from the West Virginia hank of the river, while the Ohio
bank is seen across the river and the Kentucky hills are visible heyond
the bridge.

Particularly in the Carolinas, ox-teams are used to draw pole
loads down from the mountains.

s

Fig. 11-Pole Delivery by Ox-Teams

2

Iig. 12 Derrick for Handling Poles from River Rafts to Piles or Pole Cars
in the Yard
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CRILONOTING PLANTS TOR TRL

Hasotinag Pores N e Yaro

Where the derrick is used for lifting poles out of the river it is
¢ wlhiich, of course,

necessary to set it at adistance from the water's o
approaches aml recedes depending upon the height of the river,
Because of this distance, the poles are dragged as well as lifted np

the sloping side of the bank

Fiv. 13 llandling Poles by Man Power

14 Tractor Crane Handling Poles from Rail Dollies in Danbury Yarel

It has been found that wherever it is possible to eliminate the
handling of poles by man-power, a considerable cconomy can b
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realized.  Less men are required for crane or derrick operation, and
the cranes and derricks do the work much more rapidly.

In order to move the poles about the yard it is not necessary to
retain a freight car to carry them, since small rail dollies have been
provided for this purpose. The two dollies shown in Fig. 14 are
separate and can be located under the poles at any distance apart
depending upon the lengths of the poles.

The tractor crane which is used for pole handling in the smaller
plants is operated by a heavy duty gasoline engine and it is able

Fig. 15 Sull Leg Derrick Removing Poles from Treating Tank and Loading Them
on Flat Car

to handle a LOOO 1b. load at a 13 foot radius through an arc of about
270 degrees. [t has a 30 foot boom.  Stnee a very large percentage
of the chestnut poles handled, weigh less than oune ton cach, this
tractor crane has sufficient capacity for the service.

ln the smaller plants where it has heen found desirable to increase
the pole treating capacities above what could be handled by means
of the tractor cranes, still leg derricks have been installed.  These
derricks are of G-tons capacity, having 13-foot bhooms.  They are
operated by steam from the (reating plant boiler, which feeds the
S 1LP. hoisting engines. I these installations the swingers are
operitted by the hoisting engines.

Where the treating plant is of large enough capacity to warrant
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the investment in a locomotive crane, this type of unit has proven
to be the most satisfactory in operation. The cranes which are
suitable for this type of work have a 30 [oot boom and are rated at
171 tons capacity.  Actually they can salely handle i 3-ton load at
S feet ractins from the king pin of the crane, perpendicular to the

Fig. 16 - Unloading Poles from the '_l~rmtin): Tanks to the Dollies, with
Locomotive Crane

track, without tipping the cac body of the crane.  Of course, with the
boom in a position above the track the maximum safe load is con-
siderably greater.

The method of handling poles most commonly used is illustrated
in Fig. 17 where the poles are lifted in a balanced condition, swung
to one side of the track and piled parallel to it.

Another method which is applicable, particularly: to handling a
It-foot and longer pole, consists of butting the pole end against the
boom of the locomotive crane and swinging it to a pile which lies
purpendicular to the track.  This method of handling poles is similar
to that shown in use with the logging outht in Fig. 6.

When the poles are piled either parallel oc perpendicular o the
track as shown by Figs. 17 and I8, respectively, there should be
frequent breaks in the piles in order to permit the air to circulate
around the poles and keep them dry, and to reduce the fire
hazard.




Fig. 17 Handling Poles by Balanced Method with Locomotive Crane

Fig. 1S Tandling Pole with End Butted Against Boom of Locomotive Crane
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PREPARING POLES FOR TREATMENT

Although elforts were originally made to elean and prepare the
poles on the cars at the time they were received at the plant, in order
to be able to unload them {rom the cars dircetly into the treating
tanks, it was found to be more satisfactory to first unload them
upon skids where they would be more accessible for the removal

Fig. 19—DPreparation Skids Opposite Treating Tanks at Sylva Plant

of all bark and foreign matter from the area to be treated and where
any defective poles could be culled out before treatment.

The preparation skids are ordinarily not used for storage purposes.
\When a load of poles is placed upon them it can be spread in such a
manner that every pole will be accessible.

In Fig. 20 the load of poles from the dollies has just been laid on
the preparation skids where they will be cleaned for treatment in the
far tank which is shown empty. Due 10 the desirability of having a
continuous supply of poles for treatment, also of having the poles
scasoned for several months before treatment, it is not practicable
in a very large percentage of cases to ship the poles direct from the
timber to the yvard and unload them on the preparation skids for
immediate treatment. For this reason it is necessary first to pile
them in the untreated section of the pole yard and later to bring
them to the preparation skids on dollies as illustrated in Fig. 20.
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TREATMENT
The following is a very brief outline of the method pursued in
treating the poles and also of the results obtained.
In so far as practicable the poles are scasoned 6 months or more

hefore being treated. The method of treatment consists of im-
mersing the bhutts 1o a level of about 1 foot above what will he the

Fig. 20 Preparation Skids Opposite Treating Tanks in Nashville Yare

ground line of the poles, for not less than 7 hours in creosote at a
temperature hetween 212° and 2307 Fahrenheit. At the end of the
hot treatment, the hot oil is quickly removed from the tank and cold
oil at a temperature of from 1007 1o 1107 Fahrenheit is permitted to
flow quickly into the treating tank to the level previously reached
by the hot oil. The ecold oil treatment lasts for at least 4 hours.
Heat is absorbed by the pole butts in the hot oil bath until the
moistnre contained in the sapwoad is ¢ither expanded into steam or
entirely driven out. During the short interval while the oil is heing
changed, the surfaces to be treated remain covered by oil from the
hot treatment. The oil change is made so quickly that the pole
butts cool very little betore it is completed. Then, as soon as the
cold oil is admitted, these surfaces are covered by the creosote which
renwains until the pole butts become cool.  In the sapwood, from
which the moisture has heen driven by the hot treatment, the cooling
process condenses the steam, thus forming a partial vacuum in the
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wood.  This canses the oil, in which these surfaces are immersed,
1o be forced into the wood by atmospheric pressure.

During the treatment, the creosote is absorbed by the pole to such
an extent that as an average, about 95 per cent. of the sapwood in
the treated section of the pole is saturated.  This requires from
2 1o [ gallons of oil per pole, depending upon the size and condition
of the pole being treated.

AssemBLy Lavour

The same general [eatures of design were followed in all the pole
treating plant fayouts in so far as practicable.  However, the numher

of the different units used was varied to provide the plant capacitios
required.,

In designing the plants it was found desirable to separate the
poles into two or theee treating tanks in order that the treating gang
conld he continuously emiployed in either preparing or handling poles
from or to one of the tanks while the treatment would he in progress
in other tanks. By dividing the tanks it was also possible to nse a
sialler quantity of hot ercosote, since the hot oil conld he nsed in one
tank and when that treatment was finished, pumped to another
tank containing Iresh poles ready for treatment.  Cutting down the
hot oil capacity, of conrse, reduced the amount of radiation in the
heating tank and also the amount of radiation in nse at any particular
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time in the treating tanks, thus resulting in considerably less steam
boiler capacity than would be necessary with a very large siogle
treating tank unit.

Handling poles at smaller tanks is mch casier beeanse less
boont action of the derrick is required and the men at the tanks can
reach all poles more casily for attaching and removing the derrick
winch line.

It was found that a vertical eyvlindrical tank served better than a
horizontal one for the storage of hot oil, while the horizontal evlindrical

Fig. 23 Plan View of Pole Rack

tanks were preferable for cold oil storage.  The radiation from a
vertical hot tank is considerably reduced by the jacket of hot air
rising along its side.

Particularly during the summer months care must be taken to
keep down the temperature of the cold oil. 1t has been found that
the long evlindrical steel tanks when lyving horizontally radiate heat
from the oil 1o the atmosphere satisfactorily and thus keep the oil
(‘l)‘ll.

Care has been taken in the design, to locate the various units so
that all hot oil leads would be as short as possible in order to minimize
radiation.  Wherever possible, hoth the hot and cold oil are handled
by gravity. The steam boiler is located as near as practicable to
the heavy banks of steam radiators.

In all cases, careful study has been given to facilitating the handling
of poles, since a considerable part of the cost of the pole treating
process is due to pole handling.
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Pori: RACks

FFor supporting the poles standing in the treating tanks, it is neces-
sary (o have a very strong rack surrounding each of the tanks.  Fig. 20
shows i view at one end and the front side of the two-tank rack in
the Nashville plant. Fhe poles shown, stand 8, feet below the
ground level.  They are supported at the ends and middle of the
rack by timbers under the rack platform at a height of 12 feet above

Fig. 24 Excavation for Treating Tanks

the ground. At the back, the poles are supported by a timber which
is 16 feet above the ground. This arrangement permits the treat-
ment of any size of pole up to and including 65 Tect in length.,

1t will be noted in Fig. 23, which shows the rack above one tank,
that the poles in cach tank are divided at the middle by the platform
of the pole rack.  This feature of the rack has proved to be very
desirable in that it permits the platform nan to reach any pole in
the rack during the loading and unloading process, so that there is
no delay and no hazard in attaching the winch line sling to, or de-
taching it from the poles. The taper of the poles is such that ample
spitee is provided for holding the sections of the poles at the platform
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level even though the area of the opening at this level s somew bat
stiller than the area of the bottom of the treating tank.

Suitable railings have been provided around @t parts of the platform
to protect the plaform man.  They are substauntial enough to protect
the operator and vet Hesible cnongh to compensate for the iccegulay
sections of poles which mav lie agatnst them.

TANKS

As was mentioned above, in so far as practicable the tanks for the
various plants are nide in multiples of staondard units. The treating

Fig. 23 Uonerete Foundation and Protecting Walls for Treating Tanks

tanks for the smaller plants are 11 feet long and 5 feet 6 inches wide
with 6 inches in cach end of the tanks taken up by the vertical radia-
tors. These tanks are of proper size wo treat Uy carload of poles cach.

The larger plants are provided with treating tanks, each of which
will casily handle one carload of poles.  These tanks are 15 feet
long, S feet wide and 9 feet 8 inches deep in the clear.

Some idea of the sizes and arrangement of the treating tanks can
be had from the excavation for them shown in Fig, 28 Each of the
raised levels shown, will support the bottom of a tank while the pits
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between will contain the steam and oil piping, oil handling machinery,
etc. This is a three-tank pit with space for two tanks shown.

In order to provide dry pits for the equipment helow the treating
tank bottoms and also to facilitate removal of a tank from the ground
in case it might neced repair, it has been found desirable to build
concrete foundations and walls around the treating tanks.

Fig. 26 Treating Tanks in Place

\ few inches of space is left between the conerete retaining walls
and the sides of the treating tanks. This space serves two purposes:
it peemits placing or removing the tanks with ease and it also pro-
vides air spaces around the sides of the tanks, which tend to insulate
them from the ground.  As has been mentioned, it is necessary to
change the temperature of the oil in the tanks quickly from about
220° 1o about 105° Fahrenheit.  There is very little lag in making the
temperature change due to heat retained by the tank walls. However,
it the ground around the tanks were wet and in contact with them,
considerable lag would be experienced in making the temperature
change of the oil beecanse of heat which would be retained by the
groud,

The poles in the tanks as shown by Fig. 26 rest in a position
inclined slightly back toward the racks so that they remain in this
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positionn withont being tied.  Inclining the tank bottoms toward
the rear lacilitates the deainage of oil from them

I'he bottom of the tank is prictically perpendicalar to the poles
the butts to

&5 they stamd on i, which minimizes the tendeney
ship on the tank bottom.  In order to further present any danger
from this happening, the bottom of cach tank is covered by exiea
licavy Irving grids similar to those used at subway ventilating open-

ings.  These grids are supported by a snitable 1-beam framework in

Fig., 27 Bottom of Treating Tank Showing lorizontal Radiators and Grids

Eovering Them

which the steel pipe radiators are placed.  The grids do not inter

m a good protection

lere with the circulation of the hot oil and f
for the radiators. '
IZach of the horizantal cold oil tanks has a capacity of about H1,000
gallons.  Tuanks of this size will casily take a tank-car load of creosote
each, leaving some reserve capacity for residual oil which may be in
the tanks at the time the additional cars of oil are received.  The
tank cars ordinarily carry from 5,000 to 12,000 gallons of oil.
The hot oil tanks vary in capacity between 3,000 and 13,000 ¢
One hot oil tank

lloins

cach, depending upon the sizes of the plants
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suthees for cach installation.  In order to conserve the heat, these
tanks are covered by a 1T inch coat of magnesia block heat insulating
matcerial, the outside of which is covered by 1y inch of ashestos cement
and 11 inch of half and half ashestos and Portland cement.

BotriEks, RADIATORS, PRESSURE REGULATORS AND OCHER STEAM
lLoripMENT

For these installations, a self-contained type of steam boiler was

used because of its comparatively high efficiency in the sizes 1equired

and also hecause of the case of installation.  The botlers nsed vary

Fig. 28 Horizontal Cold Ofl Tanks and Vertical Hot Oil Funk

fron 30 to S horsepower eapacity depending upon the sizes of the
plants. These boilers are of the return tubular type with the fire
bhoxes and smoke hoxes lined with keyved-in fire brick.

The boilers are operated at a pressure of about 100 Ibs. which is a

suitable pressure for the steam turbine and for the steam hoisting
engines in the plants where these are used. This botler steam pressure
is too high Tor the cast iron radiators which are used to heat oil in the
hot and cold tanks and, for the smaller plants, in the treating tanks.
Steam for these radiators should he supplicd at a pressure of about
10 pounds. o order 1o meet this* requirement a pressure reducer is
usedd to convert the steam from the hoiler pressure, whatever it may
be, to a pressure of about (0 pounds, hefore it enters the radiators.

The water condensed from the various radiators is returned to the
boiler in order to conserve its heat, Small automatic steam traps
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Fie 29 Nervical Hot Ol Tank with Insulated Coverin
receiver above the bailer and the tilting trap injects it into the hoiler
a< [ast as it is delivered to the water pipe lines by the small traps.

It i~ very desirable in the operation of the steam turbines that
they be supplied with dry steam in order that slugs of water cannot
enter the turbine chambers at high velocities and injure the
Ak

g water trap is located above the treating
steam for the turbine

vanes.,
tank pit at cach
which is mounted

plant to insurce dey

in the
])il dire thy below it

FEMPERATURE CONTROL

A continuous record is kept of the temperature of the oil in the
treating tanks by means of recording thermonmieters mounted in the
hoiler room and conncected by tlexible thermometer tubes to the bulbs
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which are immersed in oil along the inside of the tanks after the poles
arc in place.  In the cold and hot tanks the temperature does not
change rapidly, so their temperatures can be read by means of station-
ary indicating thermometers mounted on the sides of the tanks and
having bulbs which project into the insides of the tanks through
suitable fittings.  The oil temperatures, of course, are controlled by
the steam valves to the radiators in the various tanks.

Iig. 30~ Steam Boiler During Installation

O1r. Haxbrine

The heart of the oil handling apparatus, of course, is the centrifugal
pump which has been mentioned and which is dircet connected to the
20 1LP. steam turbine.  In some of the smaller plants the centrifugal
pumps are operated by 5 HL.P. gasoline engines.

Both cold oil and hot oil are fed from the storage tanks to the
treating tanks by gravity,  The centrifugal pump is used for returning
the oil from the treating tanks to the proper storage tank, for moving
it from one storage tank to another or for delivering oil from the tank
cars to the storage tanks,

Since the ercosote which is used in pole treating may solidify at
any temperature helow 1007 Fahrenheit, even in comparatively warm
weither it is sometimes necessary to provide a steam connection to
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the radiators inside the tank car in order to make the oil Buid cnough
to How through the flexible hose and pipes 1o the centrifugal pump.
The soliditying of the creosote at comparatively high temperatures
also requires a small bank of radiators in cach cold tank.

The steam pipe runs, hetween the steun boiler and the various
tanks, and the oil pipe lines between the various tanks and the pomp,

Fig. 31 tGeneral View of Natural Bridge Plant in Operation

are grouped so that both the steam lines and oil lines can be enclosed
in boxes. The heat radiated from the steam lines warms the air in
the boxes to such an extent that the oil remains liquid.

The valve controls for the oil and steam lines which are led through
the boxes, are grouped so that several can be reached by opening
the door of each of the boxes.

In the smaller plants which have the onc-hall-car pole capacity
of treating tanks, the centrifugal pump handles the oil at a rate ol
about 200 gallons per minute.  In the larger plants, however, where
the treating tanks have one-car capacity of poles, the oil is handled
through the centrifugal pump at the rate of about 600 gallons per
minute.  As mentioned in the above section describing the treat-
ment, the high rate of oil movement is necessary in order to accom-
plish the change from hot to cold oil in the treating tanks in such a



264 BELL SYSTEAL TEGHNICHL JOBRNAL

short time that the heated pole butts will not be permitted to cool
when not immersed in oil.  The oil change ordinarily is made in from
7 to 12 minutes from the time the pump starts to remove the hot oil
until the cold oil is up to the proper level.

Expericnce indicates that no material loss in penetration of the
creosote into the poles is experienced by having the treated section
uncovered for this short length of time.  Practically the same pene-
tration is obtained as would Dbe secured by keeping the poles in hot
oil for the same length of time and then permitting the hot oil to
remain around them until its temperature had gradually fallen by
radiation to that specified for the cold oil hath.

Changing the oil instead of permitting it to cool in the treating
tanks greatly expedites the treatments and consequently increases
the plant capacity, whieh, of course, results in a eorresponding economy
in the cost of treating the poles.

CONCLUSION

In this paper an endeavor has been made to cover in a general way,
the principal engineering and operating features involved in building
creosoting plants designed speeially for applying open tank treatment
to chestnut poles. Tt has, of course, been necessary to omit practically
all of the details of construction, which were followed in building
the various plants.

These treating plants are valuable assets to the Bell System in
providing coneentration points where preservative treatment ean
be economiecally applied to the chestnut poles, thus becoming an
impartant factor in the general program for the conservation of
natural resources, by making possible the utilization of this valnable
and rapidly diminishing type of timber over a considerably longer
period.



Selective Circuits and Static Interference”
By JOHN R. CARSON

Syaotsts: The present paper has its inception in the need of 4 correct
understanding of the hehavior of selective ewrcuits when subjected to ir-
rexitlir and random interference, aml of devising a practically ns-ful
figure of merit for comparing circuits designed to reduee the effects of this
tvpe of interference.  The problem is essentwally a statistical one and the
results must be expressed in terms of mean values  The mathematical
theory is developed from the idea of the spectriun of the interference and
the response of the selective circuit is expressed in terms of the mean
square current and mean power absorhed,  The application of the formu-
las deduced to the case n{ static interference is discussed and it 1s shown
that deductions of practical value are possible in spite of meagre informa
tion regarding the preeise nature and origin of statie interference.

The ontstanding deductions of practical value may be summarized as
follows:

1. Even with absolutely ideal selective circuits, an irreducible minimum
of interference will be absorbed, and this minimum increases linearly
w |th the frequency range necessary for signaling.

The wave-filter, when properly designed, approximates quite closely
el e loa el tin s i uit, and little, if any, improvement over its present
form may be expected as rrg‘mls static mtcrfcrvncc
regards static or random interference, it is quite uscless to emplay
c\tn‘nu-l\ hmh selectivity. The gain, as cmnp.]rul with circuits of oaly
moderate selectivity, is very am.\ll, and is inevitably accompanicd by
disadvantages such as slllq"hhnl‘\\ of response with consequent slowing
down of the possible speed of signaling.

4 A formula is developed, which, together with relatively simple ex-
perimental data, provides for the accurate determination of the spectrum
of ~l.1(ir: interference.

An npplununn of the theory and formulas of the paper to repre-
<cnt.m\e eircuit arrangements .|m| schemes designed to reduee statie
inlerlerence, shows that they are incapable of reducing, in any substantial
cdegree, the mean interference, as compared with what ean e done with
simple filters and tuned circuits.  The underlying reason lies in the nature
of the interference itself.

[

HE selective circuit is an extremely important element of every

radio receiving set, and oo its efficient design and operation
depends the economical use of the available frequency range. The
theory and design of selective circuits, particularly of their most
conspicuous and important type, the electric wave filter, have been
highly developed, and it is now possible to communicate simultane-
ously without undue interference on aneighboring channels with a
quite small frequency separation.  On the other hand too much has
been expected of the selective circuit in the way of climinating types
of interference which inherently do not admit of climination by any
form of selective circuit. 1 refer to the large amount of inventive
thought devoted to devising ingenious and complicated circuit ar-

* Presented at the Annual Convention of the AL L 12
1., June 23-27, 1924,

., Edgewater Beach, Chicago,
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rangements designed to eliminate static interference. Work on this
problem has been for the most part futile, on account of the lack of a
clear analysis of the problem and a failure to perceive inherent limi-
tations on its solutions by means of selective circuits.

The object of this paper is twofold: (1) To develop the mathe-
matical theory of the hehavior of selective circuits when subjected
to random, irregular disturbances, hereinafter defined and designated
as random interference. This will include a formula which is pro-
posed as a measure of the figiere of merit of selective circuits with respect
to random interference. (2) On the basis of this theory to examine
the problem of static interference with particular reference to the ques-
tion of its elimination by means of selective circuits. The mathe-
matical theory shows, as might be expected, that the complete solu-
tion of this problem requires experimental data regarding the fre-
quency distribution of static interference which is now lacking. On
the other hand, it throws a great deal of light on the whole problem
and supplies a formula which furnishes the theoretical basis for an
actual determination of the spectrum of static. Furthermore, on
the basis of a certain mikl and physically reasonable assumption,
it makes possible general deductions of practical value which are
certainly qualitatively correct and are believed to involve no quanti-
tatively serious crror.  These conclusions, it may be stated, are in
gencral agreement with the farge, though unsystematized, body of
information regarding the behavior of selective circuits to static
interference, and with the meagre data available regarding the wave
form of elementary static disturbances.

The outstanding conclusions of practical value of the present
study may be summarized as follows:

(1) Even with absolutely ideal selective circuits, an irreducible
minimum of interference will be absorbed, and this minimum in-
creases linearly with the frequency range necessary for signaling.

(2) The wave-filter, when properly designed, approximates quite
closely to the ideal selective circuit, and little, if any, improvement
over its present form may be expected as regards static interference.

(3) As regards static or random interference, it is quite useless to
ciploy extremely high selectivity.  The gain, as compared with
circnits of only moderate selectivity, is very small, and is inevitably
accompaunied by disadvantages such as sluggishness of response with
consequent slowing down of the possible speed of signaling.

(4) By aid of a simple, easily computed formula, it should be pos-
sible to determine experimentally the frequency spectrum of static.
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(5) Formulas given below for comparing the relative efficicncies
of selective circuits on the basis of signal-to-interference energy ratio
are believed to have considerable practical value in estimating the
relative utility of sclectis e circuits as regards static interference.

Discrimination between signal and interference by means of selec-
tive circuits depends on taking advantage of differences in their wave
forms, and hence on differences in their frequency spectra. 1t is
therefore the function of the sclective circuit to respond effectively
to the range of frequencies essential to the signal while discriminating
against all other frequencies.

Interference in radio and wire communication may be broadly
classified as systematic and random, although no absolutely hard and
fast distinctions are possible.  Svstematic inlerference includes those
disturbances which are predominantly steady-state or those whose
encrgy is almost all contained in a relatively narrow band of the
frequency range. For example, interference from individual radio-
telephone and slow-speed radio telegraph stations is to be classified as
systematic.  Random interference, which is discussed in detail later,
may be provisionally defined as the aggregate of a large number of
elementary disturbances which originate in a large number of un-
related sources, vary in an irregular, arbitrary manner, and are char-
acterized statistically by no sharply predominate frequency. An
intermediate type of interference, which may be termed either quasi-
systematic or quasi-random, depending on the point of view, is the
aggregate of a large number of individual disturbances, all of the same
wave form, but having an irregular or random time distribution.

In the present paper we shall be largely concerned with random
interference, as defined above, because it is believed that it repre-
sents more or less closely the general character of static interference.
This question may be left for the present, however, with the remark
that the subsequent analysis shows that, as regards important prac-
tical applications and deductions, a knowledge of the exact nature
and frequency distribution of static interference is not necessary.

Now when dealing with random disturbance, as defined above, no
information whatsoever is furnished as regards instantaneous values,
In its essence, therefore, the problem is a statistical one and the
conclusions must be expressed in terms of mean values. In the
present paper formulas will be derived for the mean energy and mean
square current absorbed by selective circuits from random interfer-
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ence, and their applications to the static problem and the protection
afforded by selective networks against static will be discussed.
The analysis takes its start with certain general formulas given by
the writer in a recent paper!, which may be stated as follows:
Suppose that a selective network is subjected to an impressed
force ¢ (£). We shall suppose that this force exists only in the time
interval, or epoch, 0 £t =T, during which it is everywhere finite and
has only a finite number of discontinuities and a f(nite number of
maxima and minima. It is then representable by the Fourier Integral

o) =1 ’w./o’”‘f(w) - cos Jwl+0(w)] dw (1)

= [ "6 (1) cos w!lll]2+ [ /()'i,s(:) in wtdt:r. (2)

Now let this force ¢ () be applied to the network in the driving branch
and let the resulting current in the receiving branch be denoted by
I (f). Let Z (i w) denote the steady-state transfer impedance of the
network at frequency w 2 r: that is the ratio of e.am.f. in driving
branch to current in receiving branch. Further let ¢ (7 w) and cos
« (w) denote the corresponding impedance and power factor of the
receiving branch. It may then be shown that

“inidie1 e [ LR .
fo[z(m(n_l,ﬂ_[ e @)

and that the total energy 1" absorbed by the receiving branch is
given by

where

P
11=1,nf0 1‘7{5;?“)\'2\:(1@ S8 e o . (4)

To apply the formulas given above to the problem of random
interference, consider a time interval, or epoch, say from t=oto t=T,
during which the network is subjected to a disturbance made up of a
large number of unrelated elementary disturbances or forces, ¢ (0),
$2 () . . . ¢u (1).

If we write

P =) +da() + - . . +oalt),

then by (1), () can be represented as

b()=1 = /m[ Flw) |+ cos [wt+0(w)] dw

PPransient Oscillations in Electric Wave Filiers, Carson and Zobel, Bell System
Technical Journal, July, 1923.
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and

T = Flw) ,

We now introduce the function R (w), which will be termed the
energy spectrum of the random interference, and which is analyticatly
detined by the equation

Riw) = I] Flw) * ()

Dividing both sides of (3) and (D by T we get

= ** R(w) .
oy )
= * R(w) -

a= =5 ¥ S v . 7
=1 n‘[ ST s(iw) » cos a (w) . dw (7)

I*, P and R (@) beecome independent of the 7 provided the epoch is
made sutticiently great. [* is the mean square current and P the mean
power absorbed by the receiving braneh from the random interference.

In the applications of the foregoing formulas to the problem under
discussion, the mean square current /* of the formula (6) will be
taken as the relative measure of interference instead of the mean
power P of formula (7). The reason for this is the superior sim-
plicity, both as regards interpretation and computation, of formula
(6). The adoption of I* as the criterion of interference may be justified
as follows:

(1) In a great many important cases, including in particular ex-
perimental arrangements for the measurement of the static cenergy
spectrum, the receiving device is substantially a pure resistance. In
such cases multiplication of /72 by a constant gives the actual mean
power P.

(2) It is often convenient and desirable in comparing selective net-
works to have a standard termination and receiving device. A thruee-
clement vacuum tube with a pure resistance output impedance sug-
gests itself, and for this arrangement formulas (6) and (7) are equal
within a constant.

