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I. INTRODUCTION

Electric units and standards are now very nearly uniform in all

parts of the world. As a result of the decisions of international

congresses and the cooperation of the national standardizing

laboratories, the international ohm and ampere are accepted every-

where as the basis of electrical measurements. A complete system

of electric and magnetic imits is in general use, built upon these

fundamental units. There have been proposals to change the

units from time to time, and as a result there is some diversity of

usage in respect to units in current electric and magnetic literature.

For instance, Heaviside iinits are used in certain recent books on

theoretical electricity ; a slight change of electric units is advocated

by M. Abraham; and quite a number of different magnetic units

are used in presenting the results of magnetic experiments. It

appears worth while to examine critically the system of imits

which is generally used, to study the reasons which are advanced
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for changes in the system, and to inquire whether any of the

various proposed units offer advantages which would justify the

trouble and confusion incident to a general change of units.

The units actually used in electrical measiurements are based on

certain fundamental electrical standards which were so defined as

to represent, as closely as experimental e\4dence permitted, the

theoretical electromagnetic units. The units of the various elec-

tric quantities are derived from the fundamental units in accord-

ance with the equations of ordinar}^ electrical theor}', and in con-

sequence the units actually used in practice are all ver}^ close

representatives of the corresponding electromagnetic imits. The
electromagnetic system is famiHar, ha^-ing been frequently de-

scribed. The imits used in practice to represent the electromag-

netic units have been called the international imits. The very

slight differences in magnitude between the international and the

corresponding electromagnetic units are determined by absolute

measurements made from time to time. (The present values of

these differences are given, on the basis of recent absolute meas-

urements, in this Bureau's Circular No. 60, Electric Units and

Standards.) The system of international imits will be discussed

here in some detail before treating the various proposals which

have been made for changes in the units. The said proposals

would apply both to the electromagnetic units and to the inter-

national units, their representatives.

II. THE INTERNATIONAL SYSTEM

Every complete system of electric units requires four funda-

mental units instead of only three, as in mechanics. The necessity

for the one additional unit arises from the fact that the identity

of mechanical and electrical phenomena has not been estabHshed.

Of the four quantities taken as fundamental (a) three may be

mechanical and one electrical, or (6) two mechanical and two

electrical, or (c) one mechanical and three electrical, the only

theoretical requirement being that both mechanical and electrical

quantities be represented among the four. Thus, very many
systems are possible. Xo systems of type (c) are in use, although

they can be Yoxy easily made up, and are not at aU grotesque—for

example, a system using R, I, y., and T as fundamental.

The electrostatic and electromagnetic systems are of t}^e (a).

The fundamental units in each of these systems are those of length,

mass, time, and a property of the eletromagnetic medium. The

property of the medium utilized is the dielectric constant in the
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electrostatic system and magnetic
.

permeability in the elec-

tromagnetic system. For convenience, zero dimensions are

sometimes assigned to the property of the medium in writing

dimensional formulas, but it remains none the less a fundamental

quantity of the system.

The international system is of type (6). In the definitions

adopted by the London Electrical Conference of 1908 two electric

units were defined in terms of specified standards—the interna-

tional ohm and the international ampere. These two, plus units

of length and time, may be regarded as forming the basis of a

distinct system, and they have been so considered by a few writers.

This system is very convenient in electrical work, although it has

no value or utility in mechanics or other parts of physics. The
system is centered around the phenomena of electric current.

Electric current is more familiar and of vastly greater practical im-

portance than electrostatic charges or magnetic poles, upon which

the other two familiar systems are based. This is one of the

reasons why the international system is the most convenient and

the most used electrical system.