(3) We are usually concerned with relative amounts of energy
absorbed from static as compared with that absorbed from signal.
Variation of the receiver impedance from a pure constant resistance
would only in the extreme cases affect thiz ratio to any great extent.
In other words, the ratio calculated from formula (6) would not
differ greatly from the ratio calculated from (7).
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(4) While the interference actually apperceived either visually or
Iy ear will certainly depend upon and increase with the energy ab-
sorbed from static, it is not at all certain that it increases linearly
therewith.  Consequently, it is believed that the additional refine-
ment of formula (7) as compared with formula (6) is not justified
by our present knowledge and that the representation of the receiving
device as a pure constant resistance is sulficiently accurate for present
purposes. 1t will be understood, however, that throughout the
following argument and formulas, 2 of formula (7) may be sub-
stituted for 72 of (6), when the additional refinement seems justified.
The theory is in no sense lmited to the idea of a pure constant resist-
ance receiver, although the simplicity of the formulas and their ease
of computation is considerably enhanced therehy.

The problem of random interference, as formulated by equations
(6) and (7) was briefly discussed by the writer in “Transient Oscilla-
tions in Electric Wave Filters' "and a number of general conclusions
arrived at. That discussion will be briefly summarized, after which a
more detailed analysis of the problem will be given.

Referring to formula (6), since both numerator and denominator

of the integrand are everywhere Zo, it follows from the mean value
theorem that a value w of w ex

ists such that
R(w) 7 dw .
T .[ | Z(iw) ¥ )

The approximate location of @ on the frequeney scale is based on the
following considerations:

(a) In the case of efficient selective circuits designed to select a
continuous finite range of frequencies in the interval w; Sw Swo,
the important contributions to the integral (6) are confined to a finite
continuous range of frequencies which includes, but is not greatly
in excess of, the range which the circuit is designed to select.  This
fact 1s a consequence of the impedance characteristics of selective
circuits, and the following properties of the spectrum R (w) of random
interference, which are discussed in detail subsequently.

(b) R (w) is a continuous finite function of w which converges to
zero at infinity and is everywhere positive. It possesses no sharp
maxima or minima, and its variation with respeet to w, where it exists,
is relatively slow.

On the basis of these considerations it will be assumed that @ lies
within the hand w) £w Sw, and that without serious error it may be
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taken as the mid-frequency wm of the band which may be detined

cither as (wi+ws) 2oras  wes. Consequently

fim K(wm)
m

0

o dw

From (9) it follows that the mean square current 72, due to random
interference, is made up of two factors: one R (wn) which is propor-
tional to the energy level of the interference spectrum at mid-frequency
wm 2 r:and, secoud, the integral

“  dw
=l "‘/.; Z (iw) 2 (1)

which is independent of the character and intensity of the interference.
Thus

=pR(wm). (1)

Formula (11) is of considerable practical importanee, hecause by its
aid the speetral energy level R (w) can be determined, once [2 is
experimentally measured and the frequency characteristics of the
receiving network specilied or measured. 1t is approximate, as dis-
cussed above, but can be made as accurate as desired by employing
a sulliciently sharply selective network.
The formula for the figure of meril of a seleclive circuil with respect
to random interference is constructed as follows:
et the signaling energy be supposed to be spread continuously
and uniformly over the frequency interval corresponding 1o wy Sw S ws.
Then the mean square signal current is given hy
13 pan dw
rrA,/ Zlw) |2

w
or, rather, on the basis of the same transmitted energy to

£F wr o dw g
@ e 7 2
r(wg—wﬂ/wl | Z(iw) * ¢ wr—wy 112

The ratio of the mean square currents, due to signal and to interfer-
ence, is

B2 1 o

R(wm) 4 we—wy p

(13)

The first factor depends only on the signal and interference

o
Riwm)
energy levels, and does not involve the properties of the network. The
second factor depends only on the network and measures the
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efficiency with which it excludes energy outside the signaling range.
1t will therefore be termed the figure of merit of the selective circuil and
denoted by S, thus

.l o 1 perde 0T de
5_w2_u1 p _wg—wl‘[,l 7 ./0‘ (ZUBE (14)

Stated in words, the figure of merit of a selective circuit with respect
to random interference is equal to the ratio of the mean square signal and
interference currents in the receiver, divided by the corresponding ratio
in an ideal band filter which transmits without loss all currents in a
“unil'" band (we—wy=1) and absolutely extinguishes currents outside
this band.

[l

Before taking up practical applications of the foregoing formulas
further consideration will be given to the hypothesis, fundamental
to the argument, that over the frequency range which includes the
. . . ** dw
important contributions to the integral / e

Jyo Z(iw)

has negligible fluctuations so that the integral
* R(w)
TN 2 dw
Jy Z(Lw) |

may, without appreciable error, be replaced by

®  dw
1<<w,.,».[ s

where w2 7 s the “mid-frequency”” of the selective circuit.

The original argument in support of this hypothesis was to the
effect that, since the interference is made up of a large number of
unrelated elementary disturbances distributed at random in time,
any sharp maxima or minima in the spectrum of the individual di-
turbances would he smoothed out in the spectrum of the aggregate
disturbance.  This argument is still believed to be quite sound: the
importance of the question, however, certainly calls for the more
detailed analysis which follows :

, the spectrum R(w)
|

N
Let by = N (t—1,) (15)
-

where 4, denotes the time of incidence of the 7" disturhance ¢, (1). The

clementary disturbances ¢y, ¢» . . . ¢y are all perfectly arbitrary, so
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that @ () as detined by (15) is the most general type of disturbance
possible. The only assumption made as vet is that the instants of
cidenee £y . ..ty are distributed at randons over the epoch 0 St ST
an assumption which is clearly in accordance with the facts in the
vase of static interference.  [f we write

Glw) = /0‘ @) cos wt dt,

50
S = [ & sin ot dt, (16)
Jo
it follows from (2) and (15), after some easy rearrangements that

P
Flw) *= ‘\_: : cos ot — [ Crlw) Csl(w) + S (w) Si(w)]) =
Tml smi

NG +SHW) (1)
Dl
e ‘\_: ::(‘n,\' Wty — 1) [CHlw) Cslw) + Sp(w) Sclw)], r#s.

¥
The first summation is simply k | fr{w) 2. The double summa-

tion involves the factor cos @ (4, — ).  Now by virtue of the assump-
tion of random time distribution of the elementary disturbances, it
follows that ¢ and t, which are independent, may each lie anywhere
in the cpoch 0 =t T with all values equally likely.  The mean value
of F(w) ? is therefore gotten by averaging® with respect to 4 and
over all possible values, whence

1—coswl

9

Fla) 2= : o) 12424 72

X NN (GG S@S @I (1)
and

pe N PTIROE 2NN [T el

nl — /lw) TL? et et Ny w'l
. g dw
+ 5, (w) Ss(w)] Zliw) [

* The averaging process with respect to the parameters f, and f, employed above
logically applies to the average result in a very large number of epochs during which
the system is exposed to the same set of (Ix»zurl),mu\ with ditferent but random
time distributions. Otherwise stated, the averaging process gives the mean value
corresponding to all possible equally likely times of incidence of the elementary
disturbances.  The assumption is, therefore, that if the epoch is made suthiciently
large, the actual effect of the unrelated clementary disturbances will in the long
run be the same as the average effect of all possible and equally likely distributions
of the elementary disturbances.
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Now in the double summation if the epoch 7 is made sutficiently great,

1—cos wl’ 5 . .
the factor ( lw—l vanishes everywhere except in the ncighbor-
2

hood of w=0. Consequently, the double summation can be written as

2 frlzcosel’, o NONNVG0)Glo) 1 N\ \‘C,(o)(‘,w)
n1%Jy w?1? — = Z(0) 1? e — Z(0) *

Finally if we write N/T=n=average number of disturbances per
unit time, and make use of formula (2), we get

p_ N ® ) B
i N .—4"‘”.[ | Z(iw) |2

3 el S 4
TN Z00) 2 — _~f0 o ()dt - fa és(0)dt, (19)

which can also be written as

o
B S S f Tt f Tt (20)
LY et oS .\'—1 et o/ () 0
when i,=1, (f) is the current due to the 7 disturbance ¢, (f).

Now the double summation vanishes when, due to the presence of a
condense or transformer, the circuit does not transmit direct current
to the receiving branch. Furthermore, if the disturbances are oscilla-
tory or alternate in sign at random, it will be negligibly small com-
pared with the single summation. Consequently, it is of negligible
significance in the practical applications contemplated, and will
be omitted except in special cases.  Therefore, disregarding the double
summation, the foregoing analysis may be summarized as follows:

R@)= &N fiw) 2 =n-r(w), 1)

n N < frlw) P 99

e b / ]Z(lw) zdw (22)
SRR =, ~ 2, 9

v _‘[ i°dt n/u‘ *dt, 23)

p=" N r(io) sl s(iw) | - cos a () - dw (24)
N MG E'E =

= ;’ :: W=n-w. (25)

In these formulas 7 denotes the average number of clementary dis-
turbances per unit time, w, the energy absorbed from the #** disturb-
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anece ¢ (O, and 2 the mean power absorbed from the aggregate
disturbance. 7 (@) is defined by formule (200 andd is the mean spee-
trnm of the ageregate disturbance, thas

rw)=1 NN fi(w) t=R(w) N (26)

We are now in a position to discuss more precisely the approxima-
tions, fundamental o formulkas (%) (11),

dw

/‘x Riw) lw:R(wm)./u“ i)t

Jy V2GR

The approximation involved in this formula consists in identifying
wm 2 7 with the “mid-frequency’” of the selective circuit, and is based
on the hypothesis that over the range of frequencies, which includes
the important contribution to the integral (22), the fluctuation of
R (w) may be ignored.

Now it is evident from formulas (21)-(22) that the theoretically
complete solution of the problem requires that R (@) be specified
over the entire frequency range from w=0 to w=%. Obviously, the
required information cannot be deduced without making some addi-
tional hypothesis regarding the character of the interference or the
mechanism in which it originates. On the other hand, the mere
assumption that the individual elementary disturbances ¢, . . . ¢y
ditfer among themselves substantially in wave form and duration, or
that the maxima of the corresponding spectra | f,(w) | are distributed
over a considerable frequency range, is sulficient to establish the
conclusion that the individual fluctuations are smoothed out in the
aggregate and that consequently r (w) and hence R (w) would have
negligible fluctuations, or curvature with respect to w, over any
limited range of frequencies comparable to a signaling range.

It 1s admitted, of course, that the foregoing statements are purely
qualitative, as they must be in the absence of any precise information
regarding the wave forms of the elementary disturbances constituting
random interference. On the other hand, the fact that static is en-
countered at all frequencies without any sharp changes in its intensity
as the frequency is varied, and that the assumption of a systematic
wave form for the elementary disturbances would be physically
unreasonable, constitute strong inferential support of the hypothesis
underlying equation (27). Watt and Appleton (Proc. Roy. Soc.,
April 3, 1923) supply the only experimental data regarding the wave
forms of the elementary disturbances which they found to be classili-
able under general types with rather widely variable amplitudes and



276 BELL SYSTEM TECIHNICALOUIRNAL

dunrations.  Rough caleulations of r (), based on their results, are
in support of the hypothesis made in this paper, at least in the radio
frequency range.  In addition, the writer has made calculations
based on a number of reasonable assumptions regarding variations
of wave form among the individual disturbances, all of which resulted
in a spectrum R (w) of negligible fluctuations over a frequency range
necessary  to justify equation (27) for efficient selective circuits.
However the problem is not theoretically solvable by pure mathe-
matical analysis, so that the rigorous verification of the theory of
selectivity developed in this paper must be based on experimental
evidence.  On the other hand, it is submitted that the hypothesis
introduced regarding static interference 1s not such as to vitiate
the conclusions, qualitatively considered, or in general to introduce
serious quantitative errors. Furthermore, even if it were admitted
for the sake of argument that the figure of merit S was not an accurate
measure of the ratio of mean square signal to interference current,
nevertheless, it is a true measure of the excellence of the circuit in
excluding interference energy outside the necessary frequency range.

Iy

The practical applications of the foregoing analysis depend upon
the formulas

s Rl = do
i {.[ [ZGay P ol ()
and
1 v dw = o
Sl o ri NS LA
£ wg-wp[) | Z{iw) |? .[ p e

which contain all the information which it is possible to deduce in the
case of purely random interference. They are based on the prin-
ciple that the effect of the interference on the signaling system is
measured by the mean square interference current in the receiving
branch, and that the efficiency of the sclective circuit is measured
by the ratio of the mean square signal and interference currents.  As
stated above, in the case of random interference results must be
expressed in terms of mean values, and it is clear that either the mean
square current or the mean energy is a fundamental and logical
criterion.

Referring to formula (11), the following important proposition is
deducible,
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If the signaling system requires the transmissions of a band of fre-
quencies corresponding to the interval ws—wy, and if the sclective circuit
s efficiently designed to this end, then the mean square iuterference
(wr—awy)

2r

-7

This follows from the fact that, in the case of cfliciently designed

cirrent ts proportional to the frequency band wwidth

(w2—wi)
9

band-litters, designed to seleet the  frequency range and

dw

e
exclude other frequencies, the imcgr.l[j 7 . s proportional to
i /

) (fw) [*
wa—ay 10 a high degree of approximation.

The practical consequences of these propositions are important and
immediate. It follows that as the signaling speed is increased, the
amount of interference inevitably increases practicatly linearly and
that this increase is inherent. Again it shows the advantage of
single vs. double side-band transmission in carrier telephony, as
pointed out by the writer in a recent paper.® It should be noted
that the increased interference with increased signaling band width
is not due to any failure of the selective circuit to exclude energy
outside the signaling range, but to the inherent necessity of absorbing
the interference energy lying inside this range. The only way in
which the interference can be reduced, assuming an efficiently designed

(w;zi—wl)

band filter and a presecribed frequeney range 15 to sclect a

carrier frequency, at which the energy spectrum R (w) of the interfer-
ence is low,

Formula (11) provides the theoretical basis for an actual determination
of the static spectrum. Measurement of [* over a sulficiently long
interval, together with the measured or caleulated data for evaluating
= dw
7 (iw)
can be made as accurate as desired by employing a sufficiently sharply
tuned cirenit or a sufficiently narrow band flter. [t is suggested
that the experimental data could be gotten without great difficulty,
and that the resulting information regarding the statistical frequency
distribution of static would be of large practical value.

The seleetive figure of merit S as delined by (11) is made up of 1wo

the integral 1 . determines R (w,) and this determination
L) .

1 . o . .
faetors, ; ; which iz inverscly proportional to the required
Wo—w)

signaling frequency range; and the ratio of the integrals o, 'p.  This

3 Signal-to-Static-Interference Ratio in Radio Telephony, Proc. I. R, E. E.,
June, 1923,
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ratio is unity for an ideally designed selective circuit, and can actually
be made to approximate closely to unity with correetly designed band-
filters. Formula (14) is believed to have very considerable value in
comparing various circuits designed to eliminate interference, and is
easily computed graphically when the frequency characteristics of
the selective circuit are specilied.

The general propositions deducible from it may be briefly listed
and discussed as follows:

(w2 —w1)
)

With a signaling frequency range specified, the upper limiting

value of S with a theoretically ideal selective circuit is - ] o and the
ws—

excellence of the actual circudt is measured by the closeness with which

its figure of merit approaches this limiting value.

Formula (14) for the figure of merit S has heen applied to the study
of the optimum design of selective circuits and to an analysis of a
kirge number of arrangements designed 1o eliminate or reduce static
interference.  The outstanding conclusions from this study may be
briefly reviewed and summarized as follows:

The form of the integrals o and p, taking into account the signaling
requirements, shews that the optimum scleetive circuit, as measured
by S, is one which has a constant transfer impedance over the signaling

("’2"'“’1)'

20

frequency range and attenuvates as sharply as possible

currents of all frequencies outside this range.  Now this is precisely
the ideal to which the band filter, when properly designed and termi-
nated, closely approximates, and leads 1o the inference that the wave
Jilter 1s the best possible form of selective circuit, as regards random
interference. Its superiority from the steady-state viewpoint has, of
course, long been known.

An investigation of the effect of securing extremely high selectivity
by means of Glters of a large number of sections was made, and led
to the following conclusion :

In the case of an efficiently designed band-filter, terminated in the
proper resistance to substantially eliminate retlection losses, the
figure of merit is given to a good approximation by the equation
_ 1

wa—awy 141 1613

(w2—w)

where nis the number of filter sections and the transmission

band. It follows that the selective figure of merit increases ina ppreciably
with an increase in the nuwmber of filter sections beyond 2, and that the
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band filter of a few sections can be designed lo have a figure of meril
closely approximating the ideal limiting value, "
(w2 —wy)

This proposition is merely a speeial case of the general principle
that, as regards static interference, it is uscless to employ extremely
high selectivity. The gain obtainable, as compared with only
moderate amount of selectivity is slight and is inherently accom-
panicd by an increased sluggishness of the circuit.  That is to say, as
the selectivity is increased, the time required for the signals to build np
is increased, with a reduction in quality and possible signaling speed.

Another eircuit of practical interest, which has been proposed as a
solution of the “static” problem in radio-communication consists of a
series of sharply tuned oscillation circuits, unilaterally coupled through
amplifiers.* This circuit is designed to receive only a single frequency
to which all the individual oscillation circuits are tuned.  The figure
of merit of this cireuit is approximately

ai=s 1)

S=L R (On—2)1

where n denotes the number of sections or stages, and L and R are
the inductance and resistance of the individual oscillation circuits.
The outstanding fact in this formula is the slow rate of increase of S
with the number of stages. For example, if the number of stages is
increased from 1 to 5, the figure of merit increases only by the factor
3.66, while for a further inerease in n the gain is very slow.® This gain,
furthermore, is accompanied by a serious increase in the ‘‘sluggish-
ness' of the circuit: That is, in the partciular example cited, by an
increase of 5 to 1 in the time required for signals to build up to their
steady state.

The analysis of a number of representative schemes, such as the
introduction of resistance to damp out disturbances, balancing
schemes designed to neutralize static without affecting the signal,
detuning to change the natural oseillation frequency of the circuit,
demodulation through several frequency stages, etc., has shown that
they are one and all without value in increasing the ratio of mean
square signal to interference current. In the light of the general
theory, the reason for this is clear and the limitation imposed on the
solution of the static problem by means of selective cireuits is seen
to be inherent in the nature of the interference itself.

tSee L. S. Patent No. 1173079 to Mexanderson.

3 When the number of stages n is fairly large, the sclective figure of merit becomes
proportional to /n and Lhe building-up time to n.



Some Contemporary Advances in Physics—VII
Waves and Quanta
By KARL K. DARROW

HE invaluable agent of our best knowledge of the environing
world, and yet itself unknown except by inference; the inter-
mediary between matter and the finest of our senses, and yet itself not
material; intangible, and yet able to press, to strike blows, and to recoil ;
impalpable, and yet the vehicle of the energies that flow to the earth
from the sun— light in all times has been a recognized and conspicuous
feature of the physical world, a perpetual reminder that the material,
the tangible, the palpable substances are not the only real ones.  Yet
its apparent importance, to our forerunners who knew only the ravs
to which the eye responds and suspected no others, was as nothing
beside its real importance, which was realized very gradually during
the nincteenth century, as new families of rays were discovered
one after the other with new detecting instruments and with new
sources.  Radiation is not absent from the places where there is
no eye-stimulating light; radiation is omnipresent; there is no region
of space enclosed or boundless, vacuous or occupied by matter, which
is not pervaded by rays; there is no substance which is not perpetu-
ally absorbing rays and giving others out, in a continual interchange
of energy, which cither is an equilibrium of equal and opposite ex-
changes, or is striving towards such an equilibrium. Radiation
is one of the great general entities of the physical world; if we could
stilt use the word “element,” not to mean one of the cighty or ninety
kinds of material atoms, but in a deeper sense and somewhat as the
ancients used it, we might describe radiation and matter, or possibly
radiation and electricity, as coequal elements.  Also the problem
of the nature and structure of radiation is of no lesser importance
than the problem of the structure and nature of matter; and in fact
neither can be treated separately; they are so inextricably inter-
twined that whoever sets out to expound the present condition of
one soon finds himsell outlining the other.  One cannot write a
discourse on the nature of radiation alone nor on the structure of the
atom alone, one can but vary the relative emphasis laid upon these
two subjects, or rather upon these two aspects of a single subject;
and in this article 1 shall restate many things about the atom which
were stated in former articles, but the emphasis will be laid upon light.
Speaking very generally and rather vaguely, light has been much
more tractable to the theorists than most of the other objects of

280
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enquiry in physies or chemistey.  Over a rather long period of years,
it was indeed  generally  regarded  as perfectly intelligible. The
famous battle between the corpuscular theory adopted by Newton,
and the wave-theory founded by Descirtes and Tuyghens, died ont
in the carlier yvears of the nineteenth century with the gradual ex-
tinction of the former.  The history of opties in the nineteenth cen-
tury, from Fresnel and Young to Michelson and Ravleigh, is the tale
of a brilliant series of beautiful and striking demonstrations of the
wave-theory, of experiments which were founded upon the wave-
theory as their basis and would have failed if the basis had not heen
firm, of instruments which were designed and competent to - make
ditficult and delicate measurements of all sorts  from the thickness
of a sheet of molecules to the diameter of a star —and would have heen
useless had the theory been fallacious.  The details of the bending
of light around the sides of a slit or the edge of a sereen, the intricate
pattern ol light and shade formed where subulivisions of a heam of
light are reunited after separation, the complexities of refraction
through a curved surface, are represented by the theory with all
verifiable accuracy; and so are the incredibly complicated phenomena
attending the progress of light through erystals, phenomena which
have slipped out of common knowledge because few are willing to
undertake the labour of mastering the theory.  The wave-theory of
light stands with Newton's inverse-square law of gravitation, in respect
of the many extraordinarily precise tests which it has undergone with
triumph; 1 know of no other which can rival cither of them in this
regard.

By the term “‘wave-theory of light™ I have meant, in the foregoing
paragraph, the conception that light is a wave-motion, an undulation,
a periodic form advaneing through space without distorting its shape;
I have not meant to imply any particular answer to the question,
what is il of which light is a wave-molion? 1t may scem surprising
that one can make and defend the conception, without having answered
the question beforchand; but as a matter of fact there are certain
properties common to all undulations, and these are the properties
which have been verified in the experiments on light.  There are also
certain propertics which are not shared by such waves as those of
sound, in which the vibration is confined to a single direction (that
normal to the wavefront) and may not vary otherwise than in ampli-
tude and phase, but are shared by transverse or distortional waves
in clastic solids, in which the vibration may lic in any of an infinity
of directions (any direction tangent to the wavefront).  Light pos-
sesses these properties, and therefore the wave-motion which s
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radiation may not be compared with the wave-motion which is sound;
but a wide range of comparisons still remains open.

Of course, very many have proposed images and models for “the
thing of which the vibrations are light”, and many have helieved
with an unshakable faith in the reality of their models. The fact
that light-waves may be compared, detail by detail, with transverse
vibrations in an elastic solid, led some to fill universal space with a
solid elastie medium to which they gave the sonorous name of “lum-
iniferous aether”. It is not many years since men of science used to
amaze the laity with the remarkable coneeption of a solid substance,
millions of times more rigid than steel and billions of times rarer
than air, through which men and planets serencly pass as if it were
not there. Even now one finds this doctrine occasionally set forth.!

In that image of the eclastic solid, the propagation of light was
conceived to accur because, when one particle of the solid is drawn
aside from its normal place, it pulls the next one aside, that one the
next one to it, and so on indefinitely. Neanwhile, each particle
which is drawn aside exerts a restoring force npon the particle of
which the displacement preceded and caused its own. Set one of the
particles into vibration, and the others enter consecutively into
vibration. Maintain the first particle in regular oscillation, and
each of the others oscillates regularly, with a phase which changes
from one to the next; a wave-train travels across the medium. One
particle influences the next, because of the attraction hetween them.
But in the great and magnificent theory of light which Maxwell
crected upon the base of Faraday's experiments, the propagation
was explained in an altogether different manner. Vary the magnetic
field across a loop of wire in a periodic manner, and you obtain a
periodic electric force around the loop, as is known to everyvone who has
dabbled in electricity. Vary the clectric field periodically, and you
obtain a periadic magnetic field—this a fact not by any means so
well known as the other, one which it was Maxwell’s distinction to
have anticipated, and which was verified after the event. In a
traveling train of light-waves the electric field and the magnetic
ficld stimulate one another alternately and reciprocally, and for this
reason the wave-train trave Since the periodic eleetric field may
point in any one of the infinity of directions in the plane of the wave-
front, the wave-motion possesses all the freedom and variability of

T Apparently the image of the clastic solid was never quite perfected; one recalls
the question as to whether its vibrations were in or normat to the plane of polarization
of the light, which required one answer in order to agree with the phenomena of
reflection, and another in order 1o agree with those of double refraction. Probably
a modus vivendi could have been arranged if the whole idea had not been superseded.
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form which are required 1o acecount for the observed properties of
lixht.

Maawell's theory  immediately achieved the stunning suceess of
presenting a valie for the speed of the imagined electromagnetic
waves, determined exclusively from measurements upon the magnetic
ficlds of clectric currents, and agreeing precisely with the observid
speed of light. Two supposedly distinet provinees of physies, cach of
which had been organized on its own particular hasis of experience
and inits own particular manner, were suddenly united by a stroke
of synthesis to which few il any parallels can be found in the history:
of thought.  And this is by no means the only achievement of the
clectromagnetic theory of light; there will shortly e occasion to
mention some of the others.

Now that there was <0 much evidence that ight travels as a wave-
motion, and that its speed and other properties are those of electro-
magnetic waves, it became urwently desirable to inquire into the
natnre of the sources of light.  Granted that light en route outwards
from a luminous particle of matter is of the nature of a combination
of wave-trains, what 1= taking place in the luminous particle?  To this
question all our experience and all our habits of thought suggest one
sole obvions answer  that in the luminous particle there is a vibrating
something, a vibrator, or more likely an enormous number of vibra-
tors - one to cach atom, possibly —and the oscillations of these vibra-
tors are the sources of the waves of light, as the oscillations of a
violin-string or a tuning-fork are the sources of waves of sound.
This analogy drawn from acoustics, this picture of the vibrating
violin-string and the vibrating tuning-fork, has been powerful
indeed, it hegins to scem, too powerful —in guiding the formation of
our ideas on light. Tt is profitable to refleet that the evolution of
thought in acoustics must have traveled in the opposite sense from
the evolution of thought in optics.  Whoever it was who was the
first to conceive that sound is a wave-motion in air, must certainly
have arrived at the idea by noticing that sounding bodies vibrate.
One feels the trembling of the tuning-fork or the bell, one sces the
violin-string apparently spread out into a hand by the amplitude
of it~ motion; it is not ditficult o build apparatus which, like a slowed-
down cinema film, makes the vibrations separately visible, or, like
the stroboscope, produces an equivalent and not misleading illusion.
This was not possible in opties, and never will he.  In acoustics,
one may sometimes accept the vibrations of the sounding body as
an independently-given fact of experience, and reason forward to the
wave-motion spreading outwards into the environing air; in optics,
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this entrance to the path is closed, one must reason in the inverse
sense [rom the wave-motion to the qualities of the shining hody.
Inevitably, it was assumed that when the path should at last be
successfully retraced, the shining body would he found in the sem-
blance of a vibrator.