Only eight units (the international ohm, ampere, volt, coulomb,

henry, farad, joule, and watt) have been defined by international

congresses, and it is desired to show that these units form part

of a distinct and complete electrical system. That the inter-

national units form a system distinct from all others may be seen

from the following considerations. The international units are

historically based upon the "practical" electromagnetic units, as

has been stated above. However, two of the international electric

units are defined in terms of arbitrary standards and hence are

independent or arbitrary ^ units, viz, the international ohm and

the international ampere. Since a complete system of electric

units requires four independent units, only two additional units are

needed. Therefore the international system can not have all four

of the fundamental quantities of the electromagnetic system, viz,

length, mass, time, and magnetic permeability. The two of these

quantities which are needed to complete the international system

are length and time. Both length and time enter essentially in

1 The international ohm and ampere are independent units in spite of the fact that in the realization of

the standards by means of which they are defined other physical quantities are utihzed. The international

ohm is defined as the resistance of a uniform colvunn of mercury of specified length and mass. This length

and mass, however, are merely auxiliary to the preparation of the standard. The imit is the actual resist-

ance of such a standard, and its magnitude would not vary if different units of length and mass were used

in the definition of the standards. The case is very similar to the definition of the tmit of temperature on
the international hydrogen scale. This is strictly an arbitrary imit, and yet in its definition (see this

Bulletin 3, p. 664; 1907) use is made of the meter to specify the initial pressure in the hydrogen thermometer.
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the fundamental relations between the important electromagnetic

quantities. (This is clearly exhibited in Table i below.) Mass

does not enter at all into those relations, and magnetic perme-

ability is a subordinate quantity in this system just as it is in the

electrostatic system.

That the international units form a complete electrical system,

which is in fact the system commonly used, is brought out by

Table i , in which the units of the principal electric and magnetic

quantities are derived from the imits of resistance, current, length,

and time by the use of the ordinary equations of electrical theor^^

The international volt, coulomb, etc., were thus derived from the

international ohm and ampere and the second in the definitions

adopted by international congresses. Each unit in this system

is the representative for practical purposes of the corresponding

unit in the electromagnetic system and differs from it only very

slightly. The small differences between the imits in the two

systems are determined by absolute measurements made from

time to time.

This mode of definition was thus extended to the whole svstem

of electric and magnetic imits by Prof. \^. Karapetoff in the

appendixes of his books. The Electric Circuit (19 12) and The Mag-

netic Circuit (191 1). He calls the units so obtained the " ampere-

ohm system." In his derivations, however, he uses some equa-

tions differing by the factor 47r from the classical equations. Cer-

tain of the units thus derived are therefore not representatives of

the corresponding electromagnetic units. Consequently his am-
pere-ohm system is not quite the same as the ''international

system " as interpreted herein. The Karapetoff units are discussed

on page 620 below.

The table gives the dimensional formula for each quantity, as

well as the defining equation or equation which gives the mathe-

matical relation of the quantity to previously defined quantities.

All the symbols used are defined in the table, except the following,

which are introduced without definition: L = length, T = time,,

R = resistance, / = current, N = number of turns, 5 = area, s = length

along a path.
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TABLE 1

The International System

603

Quantity Symbol Unit a Defining equation
Dimensional for-

mula

T71<»ffmTrmtiv^ favrf* E Volt E=RI [E]= \Rn

Quantity of electricity.

.

Q Coulomb 0— fidt [Q]=UT]

Electrostatic capacity. .

.

c Farad c4 t^l=[£E

Dielectric constant K C=^^;(forapar-

allel plate con-
denser of large

area S).

M-ra

Electric field intensity.

.

e Volt per cm. .

.

dE
^H¥]^ ds

Electric displacement.. D Coulomb per

cm^.

D~& PH[g4%

Self-inductance&

Mutual inductance c.
.

.

Henry

Henry

^ dijdt

^ dIJdt

[JiM'm.MRT]

Magnetomotive force... 5 See Table 6... ^=ro^' m=[n

Magnetizing force ^ H ^~ lOL m=[^

Magnetic flux «
<l>

do «/>=108 r Edt... M=IRIT]

Magnetic induction B do 5=^

Permeability M do

dS

B
'^ H

Reluctance E do E=^-

[/]-[^ir]Intensity of magnetiza-
tion.

J do

^ 4>

B=5o+47r/

Magnetic susceptibility. K do J^kH 1^1=T
\m\==[RIT\Magnetic pole strength/ m do (b=4T7n

a The names of these units are strictly the "international volt," "international coulomb," etc., but in

practice "international" is omitted.
b In the definition of self-inductance, Ei is the emf created in a circuit by the variation of the current h

in the same circuit.

c In the definition of mutual inductance, E2 is the emf induced in a circuit by the variation of the current

/i in another circuit.

d H in the defining equation is the magnetizing force at the center of a very long solenoid of N turns and
length L.

« <^ in the equation is the change of flux in the time i giving rise to the emf E in a closed circuit linking

with the flux.

f <j>ia this equation is the total magnetic flux emanating from or associated with magnetic poles of aggre-

gate pole strength m; it is strictly equal to the resultant flux through the magnet only when the magnet is

rery long and thin.
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1. SIMPLICITY OF THIS SYSTEM

We bmld up our electrical equations and make measurements

in terms of resistance, current, length, and time. It is entirely

legitimate to write dimensional expressions in terms of these

quantities. The dimensional formulas in the international system

of electric units, in fact, give expressions which are as simple and

as helpful in electricity as the usual dimensional expressions in

length, mass, and time are for mechanical quantities. This

advantage is decidedly lacking in the electrostatic and electro-

magnetic systems. The superiority of the international system

in this respect is clearly shown by an example. The dimensional

formula for magnetic field intensity or magnetizing force is

™=[a
This gives as clear and simple a statement of the relations of the

two electromagnetic quantities, H and /, as the dimensional

formula for force, below, gives for mechanical quantities. Com-
pare with the dimensional formula for H in the electromagnetic

system

:

[^=[;j7^2V^J

This is not convenient as regards the conveying of physical infor-

mation. The point is that it bears no direct relation to the actual

working equations of electricity. In the ordinary systems of

mechanical imits, the dimensional equations are almost the same

as the defining equations of mechanical units. Thus the dimen-

sional equation of force,

[F]= -;^ , is sirnilar to F=M -7-^ • Similarly, in the inter-

national system of electric units the dimensional equations are

similar to the defining equations, which are the common equa-

tions of practice—for example, [H] = \j is closely related to

2/H =— » which holds for an infinitely long, straight conductor.

The various dimensional formulas in the table very simply sug-

gest the ordinary equations of electrical theory and practice.

Take, for instance, [D] = "f^ • The functioning of electric dis-
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placement is at once apparent, for since [/T] = [g], it is suggested

that electric displacement is quantity per unit area. The formulas

[C] = -^ and [L] = [RT^ are very closely related to the expression

for impedance

\^ ^V ^ 27rC/

where T is the period of alternation. The dimensional formulas

for K and ii are both closely related to actual methods of measure-

ment. K depends on capacity -^ and linear dimensions [L]. /i

may be determined by the measiurement of a self-inductance

[RT^ and linear dimensions [L] of a coil. It of course follows from

[^] = I^^Jand[M] = l -^Jthatl^^J = l ^^^ familiar equa-

tion suggesting the influence of K and ix upon the velocity of wave
propagation.

2. SUBORDINATION OF THE MAGNETIC POLE

One of the advantages of the international system is that it

does not give undue prominence to magnetic pole strength. The
complexity of the dimensional expressions of the electromagnetic

system and its poor correspondence to the conditions of practice

are in part due to its being based upon an tmimportant phenom-

enon. Magnetic poles are of little theoretical or practical impor-

tance, while magnetic flux, field intensity, etc., are. The medium
is the important thing, as shown by Faraday and Maxwell. Mag-

netism is becoming more and more regarded as one kind of mani-

festation of electricity. In the table of the international system

given above, magnetic pole strength was defined last, showing

that all the other magnetic quantities are definable independently

of it. (It can be similarly subordinated in the equations of the

electrostatic system.) A free magnetic pole does not exist in

nature, magnetic pole strength does not appear in engineering

formulas, and it is consequently a satisfaction to find that it can

be dispensed with in the theory also.