FFor a few years at the end of the nineteenth century and the begin-
ning of the twentieth, it scemed that the desired vibrator had been
found. Apparently it was the electron, the little corpuscle of nega-
tive electricity, of which the charge and the mass were rather roughly
estimated in the late nineties, although Millikan’s definite measure-
ments were not to come for a decade yet. Maxwell had not con-
ceived of particles of electricity, his coneeption of the “electric fluid”
was indeed so sublimated and highly formal that it gave point to
the celebrated jest (I think a French one) about the man who read
the whole of his “Electricity and Magnetism' and understood it all
except that he was never able to find out what an electrified body
was. H. A. Lorentz incorporated the electron into Maxwell's theory.
Conceiving it as a spherule of negative electricity, and assuming
that in an atom one or more of these spherules are held in equilibrium-
positions, to which restoring-forees varying proportionally to displace-
ment draw them back when they are displaced, Lorentz showed that
these “bound” electrons are remarkably well adapted to serve as
sources and as absorbents for electromagnetic radiation. Displaced
from its position of equilibritm by some transitory impulse, and then
left 1o itself, the bound electron would execute damped oscillations in
one dimension or in two, emitting radiation of the desired kind at a
calcnlable rate. Or, if a beam of radiation streamed over an atom
containing a bound electron, there would be a “‘resonance’ like an
acoustic resonance—the bound electron would vibrate in tune with
the radiation, absorbing energy from the beam and scattering it in
all directions, or quite conceivably delivering it over in some way or
otlier to its atom or the environing atoms. There were numerical
agreements between this theory and experience, some of them very
striking.?  Apparently the one thing still needful was to produce a
plausible theory of these binding-forces which control the response
of the “bound™ clectron to disturbances of all kinds. Once these
were properly described, the waves of light would be supplied with

? Notably, the trend of the dispersion-curves for certain transparent substances,
recently extended by Bergen Davis-and his collaborators to the range of NX-ray fre-
quencies; the normal Zeeman effeet; Wien's observations on the exponential dying-
down of the luminosily of a canal-ray beam, interpreted as the exponential decline
in the vibration-amplitudes of the bound electrons in the flying atoms; the depen-
dence of X-ray scattering on the number of electrons in the atom.
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their vibrators, the clectromagnetie theory would receive a most
valuable supplement. And, much as a competent theory of the
binding-forees was to be desired, a continuiug failure to produce one
would not impugn the clectromagnetic theory, which in itsclf was a
coherent system, self-sustaining and self-sufficient.

This was the state of affairs in the late nineties.  The wave-con-
ception of light had existed for more than two centuries, and it was
seventy-five years since any noticeable opposition had been raised
against it.  The electromagnetic theory of light had existed for about
thirty years, and now that the electron had been discovered to serve as
a4 source for the waves which in their propagation through space
had already been so abundantly explained, there was no effective oppo-
sition to it.  Not all the facts of emission and absorption had been
accounted for, but there was no reason to believe that any particular
one of them was unaccountable. Authoritative people thought
that the epoch of great discoveries in physics was ended. It was
only beginning.

In the year 1900, Max Planck published the result of a long series
of researches on the character of the radiation inside a completely-
enclosed or nearly-enclosed cavity, surrounded by walls maintained
at an even temperature. kvery point within such a cavity is tra-
versed by rays of a wide range of wave lengths, moving in all direc-
tions. By the ‘‘character” of the radiation, I mean the absolute
intensities of the rays of all the various frequencies, traversing such a
point. The character of the radiation, in this sense, is perfectly
determinate; experiment shows that it depends only on the temper-
ature of the walls of the cavity, not on its material. According to
the electromagnetic theory of radiation, as completed by the adoption
of the electron, the walls of the cavity are densely crowded with bound
clectrons; nor are these electrons all bound in the same manner, so
that they would all have the same natural frequency of oscillation—
they are bound in all sorts of different ways with all magnitudes of
restoring-forces, so that every natural frequency of oscillation over a
wide range is abundantly represented among them. Now the con-
clusion of Planck’s long study was this:

If the bound electrons in the walls of the cavity (i.e., in any solid body)
did really radiate while and as they oscillate, in the fashion prescribed
by the electromagnetic theory, then the character of the radiation in the
cavity would be totally different from that which is observed.®

3 The belief that the character of radiation within a cavity could not be explained
without doing some violence to the “classical mechanics' had already been gaining

ground for some years, by reason of extremcly recondite speculations of a statistical
nature. [Itis very difficult to gauge the exact force and bearing of such considerations.
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However, if the bound electrons do wnol radiale energy swhile they
oscillate, but accumulate it and save it up and finally discharge it in a
single outburst when it attains some one of a certain series of values
hv, 2hv, 3hv, etc. (h stands for a constant factor, » for the frequency
of vibration of the clectrons and the emitted radiation)—then the
character of the radiation will agree with that which is observed, provided
a suitable value be chosen for the constant .

The value required for b in C.(GLS. units (erg seconds) is 6.53.10 27,

Here, then, was a phenomenon which the electromagnetic theory
scemed to be fundamentally incapable of explaining.  For this
notion of a bound electron, which oscillates and does not meanwhile
radiate, is not merely foreign to the elassical theory, but very dan-
gerous to it; one does not see how to introduce it, and displace the
opposed notion, without bringing down large portions of the structure
(including the numerical agreements which 1 cited in a foregoing foot-
note). However, Planck had arrived at this conclusion by an intricate
process of statistical and thermodynamical reasoning.  Statistical
reasoning is notoriously the most laborious and perplexing in all
physics, and many will agree that thermodynamical reasoning is not
much less so.  Planck’s inference made an immense impression on
the most capable thinkers of the time; but in spite of the early ad-
herence of such men as Einstein and Poincaré, | suspect that even to
this day it might practically be confined to the pages of the more
profound treatises on the philosophical aspects of physics, if certain
experimenters had not been guided to seck and to discover phenomena
so simple that none could fail to apprehend them, so extraordinary
that none could fail to be amazed.

Honour for this guidance belongs chiefly to Einstein.  Where
Planck in 1900 had =aid simply that bound clectrons emit and absorl
energy in fixed finite quantities, and shortly afterwards had softened
his novel idea as far as possible by making it apply only to the act
of emission, Einstein in 1905 rushed boldly in and presented the idea
that these fixed finite quantities of radiant energy retain their iden-
tity throughout their wanderings through space from the moment
of emission to the moment of absorption.  This idea he offered as a
“heuristic” one  the word, if 1 grasp its connotation exactly, is an
apologetic sort of a word, used to describe a theory which achieves
successes though its author feels at heart that it really is too absurd to

1 take the numerical values of the constant 4 s

Gerlach.  The weighted mean of the expe nmuu RS \lnc\, with due regard to the
relative reliability of the various mcthods, is taken as 6.55 or 6.50.10 None of
the individual values cited in these pages is definitely known to differ from this
average by more than the experimental error.

attered through this article from
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be presentable.  The implication is, that the experimenters should
proceed to verily the predictions based upon the idea, quite as if it
were aceeptable, while remembering always that it is absurd.  1f the
successes continue to mount up, the absardity may be contidently
expected to fade gradually out of the public mind.  Such was the
destiny of this heuristic idea.

1 will now deseribe some of these wondecfully simple phenomena
wonderfally: simple indeed, for they stand out in full simplicity in
domains where the classical electromagnetic theory would almost or
quite certainly impose a serious complesity.  If Planck’s inference
from the character of the radiation within a cavity had been deferred
for another filteen yvears, one or more of these phenomena would
assuredly have been discovered independently.  What would have
happened in that case, what course the evolution of theoretical physics
would have followed, it is interesting to conjecture.

The photoclectric effect is the outlowing of electrons from a metal,
occurring when and because the metal is illuminated. It was dis-
covered by Hertz in I8SO, but several years elapsed hefore it was
known to be an efffux of electrons, and several more before the electrons
were proved to come forth with speeds which vary from one electron
to another, upwards as far as a certain definite maximum value, and

never bevond it.

Here is a rather delicate point of interpretation, which it is well to
examine with some care; for all the controversies as to continuity
versus discontinuity in Nature turn upon it, in the last analysisg
What is meant, or what reasonable thing can be meant, when one
says that the speeds of all the celectrons of a certain group are con-
fined within a certain range, extending up to a certain limiting top-
most value?  1f one could deteet each and every electron separately,
and separately measure its speed, the meaning would be perfectly
clear. For that matter, the statement would degenerate into a
truism.  The faet is otherwise.  The instruments used in work such
as this perecive clectrons only in great multitudes.  Suppose that
one intercepts a stream of electrons with a metal plate connected by
a wire to an clectrometer.  If a barrier is placed before the electrons
in the form of a retarding potential-drop, which is raised higher and
higher, the moment eventually comes when the current into the
clectrometer declines.  This happens because the slower electrons
are stopped and driven hack before they reach the plate, the faster
ones surmount the barrier.  As the potential-drop is further magni-
fied, the reading of the electrometer decreases steadily, and at last
becomes inappreciable.  Beyond a certain eritical value of the retard-
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ing voltage, the clectrometer reports no influx of clectrons.  Does this
really mean that there are 1o electrons with more than just the speed
necessary to overpass a retarding voltage of just that critical value?
Or does it merely mean that the electrons flying with more than that
critical speed are plentiful, but not quite plentiful enough to make
an impression on the electrometer? Is there any topmost speed at

X110 x10™'° x107®

ELECTRON CURRENT

ADVERSE VOLTAGE

IYig. 1—Curves showing thermionic electron-current versus opposing voltage, demion-
strating a distribution-in-speed cxtending over an unlimited range of speeds. Multiply
the ordinates of the middle curve by 100, those of the right-hand eurve by 10,000, to
bring them to the same scale and make them merge into a single curve. (L. 11, Germer)
all, or should we find, if we could replace the current-measuring
device with other and progressively better ones ad infinitum, that the
apparent maximum speed soared indefinitely upwards?

Absolute decisions cannot be rendered in a question of this kind;
but it is possible, under the best of circumstances, to pile up indica-
tory cvidence to such an extent that only an unusually strong will-
to-disbelieve would refuse to be swayed by it.  The judgment depends
on the shape of the curve which is obtained by plotting the clectro-
meter-reading os. the retarding potential—in other words, the fraction
¥ of the electrons of which the energy of motion surpasses the amount
x, determined from the retarding-voltage by the relation x=el”.
Look for example at the curves of Fig. 1, which Pefer to the clectron-
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Fig. 2 Curves showing photoelectric electron-current versus opposing voltage,
demonstrating a distribution-in-spred extending over a range limited at the top.
(R. A. Millikan, Physical Review)
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stream Howing spontancously out of an incandescent wire; they are
three segments of one single curve, plotted on different scales as the
numerals show. Thix curve bends so gradually around towards
tangeney with the axis of abs ae, that one can hardly avoid the
inference that it is really approaching that axis as if to an asymptote,
and that if the electrometer at any point ceases to declare a current,
it is because the electrometer is too insensitive to respond to the
smaller currents, and not because there are no faster electrons. Look
instead at the curves of Fig. 2, which refer to the electrons emerging

from an illuminated surface of sodium. These curves slant so sharply
towards the axis of abscissae, they bend so slightly in the portions of
their courses where the data of experiment determine them, that the
linear extrapolation over the little interval into the axis commends
itself as natural and inevitable.  Because the curves for the thermi-
onic electrons approach the axis so gently, it is agreed that their
velocities are distributed continuously over an unlimited range: be-
canse the curves for the photoelectrons cut into it so acutely, it is felt
that their velocities are confined below a definite maximum value.
This therefore is the photoelectric effect: waves of light inundate
the surface of a metal, and electrons pour out with various velocities,
some nearly attaining and none exceeding a particular topmost
valie. 1 will designate this maximum speed, or rather the corre-
sponding maximum kinetic energy, by E.... Analyzing the process
in the classical manner, one must imagine the waves entering into the
metal and setting the indwelling electrons into forced oscillations;
the oscillations grow steadily wider; the speed with which the electron
dashes through its middle position grows larger and larger, and at
last it is torn from its moorings and forces its way through the surface
of the metal. Some of the energy it absorbed during the oscillations
is spent (converted into potential energy) during the escape; the
rest is the kinetic energy with whieh it flies away.  Even if the electron
were free within the metal and could oscillate in response to the
waves, unrestrained by any restoring foree, it would still have to
spend some of its acquired energy in passing out through the boundary
of the metal (the Liws of thermionic emission furnish evidence enough
for this). Tt is natural to infer that £, is the energy absorbed by
an cleetron originally free, minus this amount (let me call it £) which
it must sacrilice in crossing the frontier; the electrons which cmerge
with energies lower than £2,, . may he supposed 10 have made the same
sacrilice at the frontier and others in addition, whether in tearing
themselves away from an additional restraint or in colliding with
atoms during their emigration. This is not the only conceivable
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witerpretation, but it seems unprofitable to enter into the others. 1t
is therefore £, which appears to merit the most attention.

Now the mere fact tlat there is a mastmum velocity of the escaped
clectrons, that there is an £, i~ not in itself of a2 nature to suggest
that the classical theory is inadequate. 1t is the peculiar dependence
of this quantity on the two most important controllable qualities
of the light on its intensity and on its frequency  which awakens
the first Faint suspicions that something has at st been discovered,
which the classical theory is ill adapted to explain. One would
predict with a good deal of confidence that the greater the intensity:
of the light, the greater the energy acquired by the eleetron in cach
evele of it loreed oscillation would be, the greater the encrgy with
which it would finally break away, the greater the residuum of energy
which at the end would be left to i, But £, is found to be inde-
pendent of the intensity of the light.  This is strange; it is as though
the waves beating upon a beach were doubled in their height and the
powerful new waves disturbed four times as many pebbles as before,
but did not displace a single one of them any farther nor agitate it
any more violently than the original gentle waves did to the pebbles
that they washed about.  \s for the dependence of £, on the fre-
queney ol the light, it would be necessary to make additional assamp-
tions to caleulate it from the classical theory; in any case it would
probably not be very simple. But the actuil relation between £,
and v is the simplest of all relations, short of an absolute proportion-
ality; thisisit:

Enx=hv—" (h

Fiu. 3 shows the relation for sodium, observed by Millikan.

The maximum energy of the photoelectrons increases linearly: with
the frequency of the light. 2 is a constant which varies from one
metal to another.  In the terms of the simple foregoing interpreta-
tion, P is the energy which an eleetron must spend (more precisely,
the energy which it must invest or convert into potential energy)
when it passes through the frontier of the metal on its way outward.
Comparing the values of P for several metals with the contact poten-
tials which they display relatively to one another, one finds powerful
evidence confirming this theory. Having discussed this particular
aspect of the question in the fifth article of this series, 1 will not
enter further into it at this point.

The constant /s the same for all the metals which have been
used in such experiments. The best determinations have been made
upon two or three of the alkali metals, (or these are the only metals
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which release electrons when illuminated with light of wide consen-
ient ranges of frequency and color.  Most metals nust be irradiated
with ultraviolet tight, and the experiments heconme very ditficult il
they must be performed with light of frequencies far from the visible
spectrum.  The values which Millikan obtained for sodium and for
lithium agree within the experimental error with one another and
with the mean value h=6.57.10 7 (2)

The maximum energy of the electrons released by light of the
frequency v is thercefore cqual to a quantity Av which is the same,
whatever metal be illuminated by the light o quantity which is
characteristic of the light, not of the metal minus a4 quantity P
which, there s every reason to believe, is the quota of energy sur-
rendered by cach electron in passing out across the boundarv-surface
of the metal. 1t is as if each of the released clectrons had received
a quantity v of encrgy from the light. 1 will go one step further,
and lay down this as a rule, with another cautiously-inserted as if o
guanl against too suddenly daring an innovation:

Photoelectric emission occurs as if the energy in the light were concen-
trated in packets, or units, or corpuscles of amount hv, and one whole
wunit were delivered over to each electron.

This is a perfectly legitimate phrasing of equation (1), but 1 doubt
whether anyone would ever have employed it, even with the guarded
and apologetic as if, but for the fact that the value of / given in (2)
agreed admirably well with the value of that constant factor involved
in Planck’s theory, the constant to which he had given this very
symbol and a somewhat similar role.  Deferring for a few pages one
other extremely relevant feature of the photoelectric effect (its *'in-
stantaneity”) 1 will proceed to examine these other situations.

An effect which might well be, though it is not, called the inzerse
photoelectric effect, occurs when electrons strike violently against
metal surfaces.  Since radiation striking a metal may elicit electrons,
it is not surprising that clectrons bombarding a metal should excite
radiation. Electrons moving as slowly as those which ultraviolet or
blue light excites from sodium do not have this power; or possibly
they do, but the radiation they excite is generally too feeble to be
deteeted.  Electrons moving with speeds corresponding to kinetic
energies of hundreds of equivalent volts,® and especially electrons

¥ Onc equivalent volt of energy =the energy acquired by an electron in passing
across a potential-risc of one \oll—e JUU erg~—l.)‘)l 10 2 ergs. This unit is
usuall‘» callcd simply a “volt of energy’ *volt”, a bad usage but ineradicable.
Also “speed ™ is used interchangeably \\'ilh ”energy" in speaking of clectrons, and
vne ﬁn s (and, what is worse, cannot avoid) such deplorable phrases as “a speed
of 4.9 volis™ I'11
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with energies amounting to tens of thousands of equivalent volts, do
possess it. This is in fact the process of excitation of N-rays, which
are radiated from a metal target exposed to an intense bombardment
of fast electrons. The protagonists of the electromagnetic theory
had an explanation ready for this effect, as soon as it was discovered.
A fast electron, colliding with a metal plate, is brought to rest by a
stowing-down process, which might be gradual or abrupt, uniform or
saccadé, but in any case must be continuous.  Slowing-down entails
radiation; the radiation is not oseillatory, for the electron is not
oscillating, but it is radiation none the less; it is an outward-spreading
single pulsation or pulse, comparable 1o the narrow spherical shell of
condensed air which diverges outward through the atmosphere from
an clectric spark and has heen photographed so often, or to a transient
in an electrical circuit.

One may object that the pulse is just a pulse and nothing more, while
the N-rays are wave-trains, for otherwise the N-ray spectroscope
(which is a diffraction apparatus) would not function. The objection
is answered by pointing out the quite indubitable fact that any pulse,
whatever its shape (by “shape” I mean the shape of the curve repre-
senting the clectric field strength, or whatever other variable one
chooses to take, as a function of time at a point traversed by the
wave) can be accurately reproduced by superposing an infinity of
wave-trains, of all frequencies and divers properly-adjusted ampli-

tudes, which efface one another's periodic variations, and in fact
cfface one another altogether at all moments except during the time-
mterval while the pulse is passing over  during this interval they
coilesce into the pulse. Thence, the argument leads 1o the con-
tention that the actual pulse is made up of just such wave-trains,
and the sapient diffracting crystal recognizes them all and diffracts
cich of them duly along its proper path.  The problem is not new,
nor the answer: white light has long been diagnosed as consisting of
just such pulses, and the method of analyzing transient impulses in
clectrical eircuits into their equivalent sums of wave-trains has been
strikingly successful.

The application of the method 1o this case of NX-ray excitation
enjoyed one qualitative success.  The spherical pulse diverging from
the place where an electron was bronght to rest should not he of equal
thickness at adl the points of its surface; it should be broader and
latter on the side towards the direction whenee the electron came,
thinuer aund sharper on the side towanls the direetion in which the
electron was going when it was arrested. Analyzing the pulse, it is
found that at the point where it is broad and low, the most intense of
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its equivalent wave-trains are on the whole of a lower trequeney than
the most intense of the wave-trains which constitute it where it is
narrow and high By examining and resolving the Ne-rayvs radiated
from a target, at varions inclinations to the direction of the hombarding
clectrons, this was veritiedd —verihed in part, not altogether.  The X-
ray s radiated nearly towards the sonree of the electron-streant inclutle a
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Fig. 4 Curves  “isochromatics”) cach representing the intensity of N-radiation
of a very narrow range of frequencies, plotted versus the energy of the hombarding
clectrons, Duane & Hunt, Physical Review)

lesser proportion of high-frequency wave-trains, they are soffer as
the phrase is. than the N-rays radiated nearly along the prolongation
of the clectron-stream.  In the spectrum of cach of these beams of
X-rays. there is a wave length where the density of radiant energy
attains a maximum, and this wave length is longer in the former
beam than in the latter one. So much is implicd in the classical
theory.

But it is nowhere implied in the classical theory that the spectrum
of an X-ray beam, produced when clectrons of a constant energy
rain down upon a metal, should extend upwards only to a certain
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maximum frequency, and then and there come to a sudden end; yet
apparently it does. There is a high-frequency limit to each X-ray
spectrum, and wave-trains of [requencies exceeding that limit are
not detected; whereas the spectrum of the hypothetical pulses ought to
include wave-trains of every frequency low or high, the amplitudes
indeed declining to infinitely low values as one goes along the spectrum
to infinitely high frequenecies, but certainly declining smoothly and
gradually. To demonstrate this high-frequency limit is a delicate
cxperimental problem, quite like that other problem of demon-
strating a sharply definite topmost value for the energies of photo-
electrons.  That question whether the eurves of photoelectric current
vs. retarding voltage, the curves of Fig. 2, cut straightly and sharply
enough into the axis of abscissae to prove that there are no photo-
electrons with velocities higher than the one corresponding to x,,
returns again in a slightly altered form.

The most reliable of the methods actually used to demonstrate
the high-frequency limit depends on the fact that the high limiting
frequency (which I will call »,,,,) varies with the energy of the bom-
barding electrons, increasing as their velocity inereases. Therefore,
if the radiant energy belonging to rays of a certain fixed wave length
or a certain fixed narrow range of wave lengths is separated out from
the X-ray heam by a spectroscope, and measured for various veloci-
ties of the impinging clectrons, passing from very high velocities step
by step to very low ones; it will decrease from its first high value
to zero at some intermediate veloeity, and thereafter remain zero.
But according to the elassical theory also, it must decrease from its
first high value to an imperceptibly low one; the descent however will
be gradual and smooth. Thus the only question which can be settled
by experiment is the question whether the descent from measurable
intensities to immeasurably small ones resembles the gentle quasi-
asymptotic decline of the curve of Fig. 1 or the precipitate slope of
the curve of Fig. 2. The data assembled by Duane and Hunt are
shown in Iig. 4 plotted in the manner 1 have deseribed; there is little
occasion for doubt as to which sort of curve these resemble most.®

Each of the curves in Fig. 4 represents that portion of the total
intensity of an X-ray beam, which belongs to rays of wave lengths
near the marked value of the frequency ».  This frequency is the high

¢ Three simple curves of the intensity-distribution in the N-ray spectrum are
shown in Figure 5. The abscissa is neither frequency or wavelength, but a variable
which varies continuously with either (it is actually are sin of a quantity propor-
tional 1o wavelength) so that the acute angle between each curve and the axis of
abscissae, at the point where they meet, corresponds to and has much the same
meaning as the acute angles in Figure 2—nol so conspicuously.
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limiting frequency vy, for that value of the energy /£ of the bom-
barding electrons, which corresponds to the point on the axis of
abscissae where the curve (extrapolated) intersects it. The relation
hetween vy and £ s the simplest of all relations:

E=constant » viuac =" vmax (3)

The constant & is the same for all the metals on which the experiment
has been performed —a few of the least fusible ones, for metals of a
low melting-point would he melted before £ could be lifted far enough
to give an adequate range for determining the relation between it and
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Fig. 5—The continuous X-ray spectrum for three values of the cnergy of the bom-
barding electrons, intensity being plotted versus a quantity varying uniformly
with frequency. Jgnore the peaks. (D. L. Webster,! Physical Review.) See footnote 6
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voaxe  The value? given for it by Gerlach, after a critical study of
all the determinations, is
h=6.53.10 @ 4

The highest frequeney of radiation which eleetrons moving with
the energy £ are able to excite, when they are brought to rest by
colliding with a metal target, is therefore equal 1o E divided by a
constant independent of the kind of metal.  So far as this high lim-
iting frequency is concerned, it is perfectly legitimate 1o express
equation (3) in these words,

Excitation of radiation by electrons stopped in their flight by collision
with a metal occurs as if the energy in the radiation were concentrated in
units of amount hv, and one such unit were created out of the lotal energy
which each electron surrenders when it is stopped.

As for the radiation of frequencies inferior to the high limiting
frequency, it is very easily explained by asserting that most of the
clectrons come 1o rest not in one operation, but in several successive
ones, dividing their energy up among several units of frequencies
inferior 10 vy, or E Iy or possibly they lose cnergy in various sorts
of impacts or various other ways before making the first impact of
the sort which transforms their energy into energy ol NX-rays. Nothing
about it contradicts the italicized rule.  Still it is not likely that any-
one would have formulated cquation (3) in such language, if the value
of the constant & which appears in it were not identical with the value
which we have already once encountered in analyzing the photo-
clectric elfect, and with the value at which Planck earlier arrived.

I think it is too carly in this discourse to fuse these italicized Rules
for the refease of electrons by radiation and the excitation of radiation
by clectrons into a single Rule; but by contemplating the two Rules
side by side one arrives without much labor at an inference which
could be tested even though we had no way of measuring the fre-
quency of a radiation, and in fact was verified before any such way
existed.  For if clectrons of energy /2 can excite radiation of frequency
I h, and radiation of frequency 2 7 striking a picce of metal can
clicit clectrons of energy it (K I) ~ P; then, if a target is bombarded
with clectrons, and another metal warget is exposed to the radiation
which cmanates from the first one, the fastest of the electrons which
escape from the second target will move with the same veloeity: and

“ Gerlach regards this as the most accurate of all the methods for determining 4,
an opmion in which probably not all wonld concur. It has heen maintained that
the high-frequency himit, like the wavelengith of maximum intensity in the N-rav
spectrum, depends on the inclination of the Neray heam to the exciting electron-

stream. 1 do not know whether 1he experiments adduced in support of this claim
have heen adequately confated.
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the same energy as the electrons which strike the first one (minus the
quantity: £ which, however, is immeasurably small and perfectly
negligible in comparison with the energy of the clectrons which
excite ordinary N-ravs). This fact emerged from i series of experi-
ments which were performed by various people in the first decade
of this century, the results of which were generally phrased some-
what in this way, “the energy of the secondiary electrons depends
only on the energy of the primary clectrons, not on the nature of the
material which the primary electrons strike or on that from which
the secondary electrons issue, nor on the distance over which the
X-rays travel.” Upon these results Sir William Bragg based his
corpuscular theory of X-rays; for (he argued) the most sensible
interpretation of the facts is surely this, that some of the clectrons
striking the first target rebound with their full energy, and rebound
again with their full energy from the second target, ecach of them
carrying with it from the first to the second target a positive particle
which neutralizes its charge over that part of its course, and so defeits
all the methods devised to recognize a flying electron. Not many
years later, Sir William cooperated in the slaying of his own theory,
by developing the best of all methods for proving that X-rays are un-
dulatory: and measuring their wave-lengths; but it was only the im-
agery of the theory that perished, for its essence, the idea that the
energy of the first electron travels as a unit or is carried as a parcel
to the place where the second electron picks it up, had to be resur-
rected. Al the mystery of the contrast between wave-theory and
quantum-theory is implicit in this phenomenaon, for which Sir William
found an inimitable simile: “1t is as if one dropped a plank into the
sea from a height of 100 feet, and found that the spreading ripple was
able, after travelling 1,000 miles and hecoming infinitesimal in com-
parison with its original amount, to act upon a wooden ship in such a
way that a plank of that ship flew out of it~ place to a height of 100
feet.”

Among the radiations excited from a metal by electrons of a single
energy E, there are many of which the frequencies differ from the
interpreted frequency E b, being lower. Among the electrons ex-
pelled from a metal by radiation of a single frequeney v, there are
many of which the energies differ from the interpreted energy-value
hv, being lower. These were accounted for by supposing that the
electrons are troubled by repeated encounters with closely-crowded
atoms. [f then a metal vapor or a gas were bombarded with eleetrons
or exposed to radiation, would all the exeited radiation have a single
frequency conforming to equation (3), would all the released electrons
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have a single energy conforming to equation (1)? One could not
affirm this a priori, for a solid metal is not a collection of free atoms
close together as a gas is an assemblage of free atoms far apart, but
rather a structure of atoms which interfere with one another and are
distorted, and there are many clectrons in a solid of which the bonds
and the constraints are very different from those by which the elec-
trons of free atoms are controlled and vice versa. When a plate of
sodinm or a pool of mercury is exposed to a rain of electrons, not
exceeding say 10 equivalent volts in energy, nothing apparent hap-
pens.® When the vapor of cither metal is similarty exposed, the atoms
respond in a manner from which they are inhibited, when they are
bound together in the tight tatticework of a solid or the promiscuous
crowding of a liquid; and light is emitted.