3. LIMITATION TO ELECTROMAGNETISM

The international electrical system of dimensional equations is

not suitable as a basis for all physical quantities. It gives dimen-

sions as awkward for the quantities of mechanics as the electro-
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magnetic system gives for electrical quantities, and is therefore not

of such general application as the systems in which length, mass,

and time are fimdamental. The dimensions of mechanical quan-

tities in this s}i:em are readily obtained as follows : Energy is the

quantity common to electricity and mechanics, and it has the simple

dimensions i? /- T • From the relation ^, = i? J- T I the

dimensions of mass and other mechanical quantities may be

derived. Such dimensional expressions of mechanical quantities

have no convenience or value. Furthermore, the imit of mass

comes out 10' g and the imit of force 10' d^mes, similarly to

the unit of energy which is 10' ergs (i joule). The international

electrical system is valuable simply as a practical convenience in

dealing with electrical phenomena. It can not be thought of as

supplanting the classical system based on length, mass, and time,

since the international ohm and ampere are not as fundamentally

important as the kilogram and meter.

m. THE MAGNETIC QUANTITIES

The electrostatic and electromagnetic systems are primarily

systems of physical quantities rather than units, and upon them
various systems of units are based. Thus, for instance, both the

cgs and the "practical" electromagnet '": systems of imits are in

use. These differ in the particular un^cS chosen for the funda-

mental quantities. In the case of the international electric units,

only one particular set of units is used for the fimdamental quan-

tities; the four fundamental units are the international ohm, the

international ampere, the centimeter, and the second. The defin-

ing equations given in Table i, above, for E, Q, C, L and ^]'l,

are those by which the international units of these quantities

were derived by international congresses. The only electric unit

defined by the equations of Table i that is not in use is the unit of

dielectric constant. This would be expected, as the corresponding

electromagnetic unit is never used, the electrostatic unit being imi-

versally employed. ^Ith this exception, the particular units indi-

cated in Table i are the ones most commonly used. The units of

the electric quantities correspond in magnitude to the " practical"

electromagnetic units, and the magnetic units derived by the equa-

tions given in the table correspond to the cgs electromagnetic

units. In addition to these magnetic units certain others are widely

used. The latter units are the ampere-turn and units related to
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it. These units may be shown to constitute a complete alterna-

tive set of magnetic units, their use requiring certain of the equa-

tions to be changed by the factor ^w. The two sets of magnetic

units are compared in Table 6 below.

Magnetic imits involving the inch as the unit of length are also

in use, particularly when the results of measurements are pre-

sented in the form of curves. While it would be possible to build

up a definite system using the inch as the unit of length, these

units are usually regarded as isolated units. When used in equa-

tions, they are accompanied by suitable numerical factors.

The nomenclatm-e of the magnetic imits is somewhat imsatis-

factory. For instance, in the first set of magnetic units just

referred to, at the present time the name ''gauss " is applied both

to the unit of induction and the imit of magnetizing force. In

order to bring out clearly the difference between these two quan-

tities, some general considerations regarding the magnetic circuit

will be given here.

^ 1. THE MAGNETIC CIRCUIT

A tube of magnetic induction is analogous to a tube of electric

displacement, and also to a path along which electric current

flows. The analogy is very close except that permeability and
reluctance are not constant in magnetic material. The strictness

of the analogies between electric and magnetic quantities is shown
by the following table

:

TABLE 2

Comparison of Magnetic and Electric Quantities

[See appendix at the end of this paper for symbols]

Magnetism

Electric current

Electrostatics...

At a
point in

a medium

= ~ B=nH

The analogy between the magnetic and the electrostatic rela-

tions is much better than that between magnetism and electric

ciurent in fact although not in form. There is no phenom-
enon of magnetic conduction corresponding to electric conduc-

tion, whereas magnetic induction and electric displacement are

similar phenomena subject to the same laws. Reluctance is

75741°—17 7
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strictly analogous to the reciprocal of capacity; this is suggested

in the name elastance, which Heaviside gave to the reciprocal of

capacity. The first and third equations in the last column are

similar except for the factor 47r, which is without physical signifi-

cance; in fact, this dissimilarity is merely a peculiarity of one set

of magnetic imits.

The only vector quantities in the table are B and H and then-

analogues, D and ^ and U and £.. ^Magnetomotive force ^ and
electromotive force E are line integrals of the two field intensities,

H and £., respectively. "

The term '* magnetomotive force" (mmf) has been restricted

by some writers to mean the total line integral of H along a closed

path. It would thus have a value different from zero only when
the path of integration links with electric current. The fine

integral ofH along a part only of a closed path was called magnetic

potential difference (mpd) or magnetic potential drop, or even

magnetomotive force drop. According to these conventions,

while a magnetic potential difference exists between the poles of

a permanent magnet, yet one could not speak of a magneto-

motive force due to the magnet, because the mpd between the

poles in air is equal and opposite to the mpd within the magnet.