The phenomena are clearest when the bombarded vapor is that of
a volatile metal, such as mercury, sodium, or magnesium. The atoms
in such vapors are not usually bound together two by two or in greater
clusters, as they are in such gases as oxygen or hydrogen, of which
the response to electron-impacts or to radiation is not quite under-
stood to this day; and the first radiations which they emit are not
in the almost inaccessible far ultra-violet, like those of the monatomic
noble gases, but in the near ultra-violet or even in the visible spectrum.
Dealing with such a vapor, I will say mercury for definiteness, one
observes that so long as the cnergy of the bombarding electrons
remains below a certain value, no perceptible light is emitted; but
beyond, there is a certain range of energies, such that electrons pos-
sessing them are able to arouse one single frequency of radiation
from the atoms. Ordinarily, as when a vapor is kept continuously
excited by a self-sustaining electric discharge throughout it, the
atoms emit a great multitude of different frequencies of radiation,
forming a rich and complicated spectrum of many lines. But if the
energy of the bombarding electrons is carefully adjusted to some value
within the specified range, only one line of this spectrum makes its
appearance; under the best of circumstances this single line may be
exceedingly bright, so that the absence of its companions—some of
which, in an ordinary are-spectrum, are not much inferior to it in
brightness—is decidedly striking. The one line which constitutes
this single-line spectrum is the first line of the principal series in the
complete arc-spectrum of the element; its wave length is (to take a
few examples) 2536A for mercury, 5890 for sodium (for which it is a
doublet), 4571 for magnesium.

5

* According 10 a very recent paper by C. 1. Thomas, radiations from iron exeitesd
by electrons with as low an energy as some two or three equivalent volts have heen
detected.
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Does this single line appear suddenly at a precise value of the
energy of the impinging eleetrons?  This question suggests itself,
when one has already studied the excitation of X-rays from solids by
clectrons and the excitation of electrons from solids by light. Tlere
again we meet that tiresome but ineluctable problem, as to what
constitutes a sudden appearance, and how we should recognize it if it
really occurred.  The only consistent way to meet it (consistent, that
is, with the ways already employed in the prior cases) would be to
measure the intensity of the line for various values of the cnergy of
the electrons. plot the curve, and deeide whether or not it cuts the
anis of abscissae at a sharp angle. This is in principle the same
method as is used in determining whether a given X-ray frequency
appears suddenly at a given value of the energy of the clectrons
bombarding a solid; the curves of Fig. - were so obtained. Attempt-
ing to apply this same method to such a radiation as 2,536 of mer-
cury, one has the solitary advantage that the frequency of the light
is sharp and dehnite (it is not necessary' to cut an arbitrary band of
radiations out of a continuous spectrum) and two great counteracting
disadvantages: the intensity of the light cannot be measured accur-
ately (one has to guess it from the effect upon a photographic plate)
and the impinging electrons never all have the same energy. Owing
probably to these two dilficulties, there is no published curve (that |
know of) which cuts down across the axis of abscissae with such a
decisive trend as the curves of Figs. 2 and 4. Still it is generally
accepted that the advent of the single line is really sudden. The
common argument is, that one can detect it on a photographic film
exposed for a few hours when the energy of the hombarding electrons
is (say) o equivalent volts, and not at all on a plate exposed for hun-
dreds of hours when the bombarding voltage is (say) 4.5 volts. In
this manner the energy of the electrons just sutficient to excite 2536
of mercury has been located at 1.9 equivalent volts. Dividing this
critical energy (expressed in ergs) by the frequency of the radiation,
we get

(1.9e '300) / (c .00002536) =6.59 - 1027 ()

It agrees with the values of the constant which [ designated by %
in the two prior cases, and the data obtained with other kinds of
atoms are not discordant. Gerlach arrives at 6.56: 107%7 as the mean
of all values from experiments of this type upon many vapours. The
evidence is not quite so strong as in the prior cases, but fortunately
it is supplemented and strengthened by testimony of a new kinel.
When electrons strike solids and excite X-rays, it is impossible to
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follow their own later history, or the adventures of a beam of radia-
tion after it sinks into a metal. \Ve have inferred that the electrons
which collide with a piece of tungsten and disappear into it transfer
their energy to N-rays, but the inference lacked the final support
which would have been afforded by a demonstration of these very
clectrons, still personally present after the collision but deprived of
their energy. Now when electrons are fired against mercury atoms,
this demonstration is possible, and the results are very gratifying.
I have already several times had occasion to remark, in this series of
articles, that when an electron strikes a free atom of mercury, the
result of the encounter is very different, according as its energy of
motion was initially less than some 4.9 equivalent volts, or greater.
In the former case, it rechounds as from an eclastic wall, having lost
only a very minute fraction of its cnergy, and this fraction spent in
communicating motion to the atom; but in the latter case, it may and
often does lose 4.9 equivalent volts of its energy en bloc, in a single
picce as it were, retaining only the excess of its original energy over
and above this amount. Thus if clectrons of an energy of 4.8 equiva-
lent volts are shot into a thin stratum of mercury vapor, nothing
but electrons of that energy arrives at the far side; but if clectrons
of an only slightly greater cnergy, say 5.0 equivalent volts, are fired
into the stratum, those which arrive at the far side will be a mixture
of electrons of that energy, and very slow ones. The very slow
ones can be detected by appropriate means, and the particular value
of the energy of the bombarding electrons, at which some of them
are for the first time transformed into these very slow ones, can be
determined.  Once more we meet that question as to whether the
transformation does make its first appearance suddenly, but in this
case the indications that it does are rather precise and easy to read.
FFurthermore it is possible to measure the energy of the slow electrons,
and one finds that it is equal to the initial energy of the electrons,
minus the amount 4.9 equivalent volts. (These measurements are
not so exact as is desirable, and it is to be hoped that somebody will
take up the task of perfecting them.)

We, therefore, see hoth aspects of the transaction which occurs
when an clectron whereof the energy is 4.9 equivalent volts, or greater,
strikes @ mercury atom. It loses 4.9 equivalent volts of energy, and
we measure the loss; the atom sends forth radiation of a certain
frequency, and no other; the atom does not send forth even this
frequency of radiation, if none of the electrons fired against it has at
least so much energy.  We have already compared the encrgy trans-
ferred with the frequency radiated, and as in the case of X-rays
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ecited from a solid target by very fast electrons, it is legitimate to
say for these radiations which form the single-line spectra of metallic
atoms, that

Excitation of the ray forming a single-line spectrim, by the collision
of an electron agatnst an atom, occurs as if the energy in the radtation
were concentrated in units of amount hv, and one such unit were created
out of the total energy which the electron surrenders.

There are yet several phenomena whieh 1 might treat by the same
inductive method, arriving after cach exposition at a Rule which
would resemble one or the other of those which 1 have thus far written
in italies; but it is no longer expedient, 1 think, to pass in cach instance
through the same claborate inductive detour. These three phe-
nomena which 1 have discussed already combine into an impressive
and rather formidable obstacle to the classical manner of thinking,
Here is a mercury atom, which receives a definite quantity of energy
U from an electron, and distributes it in radiation of a definite fre-
quency U k. Here again is a multitude of atoms locked together
into a solid, and when an electron conveys its energy U to the solid,
it redistributes that energy in radiation of a delinite frequency U/h.
(It is true that many other radiations issue from the solid, but they
are all explicable if one assumes that the clectron may deliver over
its energy in stages, and there is no radiation of the sort which would
controvert the theory by virtue of its frequency exceeding U/h.)
And when that radiation of frequency U, I in its turn strikes a metal,
it is liable and able to release an electron from within the metal,
conferring upon it an energy which is apparently equal to U. Ap-
parently there is some correlation between an encrgy U and a fre-
quency U h, between a frequency v and an energy iv.  Apparently
a block of energy of the amount U tends to pass into a radiation of
the frequency Uy h; apparently a radiation of the frequency » tends
to deliver up encrgy in blocks of the amount hv.  The three italicized
Rules coalesce into this one:

Photoelectric emission, and the excitation of X-rays from solids by
electrons, and the excitation of single-line spectra from free atoms, occur
as if radiant energy of the frequency v were concentrated into packets,
or units, or corpuscles, of energy amounting to hv, and each packet were
created in a single process and were absorbed in a single process.

If the neutralizing as if were omitted, this would be the corpuscular
theory rediviva. It is good policy to leave the as if in place for awhile
yet.  But conservatism such as this need not and should not deter
anyone from using the idea as basis for every prediction that can
be founded upon it, and testing every one of the predictions that
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can be tested by any possible way. Just so were the three phenomena
cited in these Rules discovered. All of them involve either the
emission or the absorption of radiation, and so do all the others which
I could have quoted in addition, if this account had been written
three ycars ago. Reserving to the end the one new phenomenon
that transcends this limitation, T must explain the relation between
this problem and the contemporary Theory of Atomic Structure.

The classical notion of a source of radiation is a vibrating electron.
The classical conception of an atom competent to emit radiations of
many frequencies is this: a family or a system of electrons, each
electron remaining in an equilibrium-position so long as the system
is not disturbed, one or more of the electrons vibrating when the
system is jarred or distorted. A system with these properties would
have to contain other things than electrons, otherwise it would fly
apart; it would have to contain other things than particles of posi-
tive and particles of negative electricity intermixed, otherwise it
would collapse together. One would have to postulate some sort
of a framework, some nmaginary analogue to a skeleton of springs
and rods and pivots, to hold the electrons together in an ensemble
able to vibrate and not liable to coalesce or to explode. This would
not be satisfying, for in making atom-models one wants to avoid
the elaborate machinery and in particular the non-electrical com-
ponents; it would be much more agrecable to build an atom out of
positive and negative electricity associated with mass, omitting all
masses or structures not electrified. Nevertheless, if anyone had
sticceeded in devising a framework having the same set of natural
frequencies as (say) the hydrogen atom exhibits in its spectrum -if
anyone expert in dynamics or acoustics had been able to demonstrate
that some peculiar shape of drumhead or bell, if anyone versed in
electricity had been able to show that some particular arrangement
of condensers and induction-cuils has such a series of natural vibrations
as some one kind of atom displays—then, it is quite safe to say, that
framework or that membrane or that circuit would today be either
the accepted atom-model, or at least one of the chief candidates for
aceeptance.  Nobody ever sueceeded in doing this; it is the consensus
of opinion today that the task is an impracticable one.?

9 It is difficult to put this statement into a more precise form.  Rayleigh was of
the opinion that the hydrogen speetrum could not be regarded as the ensemble of
natural frequencies of a nechanical system, because it is the general rule for such
systems that the second power of The frequency conforms to simple algebraic formulae,
while in the hydrogen spectrum it is the first power for which the algebraic expression
is simple.  1le admitted, however, that it was possible to find **exceptional’’ mechan-
ical systems for which the first power of the frequency is given by a simple formula;
which goes far to vitiate the conclusion. Another aspect of the formula (0) for
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This set of natural frequencies which bafiled all the cfforts to
explain it, the set constituting the two simiplest of all speetra (the
spectrum of atomic hydrogen and the spectrum of jonized helium),

is given by the formula
1 1 "
- (m’ B n'*) )

the different lines being obtained by assigning  different integral
values 1o the parameters m and n; lines corresponding (o values of m
ranging from 1 to 3 inclusive, and to values of u ranging from 2 to 10
inclusive, have already been observed, and there is no reason to doubt
that lines corresponding to much higher values of m and n actually
are emitted, but are too faint to be delected with our apparatus.
The constant R has one vilue for hydrogen, another almost exactly
four times as great for ionized helium.

llere, then, is the problem in its simplest presentation: How can a
model for a hydrogen atom be constructed, which shall emit rays of
the frequencies given by the formula (6), only these and no others?
The obvious answer “‘By constructing a mechanical framework
having precisely these natural frequencies” is practically excluded;
it seems infeasible.  Something radically different must be donc.
The achievement of Niels Bohr consisted in doing a radically ditferent
thing, with such a degree of success that the extraordinary divergence
of his ideas from all foregoing ones was all but universally condoned.
[ do not know how Bohr first approached his theory; but it will do
no harm to pretend that the manner was this.

Look once more at the formula for the frequencies of the hydrogen
spectrum. It expresses cach frequency as a difference between two
terms, and the algebraic form of cach term is of an extreme sim-

the hydrogen spectrum is this, that it specifics infinitely many frequencies within
finite intervals enclosing certain critical values, such as R, 4R, 9R, and so forth.
I'oincaré is said to have proved that the natural {requencies of an clastic medium
with a rigid boundary cannot display this feature, so long as the displacements are
governed by the familiar equation d*¢ di* =k’c%¢.  For a membrane this cquation
1S tantamount to, the statement that the restoring-force acting upon an element
of the membrane is proportional to the curvature of the membrane at that element.
Ritz was able to show that the natural frequencies of a square membrane would con-
form 10 the lormula (6, if the restoring-force upon cach clement of the membrane,
instead of being pro]mrllun.ll to the curvature of the membrane at that clement,
depended in an exceedingly involved and artificial manner upon the curvature of
the membrane elsewhere.  1le apologized abundantly for the extraordinary
of the properties with which he had been obliged 1o endow this membrane
1o arrive at the desired forimula: but his procedure might have proved unsuspectedly
fruitful, if Bohr's interpretation had not supplanted it.
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plicity. Multiply now each member of the formula by #, that same
constant & which we have encountered three times in the course of
this article; and reverse the signs of the terms.’® The formula becomes

hv=(—h R/n*) —(—=h R'm?) (7)

In the left-hand member there stands &v. The reader will have
become more or less accustomed to the notion that, under certain
conditions and circumstances of Nature, radiant energy of the fre-
quency v apparently goes about in packets or corpuscles of the amount
hv; now and then, here and there, energy is absorbed from such radia-
tion in such amounts, or energy is converted into such radiation in
such amounts.  Suppose that this also happens when a hydrogen atom
radiates, whatever the cause which sets it to radiating. Then the
left-hand member of the equation (5) represents the energy which
the hydrogen atom radiates; so also does the right-hand member; but
the right-hand member is obviously the difference between two
terms; these terms are respectively the energy of the atom before it begins
to radiate, and the energy of the atom after il ceases from radiating.

The problem of the hydrogen atom has now experienced a funda-
mental change. The proposal to make a mechanical framework,
having the natural vibration-frequencies expressed by (6), has been
laid aside.  The new problem, or the new formulation of the old prob-
lem, is this: how can a model for a hydrogen atom be constructed,
which shall be able 10 abide only in certain peculiar and distinctive
states or shapes or configurations, in which various states the energy
of the atom shall have the various values —hR, —hR 4, —hR 9,
—hR 16, and so forth?

Bohr's own model has become one of the best-known and most-
taught conceptions of the whole science of physics, in the twelve
years of its public existence.  He based it upon the conception, then
rapidly gaining ground and now generally accepted, that the hydrogen
atom is a microcosmic sun-and-planet system, a single electron revolv-
ing around a much more massive nucleus bearing an clectric charge
cqual in magnitude and opposite in sign to its own. This is really
a most unpromising conception, very ill adapted to the modification
we need to make.  We want an atom which shall be able to assume
only those dehnite values of cnergy which were listed above: —hR,
—hR I, —hR 9 and the rest. Now the energy of this sun-and-
planet atom depends on the orbit which the electron is describing.

" For the explanation of this rather confusing reversal, see my third article (page
278; or page 1t of the reprint).
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If the energy may assume only those definite values, the electron
may describe only certain definite orbits.  But there is no obvious
reason why the electron should not desceribe any of an infinity of
other orbits, circular or elliptical.  To consider only the circular
orbits: if the atom mav have no other values of energy than — AR,
and =AR 4, and —AR 9, and the rest of the series, then it may not
revolve inany other ciccular orbits than those of which the radii are
e 2hR, and ¢ 20hR 1), and ¢ 2(hR 9), and so forth; but why just
these?  \What prevents it from revolving in a circular orbit of radins
e* 2(hR 2), or any other value not in the series?  And for that matter
how can it revolve in a closed orbit at all, since according to the
fundamental notions of the electromagnetic theory it must be radiating
its energy as it revolves, and so must sink into the nucleus in a gradu-
ally narrowing spiral?

Bohr did not resolve these difficulties, and no one has ever resolved
them except by ignoring them. The customary procedure is to
select some common feature of these permitted orbits, and declare
that it is this feature which makes these orbits permissible, and
forbids the electron to follow any other.  For example, there is the
fact that the angular momentum of the clectron in any one of the
permitted circular orbits is an integer multiple of the constant quan-
tity & 2z, b being the same constant as we have met hitherto, which
is hardly an accidental coincidence.  If one could only think of some
plausible reason why an clectron should want to revolve only in an
orbit wkere it can have some integer multiple of & 27 for its angular
momentum, and should radiate no energy at all while so revolving,
and should refuse to revolve in an orbit where it must have a frac-
tional multiple of & 27, the model would certainly he much for-
tified.  Failing this it is necessary to put this assertion about the
angular momentum as a downright assumption, in the hope that its
value will be so great and its range of usefulness so widespread that
it will commend itself as an wltimate basic principle such as no one
thinks of questioning. So far this hope has not been thoroughly
realized.  On the one hand, Sommerfeld and W. Wilson did succeed
in generalizing it into a somewhat wider form, and using it in this
wider form they explained the fine structure of the lines of hydrogen
and ionized helium, and Epstein explained the effect of an electric
field upon these lines. These are truly astonishing successes, and
no one, | think, can work through the details of these applications
to the final triumphant comparisons of theory with experiment, and
not experience an impression amounting almost or quite to con-
viction. Yet on the other hand this generalization does not account
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for the frequencics forming the spectra of other elements.”  There is
the spectrum of neutral helium, for example, and the spectrum of
sodium, and the spectrum of mercury; in each of these there are
series of lines, of which the frequencies are clearly best expressed
cach as the difference between a pair of terms, and these terms should
be the encrgies of the atom before and after radiating. But we have
not the shadow of an idea what the corresponding configurations of
the atom are; it may Dbe that the outermost electron has certain
permissible orbits, but we do not know what these orbits are like nor
what common feature they possess.

Is it then justifiable to write down a Rule such as this: the frequencies
of the rays which free atoms emit are such as to confirm the idea that
radiant energy of the frequency v is emitted in packels or corpuscles of
the amount hv? Nery few men of science, I imagine, would hesitate
to approve this. However one may fluctuate in his feelings about
Bohr's model of the atom, there always remains that peculiar relation
among the frequencies emitted by the hydrogen atom, which is so
nearly copied by analogous relations in the spectra of other elements.
When one has once looked at the general formula

w=(= %)~ (- 3%) @

and has once interpreted the first term on the right as the encrgy
of an atom before radiating, the second term on the right as the
cnergy of the atom after radiating, and the quantity Ay as the amount
of the packet of energy radiated, it is very difficult to admit that this
way of thinking will ever be superseded; particularly when one re-
members the auxiliary facts, such as that fact about the electrons
transferring just 4.9 equivalent volts to the mercury atoms which
they strike, no more and no less.  Analyzing the mercury spectrum
in the same way as the hydrogen spectrum was analyzed, we find
the frequencies expressible as differences between terms; interpreting
the terms as energy-values, we find that between the normal state
of the mercury atom and the next adjacent state, there is a difference
in energy of LY equivalent volts, and between this and the nest
adjacent state there is a further difference of 1.8 volts.  This then
is the reason why an clectron with less than 4.9 equivalent volts of

" The mathematical experts who have laboured over the theory of the helinm
atom (two clectrons and a nncleus of charge +2¢) seem to have convinced them-
selves that the features which distinguish the permitted orbits of the electrons in
this atom, whatever they may be, are definitely not the same features as distinguish
the permitted orbits of the electron in the hydrogen atom. This cannot be said
with certainty for any other atom.
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crgy cian comnnicate no energy at all to o mercury atom; and an

¢
clectron with & or 6 cquivalent volts of energy can transfer only L4
of them. It is conceivable that other conditions may be found 1o
wovern the orbits of the electrons, so that the atoms shall have only
the prescribed energy-values and no others; it is even conceivable
that the conception of electron-orhits may be discarded; but the
interpretation of the terms in the formula (7) as energies will, in all
human probability, be permanent.

The foregoing Rule is thus very strongly hased; but let us neverthe-
less rephrase it in a somewhat milder form as follows: T'he ddea that
radiant energy of frequency v is emilled in packels of the wmount hv,
and the contemporary theory of alomic struclure, belsveen them give a
attractive and appealing account of spectra in general, and o convincingly
exacl explanalion of lwo spectra in particular.

But what has happened meanwhile to the Vibrator, to the oscil-
lating electron, to the postulated clectrilied particle of which the
vibrations caused light-waves to spread out from around it like
sound waves from a bell> Tt has disappeared from the picture; or
rather, since the attempt to account for the frequencies of a spectrum
as the natural frequencies of an elastic framework was abandoned,
no one has tried to re-insert it. But there are some who will never be
quite happy with any new conception, until the vibrator is estab-
lished as a part of it.

Tonization, the total removal of an electron from an atom, affords
another chance to see whether radiant energy behaves as though it
could be absorbed only in complete packets of amount kv, That
it requires a certain definite amount of enecrgy to deprive an atom
of its loosest electron, an amount characteristic of the atom, may
now be regarded as an experimental result quite beyond question,
and not requiring the support of any special theory. Thus, a free-
flving electron may remove the loosest electron from a free mercury
atom which it strikes, if its energy amounts to 101 equivalent volts, not
less: or the loosest electron from a helium atom if its energy amounts
to at least 24.6 equivalent volts.  If radiant energy of frequency v goes
about in parcels of magnitude kv, the frequency of a parcel which
amounts just exactly to 1044 cquivalent volts is v, =2.53.10¢, corre-
sponding to a wave length of FISSA. Light of inferior frequency should
be unable 1o ionize a mercury atom; light of just that frequency should
just be able to ionize it; light of a higher frequency v should be able
to ionize the atom, and in addition confer upon the released electron
an additional amount of kinetic cnergy equal to /r (v—w,). The same
could be said, with appropriate numerical changes, for every other
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kind of atom. Of all the phenomena which might serve to illuminate
this difficult question of the relations between radiation and atoms,
this is the one which has been least studied. The experimental
material is scanty and dubious. There is no reason to suppose that
light of a lower frequency than the one I have called v, is able to
; but it is not clear whether perceptible ionization commences
just at the frequency v, although it has been observed at frequencies
not far beyond. The energy of the released clectrons has not been
measured.

The removal of deep-lying electrons, the electrons lying close to
the nuclei of massive atoms, is much better known; and the data
confirm in the fullest manner the idea that radiant energy of the
frequency v is absorbed in units amounting to hv.  When a beam of
X-rays of a sufficiently high frequency is directed against a group of
massive atoms, various streams of electrons emanate from the atoms,
and the electrons of each stream have a certain characteristic speed.
The kinetic energy of each electron of any particular stream is equal
to kv, minus the amount of energy which must be spent in extracting
the electron from its position in the atom; for this amount of energy
is independently known, being the energy which a free-flying electron
must possess in order to drive the bound electron out of the atom,
which is measurable and has been separately measured.  Here again
1 touch upon a subject which has been treated in an earlier article
of this series-—the second—and to prevent this article from stretching
out to an intolerable tength, 1 refrain from further repetition of what
was written there.  The analogy of this with the photoelectric effect
will escape no reader.  Here as there, we observe electrons released
with an energy which is admittedly not v, but hv minus a constant;
the idea that this constant represents energy which the electrons
have already spent in escaping, in one case through the surface of the
metal and in the other case from their positions within atoms, is
fortified by independent measurements of these energies which give
values agreeing with these constants.

We have considered various items of evidence tending to show
that radiant energy is horn, so to speak, in units of the amount /ty,
and dies in units of the amount hv.  Whether encrgy remains sub-
divided into these units during its incarnation as radiation remains
nnsettled; to sertle this question absolutely, one would have to devise
some way of testing the energy in a heam of radiation, otherwise than
by absorbing it in matter; and such a way has not yet been discovered.
There is, however, another quality which radiant cnergy possesses.

Conceive a stream of radiation in the form of an extremely long
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train of plane waves, Howing against a blackened plate facing normally
agitinst the direction in which they advance, which utterly absorbs
them. This wave-train shall have an intensity 7: by which it is
meant, that an amount of encrgy [ appears, in the form of heat,
in unit area of the blackened plate in unit time.  Furthermore, the
radiation is found to exert a pressure p against the blackened place;
by which it is meant, that unit arca of the plate (or the framework
upholding it) acquires in unit time an amount of momentum p.
According to the elassical electromagnetic theory, verified by ex-
perience, p is equal to [ ¢, Unitarea of the plate acquires, in unit
time, energy to the amount [ and momentum to the amount 7 .

Where is this energy, and where is this momentim, an instant
before they appear in the plate?  One might say that they did not
enist, that they had vanished at the moment when the radiation left
its sotrce, not to reappear until it arrived at the plate; but such an
answer would be contrary to the spirit of the electromagnetic theory,
and we have fong been accustomed to think of the energy as existing
in the radiation, from the moment of its departure from the source
to the moment of its arrival at the receiver; the term “radiant energy”
implies this. Momentum has the same right to be conceived as exist-
ing in the radiation, during all the period of its passage from source to
receiver.  In the system of equations of the classical electromagnetie
theory, the expression for the stream of energy through the electro-
magnetic tield stands side by side with the expression for the stream of
momentum flowing through the field. [If the sccond expre
so familiar as the first, and the phrase “radiant momentum’ has not
cntered into the language of physics together with “radiant energy,”’
the reason can only be that the pressure which light exerts upon a sub-
stance is very much less conspicuous than the heat which it communi-
cates, and scems correspondingly less important,—which is no valid
reason at all. Radiant energy and radiant momentum deserve the
same standing; it is admitted that the energy [ is the energy which is
brought by the radiation in unit time to unit arca of the plate which
blocks the wave-train, and with it the radiation brings momentum I ¢
in unit time to unit arca of the plate. The density of radiant energy
in the wave-train is obviously [ ¢, the density of radiant momentum
is I 1

Now let that tentative idea, that radiant energy of the frequency »
is emitted and absorbed in packets of the amount /v, be completed
by the idea that these packets travel as entities from the place of
their birth to the place of their death. let me now introduce the
word “quantum’ to replace the alternative words packel, or unit, or

10N s not
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corpuscle; 1 have held to these alternative words quite long enough,
1 think, to bring out all of their connotations. Then the energy I
is brought to unit area of the plate, in unit time, by I'/hv of the quanta;
which also bring momentum amounting to I'’c.  Shall we not divide
up the momentum equally among the quanta as the energy is divided,
and say that each is endoiwed with the inherent energy hv and with the
inherent niomentum hv, c?

The idea is a fascinating one, but not so easy to put to the trial
as one might at first imagine. None of the phenomena 1 have de-
scribed in the foregoing pages affords any means of testing it. In
studying the photoclectric effect, we concluded that each of the
clectrons released from an illuminated sodium plate had received
the entire encrgy of a packet of radiation; but this does not imply
that cach of them had received the momentum associated with that
energy'; the momentum passed to the plate, to the framework support-
ing it, eventually to the earth. The same statement holds true
for the release of electrons from the deep levels of heavy atoms, such
as de Broglie and Ellis observed. Even if the same experiments
should be performed on free atoms, as for example on mercury vapor,
no clear information could be expected; for the momentum of the
absorbed radiation may divide itself between the released electron
and the residuum of the atom, and this last is so massive that the
speed it would thus acquire is too low to be noticed.  Only one way
scems 1o be open; this is, to bring about an encounter between a
quantum of racliation and a free electron, so that whatever momentum
and whatever energy are transferred to the electron must remain
with it, and cannot be passed along to more massive objects where
the momentum, so far as the possibility of observing it goes, is lost.
A priori one could not be certain that even this way is open; radiation
might ignore clectrons which are not tightly bound to atoms.

Arthur H. Compton, then of Washington University, is the physicist
whose experiments were the first that clearly and strikingly disclosed
such encounters between quanta of radiation and sensibly free elec-
trons.  Others had observed the effect which reveals them, but his
were the first measurements accurate enough for inference.  Unaware
at the moment of the meaning of his data, he realized it almost imme-
diately afterward, and so established the fact and the explanation
both —a 1wofold achicvement of a very unusual magnitude, whence
the phenomenon received the name of “Compton effect” by a universal
acceptance, and deservedly.

What Compton observed was not the presence of electrons pos-
sessed of momentum acquired from radiation -these electrons were



SOME CONFEMPORIRY ADEANCES 1N POYSICS i 313

however to be discovervd later, as | shall presently mention  -but the
presence of radiation of a new sort, come into being by victue of the
encounters between the original radiation and free clectrons,  We
have not encountered anvthing of this sort heretofore. When a
quantum of radiant energy releases an electron from an atom, it dies
completely and confers its entire energy upon the electron.  The
dizposal of its momentum gives no trouble, for as I have mentioned
the atom takes care of that. When the clectron is initially free.
and there is no atom to swallow up the momentum of the radiation,
it cannot be ignored in this simple fashion.  For if the quantum did
utterly disappear in an encounter with a free electron, the velocity
which the clectron acquired would have to he such that its kinetie
energy and its momentum were separately equal to the energy and
momentun of the quantum; but these distinct two conditions would
generally be impossible for the clectron to fulfil. Tlence in general, a
quantum possessed of momentum cannot disappear by the process of
transferring its cnergy to a free electron, whatever may be the case
with an ¢lectron bound to a massive atom. This reflection might
casily have led to the conclusion that radiation and free electrons can
have nothing to do one with the other.

What actually happens is this: the energy and the momentum
of the quantum are partly conferred upon the clectron, the residues
of cach go to form a new quantum, of lesser energy and of lesser
and differently-directed momentum, hence lower in frequency and
detlected obliquely from the direction in which the original quantum
was moving. The encounter occurs much like an impact between
two elastic balls; what prevents the analogy from being perfect is,
that when a moving elastic hall strikes a stationary one, it loses
some of its speed but remains the same ball, whereas the quantum
retains its speed but changes over into a new and smaller size. [t
is as though a billiard-hall lost some of its weight when it touched
another but rolled off sidewise with its original speed. [ do not
know what this innovation would do to the technique of billiards,
but it would at all events not make technique impossible; the resunlt
of an impact would still be calculable, though the calculations would
lead to a new result. The rules of this microcosmic billiard-game
in which the struck balls are clectrons and the striking balls are
quanta of radiant energy are dchnite enough to control the conse-
quences. The rules are these:

Conservalion of energy requires that the cnergy of the impinging
quantum, kv, be equal to the sum of the energy of the resulting
quantum, hv', and the kinetic encrgy K of the recoiling clectron.  For
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this last quantity the expression prescribed by the special relativity-
theory ' is used, viz.

- 1
K=mc (—** :—l)
AR
in which m stands for the mass of the electron and ¢g =2 for its speed.
The equation of conservation of energy is then

hv=hv'+mec? ( (fa)

e ).
V1-p

Conservation of momentum requires that the momentum of the
impinging quantum be equal to the sum of the momenta of the result-
ing quantum and the recoiling electron.  Momentum being a vector
quantity, this rule requires three scalar equations to express it, which
three may be reduced to two if we choose the x-axis to coincide with
the direction in which the impinging quantum travels, and the y-axis
to lie in the plane common to the paths of the recoiling electron and
the resulting quantum. Designate by ¢ the angle between the paths
of the impinging quantum and the recoiling electron; by # the angle
between the paths of the two quanta.  The magnitude of the momen-
tum-vector is, by the special relativity-theory, mz 'v/1—g%* Con-
servation of momentum then requires:

hv c=(hv' ¢) cos 0+ ,111?17/3" cos ¢,
\, — g
(Sh)
muv .
=(hy' ¢) sin (H—— g sin ¢

Eliminating ¢ and # between these three equations, we arrive at
this relation between v and ¥, the frequencies of the impinging quan-
tum and the recoiling quantum —or, as | shall hereafter say, between
the frequencies of the primary X-ray and the scattered X-ray —and
the angle 8 between the directions of the primary N-ray and the
scattered N-ray:

‘\

9)
1

2 1f 1the reader prefers 1o use the familiar expressions ymv? for 1he kinetic energy
and mr for the magnitade of the momentum of the electron, he will arrive at a
formula for »! which, while apparently dissimilar to (9) and not so elegant, is ap-
proximately identical with it when v is not 100 lirge —or, which comes practically
10 the same 1thing, when Ap is small in compirison with mc’. a condition which is
realized for all X-rayvs now being produced
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The relation between N and N\, the wavelengths of the primary
beam and of the scattered beam, is still simpler, being

N _h
n

c(l-—cos()). (10)

The intrusion of this angle 8 into the final equation may secem to
contradict my earlier statement that the results of the impact are
caleulable; for it is true that there are not equations enough to climi-
nate 6, and yet I have offered no additional means of calenlating it.
In fact it cannot be calculated with the data at our command. Ml
that we are able to say is that if the resulting quantum goes off in
the direction 8, then its frequency is given by (9).  What deter-
mines @ in any particular case?  Reverting to the image of the billiard-
balls, it is easy to see that the direction in which the rebounding bali
rolls away depends on whether it gave a eentral blow, or a glancing
blow, or something in between, to the initially stationary ball. |If
we knew just which sort of a blow was going to be given, we could
caleulate 0; otherwise we can only apply our conditions of conservation
of energy and conservation of momentum to ascertain just how much
of its energy the rebounding ball retains when 6 has some particular
value, and then produce or, if we cannot produce at will, await —a
collision which results in that value, and make our comparison of
experiment with theory.  So it is in this case of the rebounding quan-
tum. When a beam of primary electrons is scattered by encountering
a picee of matter, some quanta rebound in each direction, and all the
values of 6 are represented. We cannot know what determines the
particular value of € in any case; but we can at least select any direc-
tion we desire, measure the frequency of the guanta which have
rebounded in that direction, and compare it with the formula. Fig. 6
is a diagram illustrating these relations.”

The eomparison, which has now been made repeatedly by Compton,
repeatedly by I°. A. Ross, and once or oftener by each of several other
physicists—notably de Broglie in Paris—is highly gratifying. The
value of the frequency-difference between the primary N-rays and
the ~cattered X-rays, that is to say, between the impinging quanta
and the rchounding quanta, is in excellent accord with the formula,
whether the measurements be made on the quanta recoiling at 15°,
at W or at 135° or at intermediate values of the angle 8. The
method consists in receiving the beam of scattered X-rays into an
X-ray spectroscope, whereby it is deflected against an ionization-
chamber or a photographic plate at a particular point, of which the
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location is the measure of the wave-length. An image can be made
on the same plate at the point where the beam would have struck it,
if it had retained the frequency of the primary beam. The two
images then stand sharply and widely apart.  Indced it is not neces-
sary Lo make a special image to mark the place on the plate where
a scattered beam of unmodified wave-length would fall, for there

- -

IFig. 6~ Diagram showing the energy-relations ensuing upon an impact hetween a
quantum and a [ree clectron.  (Mier Debye.)  Scee footnote 13

nearly always is such a beam and such an image. A\ plausible ex-
planation is easy to find; one has only to assume that the quanta
composing this beam have rebounded from electrons so rigidly bound
into atoms that they did not budge when the impinging quanta struck
them, and these were reflected as from an immovable wall.'

* The diagram in Fig. 6 is designed to illustrate the relations between the energy
of the primary quantum (radius of the dotted semicirele), the energy of the re-
bounding quantum (radius of the upper continuous curve), and the energy of the
recoiling clectron (radius of the lower continuous curve). Thus the two arrows
marked with a 5 are proportional respectively 1o the encrgies of the secondary
quantum and of the recoiling electron, when the encounter has taken place in such
a fashion that (he angle 8 is equal to the angle between the arrow 10 and the upper
arrow 5. In the same case, the angle hetween arrow 10 and_lower arrow 5 is equal
to ¢ of the equations (9). :

M A matter of fact we have no independent means of knowing that the recoiling
eleetrons are initially free, or that the scattered beam with the modified frequency
originates from collisions of primary quanta with initially free clectrons; we know
only that the frequency of the scattered quanta is such as would be expected if
little or no energy is spent in freeing the clectrons, and little or no momentum 1s
transferred otherwise than to the electrons  which, of course, is not quite the same
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Another series of photographs, in Fig. 8, shows the two scattered
rays produced when a beam of the Ka-radiation of molybdenum falls
upon various scattering substances: carbon (the sixth element of the
neriodic table), aluminium (the thirteenth), copper (the twenty-ninth),
and silver (the forty-seventh). The relative intensity of the two
rays-—that is to say, the proportion between the number of quanta
which rebound as from free clectrons, and the number of quanta
which recoil as from immobile obstacles  varies in a curious manner

Fig. 8 — Above, the K a-line of molybdenum; below, the same radiation after scatter-
ing at 90° from carbon, aluminium, copper and silver. (I, .\, Ross)

from one of these elements to another.  Most of the quanta scat-
tered by lithium undergo the alteration in wavelength which we have
caleutated; nearly all of the quanta scattered by lead emerge with
the same frequency as the incident quanta.  Apparently, the heavier
the atoms of a substance are, the less conspicuous does Compton’s
clfect become.  Further. the relative intensity of the two rays as-
sumes different values for one and the same substance, depending
on the direction of scattering.  This is illustrated in Fig. 9, the curves
of which may be interpreted as graphical representations of photo-
graphs like those of the foregoing Iigure, the ordinate standing for
the density of the image on the photographic plate. (Actually, the
ordinate stands for a quantity which is much more nearly propor-
tional to the true intensity of the rays— that is, the amount of joniza-
tion which_they produce in a dense gas.) These curves show, in the
lirst place, that the separation between the two scattered rays has
the proper theoretical values at the angle 45°, at 90°, and at 135°; in
the second place, among the quanta scattered at 43°, those that
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retain the primary wavelength are more abundant than the altered
quanta, while among the quanta seattered at 1357 the madilied ones
have the predominanee. Why the relative commonness of these two
Kitds of scattering. of these two modes of interaction between quanta

ROLYDOEN U
Ka LIK®

PRINAY

SCATTETURD BY
ORATHITE AT

L 9 The modified and unmodified seattered rays, at various inclinations, recorded
by the onization-chumber method.  The vertical line 7° represents the position
caleulated from (95 for the moditied ray. (N, H. Compton, Physical Review)

and matier, should depend on the substance and on the angle 6 is
deeper question than any we have considered.

The recoiling electrons also have been detected; and Figs. 10 and 11,
which are photographs of the trails left by flying electrons as they
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monness of the Compton effect depends not merely on the nature of
the atoms and on the angle at which the scattering is observed, but
also upon the frequency of the radiation.  High-frequency quanta
are liable to rebound in the manner preseribed by Compton's assump-
tions, but low-frequency quanta are not. Light of the visible spec-
trum suffers no change in wavelength when it is scattered.

Must we now concede that radiant energy travels about through
space in the form of atom-like units, of corpuscles, of quanta every
one of which, for a radiation of a specific frequency v, possesses always
the same cnergy v and always the same momentum 2v ¢? How
indeed can we longer avoid admitting it? The phenomena which
[ have cited do certainly seem to close the case beyond any possi-
bility of reopening it. Yet they might be interpreted in another
way -a way which will probably seem extremely elaborate and artificial
to the reader, a way which will seem like a mere excuse to avoid
a simple and satisfying explanation; and yet this would not be
sufficient to condemn it utterly.  We might lay the whole blame and
burden for all these “quantum’ phenomena upon the atom. We
might say that there is some mysterious mechanism inside every
atom, which constrains it never to emit radiation of a frequency »
nnless it has a quantity of encrgy hiv all packed up and ready to deliver,
and never to absorb radiation of a frequency v unless it has a special
storeroom ready to receive just exactly the quantity of energy /v,
This indeed is not a bad formulation of Bohr's theory of the atom.
1t would be necessary to go much further, and to say that not only
every atom, but likewise every assemblage of atoms forming a liquid
or a solid body, contains such a mechanism of its own; for the phe-
nomena which 1 have called the “photoelectric effect’ and the “inverse
photaclectrie effect” are qualities not of individual atoms, but of
picces of solid metal.”  And it would be necessary to go much further
vet, and make mechanisms to account for the transfer of momentum
(rom radiation to electrons.

Yet even this would not be sufficient; for the most surprising and
inexplicable fact of all is still to be presented.  Here is the crux of
the great dilenuma, Tmagine radiation of the frequency v emerging
from an atom, for a length of time determined by the condition that

1711 was formerly contended that this explanation, while applicable to the be-
havior of free atoms which respond only to certain discrete frequencies, would not
avail for a solid substance like sodium which delivers up clectrons with energy by,
whatever 1he frequency » may be.” This contention, however, is probably not
forcible, as it can be supposed that the solid has a very great number of natural
frequencies very close together. This in fact was the inference from Epstein's
theory of the photoclectric effect.
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the totul energy radiated shall be he exactly,  \ecording to the wave-
theory, it emerges as a spherical wave-train, of which the wave-
fronts are a series of expanding spheres, widening in all direetions
away from the atom at their common centre. Place another atom
of the same kind some little distance away.  Apparently it can
absorh no radiant energy at all, unless it absorbs the whole amoun
hy radiated from the first atom.  But how can it do this, secing that
only a very small portion of cach wavefront touched it or came any-
where near it, and mueh of the radiant encrgy went off from the first
atom in a diametrically opposite direction?  How ean it reach and
suck up all the energy from the entire wavefront, so little of which it
actually intercepts?  And the difficulty with the momentum is even
greater.

But, of course, this experiment is unrealizable.  In any laboratory
experiment, there are always great multitudes of radiating atoms
close together, and the atoms exposed to the radiation are hathed in
myriads of wave-trains proceeding from myriads of sources.  Does
then the atom which absorbs the amount hv of energy take it in little
bits, one from this wavetrain and another from that, until the proper
capital is laid up?  But if so, it surcly would require some appreciable
time to gather up the separate amounts.  According to the classical
clectromagnetic theory, a bound electron placed in a wavetrain of
wavelength X will gather up energy from an area of cach wavefront,
of the order of magnitude of the quantity 2. Hence we should not
expeet that the exposed atom would finish the task of assembling the
amount of energy iv from the various wavetrains which pass by it,
until the lapse of a time-interval sutlicient for so much energy to flow
against a circle of the arca N?, =et up facing the rays at the point
where the atom stands.  Set up a mercury are, or better still, an
X-ray tube, and measure the intensity of the radiation from it at
various distances.  You will easily find a position sufficiently near
to it for convenience, and vet sufticiently far from it, so that if a
circular target of this area were set in that position, the radiant energy
falling upen it would not mount up in one minute nor in one day

nor in one year, to the amount v, Yet cover the source of_rays
with a shutter, and then put a piece of matter in that position, and
then lift the shutter; and you will not have to wait a year, nor a day,
nor a minute, for the first clectron which emerges from the matter
with & whole quantum of energy; it will come out =o quickly that no
experimenter has, as yet, demonstrated a delay. What possible
assumptions about the structure of the atom can account for this?

More and more the evidence is piled up to compel us to concede
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that radiation travels around the world in corpuscles of energy hy
and momentum kv ¢, which never expand, or at all events always
remain small enough to he swallowed up in one gulp by an atom, or
to strike an electron with one single concentrated blow.

But it is unfair to close the case without pleading once more the
cause of the undulatory theory-—the more so hecause, in the usual
fashion, 1 have understated the old and presumptively familiar
arguments in its favor, and given all the advantages 1o the arguments
of the opposition, which still have the force and charm of novelty.
Furthermore, T may have produced the impression that the conception
of the quantum actually unites the corpuscular theory with the wave-
theory, mitigating discord instead of creating it.  \Why are we not
really voicing a perfectly competent wave-theory of light, when we
imagine wave-trains limited both in length and in breadth, so narrow
that they can dive into an atom, but so long that they contain iv of
energy altogether? filamentary wave-trains, so to speak, like the tracing
of a sine-wave in chalk upon a blackboard, or the familiar picture of

a4 sca-serpent?

Well, the difficulty is that the phenomena of interference and of
diffraction, which are the basis of the wave-theory, imply that the
wave-traing are broad, that they have a considerable cross-seetional
arca; these phenomena should not occur, if the wave-trains were
hlaments no thicker than an atom, or even so wide that their cross-
sectional area amounted to N Let me cite one or two of these
phenomena, in tardy justice to the undulatory theory, as a sort of a
makeweight to all the “quantum’™ phenomena I have described.
Imagine an opaque screen with a shit in it light Hows against the
screen from behind, some passes through the slit.  The slit may be
supposed 1o be half a millimetre wide, or even wider.  If light consists
of quanta only as thick as an atom, or even as thick as the wave-
length of the light, they will shoot through the slit like raindrops or
sand-grains through a wide open skylight.  1f they are all moving in
parallel directions before they reach the slit, they will continue so to
move after they pass through it for how shall they know that the slit
has any boundaries, since they are so small and the shit is so large?
The beam of light which has passed through the slic will always
retain the same cross-section as the slit,  But we know that in truth
the beam widens after it goes through the slit, and it develops a
peculiar distribution of intensity which is accurately the same as we
should expect, if the wavefront is wider than the slit—so much wider,
that the slit cuts a piece out of it, which picce spreads ontwards inde-
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pendently in its own Lashion ™. Therefore the quantum must be wider
than the widest shit which displays clear diffraction-phenomena and
this niakes it at least a millimetre wide!  But this is not the limic!
Cut another slit in the screen, parallel to the first one, a distance o
away from it.  Where the widening diffracted light-heams from the
1w slits interpenetrate one another, they will produce interference-
patterns of light and shade, accurately the same as we should expecet
if the wavefront is wider than the distance d. The quantum must
therefore be wider than the greatest distance between two slits, the
light-beams passing through which are able to interfere with one
another.  The slits may be put quite far apart, and the light-beams
brought together by systems of prisms and mirrors.  This is the
principle of Michelson's famous method of determining the diameters
of stars.  He obtained interference fringes when the two beams of
light were taken from portions of the wavefront fwenly feel apart!?

Therelore the quantum is twenty feet wide! This is the object
from which an atom one ten-mithonth of a millimetre wide can suck
up all its energy! this is what enters as a unit into collision with an
electron ten thousandfold smaller yet!

The evidence is now before the reader; not the entire evidence for
cither of the two conceptions of radiation, but, 1 think, a fair sampling
for both. 1f either view has been incquitably treated, it is the un-
dulatory theory which has been underrated; for, as 1 have said already
but cannot say too often, the evidence that light partakes of the nature
of a wave-motion is tremendously extensive and tremendously com-
pelling: it scems the less powerful only because it is so thoroughly
familiar, and through much repetition has lost the force of novelty.
Sull, it is not necessary to hold all the relevant facts continually in
mind. If one could reconcile a single typical fact of the one sort, such
as the interference between heams of light hrought together from par-
allel courses far apart, with a single outstanding fact of the other sort,

sach as the instantancous emergence of electrons with great energy
from atoms upon which a feeble beam of light has only just been
directed—if one could unify two such phenomena as these, all of the
others would prebably fuse spontancously into a harmonious system.
But in thinking about these things, there is one more all-important

™ One might, of course, inquire, why should a piece of the wavefront of a quantum,
cut out of it by the edges of a slit, expand after passing through the slit when 1he
quantum itself apparently rushes through space without expanding?

" It might be argued thal these quanta from slars have come an cnormously
long way, and possibly have had a better chance to expand than the quanta passing
across a laboratory room from an NX-ray tube or a mercury arc to a melal plite.
However, since the photoclectric cell is used to measure the brightness of a star, they
evidently produce the same sort of photoclectrie effvet as newborn quanta.
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fact that must never be forgotten: the quantum-theory involves the
wave-theory in its root and basis, for the quantum of a given radiation
is defined in terms of the frequency of that radiation, and the frequency
is determined from the wavelength, and the wavelength is determined
by applving the wave-theory 1o measurements on interference and dif-
fraction patterns. Was there ever an instance in which two such
apparently contradictory theories were woven so intimately the one
with the other!

The fusion of the theories is not likely to result from new experi-
mental evidence. Indeed there are already indications that further
experiments will merely accentuate the strangeness, much as happened
with the numerous experiments devised and performed three or four
decades ago in the hope of settling whether the earth does or does not
move relatively to the aether. More probably what is required is a
moditication, indeed a revolutionary extension in the art of thinking
such a revolution as took place among a few mathematicians when non-
lzuclidean geometry was established by the side of Euclidean, as is
taking place today among the disciples of Einstein who are striving
to unlearn the habitual distinctions between time and space—such a
revolution, to go centuries back into the past, as ocenrred in the minds
of men generally when they learned to realize that the earth is round,
and yet at every place upon it the sky is above and the ground is
below.  Our descendants may think pityingly of us as we ol our
ancestors, who could not comprehend how a man can stand upright
at the Antipodes.




Wave Propagation Over Parallel Tubular
Conductors:
The Alternating Current Resistance
By SALLIE PERO MEAD

SyNopsis: On the basis of nplaxwell’s laws and the conditions of con-
tinuity of electric and magnetic forces at the surfaces of the conductor, the
fundamental equations are established for the axial clectric force and the
rangential magnetic force in a non-magnetic tubular conductor with parallel
return. The alternating current resistance per unit length is thea derived
as the mean dissipation per unit length divided by the mean square current
The general formula is expressed as the product of the alternating current
resistance of the conductor with concentric return and a factor, termed
the * proximity cffeet correction factor,” which formulates the effect of
the proximity of the parallel return conductor. The auxiliary functions which
appear in the general formula are each given by the product of the cor-
responding function for the case of a solid wire and a factor involving the
variable inner houndary of the conductor.

In general, the resistance may be calculated from this formula, using
tables of P ssel functions. The most important practical cases, however,
usually inyolve only the limiting forms of the Bessel functions.  Special
tormulae of this kind are given for the case of relatively large conductors,
with high impressed frequencies, and for thin tubes. .\ set of curves illus-
trates the application of the formulae.

1. INTRODUCTION

\/\]HER!{ circular conductors of relatively large diameter are
under consideration, the effect on the alternating current
resistance of the tubular as distinguished from the solid cvlindrical
form becomes of practical importance.  Mr. Herbert B. Dwight has
worked on a special case of this problem and developed a formula
for the ratio of alternating to direct cureent resistance in i circuit
compozed of two parallel tubes when the tubes are thin.!  As infinite
sums of infinite serics are involved, however, his result is not well
adapted to computation.

Mr. John R. Carson has given a complete solution for the alter-
nating current resistance of two parallel solid wires in his paper
“Wave Propagation Over DParallel Wires: The Proximity Effect,”
Phil. Mag., April, 1921.  The analysis of that paper may readily be
extended to the more general case of propagation over two tubular
conductors by a parallel method of development. This is done in
the present paper.  As the underlying theory is identical in the two
problems, familiarity with the former paper will be assumed and the
analysis will merely be sketehed after the fundamental equations are
established.

1 Proximity Effect in Wires and Thin Tubes,” Trans. .1. I. E. E., Vol. XLII
1923, p. 850.

527
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In this paper formulae for the alternating current resistance have
been worked out in detail with particular reference to the case of
relatively large conductors at high frequencies and to relatively
thin tubes. In general the auxiliary functions involved are expressed
as the product of the corresponding functions for solid wires by a
correction factor which formulates the greater gencrality duc to
the variable inner boundary of the conductors. As far as possible
the symbols are the same as in the solid wire case but refer now to
the system of tubular conductors.  Primes are added where the
letters denote the corresponding functions for the solid wire case.
Thix will hardly lead to confusion with the primes used in connection
with the Bessel functions to denote differentiation.

The general solution is developed in section 11, The alternating
current resistance of one of the tubular conductors is expressed as the
product of the alternating current resistance of the conductor with
concentric return and a factor which formulates the effect of the
proximity of the parallel return conductor.  Section 111 is a sum-
mary of the general formula, special asymptotic forms and forms
for thin conductors.

TE. MATHEMATICAL ANALYSIS AND DERIVATION OF FORMULAE

We require the expression for the axial electric force, E., in the
conductors.  Since the tubular conductor does not extend to r=0,
the clectric force must be expressed by the more general Fourier-
Bessel expansion,

2

E.= }_" An [Talp) £ MKn(p)] cos 2,
n=0
where

p=irvV/4rhuiw

Il

t=xi\/T when r=a

t=N Vi when r= a,

a and « being the outer and inner radii, respectively, of the con-
ductors. The additional set of constants N, Ay ... Ay is to be deter-
mined by the conditions of continuity at the inner boundary of the
conductor. It is necessary to satisfy the boundary conditions at the
surface of one conductor only, since the symmetry of the system
insures that they will then he satisfied at the surface of the other also.
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In the diclectric space inside the tnbe where r <a, the axial clectric
force nay be written

Ey=N Gl (nY-c05 10, (n
nw()

or replacing the Bessel functions by their values for vanishingly
small argunments,

=
i

= N Dur® cos nfl (2)
—
nw()

where D.. Dy ... D, are constants determined by the boundary condi-

tions.  M\pplving Maxwell's law relating the normal and tangential
magnetic forces Il and 11y to the axial electric force, gives

wiclly =" N U (0) + MK n(p)] cos 10, (3)
n=¢)

wpiwll, = : z‘-l..[.f..(p)—i-)\..l\'..(p)]sin no, (1)
n=0

for the space inside the conductor, and

twllg= 3 nDur=' cos nfl, (5)
e
n=0
=

wll, = S nDur="'sin né, (6)
=0

for the inner dielectric (u=1). [quating the two expressions for
the tangential magnetic force /7, and for the normal magnetic in-
duction ull, term by term at the surface r=a,

(574" (8) = unJn(O] M [FK ' (§) —unKa(§)] =0. ()

Whence, for the practically important case of non-magnetic con-
ductors in which =1, we have

__ Jani®)
= Kuna($) ®)
and
. I .
E= 3" Au[ Juto) - Eﬂi:tglx.(,ﬂ] cosmb. (%)

n=0
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In the subsequent analysis Jx (£) of the solution for the solid wire
case is replaced by

Iraall) o el
J,.(s)—Km(f)I\n(s)—A/n(z). (10)
and J' (&) is replaced by
a sl o &

Otherwise the formulation of the alternating current resistance of
the conductor proceeds exactly as in the solid wire case. For the
electric force at the surface r =« in the conductor, we write

E:=Ao[ Mo(£)+ 1 M (8) cos 0+ ha)a(E) cos 20+ . . ] (12)

and determine the fundamental coefficient «l, in terms of the current
in the conductor. The resistance R of the tubular conductor per
unit length is defined as the mean dissipation per unit length divided
by the mean square current where the mean dissipation is calculated
by Poynting’s theorem. Accordingly, we get

< M. (&) AL
= e et N ln = B LS/ X5 .
R =Real P J/o'(E)+2 = Ui e conj. AR (13)

Q;Afw{,]/o &) 1
To determine the harmonic coefficients hy ... 7y or Ay ... Ay,
the total tangential magnetic force and the total normal magnetic
induction at the outer surface of a conductor are expressed in terms
of the coordinates of that conductor alone, and the conditions of
continuity at the surface are applied. This leads to the set of equations

= (= [k e LR ,
(]u—( l) 2pnk (”_])!Pnk ‘_d"(q) (1)
¥ N eati b el

where

G g

E { 1)1
N @ =gy = O ey

22

an=(EMa" (&) —nudl, (), '8 M'(9),
pn=(EMa' (&) = np Mu(8)) (M (8)+npMu(8)),
Gn=0nltn,

a k,

c



PROP UG UTION TR PARTELEL cONDECTORS B

When the permeability is unity, the solution, to the same order of
approximation as in the solid wire case, is

w4 LENK(E) T (8
Wit LN K, ((8) S ()

hat= (LA 2ngh? st (16)

where

N 2 plan (g +1o) — 1y (o —vo) 1= g L1 (1, — ) 424 (15 +-1,) ]

= TS R ' &
L UAMK(E T (D .