If the term "electromotive force" were similarly restricted, there

could be no emf due to a batter}^ or a charged condenser.

Magnetomotive force is in fact the exact analog of electro-

motive force and bears the same relation to magnetic potential

difference as emf does to electric potential difference. The poten-

tial dift'erence between two points is the work done in carrying

unit charge from one point td the other. The potential difference

between the ends of any portion of a circuit is equal to the differ-

ence between the emf (or mmf) produced in that portion, by any

causes whatever, and the emf (or mmf) expended in that portion.

2. mDUCTION AND MAGNETIZING FORCE

It is common practice in electrical engineering to use the name
"gauss" both for the unit of magnetic induction and the unit of

magnetizing force. This usage is recognized by the American

Society for Testing oMaterials,- and provisionally by the American

Institute of Electrical Engineers.^ If induction and magnetizing

force be looked upon as the same physical quantity, it is natural

and unobjectionable to express them in the same rmit. This \^ew

2 Yearbook, p. 195; 1915. ' Standardization Rules, Rule Xo. 90; 1915.
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has been a consequence of the importance hitherto assigned to the

magnetic pole. Thus, induction and magnetizing force may be

looked upon as having the same physical nature when magnetizing

force is defined as the force on a unit magnetic pole in a medium
and induction as the force on a unit magnetic pole in a very short,

wide cavity with its width perpendicular ^ to the direction of

magnetization of the medium. There are, however, objections to

this conception of induction, which will be pointed out below.

The electromagnetic units were so chosen that jUq (permeability

of empty space) = 1. This simplifies certain calculations. Thus,

letting j5o= induction in a nonmagnetic medium, the equation

Bq =Mo^ ins-y be written Bo=H in electromagnetic units. Also,

the equation B =Bo + 47r/, of Table i , is often written B =H +
^irj in electromagnetic units. The numerical equality of H and B
in nonmagnetic media, and the appearance of B and H as terms

in the same equation, both tend to encourage the idea that they

are of the same physical nature. A corollary of this idea is that

permeability is a mere numerical ratio and not a physical quantity.

The equations Bq=H and B =H + 47rJ do not hold in units other

than electromagnetic, as will be shown in Section IV.

Arguments from the dimensions of the quantities have fre-

quently been adduced in attempts to settle this question concern-

ing the units of B and H. It has been njaintained, on the one

hand, that B and H are dimensionally identical in the ordinary

electromagnetic system (/x suppressed) , and are therefore express-

ible in the same unit; and, on the other hand, that when jjl is

retained as one of the fundamental quantities of the electromag-

netic system, B and H are dimensionally different and therefore

can not be expressed in the same unit. The question of the

" gauss " has recently been discussed from this latter standpoint in

an interesting article by M. Ascoli. (See footnote 16, p. 619.)

Such arguments are certainly not conclusive. Dimensional identity

or difference tells nothing about the physical difference between two

quantities. The argument that dimensional identity indicates

physical identity is refuted by the example of energy and torque.

Who would measure torque in joules or calories ? To maintain, on

the other hand, that dimensional difference proves physical differ-

ence is not conclusive, as illustrated by the very fact that the two

sets of dimensions, the electrostatic and electromagnetic, apply to

every electric quantity. Dimensions are matters of convenience,

* Maxwell, Electricity and Magnetism, par. 400.
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and dimensional arguments can no more settle a question of the

physical nature of a quantity than mathematical convenience can

justify the physical identification of lines of magnetic force and
lines of magnetic induction. Inasmuch as dimensional reasoning

has been considered by various writers to be valid to decide the

physical relation of B and H, it is thought worth while to consider

further in this paper the actual physical nature of the two quan-

tities.