- 8

PHI= 0 N Ko(D) Jo(E) dl

Jnl8) = ttn+itw,
Dr=(— 2kt =1.2. .. 2,
—\ 1= (2k)2
(2k)? i
Since the resistance R, of an isolated (ubular conductor is given by

2ip M, (&)
AT (9

R,= Rea

equation (13) becomes equation (1) of the formulae in the next section.
This is the general solution for the case of non-magnetic conductors.

In general R may be calculated from this formula and tables of
Bessel functions. The ber, bei, ker and kei functions 2 and the recur-
rence formulae are sufficient to evaluate the Bessel functions but
the process is long. In the most important practical cases, the
conductors are rather large and the applied frequencies fairly high.
When this is true as well as when the tubes are very thin the formulae
ustlly involve only the limiting forms of the Bessel functions. These
special results are given in the next section.

111, ALTERNATING CURRENT RESISTANCE FORMULAE FOR
NON-MAGNETIC CONDUCTORS
The symbols used are:
a =outer radius of conductor in centimeters,
a=inner radius of conductor in centimeters,
¢ =interaxial separation between conductors in centimeters,
k=a'c
\ =conductivity of conductor in electromagnetic c.g.s. units,
* \ convenient table of these functions for arguments from 0 10 10 at intervals of

0.1 is incorporated in Mr. Dwight's paper “\ Precise Method of Calculation of
Skin Effect 1n Isolated Tubes,” J. .1. [. E. E., \ug., 1923,
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p=permeability of conductor in electromagnetic c.g.s. units,
w =27 times frequency in cycles per second,

xX=a \/47r)\w
v

A= —Jus1(6), Kut1($)
Jn(®) = ttn+ivn

= Bessel function of first kind of order # and argument xin’i,

gy o A
Jw(8) = dE
iy s o dTn(E)
Uy iy = dx
K (£) = Bessel function of second kind of order # and argument ISRVAT
o dKa(%)
£) = sl
0=
R =resistance per unit length of tubnlar conductor with paralilel
return,

R, =resistance per unit length of tubular conductor with con-
centric return in electromagnetic c.g.s. units,

C =proximity effect correction factor,

R=CR,. M
The auxiliary functions involved are:
’ ’
" olle 0%
*Re= Ro"”(l - T °,°,> (20)
M Hos — 1o To

where
1w et — o't
= 21
E @ \'7A 102412 =t

=resistance of solid wire with concentric return,

1 +XKo(£) "To() (22)

P () 0y &) =
oy $ 1 0 lnle—2o) +un(u,t10)]) o
L=gP, i P Lo +10) —ta(tto—w0)] §° (23

3 The ratio B, Rl oscillates aboyt unity which it approaches more and more
closely as the frequeney increases. Tt is due to the fact that the phase of the current
in the inner portion of the solid conductor may be such as to oppose the current
in the outer portion, that the resistance of the solid conductor may be greater than
that of the tube even though the heating effect in the latter is the greater.
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where
. /‘.’ (o 10) — (i, — 1)
. 1o+
. |+xA 8 (d

. W (&

1+ MKo(8) Jo(8)
: an ( _ b n.n,.'+i‘,.:>.')
IFENE AR (O e ()Y

Wo =TWn 7 '
ttn Hnln — Un 1y

where
o late =t
Wa = £ e
; Koy . AL (L]
111+Ibq—(|+)\n (E))“’”J- (l+‘\"_,~’(£))
S1= 1= (2k)?
s=2 ;
(2k)*

The formula for (he correction factor C is then

e -1+1Ro\’ (S) +2gk2Ss)

where
o

-
Si="\ ke g2,
e

nm=1
%

Ty
Sa= N papgknsntl,
P
n=]

For large values of the argument

RU=R°I[’”— N(l_ \/172x)]

and the correction factor is

C=1+2 V2-1x Sy — [1>+41 \/lz.\-)]k!‘%)

m—n(l-—1 /"\)

RER)

(24)
(25)

(26)

(27)
(28)

(29)

(11)

(30)

31

(32)

(111)

When x and y are both large quantities, the auxiliary functions are
as follows, provided terms of the second order in 1 /x and 1/y are
negligible, n in d and & below being equal to the number of terms
in which S; and S: converge to a required order of approximation.

With the notation
cos=cns\/§(x—y).
sin=sin\ /7.’-(.\'—,\').
exp=exp = V2(x— )],
R0=Ro'1+ [(14a) sin— (1 —a) cos]exp—a exp?
1-[(1—b) sin+(1+b) cos] exp+b exp?

(33)
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where
=1 .
o —3\/‘i\' 24/2y'
3 5
= b D
+ 2 \/l\' 2 \/:2_\'
1 o =
N =a=o=
HROI\I A V2 x' (31)
_ o 1+ (1=0) cos—(14+0) sin] exp—c exp? 35
I5%= 1—[(14¢) cos+(1—=0¢) "“](\D+f(\p" 35
where
1 15
C=1_;3\7/i.\_2\__)7v'
g'=—V2/x, (36)
= ,1=1(1=d) cos=(1+4d) sin] exp—d exp? a7
Wy = W " 1—[(1+4) cos+(1—h) sin]exp+h exp® 37
where
el SfnpiE
d=14 ,
\/" )\/’v
_ J(n—-l)~—]<4(n+l)e_|—
T e 21/2y
, 1 2n—1
=8 2w (38)

At frequencies sufficiently high to afford practically skin conduction,
the following formulae indicate the way in which the resistance of
the tubnlar conductor approaches its limit, the resistance of the
solid wire.

142 sin exp

Lo 1—2 cos exp’ (39

ullfn' \y‘f)\= Vi- \l !
C=Cn(l =2 &), ((AY)
= ”_Lf: (10)
s Bl e
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When the conductors aee very thin tubes, e, thin as compared to
the radius, (@ —a) a is necessacily smadl and, in general, x—y s
small. OF eourse, when the frequeney is high enough, v —y becomes
large in any case.  When this is true with respect to thin tubes, how-
ever, X and ¥ will usually be Large enough to make the asymptotice for-
mulae applicables but, if ¥ ¥ is small, the approximations

Jul) = Jul®) — =010 + & "’Jn"m

< ey e oy (E—K’)’—”
Ka®)=Ku(&) —(E=OKN (5, + 7 )" Ka"(8),
reduce the eorcection factor to
. -1(113_1331_
o g d N pragzadn g ¥ S A \)
A I N el
where §=a_“,
a
j= (148 2)* ¢
B+ do
Da=8%24+ l‘r: d2,
2n+1
Cn= =l
]
=1 (g D

and the resistance with concentric return to

R RY 42)

R°=2n>a(a—a> 1+8/2" e

I 2xhala — «) is, of course, the direct current resistance of a very thin
conductor.

If (a—a) ais very small and negligible compared with 21 '»?, where
n is the number of terms in which the series of (V) converge to a
required order of approximation,

s & 2ne2n
( (1—“ “){ \‘knﬁ 2825 log (1 — %)

a —l’
:

(VD)
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As a check on formulae (V) and (VI), the limiting cases may be
arrived at directly as follows. 1If the conductors are thin tubes,
the harmonic cocfficients are given by

ESG
= (— 1) +19pn s -
ha=(=1)"*12k 2n " 2u(n+1)
;—(f—s)(l—'*‘sg—)
‘(_]):H»‘)n E—ﬁ' — k"[ kll_n(n‘)-t—l) -,]2_!_”.]. (43)
?—(E"i') = e
When £ is very large
o= (=12 1= % ke 20D 1]
= (—1)"2knsn, (44)
and
M. M )
L= ar ! Q
so that
INGY M
C=R(dl[|+2.\_4‘lln| \, conj. A

s (H6)

the same result as for the corresponding limiting case of a solid con-
ductor.
On the other hand, if £is not large and §—{ is very small,

kn =
= (=) (), )
M, a o
W 1, (48)
M) in
L a(x—v) G
so that
(=l (50)
and
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where Ry, is the direet current resistance of the thin tubular con-
ductor.  Eqgs. (16) and (30) agree with the corresponding limits of
formulae V' aud VI respectively.

The curves of the accompanving higure do not pretend to represent
the pronimity elfcet correction factor with precision.  Fhey are, how-
ever, accurate for thin tbes, and indicate the order of magnitude
of the factor for various values of the thickness of the tubular con-
ductor and show the nature of its variation with respect 1o the applied

115 - T
[ I
1118 1t § e e et = —
Values of Correction Factor C
13 LD v g :
for k-025
12 o

m
110
109
108
107
10€
105

104

103

102

101 T

Valves of x-aVamiw | | | | |
9 10 U 12 13 14 i5 16 17 18 19 2

100
0

frequency. They are computed from formula (V) which is valid
for quite high frequencies when the tubes are thin.  \When the thick-
ness of the tubes is greater, however, the range of validity with respect
to frequency is smaller, the dotted portions indicating a doubtful
degree of precision. [t was previously pointed out in connection
with formula (1V) and is immediately deducible from physical con-
siderations, that all of the curves eventually coincide with the curve
for the solid wire which approaches the value 1.155 asymptotically.

As a simple application, suppose the resistance is required of a
tubnlar conduetor with an outer radius of 0.4125 em. (that of No. O
gauge X \W.GL copper wire) whose resistivity is 1696.5 clectromagnetic
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units per e, where there is an equal parallel return so situated that
k=0.25 and a frequency of 5,000 cycles per second is applied to the
circuit.  Then m= VAmo=15.26 and x=ma =15.26X0.4125=6.30.
When the ratio of the thickness of the conductor to the radius is
greater than about 0.01 the proximity effect correction factor C is
appreciable.  If the ratio is 0.05, reading C from the curves, gives
C=1.064. From formula (42), R,=5.24 ohms per mi. which makes
the resistance R=15.53 ohms per mi.



Abstracts of Bell System Technical Papers
Not Appearing in this Journal

Voice-Frequency Carrier Telegraph System  for Cables 13, P
Hasieron, 1. Nyotist, M. B. Loxa and W. I’ Pittres.  Carrier
telegraph systems using Trequencies above the voice range have been
in use for a number of years on open-wire lines.  These systems,
howe
circuits greatly attenuate currents of high frequencies. The system
deseribed in this paper uses frequencies in the voice range and is

er, are not suitable for long toll cable operation beciuse cable

specially adapted for operation on long four-wire cable circuits ten
or more telegraph circuits heing obtainable from one four-wire circuit.
The same carrier frequencies are used in both directions and are
spaced 170 cyeles apart.  The carrier currents are supplied at cach
terminal station by means of a single multi-frequency generator.

Metallic Polar-Duplex Telegraph System for Long Small-Gage Cables.*
Joux H. Berr, R. B. Suanck, and D, E. Braxsox.  In connection
with carrying out the toll-cable program of the Bell System, a metallie-
virenit polar-duplex telegraph svstem was developed.  The metallic-
return type of circuit lends itsell readily to the cable conditions, its
frecdom from interference allowing the use of fow potentials and
currents so that the telegraph may be superposed on telephone cir-
cuits.  The new system represents an unusnal refinement in direet
current telegraph circnits. the operating current heing of the same
order of magnitude as that of the telephone circuits on which the
telegraph is superposed.

The following are some of the outstanding features of the present
system.  Sensitive relays with closely halanced windings are employed
in the metallic eircuit, and “vibrating circuits” are provided for
minimizing distortion of signals. Repeaters are usually  spaced
about 100 miles apart.  Thirty-four-veolt line batteries are used and
the line current is four or five milli-amperes on representative ciceuits.
Superposition is accomplished by the compositing method  which
depends upon frequency discrimination, the telegraph oceupying the
frequency range below that of the telephone.  New  local-circuit
arrangements have been designed, employing polar relays for repeti-
tion of the signals; these arrangements are suitable for use in making
up circuits in combination with carricr-current and ground-return
polar-duplex telegraph scctions.  New forms of mounting are em-

t journal A. L. E. E_, Vol. 44, p. 213, 1925,

* Presented at the mid-winter convention of the \. L E.
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., Feb,, 1925,
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ploved in which a repeater is either built as a compact unit or is
made up of several units which are mounted on 1-beams, and sub-
sequently interconnected.  In the latter case the usual arrangements
for sending and receiving from the repeater are omitted, and a sep-
arate ‘“‘monitoring’ unit provided for connection to any one of a
group of repeaters.

The metallic system is suitable for providing circuits up to 1,000
miles or more in length, the grade of service being better than that
usually obtained from ground-return circuits on open-wire lines for
such distances.  About 55,000 miles of this type of telegraph circuit
arc in service at present.

Polarized Telegraph Relays® J. R. Fry and L. A. GARDINER.
This paper discusses two forms of polarized telegraph relay which
have been developed by the Bell System for metallic telegraph cir-
cuits and for carrier current telegraph circuits.  Both relays are of
the same general construction except that one is more sensitive and
carries an auxiliary accelerating winding.  The more sensitive relay
is required to operate on reversals of line current of one milliampere,
and at the same time retain its adjustment over long periods and
faithfully and accurately repeat signals. It is interesting to note
that under average conditions the ratio of power controlled by the
contact circuit to that required by the line windings is about 5,000
to one. The parts entering into the magnetic circuit of this relay
except for a permanent magnet, are made of the new magnetic alloy
(permalloy) recently developed in the Bell Telephone Laboratories.
Permalloy lends itself to use in this relay because of its high perme-
ability and very small residual effeets. The design of the relay
armature and the support for the moving contacts is such that con-
tact chatter s practically eliminated. DPhoto-micrograms showing
practically no destructive action are given of the contacts of a relay
which was in continuous serviece for 84 months, during which time
each contiact made and broke its circuit approximately 45,000,000
times,

Supervisory Systems for Remote Controlr J. C. FieLp. With the
great growth in power distributor systems and especially with the
advent of the antomatic substations with no attendant there has arisen
need for a supervisory system to indicate to the central load dis-
patcher the position or operating condition of each important power
unit in the outlying stations and also to give him means to operate
promptly these power units when desired.

* Jourmal A, L EL E., Vol. 43, p. 223, 1925,
¢ Electrical Communications, Vol. 3, pp.127-133, 1924,
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By the turning of a key the dispateher can open or elose any switeh
or circuit breaker, start or stop any of the machines and receive back
almost instantly a visnal and continuous sigual of a red or green Lanp.
The present systems provide in effect a key and two Lumps, one red,
one green, for cach unit supervised mounted in casy aceess of the
dispatcher.

Two main systems known as the distributor supervisory and the
selector supervisory have been developed to meet the varying con-
ditions of service.

The distributor system is recommended when there is a large num-
ber of units to be supervised in a given station. It consists essen-
tially of two motor-driven distributors, one in each station, running
in syuchronism. Brushes on each distributor pass over correspond-
ing segments of two sets of 50 segments at the same instant.  Thus
by means of only four connecting wires between the stations the con-
trol and continuous indication of 50 power units is possible.

The selector system is recommended when there is only a few
switches to be supervised in a single station or in several stations
located some distance apart. It consists essentially of hand oper-
ated keyvs to send predetermined codes of impulses to operate se-
lectively step by step selectors at the distant stations. After the
selector has operated the power unit, an auxiliary contact on this
unit operates a motor-driven key to send coded impulses to operate
a selector at the dispatcher’s station to indicate the condition of the
unit by lighting a red or green lamp. Several stations can be super-
vised over the same three-line wires.

The dispatcher, by looking at the lamps on his control board, can
thus tell at all times the electrical and mechanical conditions at all
points in the system and has means to change the operating condi-
tions at any substation according to the demand for power.

Note on Dr. Louis Cohen's Paper on Alternating Current Cable
Telegraphy.s 1. A. MacCoLL. This is a criticism of two papers
which were published in the Journal of the IFranklin Institute by
Dr. Louis Cohen. It is shown that Cohen's development of the
theory of cable telegraphy contains many defects and errors, and in
particular that his criticisms of H. W. Malcolm's book, * The Theory
of the Submarine Telegraph and Telephone Cable,” are without
foundation.

Telephone Circuit Unbalances, Determination of Magnitude and
Location.® L. P. Ferris axp R. G. McCurov. This paper dis-

¢ Journal of the Franklin Institute, Vol. 199, p. 99, 1925.
¢ Journal A. 1. E. E,, Vol. 43, p. 1133, 1924.
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cusses the effects of unbalances of telephone circuits on noise and
crosstalk, and desceribes methods for detecting the presence of these
unbalances and locating them when detected.  The maintenance
of telephone circuits in a high state of efficiency with respeet to
balance is important since unbalances contribute to crosstalk between
telephone eircuits and to noise when such circuits are involved in
inductive exposures.  Different types of unbualances are included
and their ceffeets under different conditions of cnergization of the
unbakinced circuit and neighboring conductors are discussed. Methods
are described for determining:

(1) The general condition of circuits with respeet to balance by
crosstalk measurements from their terminals.

(2) The approximate location of unbalances along a line by meas-
urements over a range of frequencies with a bridge at one end of the
linc.

(3) The final location of unbakinces by fickl measurements with
an unbalance detector which may be operated by a lineman and
which usually does not require interruption of telephone service, except
momentarily.

Toll circuit office unbalances are brielly discussed and a special
bridge for detecting and measuring the unbalances of composite sets
is deseribed. A mathematical treatment of the bridge method for
locating unbalances and a discussion of the necessity of terminating
the circuits involved in the tests in their characteristic line imped-
ances are given in an appendix. The methods and apparatus
deseribed are widely used in the Bell System and afford operating
telephone companies means for maintaining their circuits in the
condition of minimum practicable unbalance.

The Theory of Probability and Some A pplications lo Engineering
Problems.” E. C. Nowrixa.  The purpose of this paper is to sug-
gest o wider recognition by engineers of a body of principles which,
in its mathematical forn, is a powerful instrument for the solution
of practical problems.  Certain fundamental principles of the theory
of probabilities are stated and applied to three problems from the
fickl of telephone engineering.

Note on the Least Mechanical Equivalent of Light® Heripert 15
Ivies.  lu this paper the value for the brightness of the black body
at the melting point of platinum recently obtained by the writer is

P Journal A 1L KL, Vol 44, p. 122, 1925,

* Journal of 1he Opticat Society of American and Rev. of Seientific Insiruments,
Vol, 10, No. 3, March, 1925, p. 289,
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usedd to il a value Tor the least mechanical cquivalent of light using
the latest values for the black body constants and the melting point
of platinum.  The specteal luminous elhiciency eneve obtained by
Tyndall and Gibson is emploved. 1 is found that over the entire
range of probable values of the black body constants, the values for
the least mechanical equivalent of Tight may be plotted as a stright

8 v (& d
line in terms of g N0 that the present computations may he ex-

pressed in i simple equation in which any desired values of the black
body constants may be inserted.  Using the Latest values the least
mechanical equivatent of light is found to be 00161 watts per lumen.
This is practically identical with the value obtained by using the
author's carlier experimental determination using the monochromatic
green mercury light, when combined with the Gibson and Tyndall
luminous cfheieney enrve.

Photoclectric Properties of Thin Films of Alkali Mclals.® TlurBERT
I Ivis.  The thin flms of alkali metals which deposit spontancously
on clean metal sarfaces in highly exhausted tnelosures are studied.
The alkali metals, sodium, potassium, rubidium, and caesium, in the
thin Alm form all exhibit, to a striking degree, the selective photo-
clectrie effect hirst discovered in sodium-potassium alloy.  lixperi-
ments on varying the thickness of the deposited film show that the
selective elfect only occurs at a certain stage of the film's develop-
ment; for very thin films the selective effect s absent, and it dis-
appears again for thick layers of the pure alkali metal.  The wave-
length maxima of emission previously asceribed to the selective effect
in the pure alkali metals on the basis of observations with rough or
collotdal surfaces are absent in these thin films.

The Normal and Selective Photoelectric Effects in the Alkali Metals
and Thewr loys.'®  HeRRERT E. Ivies and AL L. Jonsskep.,  The
photoelectric currents from specular surfaces of molten sodinm, pot-
as~sium, cubidium, and caecstum, and their alloys are studied at
varions angles of incidence for the two principal planes of polariza-
tion. The selective photoclectric effeet is elearly exhibited only in
the case ol the liquid alloy of sodium and potassivm.  Wave-length
distribution curves show maxima of emission, which are usnally, but
not always, most pronounced for light polarized with the cleetrie
veetor parallel to the plane of incidence.  The wave-length maxima
previonshy assigned to the several elements are not confirmed; the

2 Ascrophysical Journal, Vol. LLX, No. 4, November, 1924,
12 Astrophysical Journal, Vol. LX, No. 1, November, 1924,
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maxima vary in position for the same clement with the condition
and mode of preparation of the surface.

Theory of the Schroteffekt. T. C. FrY. The current from a
vacuum tube is composed of diserete particles of electricity which
emerge according to no regular law but in an accidental, statistical
fashion. The current therefore luctuates with time. [f the fluctua-
tions are amplified sufficiently they may be heard in a telephone
receiver as “noise”’—a type of noise which is due to the mechanism
of electron emission itself and not to outside interference. This
noise is called the *‘Schroteffekt.”

The effeet is of certain importance from the telephone standpoint,
for it appears that signals, the intensity of which is lower than that
of the accidental current fluctuations, can never be rendered intel-
ligible by vacuum tube amplification since the noise due to the sta-
tistical Hluctvations of space current would be amplified to the same
extent and would mask the signals. Fortunately, however, the
clfeet is much less pronounced under operating conditions than it is
under the conditions which are most favorable for laboratory study.
This is due to the fact that the presence of space charge under operat-
ing conditions smooths out the clectron stream to a very material
extent, and thus reduces the tube noise. The limitation imposed
upon amplification is thercfore not serious.

The present paper deals with what we have termed “laboratory
conditions’" as distinct from “operating conditions.” Its prineipal
resuly, arrived at by theoretical consideration, is: That if the elec-
trons are emitted independently of one another the intensity of the
noise in the measuring instrument is

S=viy,

where v is the number of clectrons emitted per unit time and w; is
the average over all electrons of the energy that cach would have
cansed to be dissipated in the measuring deviee if not other had ever
been emitted.

When this formula is applied to the type of simply tuned cireuit
that was considered by earlier writers, it leads to substantially the
the same results as they had obtained. 1t is more general than these
carlier results, however, and rests on [ess questionable methods of
derivation. It is, in fact, more general than the problem of the
Schroteffekt itself and applies equally well to the absorption of
energy from any type of accidental disturbance which satisfies the
condition that the individual electromotive impulses occur inde-

1 Journal of Franklin Institute, \'ol. 199, p. 203, 1925,
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pendently of oue another.  Static in radio telephony and certain
tvpes of crosstatk probably satisfy these conditions.

T'he Transmission Unit.® R, V. L. Harttev, Fhe Bell System
has recently adopted a new transmission unit, abbreviated 77U, for
expressing those quantities which heretofore have been expressed in
miles of standard cable, or in Europe in terms of the 8l unit. It is
shown that units of this type measure the logarithm of a ratio, and
that the present art requires that this ratio be that of two amounts
of power. Any of the proposed units may be so defined.  Their
essential difference is in the ratio chosen to correspond to one unit.
The ratio chosen for the TU, 10%!, makes it nearly the same in size
as the 800-cyele mile, which has advantages. It also facilitates the
use of common logarithms in preference to natural logarithms for
which the ratio e of the 8/ unit is adapted. A distortionless refer-
ence system calibrated in 7°U is discussed, and conversion tables for
the various units are given.

The Thermionic Work Function of Oxide Coated Platinum.® C.
Davissox and L. H. GERMER. Measurements of the thermionic
work function of pure platinum coated with oxides of barium and
strontium have been made simultaneously by two methods for the
same segment of a uniformly heated filament. The theory of the
measurements and the experimental arrangements are the same as
used in an earlier experiment on the thermionic work funetion of
pure tungsten.  Filament temperatures accurate to =+3°, were {ounc
Irom the resistance of the filament at 0° C. in conjunction with the
temperature coethicients of resistance. (1) In the Calorimetric method
the equivalent voltage of the work funetion was computed from the
sudden voltage change resulting from switching off the space current,
due to the cooling effect of the emission. The determination was
much more difficult that in the case of the tungsten filament, and
measurements were made at the signle temperature, 1064° K. At
this temperature the work function ¢ was found to be equal to
1794 .03 volts. (2) In the temperature variation method it was
found that, aflter the temperature had been changed suddenly from
one value to another, the emission changed approximately exponen-
tially from an initial value to a final stcady value. The half value
period of this change varied from a few seconds at high temperature
to over a quarter of an hour at low temperature.  Interpreting this
”"-' :Ek;rlrical Communications, July, 1924, London Electrician, January 16 and
1381925,

U Physical Review, Vol. 24, p. 666, 1924.
' Davisson and Germer, Phys. Rev., 20, 300 (1922).
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phenomenon as due to a progressive and reversible change of the
character of the ilament with temperature, the initial emissions after
temperature changes from 1061° K, were used to determine the b
constant of Richardson's equation corresponding to the equilibrium
character of the filament at 1064° K, and similar measurements
were made for the b constant corresponding to the character of the
filument at 911° K. The two determinations lead, through the
relationship ¢ =bk/e, to 1.79 volts and 1.60 volts for the correspond-
ing values of ¢. For 1061° K, then, the two methods give values
for ¢ in agreement.  The measurements are, however, not sufficiently
accurate to give any indication whether or not an clectron within
the metal possesses the thermal energy 3£7°/2. The various cor-
rections made and possible errors are thoroughly discussed. 1t is
pointed out that if the transition from the equilibrium state at one
temperature to that at another had ocenrred so rapidly as to avoid
observation, a disagreement of 25 per cent. between the values of
¢ given by the two methods would have been obtained which might
have heen misinterpreted.
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Oliver Heaviside
By F. GILL

LTHOUGH abler pens' have expressed appreciation of the Lite

Oliver Heaviside, it is perhaps permissible for an English tele-
phone engineer to present a note regarding him.  Of his life-history
not very much is known; but he may have been influenced in his
choice of a career by the fact that he was a nephew of the famous
telegraph engincer Sir Charles Wheatstone.  Heaviside was born in
London on May 13, 1850; he entered the service of the GreatNorthern
Telegraph Company, operating submarine cables, and he remained
in that service, at Newcastle-on-Tyne, until 1874. While he was
with the Telegraph Company:, he published in 1873 a paper showing
the possibility of quadruplex telegraphy.

At the age of about 21, owing, it is suggested, to increasing deafness,
he left the service of that Company and took up mathematical research
work. How he acquired his mathematical training does not seem to
be known;® perhaps he was self-taught,—in some of his Papers he
implies it. By whatever means he mastered the principles, it is
evident that he was an ardent student of Maxwell, for constantly
in Heaviside's own writing runs a vein of appreciation of Maxwell.
For some time he lived in London, then he moved to Paignton in
Devonshire; his Electrical Papers are written from there, and he died
at the neighboring town of Torquay on IFebruary 4, 19235, in his
75th year.

That is about all the personal history at present available, and yet
it gives a clue to a dominant note in his character, viz., reluctance to
come into prominence, originating, perhaps, in a kind of shyness,
which ultimately led to the recluse state. It is strange that so remark-
able an investigator shonld, in his earlier manhood, have convinced
so few, notwithstanding the fact that his voluminous writings made
his name well known. It must, however, be remembered that his
articles were very difficult, even for advanced mathematicians to
follow, for he used a system of mathematics which, at that time

! The Electrician, Vol. XCIV, p. 174, by Sir Oliver Lodge, F.R.S., O.M. Nature,
Vol. 115, p. 237, by Dr. Mex. Rassell, F.R.S.

2 Was he the youth with the frown in the library? e says he “then died,” but
also says “'he was caten up by lions.” (EALT., Vol. [, pp. 1 and 135.)
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was unusual. Whatever the cause, the fact remains that until about
the year 1900 few engineers understood him.

Coming to his work, what was it that Heaviside did, and upon
what does his fame rest? That is too large a subject for a telephone
engineer to answer fully, but as regards communication engineering
something may be said. His great achievement was the discovery
of the laws governing the propagation of energy in circuits. He
recognized the relationship between frequency and distortion; he
illustrated it by numerical examples, and he showed what was re-
quired to make a “distortionless circuit.”  [Further, he showed the
effects of “attenuation” and the result of “inductance’ (these words
were his own coinage) in improving telephony. He also explained
how the inductance of circuits could be increased; he suggested the
use of continuous loading, of lumped inductance in the form of coils,
and he pointed out the difficulty of obtaining sufficiently low resistance
in such coils. Tle investigated the effect of sea and land and the
upper atmosphere on the propagation of radio energy and how it was
that this energy could be transmitted over the mountain of earth
intervening between two distant places.

His activity in these matters can best be illustrated by extracts
from his writings, as follows:

In his “Electrical Papers,” Vol. TI, written in 1887, p. 161, he
gives numerical examples of frequency distortion and of its correction,
and says:

“It is the very essence of good long distance telephony that
inductance should not be negligible.”

In his “Electromagnetic Theory,” Vol. 1, published in 1893, he
considers in Section 218, p. 411.

“various ways, good and bad, of increasing the inductance of
circuits”

He suggests, page 445, the use of

I

inductance in isolated lumps. This means the insertion
of inductance coils at intervals in the main circuit.  That is to say
just as the effect of uniform leakage may be imitated by leakage
concentrated at distinct points, so we should try to imitate the
inertial effects of uniform inductance by concentrating the induct-
ance at distinet points.  The more points the better, of course . . .
The Electrical difficulty here is that inductance coils have resistance
as well, and if this is too great the remedy is worse than the disease.
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. To get large inductance with small resistance, or, more gen-
erally, to make coils having large time constants, requires the use
of plenty of copper to get the conductance, and plenty of iron to
get the inductance, employing a properly closed magnetie cireuit
properly divided o prevent extra resistance and cancellation of the
increased  indoctance . . . This plan . . . is a  straightforward
way of increasing the L largely without too much increasing the
resistance and may be worth working out and development. But
I should add that there is, so far, no direct evidence of the beneficial
action of inductance brought about in this way.”

In “Electrical Papers,” Vol. 11, p. 311, he deals with reflected
waves, and on page 347 he says:

"

. .. but the transmitter and the receiving telephone distort
the proper siguals themselves.  The distortion due to the electrical
part of the receiver may, however, be minimized by a suitable
choice of its impedance.

“Electromagnetic Theory,” Vol. I, p. 404:—

“We have scen that there are four distinct quantities which
fundamentally control the propagation of ‘signals’ or disturbances
along a circuit, symbolized by R, K, L, and S, the resistance,
external conductance, inductanee, and permittance;”

“Electromagnetic Theory,” Vol. I, p. 411:—

“It is not merely enough that signals should arrive without being
distorted 100 much; but they must also be big enough to be useful
.. . Nor can we fix any limiting distance by consideration of dis-
tortion alone. And even if we could magnify very weak currents,
say a thousandfold, at the receiving end, we should simultancously
magnify the foreign interferences. In a normal state of things
interferences should be only a small fraction of the principal or
working current. But if the latter be too much attenuated, the
interferences become relatively important, and a source of very
serious distortion.  We are, therefore, led to examine the influence
of the different circuit constants on the attenuation, as compared
with their influence on the distortion.”

“Ilectrical Papers,” Vol. 11, p. 102:—
“I was led to it (the distortionless circuits), by an examination
of the elfect of telephones bridged across a common circuit (the

proper place for intermediiate apparatus, removing their impedance)
on waves transmitted along the circuit.”
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With regard o Radio Communication, one extract must suffice
writing on The Electrie Telegraph in June, 1902, for the Encyclopedia
Britannica, he says,—"Electromagnetic Theory,” Vol. 111, p. 335:—

“There is something similar in ‘wireless’ telegraphy. Seca water,
though transparent to light, has quite enough conductivity to
make it behave as a conductor for Hertzian waves, and the same
is true in a more imperfect manner of the earth. Hence the waves
accommodate themselves to the surface of the sea in the same way
as waves follow wires. The irregularities make confusion, no
doubt, but the main waves are pulled round by the curvature of
the earth, and do not jump off. There is another consideration.

There may possibly be a sufficiently conducting layer in the upper

air.  If so, the waves will, so to speak, catch on to it more or less.

Then the guidance will be by the sea on one side and the upper

layer on the other. But obstructions, on tand especially, may

not be conducting enough to make waves go round them fairly.

The waves will go partly through them.”

Probably due to his long seclusion, his approach to certain subjects
was rather critical. At one time I tried to get a portrait of him for
the Institution of Electrical tngineers, but failed;—he did not wish
to have his photograph exhibited, he thought that “one of the worst
results (of such exhibition) was that it makes the public characters
think they really are very important people, and that it is therefore a
principle of their lives to stand upon doorsteps to be photographed.”

On another occasion when I sent him a copy of an article by a dis-
tinguished telephone engineer on “The Heaviside Operational Cal-
culus,” he replied that he had “looked through the paper . . . with
much interest, to see what progress is being made with the academical
lot, whom 1 have usually found to be very stubborn and sometimes
wilfully blind.”

Some have held that Heaviside was not recognized as he ought to
have been. This was probably the case some time ago, but not in
recent years. The same is true of many very great men who were
much in advance of their time, for the English have the national
characteristic that they do not make much fuss about their great
men.  So if Tleaviside suffered, he shared this experience in common
with other pioneers who deserved higher recognition. Sce, for ex-
ample, what Heaviside himself said about one of these, in a footnote
in "“Lectromagnetic Theory,” Val. 111, p. 89:

“George Francis Fitzgerald is dead. The premature loss of a
man of such striking original genivs and such wide sympathies
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will be considered by those who knew himi and his work to he a
national misfortune.  Of course, the ‘nation’ knows nothing about
it, or why it should be so.”

During the last 20 vears or more, the significance and luminons
quality of the work of Heaviside has heen inereasing by acknowledged
mathematicians and by practical telephone, telegraph and radio
engineers.  To other cleetrical engineers his treatment of wave-
transmission has not yet appealed quite so strongly.

Probably his first recognition came from his contribution to the
problem—"Electromagnetic Induction and its Propagation™ in the
Elecirician. Ut appeared as a series of articles between  January,
ISS5 and December, 1887, His “Electrical Papers’ were written
at various times and were published in two volumes in 1892, Then
followed his three volumes on “Electromagnetic Theory”—on the
basis of the Electrician articles  published in 1803, 1899 and 1912,
He also wrote, in 1902, the article on the ““Theory of the Electric
Telegraph™ in the “Encyclopedia Britannica.”

In 1591, the Royal Society made him a Fellow. In 1899, the
American Academy of Arts and Sciences elected him an Honorary
Member. In 1908 the Institution of Electrical Engineers did the
same, followed by the American Institute of Electrical Engineers in
1917. The Literary and Philvsophical Society of Manchester also
clected him an Honorary Member. He was an Hon. Ph.D. of the
University of Gottingen, and in 1921, the Institution of Electrical
Engineers conferred upon him the highest award in their gift—the
Faraday Medal.  He was the first recipient of this Medal which was
established to commemorate the 50th anniversary of the founding of
the original Society of Telegraph Engincers and of Electricians, and
since then the medal has been bestowed upon Sir Charles Parsons,
Dr. S. Z. de Ferranti, and Sir J. J. Thomson.

From time to time there were reports of his living in great poverty,
and attempts were made to help him. These reports lacked propor-
tion, but it is true he had not much money and perhaps still less com-
fort; he was a difhicult man to help. Towards the end of his life he
received from the British Government a Civil Pension.  His inde-
pendent character rendered it necessary that offers of assistance should
be tactfully made and apparently this was not always the case, as 1
believe help was sometimes refused; but there were those who suec-
ceeded.  Another difficulty was his unconventional mode of living
which caused him, in his last years, to live as a recluse, cooking and
looking after his house alone.
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Just what other work Heaviside did, in addition to his published
writings, is not at present known to me. [ believe he left a good
deal of manuscript, but whether it is in such a state that it could
be completed by another, I do not know. Let me conclude this note
by an extract from his last chapter of his last book, “Electromagnetic
Theory,” Vol. 111, page 519 :—

“As the universe is boundless one way, towards the great, so it
is cqually boundless the .other way, towards the small; and im-
portant events may arise from what is going on in the inside of
atoms, and again, in the inside of electrons. There is no energetic
difficulty. Large amounts of energy may be very condensed by
reason of great forces at small distances. How electrons are made
has not yet been discovered. From the atom to the electron is a
great step, but is not finality.

“Living matter is sometimes, perhaps generally, left out of
consideration when asserting the well-known proposition that the
course of events in the physical world is determined by its present
state, and by the laws followed. But 1 do not see how living
matter can be fairly left out. For we do not know where life
begins, if it has a beginning. There may be and probably is no
ultimate distinction between the living and the dead.”



The Loaded Submarine Telegraph Cable'
By OLIVER E. BUCKLEY

Sysorsts: With an increase of trallic carrying capacity of 3007, over
that of corresponding cables ol the previous art, the New York-Nzores
pernnlloy-loaded ¢ able marks a revolution in submarine cable practice.
This cable represents the fiest practical application of mtlmn\\- loading
to rransoceanie cables.  Vhe copper conductor of the cable is surronnded by
athinlayer ol the new magnetic material, permaltoy, which serves to increase
its indoctance and consequently its ahility to transmit a rapid succession
ol telegraph signals.

Uhis paper explains the part played by loading in the operation of a cable
of the new type and discisses some of the problems which were involved in
the (l(\ll(ll!n" nt leading up to the fiest commercial installaion.  Particular
atteation 1s given to those features of the transmission prohlem wherein
a practical cable differs from the ideal cable of previous theoretical dis-
cussions.

Briel mention is nide of means ol operating loaded cables and the pos-
sible trend of future development.

PERMALLOY LOADING

HE announcement on September 21, 1924, that an operating
speed of over 1,500 letters per minute had been obtained with
the new 23000 mile New York-Azores permalloy-loaded cable of the
Western Union Telegraph Company, brought to the attention of the
public a development which promises to revolutionize the art of suby-
marine cable telegraphy.  This announcement was based on the
result of the first test of the operation of the new cable. A few weeks
later, with an improved adjustment of the terminal apparatus, a
speed of over 1,900 letters per minute was obtained.  Since this
speed represents about four times the tralfic capacity of an ordinary
cable of the same size and length, it is clear that the permalloy-loaded
cable marks a new cra in transoceanic communication.

The New York-Azores cable represents the Nirst practical attempt
to secure increased speed of a long submarine telegraph cable by
inductive loading and it is the large distributed inductance of this
cable which is principally responsible for its remarkable performance.
This inductance is secured by surrounding the conductor of the cable
with a thin layer of permalloy.  Fig. 1 shows the construction of
the deep sea scetion of the cable.  ln appearance it ditfers from the
ordinary type of cable principally in having a permalloy tape D005
inch thick and 0.125 inch wide, wrapped in a close helix around the
stranded copper conductor,

Permalloy, which has been deseribed by Arnold and Elmen,! is an
alloy consisting principally ol nickel and iron, characterized by very

! Presented before the A 1L EC KL, June 260, 1925,
* Jour. Franklin Inst., Vol. 195, pp. 620 632, May 1923; B. S. T. J., Vol. 11, No. 3,
p. 101,
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high permeability at low magnetizing forces.  The relative propor-
tion of nickel and iron in permalloy may be varied through a wide
range of additional elements as, for example, chromium may be added
to secure high resistivity or other desirable properties.  On account

Fig. U Permalloy-loaded Cable.  Above, scetion of deep sea type showing con-
struction.  Below, section of core showing permalloy tape partly unwound.

of its extremely high initial permeability a thin layer of permalloy
wrapped around the copper conductor of a cable greatly increases its
inductance even for the smallest currents.

In the case of the New York-Azores cable the pernmll()v tape is
composed of approximately 781,57 nickel and 211,70 iron and gives
the cable an inductance of about 54 millihenries per nautical mile.
An approximate value of the initial permeability of the permalloy
in that cable may be got by assuming the helical tape replaced by a
continuous cylinder of maguetic material of the same thickness?®
This material would have to have a permeability of about 2,300 to
give the observed inductance. A\ better appreciation of the extraor-
dinary propertics of the new loading material may he obtained by
comparing this permeability with that which has previously been
obtained with iron as the loading material.  The Key West-Havana
telephone cables are loaded with 0.00% inch diameter soft iron wire.
The permeability of this wire, which was the best which could be
obtained commercially when that cable was nade, is only about 115,

3 The true initial permeability is slightly higher.  To compuie it, account must
be !;nkpll of the fact that, contrary to what has been sometimes assumed, the mag-
netic lines of induction in the tape do not form closed loops around the wire but tend
to follow the tape in a helical path. The pitch of the helical path of the lines of
induction is slightly less than that of the permalloy tape with the result that a line
of induction takes a number of turns around the conductor, then erosses an airgap
Ietween two adjacent turns of tape and continues along the tape to a point where

i<

it again slips back across an airgap,  ( . Buckley, Hrmxh Patent Na. 206,104,
March 27, 1924, also K. W. Wagner, E.NT,

Vol l, No. §, p. 157, 1924,
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or approximately one-twenticth that of the perndloy tpe of the
New York-Azores cable.

Proutevs ENCOUNTERED

The proposal to use permalloy loading o inerease the speed of
long telegraph cables was one outcome of an investigation under-
taken by the anthor soon after the war to determine whether some of
the new methods and materials developed primarily for telephony
might not find important application to submarine telegraphy.  In
the subsequent development of the permalloy loaded cable a large
number of new problems, hoth theoretical and practical, had to he
solved before the manufacture of a cable for a commercial project
could be undertaken with reasonable assurance of success.  The
problenis encountered were of three principal kinds.  First was that
of the transmission of signals over a cable having the charicteristies
of the trial conductors made in the laboratory.  Although the theory
of transmission over a loaded cable had heen previously treated by
others, the problem considered had been that of an ideal loaded cable
with simple assumptions as to its cleetrical constants and without
regard to the practical limitations of a real cable.  The second class
of problems had to do with the practical aspeets of design, manu-
facture and installation. In this connection an extensive series of
experiments was conducted to determine the means required to
seenre at the ocean bottom the characteristics of the laboratory
samples on which the transmission studies were hased.  Among the
numerous problems which arose in this connection were those con-
cerned with proteeting the copper conductor from any possible dam-
age in the heat-treating operation which was necessary to secure the
desired magnetic characteristies, and those concerned with protecting
the strain-sensitive permalloy tape from being damaged by snb-
merging the cable to a great depth.  The third class of problem had
to do with terminal apparatus and methods of operation. The
prospective speed of the new cable was guite beyond the capabilities
of standard cable cquipment and accordingly new apparatus and
operating methods saited to the loaded cable had to be worked out.
In particular it was necessary to develop and construct instruments
which could be used 1o demonstrate that the speed which had been
predicted could actually be secured. The success of the investiga-
tions along all three lines is attested by the results which were oh-
tained with the New York-Azores cable.  Fig. 2 shows a section of
cable recorder slip, the easily legible message of which was sent from
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Horta, Fayal, and received at New York at a speed of 1,420 letters
per minute.

1t is principally with regard to the first of these classes of problems,
that of the transmission of signals, that the following discussion is
concerned.  No attempt will be made here 1o discuss the details of
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Fig. 2 Test Message. Western Union New  York-Azores  Permalloy -Loadcd
Cable. Sent from torta (Azores) and received at New York, November 14, 1924,
Speed— 1920 letters per minute.  Recorded with special high speed siphon recorder

design and development of the physical structure of the cable, nor
will there be given a detailed description of the operating results or
how they were obtained.  These subjects must be reserved for later
publication. It is desired in what follows to explain how inductive
loading improves the operation of a submarine cable and to point
out some of the problems concerned with the transmission of signals
which had 1o be considered in engineering the first long loaded cable.

Factors Livitine SPEED oF Nox-Loapen CABLE

In order to understand the part played by loading in the trans-
mission of signals it is desirable first 1o review briefly the status of
the cable art prior to the introduction of loading and to consider the
factors then liniiting cable speed and the possible means of over-
coming them. .\ cable of the ordinary type, without loading, is
essentially, so far as its electrical properties are concerned, a resist-
ance with a capacity to carth distributed along its length.  Although
it does have some inductance, this is too small to affect transmission
at ordinary speeds of operation exeept on cables with extremely heavy
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conductors.  The operating speed of a non-loaded eable is approxi-
mutely inversely proportional to the product of the total resistance
by the total capacity: that is,

.k
= CRe

where O s capacity and R resistance per unit lengtly, and [ is the
length of the cable. The coctticient & is generally referred to as the
speed constant. Tt is
such factors as terminal interference and method of operation, but
is a convenient basis for comparing the efficiency of operation of
cables of different electrical dimensions.  As the technique of oper-
ating cables his improved the aceepted value of & has increased, its
value at any time being dependent on the factor then limiting the
maximum speed obtainable.  This factor has at times been  the
sensitiveness of the receiving apparatus, at other times the distor-
tion of signals, and in recent ycars interference.  During a great part
of the history of submarine cable telegraphy distortion was considered
the factor which limited the speed of operation of long cables and on
this account most of the previous discussions of submarine cable
transmission have heen concerned principally with distortion and
means for correcting it.  As terminal apparatus was gradually im-
proved means of correcting distortion were developed which prac-
tically eliminated distortion as an important factor in the operation
of long cables. With distortion thus e¢liminated the speed was found
to be limited principally by the sensitiveness of the receiving ap-
paratus. This limit was, however, climinated in tuen by the develop-
ment of signal magnificrs. During recent years, in which numerous
cable signal magnifiers have been available and methods of correcting
distortion have been understood, the only factor limiting cable speed
has been the mutilation of the feeble received signals by interference.
Most cables are operated duplex, and in these the speed is usually
limited by interference between the outgoing and incoming signals.
In cables operated simplex, and also in cables operated duplex where
terminal conditions are unfavorable, speed is limited by extrancous
interference which may be from natural or man-made sources and
which varies greatly in different locations.  The strength of the
received current must in either case be great enough to make the
signals legible throngh the superposed interference current. Owing
to the rapidity with which the reccived signal amplitnde is decreased
as the speed of sending is increased, the limiting speed is quite sharply
defined by the interference 1o which the cable is subject.

of course, not a constant since it depends on
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MEANS OF INCREASING SPEED

With the speed of operation thus limited there were two ways in
which the limiting speed could be increased: the interference could
be reduced, or the strength of signals made greater.  No great reduc-
tion in interference due to lack of perfect duplex balance could be
expected, as balancing networks had already been greatly refined.
Extrancous interference in certain cases could be reduced by the use
of long, properly terminated sca-carths.  The signal strength conld
be increased either by increasing the sending voltage or by decreasing
the attenuation of the cable. However, with duplex operation nothing
at all is gained by increasing the voltage in cases where lack of perfect
duplex balance limits the speed, and with simplex operation any gain
from raising the voltage is obtained at the cost of increased risk to
the cable, the sending voltage being usually limited to about 50
volts by considerations of safety. The attenuation of the cable could
be reduced and the strength of the signal increased by use of a larger
copper conductor or by using thicker or better insulating material.
None of these possible improvements, however, scemed to offer pros-
pect of very radical advance in the art.

In telephony, both on land and submarine lines, an advantage
had been obtained by adding inductance ® in either of two ways, by
coils inserted in series with the line or by wrapping the conductor with
a layer of iron.  The insertion of coils in a long deep-sea cable was
practically prohibited by difficulties of installation and maintenance.
Accordingly, only the second method of adding inductance, com-
monly known as Krarup or continuous loading, could be considered

2 The idea of improving the transmission of signals over a line by adding dis-
tributed inductance 1o it originated with Oliver Heaviside in 1887 (1Zlectrician, Vol
XIX, p. 79, and Electromagnetic Theory, Vol. 1, p. 441, 1893), who was the first
to call attention to the part played by inductance in the transmission of current
impulses over the cable.  Ile suggested as a means for obtaining increased induct-
ance the use of iron as a part of the conductor or of iron dust embedded in the gutta
percha insulation. Ile also proposced inserting inductance coils at intervals in a
long line. Other types of (ml loading were proposed by S. 1. Thompson (British
PPatent 22,304-—1891, and U, Patents 571,700 and 571 AUI’*!WK)), and by C. J.
Reed (U. S. Patents 51(),()12 aml 510,61 3715()2) M. L Pupin (N L E. 5 Trans,,
Vol. XVI, p. 93, 1899, and Vol. XVI1, p. 415, 1900) was the first to formalate the
criterion on the hasis of which coil loaded ((Iuphnnc cables could be designed. Con-
tinnous loading by means of a Inngnmlm.\II\ dumnnmmu» layer of iron covering
the conductor was proposed by J. S. Stone in 1897 (U, S, Patent 578,275). Breisig
(. °T. Z., Nov. 30, 1899) suggcested the use of an npen helix of iron wire wound
around the conductor and Kr: arup ( , A\pril 17, 1902) proposed using a closed
spiral so that the adjacent turns were mmnm(l J. 11 Cuntz (U. S. Patent 977,713
filed March 29, 19010 proposed another form of continnons loading.  Recent general
discussions of lnuh d telegraph cable problems have been given by Maleolm (Theory

of Submarine Telegraph and felephone Cable, London, 1917) and by K. W. Wagner
(Elekir, Nachtr, Tech,, Oct, 1921,
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for a transoceanic telegraph cable and it is primarily with regard to
continuous loading that the following discussion is concerned.

ILEEie s oF Loapiseo

Most of the proposals to load telegraph cables have had the objeet
of reducing or climinating distortion, and accordingly most of the
mathematical treatments of loading have been from that point of
view. The reduction of distortion is, however, not the only benefit
to be obtained from loading and, in fact, may not always be seenred
in the high speed operation of a loaded eable.  The principal benefit
of loading from the practical standpoint is to decrease the attenna-
tion of the signals so that for a given frequency more current will be
received or so that the minimum permissible current may be received
with a greater speed of signalling.  From the mathematical stand-
point there are two ways of treating the problem of the loaded cable,
first with regard to the transmission of a tramsient impulse, and
second with regard to setting up steady alternating currents of definite
frequency. In the ultimate analysis the solution of either problem
can be got from the other. However, for practical purposes they
are two distinct means of attack. Which should be used depends
on the object to be sceured.  If one is concerned primarily with the
effect of the cable on the wave shape of the signal transmitted over
it, it is fairly obvious that the transient treatment bhas advantages.
If, however, one is concerned only with the strength of the received
signal, as is the case if there is assurance that the signal shape can in
any event be corrected by terminal networks, then the steady state
treatment is sufficient and much more convenient to apply. In
the case of the real loaded cable the complete transient solution is
extremely complex and the steady state treatment relatively simple.
The solution of the transient problem of an ideal loaded cable is,
however, very valuable to give a physical picture of how inductive
loading aids the high speed transmission of signals.

The transient solution of the problem of an ulcal heavily loaded
cable has been worked out by Malcolm * and more rigorously by
Carson &, who have determined the curve showing the change of
current with time at one end of the cable if a steady e.m.f. is applied
at zero time between the cable and earth at the distant end. Such a
curve is called an "arrival curve’ and for an ideal loaded cable com-
prising only constant distributed resistanece, capaeity and inductance
may have a form like that shown in Curve b of Fig. 3, which is to be

¢ Theory of the Submarine Telegraph and Telephone Cable, London, 1917.

$Trans. A. L. E. £, Vol. 38, p. 345, 1919.
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compared with Curve a which is the arrival curve of a non-loaded
cable. The straight vertical part of Curve b represents the “head™
of the signal wave which has travelled over the cable at a definite
speed and with diminishing amplitude. The definite head of the arrival
curve is the most striking characteristic difference between the ideal
loaded and the non-loaded cable. In the latter, as is evident from
Fig. 3, the current at the receiving end starts to rise slowly almost
as soon as the key is closed at the transmitting end.  When an e.m.{.
is applied to the sending end of the non-loaded cable a charge spreads
out rapidly over the whole length, the receiving end charging up
much more slowly than the sending end on account of the resistance
of the intervening conductor. Hence, if a signal train consisting of
rapidly alternating positive and negative impulses is applied to the
sending end, the effect at the receiving end of charging the cable
positively is wiped out by the succceding negative charge before there
has bheen time to build up a considerable positive potential and the
suceessive alternating impulses thus tend to annul each other. In
the loaded cable the effect of inductance is to oppose the setting up
of a current and to maintain it once it has been established, and
thus to maintain a definite wave {ront as the signal impulse travels
over the cable. Hence, with inductive loading the strength and
individuality of the signal impulses are retained and a much higher
speed of signalling is possible. It should be noted that by speed of
signalling is meant the rapidity with which successive impulses are
sent and not the rate at which they travel over the cable. This speed
of travel is actually decreased by the addition of inductance, about one-
third of a second being required for an impulse to traverse the New
York-Azores cable from end to end.

It should be noted that Curve b of Fig. 3 is for an ideal loaded
cable in which the factors of resistance, capacity and inductance are
constant. In a real loaded cable none of these factors are constant
and the arrival corve cannot be simply and accurately computed.
Even the capacity which is usually umed as constant for real
cables varies appreciably with frequencies in the telegraph range,
and owing to the fact that gutta percha is not a perfect diclectric
material its conductance, which is also variable with frequency, must
be taken into account.  Although the inductance of the cable is sub-
stantially constant for small currents of low frequency, it is greater
for the high currents at the sending end of the cable on account of
the increase of magnetic permeability of the loading material with
ficld strength and is less at high frequencies than at low on account
of the shiclding cffect due to eddy currents,  The resistance is highly
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variable sinee it comprises, in addition to the resistanee of the copper
conductor, eliective resistance due to eddy currents and hysteresis
mn the loading material, both of which vacy with frequency and current
amplitude.  Furthermore, there is variable inductanee and resistance
in the return circnit outside the insulated conductor which must be
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Fig. 3 ~Arrival Curves. a. Non-loaded cable. b. Ideal loaded cable. c¢. Real
loaded cable (approximate)

taken into account.  Although it is very difficult to compute the
exact arrival curve of a cable subject to all of these variable factors,
an approximate calculation in a specific case like that of the New
York-Azores cable shows that the arrival curve has the general shape
of Curve ¢ of Fig. 3. It will be noticed that although this arrival
curve lacks the sharp definite head, characteristic of the ideal loaded
cable, it still has a relatively sharp rise and that the time required
for the impulse to traverse the cable is not greatly different from
that of the ideal loaded cable.
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Although it is difficult to take exact account of the variable char-
acteristics of the loaded cable in the solution of the transient problem,
it is casy to take account of them in the steady state or periodic
analysis by means of well-known methods. f a steady sinusoidal
voltage, 1%, is applied at one end of the cable the resulting voltage,
vy, at the distant end will be given by the equation

Vi=kle P,

where [ is the length, P, the propagation constant of the cable and k,
a constant which depends on the terminal impedance and which is
unity in case the cable is terminated at the receiving end in its so-
called characteristic impedance.  The propagation constant is given
by the formula,

P=+/(R¥ipL)(G+ipC)=a+iB,

where R is the resistance, L, the inductance, G, the leakance and C,
the capacity per unit length and p is 2r times the frequency.  The real
part of the propagation constant, «, is called the attenuation constant
and the imaginary part, 8, the wave length constant. By separating
« and 8 the amplitude and phase displacement of the received voltage
relative to the sent voltage may be computed for any particular
frequency and the behavior of a complex signal train may be worked
out by analyzing it into its Fourier components and treating them
separately.  The phase shift is, however, of importance mainly as
regards the shape of the received signals and their amplitude may,
in general, be obtained from the attenuation constant alone. Thus
if it is known that the signal shape can in any case be corrected by
terminal networks there is no need to be concerned with more than
the attenuation constant to compute the speed of the cable.

I the case of a cable of the permalloy loaded type, « is given with
an approximation ¢ sufficiently close for the purposes of this discus-
sion by the equation,

- S ().

IFor the purpose of computing R it is convenient to separate it into
its components, giving

a= \I-{(R& Ret Rot- Ryk E L),

¢ lor accurate computation of attennation the complete formula for a must be
used.
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where R. ~ copper resistance per tunit length
R. =eddy current resistance per nnit length
R, =~ca return resistance per unit length
Ry = hysteresis resistance per unit length

The copper resistance R: is that determined by a direct current
measurement of the loaded conductor since the resistance of the
loading tape is so high and its length is so great that the curremt
lowing longitudinally through it may be safely neglected.

The eddy current resistance R, is given approximately by the
formula,

_ iR
T pld=1)

where 1 is the thickness or diameter of the loading tape or wire, d,
the outside diameter of the loaded condnctor, f, the frequency, p,
the resistivity of the loading material, g, its magnetic permeability
and 1, a constant which depends on the form of the loading material
and is in general greater for tape than for wire loading.  Although
it is possible to compute a value of m, the valiue found in practice is
always larger than the theoretical value which is necessarily based
on simple assumptions and does not take into account such a factor
as variation of permeability through the cross-section or length of the
loading material.  Accordingly it i~ necessary to determine m ex-
perimentally for any particular type of loaded conductor.,

The sea-return resistance may he safely neglected in the com-
putation of slow speed non-loaded cables, hut it is a factor of great
consequence in the behavior of a loaded cable. By sea-return re-
sistance is meant the resistance of the return circuit including the
cffect of the armor wire and sca water surrounding the core of the
cable. Although the exact calculation 7 of this resistance factor is
too complex to be discussed here, the need for taking it into account
may be quite simply explained.  Sinee the cable has a ground return,
current must flow outside the core in the same amount as in the con-
ductor.  The distribution of the return current is, however, dependent
on the structiure of the cable as well as on the frequencies involved
in signalling.  If a direct current is sent through a long cable with the
earth as reten conductor the return current spreads out through such™
a great volume of carth and sea water that the resistance of the
return path is negligible.  On the other hand if an alternating current
is sent through the cable the return current tenls 1o concentrate

T See Carson and Gilhert, Jour. Franklin Inst., Vol. 192, p. 703, 1921; Electrician,
Vol. 88, p. 499, 1922; B. S, T. J., Vol. 1, No. 1, p. 88.
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around it, the degree of concentration increasing with the frequency.
With the rceturn current thus concentrated the resistance of the sea
water is of considerable consequence. It is further augmented by a
resistance factor contributed by the cable sheath.  This may be
better understood by considering the cable as a transformer of which
the conductor is the primary and the armor wire and sea water are
cach closed sccondary circnits.  Obviously the resistances of the
secondary circuits of armor wire and sea water enter into the primary
circuit and hence serve to increase the attenuation.  The presence
of the armor wires may thus be an actual detriment to the trans-
mission of signals.

To take account of the hysteresis resistance, Ry, and also of the
increased inductance and eddy current resistance at the sending end
of the cable it is most convenient to compute the attenuation of the
cable for currents so small that R, may be safely neglected. The
attenuation thus computed is that which would be obtained over
the whole cable if a very small sending voltage were used. The
additional attenuation at the sending end for the desired sending
voltage may then be approximated by computing successively from
the sending end the attenuation of short lengths of cable over which
the current amplitude may be considered constant, the attennations
of separate lengths being added together to give the attenuation of
that part of the cable in which hysteresis cannot be neglected. In
this computation account must, of course, be taken of the increased
inductance and eddy current resistance accompanying the higher
currcents at the sending end.

Having calculated or obtained by measurement the several resist-
ance factors and knowing the capacity, leakance and inductance, the
whole attenuation of a cable for any desired frequency may be com-
puted and a curve drawn showing the variation of received current
with frequency for a given sending voltage. This relation for a
particular case is shown in Curve ¢ of Fig. 1. Curve a shows for
comparison the relation hetween frequency and received current of a
non-loaded cable of the same size, that is, a cable having a conductor
diameter the same as that of the loaded conductor and having the
same weight of gutta percha.  Cuorve b shows the behavior of an
ideal loaded cable having the same inductance, capacity and d.c.
resistance as the real loaded cable of Curve ¢, but in which the leakance
and alternating current increments of resistance are assumed to be zero.

Now, if the level of interference through which the current must
be received is known, the maximum speed of signalling for the loaded
cable may be obtained from Curve ¢. It is that speed at which the
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highest frequency necessary to make the signals lecible is received
with suthcient amplitiede 1o safely override the superposed inter-
ference.  Just what the relation of that Trequeney is to the speed of
signalling eannot be definitely stated, sinee it depends on the method
of operation and code emploved as well as on the desired perfection
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Fig. 4 Received Current vs. Frequency.  a. Non-loaded cable.  b. Ideal loaded
cable. ¢, Real loaded cable

of signal shape. j. W. Milunor » has suggested that for cable code
operation and siphon recorder reception a fair value is about 1.5
times the fundamental frequency of the signals, that is, the funda-
mental frequency when a series of alternate dots and dashes is being
sent.

REMARKS ON THE DESGN oF Loabieb CARLES

By referring again to the cquation for «, above, it can now be
explained why high permeability is o necessary characteristic of the

$ Journal .\ I E E., Vol 1, p. 118, 1922, Transactions .\, L. E. 2., Vol, 41,
p. 20, 1022,
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loading material if a benefit is to be obtained from continuous loading.
The addition of the loading material has two oppositely directed
effects; on the one hand it tends to improve transmission by increasing
the inductance and consequently decreasing the attenuation, and
on the other hand it tends to increase the attenuation by increasing
the effect of leakance and by the addition of resistance. Not only
arc the hysteresis and eddy-current factors of resistance added by
the loading material but it must also be looked upon as increasing
either the copper resistance or the capacity on account of the space it
occupies. Generally it is more convenient to look upon the loading
material as replacing some of the copper conductor in the non-loaded
cable with which comparison is made, since by so doing all of the
factors outside of the loaded conductor are unchanged. Now, if the
loading material is to be of any benefit, the decrease in attenuation
due to added inductance must more than offset the increase due to
added resistance, including the added copper resistance due to the
substitution of loading material for copper. In the limiting case the
lowest permeability material which will show a theoretical advantage
from this point of view is that which, as applied in a vanishingly thin
layer, gives more gain than loss. For any particular size and length
of cable there is a limiting value of permeability which will satisfy
this condition, this limiting value being greater the longer the cable
and the smaller the diameter of its conductor.® For transatlantic
cables of sizes laid prior to 1923 the minimum initial permeability
required to show an advantage is higher than that of any material
known prior to the invention of permalloy. Actually a considerably
higher permeability than this theoretical minimum was, of course,
required to make loading an economic advantage since there are
practical imits to the thickness of loading material and since the cost
of applying it has also to be taken into account. Further, there are
limits on methods of operation imposed by loading which necessi-
tate still higher permeability to make loading worth while.

Since the addition of loading has two opposite tendencies in its
effect on attenuation, the practical design of the cable must be based
on a compromise between them. Thus, to secure the maximum
gain from loading a cable of a given size, the loading material should
be chosen of such a thickness that the gain due to increased induct-
ance from a slight increase of thickness just offsets the loss due to
increased resistance and dielectrie leakance.  In practice, of course,
cconomic considerations of the cost of various thicknesses of loading
must also be taken into account.

*See British P"atent No. 181,774 1923, to O. E. Buckley.
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In designing the New York-Azores cable some assumption had to
be made as to the extrancous interference which would he enconntered.
Theoretical considerations led us to believe that the loaded cable
would be no maore subject to external interference than non-loaded
cables. 1t even appeared that it would be less affected by some
types of interference, for, owing to the shorter wave-length for a
given frequency, a disturbance which affeets a great many miles of
cable simultancously is less cumulative in its effect at the terminal
of a loaded than a non-loaded cable. A reasonable assumption seemed
to be that the total overall attenuation which could be tolerated
for the loaded cable was at least as great as that which experience
had shown to be permissible for simplex operation of non-loaded
cables.  This maximum permissible attenuation depends, of course,
on conditions of terminal interference and no fixed value can be
given as applicable to all cables.  However, for average conditions
of terminal interference in locations free from power line disturh-
ances and where the cable lies in relatively deep water near to its
terminal landing, a reasonable value of total attenvation constant
for the fundamental frequency of cable code is about 10 (S6.9 T.17.) for
recorder operation and about 9 (78.2 T.U.) for relay operation,  These
were the approximate values assumed for the New York-Azores cable
and later experience has demonstrated that they were well justified.

Di=ToRTION IN LOADED CABLES

Throughout all of the preceding discussion it has been assumed
that the relation between attenuation and terminal interference
would limit the speed of simplex operation rather than that distortion
of signal shape would be the limiting factor. Although this is, in
fact,'® the case with non-loaded cables it was not self-evident as
regards the loaded cable, and to make reasonably certain that the
speed could be determined from the attenuation-frequency relation
required a demonstration that the signal distortion of a real loaded
cable could be corrected by suitable terminal apparatus. One of
the merits long claimed for loading was that it would reduce dis-
tortion and, indeed, an ideal loaded cable with constant inductance
and without magnetic hysteresis, eddy current loss, dielectric leak-
ance and sea return resistance would have very little distortion and
would give a speed limited only by terminal apparatus.  However,

18 Recent work of J. R. Carson (U. S. Patent 1,315,539--1919) and R. C. Mathes
(U. S. Patent 1,311,283 1919 has shown that with the combinced use of vacuum

tube amplifiers and distortion correcting networks, distortion in non-loaded cables
can be compensated to any desired degree.
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a real loaded cable, the inductance of which varies with both current
and frequency and in which all the above noted resistance factors
are present, may give, and in general will give when operated
at its maximum speed, greater distortion of signals than a non-
loaded cable.

To solve the question of distortion on a purely theoretical basis
required consideration of the transmission of a transient over the
loaded cable. This was made extremely dithcult by the existence
of numerous possible causes of signal distortion, the effects of which
could only be approximated in the solution of the transient problem.
In addition to the distortion resulting from the rapid increase of
attenuation with frequency due to the various sources of alternating
current losses, distortion peculiar to the magnetic characteristics of
the loading material had also to be taken into account. There are
several types of magnetic distortion to be concerned about.  First,
there is the production of harmonics as a result of the non-linear
magnetization curve of the loading material; second, there is a pos-
sible asymmetrical distortion due to hysteres and third, there
is a possible modulation resulting from the superposition of signals
on each other, that is, in effect, a modulation of the head of the wave
of one impulse by the tail of the wave of a preceding impulse.  The
first two of these are effective at the sending end of the cable and
the third near the receiving end.

A computation ol distortion, including the peenliar magnetic
cffects, by a steady state a.c. method hased on measurements of short
loaded  conductors indicated that the cable should operate =atis-
factorily  with ordinary sending voltages.  Further evidence 1hat
none of these various types of distortion would be of serious con-

sequence and that the distortion of a loaded cable could be corrected
by terminal apparatus, was obtained by experiments with an arti-
ficial line constructed to simulate closely, with regard to electrical
characteristies, the type of loaded conductor with which we were then
experimenting.  This artificial line was loaded with iron dust core
coils which served the purpose admirably, not only as regards in-
ductance and alternating current resistance but also as regards
magnetic distortion.  Tron dust is, of course, very different in its
magnetic characteristies from permalloy.  However, owing to the
large number of turns on a coil, it is operated at much higher fielkd
strengths and on a part of the magnetization curve corresponding
approximately to that at which permalloy is operated on the cable.
The case for magnetie distortion was in fuact a little worse with the
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artificial line than with the then proposed cable

3 shows a photo-
graph of the artilicial line, the coils of which are in the large iron

pots and the resistance and paper condenser capacity units of which
are in the steel cases. This line was cquivalent to a 1,700 nantical
mile cable lowded with 30 millihenries per . and over i legible

Fig. 5

Loaded Artificial Line

signals were secured at speeds up to more than 2,600 letters per
minute.  Such a speed of operation was quite heyond the range of the
then available telegraph instruments, and accordingly special transmit-
ting and receiving instruments were reguired.

The multiplex dis-
tributor of the Western Ilectric printing telegraph system proved

an excellent transmitter for experimental purposes and, for receiving,
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use was made of a combined vacuum tube amplifier and signal shaping
network, the signals being recorded on a string oscillograph.  Fig. 6
shows part of a test message received over the loaded artificial cable
at a speed of 2,210 letters per minute.

The results of the tests with the artificial loaded cable were en-
tirely in agreement with our calculations and showed that it was

st Message.  Signals received April 16, 1920, over coil-loaded arli_ﬁci:ll
line equivalent toa 1700 n.m. cable with 30 m.h. ‘n.m. Speed 2240 letters per minute

Fig. 6—Te

actory signal shape with a coil-loaded cable

poussible to obtain sat
having alternating current resistance and distortion factors ap-
proximating those of the permalloy-loaded cable.  The exact behavior
of the proposed cable, including such factors as sea-return resistance
and a somewhat variable distributed inductance, could not, of course,
be duplicated without prohibitive expense. The approximation was
considered, however, to be sufficiently good to justify proceeding
with a loaded cable installation so far as questions of signal shaping
were concerned. 1t is interesting to note that the factor which
limited the operating speed of the artificial loaded cable was one
which is not present in a continuously loaded cable but which would
possibly be a serious factor in the operation of a coil loaded cable,
namely®he oscillations ' resulting from the finite size and separation
of the inductance units.

OveraTiON OF LoabED CABLES

With the completion of the artificial loaded cable tests there was
still one principal question of transmission which had to remain
unanswered until a cable had been installed.  This was the question
of balancing the cable for duplex operation.  Ordinary submarine
cables are generally operated duplex, the total speed in the two
directions being usually from about 1.3 to 2 times the maximum
simplex or one-way speed.  Except in cases where the external inter-
ference is very bad, the limiting speed of duplex operation is deter-
mined by the accuracy with which an artificial line can be made the
electrical cquivalent of the cable.  Ordinarily the artificial line is

U Carson, Trans. A, 1. 1. E., Vol. 38, p. 345, 1919,
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made up only of units of resistance and capacity arranged o ap-
proximate the distributed resistance and capacity of the cable. Some-
times inductance units are added to balance the small inductanve
which even a non-loaded cable has,  In the actual operation of
cables, artiticial lines are adjusted with the greatest care and a remark-
able precision of balance is obtained.  This is necessary because of
the great difference in current amplitude of the outgoing and incoming
signals, the former being of the order of 10,000 times the latter. It
i~ quite obvions that it will be much more difhcult to secure duplex
operation with a loaded than with an ordinary cable, since not only
do the copper resistance and the dielectric capacity have to be bal-
anced, but the artificial line must also be provided with inductance
and alternating current resistance.  \lso the sca-return resistance
and inductance which vary with frequency must be balanced.

In view of these difficultics it will probably be impossible to get
as great a proportionate gain from duplex operation of loaded cables
as is secured with ordinary cables.  However, it is quite evident that
it will be possible to secure duplex operation at some speed, since,
with loaded as with non-loaded cables, the ratio of received to sent
current increases rapidly as the speed is reduced and on this account
it is much easier to duplex the cable at low speeds than at high. To
make duplexing worth while on a cable with approximately equal
traffic loads in both directions it is in general only necessary to get
a one-way duplex speed half as great as the simplex speed.  In fact
in some casex the operating advantages of duplex would warrant
even a slower duplex speed.  On the other hand, there are cables
on which the traffic is largely undirectional through most of the
day and which would accordingly require a one-way duplex speed
somewhat higher than half the simplex speed to justify duplex oper-
ation. Whether a sufticiently great speed of duplexing could be secured
to justify designing a cable on the basis of duplex operation could
not be judged in advance of laying the first cable, and accordingly
it was decided to engineer that cable on the hasis of simplex operation.

Although it was expected that the new cable might at first have to
be operated simplex it should not be supposed that any great difh-
culty or loss of operating ctficiency was anticipated on this account.
I'he speed of the New York-Azores cable is so great that to realize
its full commercial advantage practically requires working it on a
multi-channel basis as, for example, with a Baudot code, multiplex
system, similar to that used on land lines. Such a system may be
conveniently adapted to automatic direction reversal and with this
modification most of the common objections to simplex operation are
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removed. Indeed, simplex operation may in this case possess a
real advantage over duplex from the commereial point of view since
it permits dividing the carrying capacity of the cable most cfficiently
to handle the excess of traffic in one direction.

Although means have been made available for making efficient
use of the loaded cable it should be recognized that the method of
operation best suited to satisfy commercial demands must be deter-
mined from future experience with cables of the new type. This is
especially true with regard to relatively short cables. The discussion
of the loaded cable problem in this paper has been confined wholly to
the realm of long ocean cables where the limitations of the cable
rather than terminal equipment or operating requirements determine
the best design. This is the simplest case and the one which at present
seems to show the greatest gain from loading.  Where traffic require-
ments are limited and where there is no prospect of ever requiring
higher speed than can be obtained with a non-loaded cable of reason-
able weight, the advantage of loading is less and becomes smaller
as the weight of non-loaded cable which will accomplish the desired
result decreases. Tt should not be coneluded, lowever, that loading
will not find important application to short cables. Many short
cables are parts of great systems and must be worked in conjunction
with long cables. In such cases it may pay to load short sections
where otherwise loading would not be justified. Permalloy loading
also offers great possibilities for multiple-channel carrier-telegraph
operation on both long and short cables and with this type of opera-
tion in prospect it is too ecarly, now, to suggest limits to the future
applications of permalloy to cables or to predict what will be its
nltimate effect on transoccanic communication.



Useful Numerical Constants of
Speech and Hearing
By HARVEY FLETCHER

Nore. The material given in this paper was pr\'p.nrul in 1 more con-
densed form for public ation in the laternational Critical Tables. o order
1o make it available in convenient (orm for the use of telephone engineers
it was deemed advisable to publish it in this journal. ~ The author is
indebted 1o Dr. J. C. Steinherg Tor able assistance in collecting and
arranging the material.

I. BirrLioGrapny

A BIBLIOGRAPH of papers on Pitch Discrimination, Intensity
Discrimination, Ahsolute Sensitivity of the Ear, Upper Limit
of Audibility, Lower Limit of Mudibility, Theories of Hearing and
other miscellancous works on Speech and Hearing are given in a
paper by 11. Fleicher, Bell Tech. Jour., Vol. 11, 4, pp. 178 180, Oct.,
1923,

[1.  ABSOLUTE SENSITIVITY OF THE [ZAR

The sensitivity is the minimum audible rms pressure in dynes
em~ in ear canal.  The values below are the average of the results of
Wien (crch. f. ges. Physiol. 97, p. 1, 1903), Fletcher and Wegel
(Phys. Rev., 149, p. 353, June, 1922), and Kranz (Phys. Rev., 21, p. 573,
May, 1923) weighted 3, 72, and 14, respectively according to number
of cars tested

TABLE 1

Frequency (dv)! 04 128 256 312 1024 248 1096
Sensitivity (dynes) 12 021 0039 oot 00052 00041 00042

111, Minties ACpIBLE POWER FOR A NORMAL Ear

The power in microwatts passing through each square centimeter
in the wave front of a free progressive wave in air under average
conditions is related to the rms pressure in dynes by the formula

p=20.5\ /.

The figures of Table 1 may be converted by this formula to minimum
audible powers. It is thus scen that the minimum audible accoustical
power s at frequencies between 2,000 and 1,000 vibrations per second
and is equal to 1X10 '° microwatts per square centimeter

! The symbol dv is used to denote “double”™ or complete vibrations.

375
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1V. RANGE OF AUDITION IN FREQUENCY AND INTENSITY
In Fig. 1 the lower curve is a plot of the average sensitivity
values given in Table 1. The upper curve gives the pressores that
produce a sensation of feeling and serves as a practical limit to
the range of auditory sensation. (\Wegel, Bell T'ech. Jour., 1, p. 56,
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Fig. 1

November, 1922.) Investigators vary from about S to 40 dv for
the lower pitch limit and from about 12,000 to 35,000 dv for the
upper hmit.  (See L) The values of 20 and 20,000 dv shown on
the chart were taken as being most representative.  Half of the
observations lie within the dotted curves. ‘The piteh is equal to
100 log, N and the sensation units equal to 20 log P where N is the
frequency and P is the pressure.  (Fletcher, Jour. Frank. Inst., 194,

V. MiINMUM PERCEPTIBLE [NCREASE IN INTENSITY AND FREQUENCY
(Knudsen, Phys. Rev. 21, p. 84, Jan., 1923)

Sensation Level in Sensation Per Cent Increase in Intensity
Units or TU’s to be Just Perceptible
10 23
20 14
30 12
40 i
50 1o
60 to 100 10

Per Cent Increase in
Frequency to be Just

Frequency Perceptible
04 .93

128 .59

250 40

512 .32

768 1o 4000 .30
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p. 289, Sept., 1923 The sensation level S of a sound is defined by

S=20 log where . is the threshold pressure, or it is the number

]’
P
of sensation units above the threshold of andibility.  These sensation
units are the same as the transmission units used in telephone er-
gincering.

The per cent increase in frequency to be just pereeptible varies with
sensation level in about the same way as does the per cent increase in
intensity to be just perceptible.  The values are for monaural re-
ception the tones being heard successively.

VL Toe NeMBER oF Dovnti VIGRATIONS NECESSARY TO
DETERMINE PrTcn

(Bode, Psychol. Stud., 2, p. 293, 1907)

TABLE It
Weak Tones Medium Tones
Freq. dv | Time (sec.) No.of dv Time (see.) No. of dv
128 0 0490 21 |
236 0 06908 t7.6
384 L0672 24 08 0 0445 17.1
512 a579 20 64 0 04274 21.8

VIL. Tue MaskinG EFFect oF ONE Sovsp 'roN THE AUDIBILITY
OF \NOTIIER SOUND

(Wegel and Lane, Phys. Rev., 23, p. 266, Feb., 1921)

If the ear is stimulated by a pure tone of frequency Ny, it is in
general rendered less sensitive to other pure tones. The tone that
constantly stimulates the ear is called the masking tone. The tone
that is heard in the presence of this stimulating tone is called the
masked tone. The masking is measured in sensation units or TU's.
It is equal to 20X logio of the ratio of the pressures necessary to per-
ceive the masked tone with and without the presence of the masking
tone. In other words it is equal to the number of units that the
threshold has heen shifted. Fig. 2 shows the amount of masking
(ordinate) of tones of various frequencies as a funetion of the sensa-
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tion level (abscissa) and frequency Ny of the masking one. 1o
Fig. 3 data for a masking tone of 1,200 dv is plotted in which the
frequencies of the masked tones are plotted on the abscissa. Lo order
to get satisfactory curves of this kind it is necessary to take more
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Fig. +—Masking Data. Tones in Opposite Ears.  Masking Tone 1,200 Cyeles

comprehensive data than that shown in Fig. 2. The solid curves of
Fig. 4 show the masking when the masked and masking tones are
introduced into opposite ears. The dotted curves were taken from
Fig. 2.
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VIill. CoxpuctioN oF SKULL BETWEEN THE Two Ears

A comparison of the two curves in Fig. 4 shows that the attenua-
tion introduced by the skull from one ear to the other when the tone
is introduced by a telephone receiver is between 1) and 50 sensation
units corresponding to an intensity ratio of from 10* 1o 10°% This
becomes 7 TU greater when rubber caps are interposed between the
head and the receiver cap.

INX. Locarization oF PUurRe Toxgs As A FuNcTION oF TiE PiiasE
DIFFERENCE AT THE Two EARs

(G. W. Stewart, Phys. Rev., 25, p. 425, May, 1920)
The experimental results can be represented by the formula
=0.0034N 4.8 (approx.)

& is the phase difference in degrees of the tones at the two ears.

0 is the number of degrees to the right or left of the median plane
that an observer locates the source of sound. The direction of
location is toward the ear leading in phase.

Vis the frequency of the tone in dv. The relation applies only for
frequencies of 100 to 1,000 dv., inclusive.

X. Constants UsED IN THE COMPUTATION OF THE LOUDNESs OF

A CompPiEXN SOUND

(Fletcher and Steinberg, Phys. Rew., 2.4, p. 306, Sept., 1924)
(Steinberg, Phys. Rev.  To be published soon)

If L be the loudness as judged by an average normal ear, then

n=k 2 ]
33 lngm[ : (Wapa) " :I
n=1

pn=rms pressure of the ntm component,

L="

where

Iy=a weight factor for the #™" component (Fig. 5)
r=a root factor (Fig. 5)

The sensation levels (See 1V) given in the chart are for the complex
tone.
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NI DyNasicar. Constanrs oF i Hiearing Meciasisy
(Howell, WL L, “\ Textbook of Physiology'

(Wrightson, Sir Thomas, “Aaaly tical Mechanism of the Internal Ear')

(a) Ear Canal
Length, 2.1 2.6 cm.
Volume, 1 cm?,
Arca at Opening, .33 to 50 cm?.
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Fig. 5

(6) Drum
Vertical Diameter, .85 em.
Horizontal Diameter, 1.00 cm.
Area, .65 cm?
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(¢) Hammer
Length, .8 to .9 cm.
Weight, 23 mg.

(d) Anvil
Weight, 25 mg.

(e) Stirrup
Weight, 3 mg.

(fy Mechanical Impedance of the Ear Drum
(Data by Wegel and Lane, Bell Telephone Laboratories)

The order of magnitude is 20 to 30 mechanical ohms (cgs units)
over the frequency range from 200 to 4,000 dv.

NXII. SreeEcH EXERGY
A. Speech Power

(Data furnished by C. F. Sacia and L. J. Sivian, Bell Telephone
l.aboratories)

1. The average speech power delivered by an average speaker is
about 10 microwatts. In the process of obtaining the average the
silent intervals were included. I they are excluded the average
increases about 50°7. The peak power frequently rises to 2,000
microwatts.

2. Variation of average speech power delivered by different persons
during conversation. (Fig. 6.)

B. Energy Frequency Distribution of Average Speech

(Crandall and MacKenzie, Phys. Rev., 19, p. 221, March, 1922
(Fig. 7)

C. Acoustic Power in Vowel Sonnds
(Data furnished by C. F. Sacia of the Bell Telephone Laboratories.
This data together with a description of the apparatus and
methods used in obtaining it will be given in a paper soon to be
published.)

Table 11 contains data on the power of individnal vowels obtained
from analyzing the vowel portions of the svllables shown in the key-
word.  The first two columns give the average power in microwatts
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of 8 males and 8 females during the particular evele of the funda-
mental containing the maxinium energy for unaceented vowels, A
rough  estimate of  the corresponding tigures of typical accented
" b
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vowels may be obtained by multiplying these values by a factor of 3.
The third and fourth columns give peak factors which convert the
power figures of the first two columns into maximum instantancous
powers.  Colunins 5 and 6 give the maximum

RELL SYSTEM TECHNICAL JOCRNAL

factors found among the male and female voices, respectively.

TABLE 111
leoustic Power in Microwatls of the V'owel Sounds

\'owel Key
a tool
u took
o tone
o' talk
o ton
a top
a’ tap
(t ten
a tape
i tip
¢ team

e

(Table TV contains data from a book by Godfrey Dewey, ‘“The
Relative Frequency of English Speech Sounds,” Harvard

(1)

27
32
58
37
29

E. |
§ males |

(2)

P
8§ fem.

23

|

(3) 4 (5)
Av. Peak [ Av. Peak ' Max. Peak| NMax.

IFactor TFactor
8 males 8 fem.

University Press)
TARLE I\

250 2.8 3
10 31 4
41 34 9]
435 3.3 5
46 39 6
4.2 30 4
5.4 47 i
5.6 38 6.
503 +5 ! (6
41 38 5
47 2.6 5.

% K T e 06~ S

IFactor
8 males

8

|

Speech
Sound

Ve =l 0 3 R
¢ o ee B

ch

cha