There are a number of reasons for considering induction and

magnetizing force to be different in physical nature, just as the

deflection of a spring is physically different from the mechanical

force producing it. As the names of the two quantities suggest,

B characterizes the magnetized state of the medium and H is the

agency tending to produce sl magnetized state. Perhaps the dis-

tinction is most clearly seen by the analogies furnished in the

discussion of the magnetic circuit (preceding section) . There is no

confusion between D, the electric displacement, which character-

izes a state of the medium, and £., the electric field intensity which

produces the displacement. The distinction is even clearer be-

tween U, the current density in a medium, and the ^ which

causes it.

Another analog}^ which points to the physical distinctness of

B and H and to ju as a physical property rather than a mere

mmierical ratio is based on the energy of the medium. The
various kinds of energy are each the product of two factors.

Energy may be a force X a distance, a mass X half the square

of a velocity, a pressure X a volume, etc. The energ}^ density

of an electrified medium is proportional to D^, and of a magne-

tized medium is proportional to JHdB. The energy density of a

magnetized medium may be written (where /x is constant ^) as

x-fiH^. If ju were a mere numerical ratio, the magnetic energy
OTT

density would involve a "generalized" force without the corre-

sponding " flux." This would be contrary to the usual dynamical

ideas

Again, fx is one of the two quantities (ju and K) which are

effective in the propagation of electromagnetic waves. There-

fore jjL must be an actual physical property (for two physical

properties are dynamically necessary in a medium for the propa-

6 Since /i is not constant for magnetic materials, the usual expression for the energy density is not very

useful. The correct expression is in the integral form. Most reference books fail to emphasize this suffi-

ciently.
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gation of waves) unless K involves both properties. If elec-

tricity is of dynamical nature, therefore, either n or K must be

a physical quantity and both may be.

In a number of respects B and H are of quite a different char-

acter. At the surface of separation between two media only

the normal component of B is continuous, while only the tangen-

tial component of H is continuous. It is possible for induction

to exist in a material with no magnetizing force. An example

of such a case is a permanent ring magnet with no applied H, in

which, therefore, H = o and B is finite. (An interesting electrical

analog of this is Kammerlingh Onnes's electrical conductor at a

temperature very near the absolute zero, in which there was a

current with no electromotive force.)

The point under discussion may be considered from the stand-

point of convenience. While the conception of B and H as phys-

ically equivalent was foimd desirable in magnetic theories based

upon magnetic poles, it is not so useful when the relations of

magnetism to electricity are dealt with. While a given H is asso-

ciated with a given current, it is B that is concerned in the phe-

nomenon of induced electromotive force; that is, induced electro-

motive force depends on the medium, while current and its accom-

panying H are independent of the medium. Since these relations

are at the basis of most magnetic practice, it is just as desirable

to consider B and H to be different quantities as electromotive

force and current.

If it be agreed, in accordance with the foregoing considerations,

to look upon B and H as physically distinct entities, the question

remains: Should units of the two quantities be known by the

same name? The author would answer this question in the

negative. It is always awkward, and tends to confusion, when
the same name is used for units of two physically different quan-

tities. One will not be certain in all cases which quantity he is

dealing with. A number of examples of this sort of confusion

are readily found. An instance is the ''pound," used for the

unit of mass and also for the unit of force or weight in engineering.

This use of "potmd" as the name for both units tends to obscure

the difference between mass and weight, and to complicate dis-

cussions of the variation of weight arising from the variation of

the acceleration of gravity. Another example occurs in connec-

tion with the imits of energy and torque. The term ''kilogram-

meter" might serve for the unit of either energy or torque. In

order to show which is meant, however, it is considered ^ worth

* C. Hering, Conversion Tables, p. 72; 1904.
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while, when giving the unit of torque, to reverse the customary

designation of the unit of energy, thus using "meter-kilogram"

for the torque unit; or, following Kennelly, to indicate that it is a

perpendicular product by the expression ''kilogram perp. meter."

Nomenclature is sometimes proposed which overlooks the disad-

vantage of calling two different things by the same name. Thus,

in the Giorgi system of imits described below, it was proposed to

call the imit of magnetic permeance the henry. This suggestion

has not met with much favor; while permeance has the same
dimensional formula as inductance, it is none the less a distinct

physical quantity. The same fundamental objection applies to

a proposal now being considered ^ to call a imit of Itmiinous flux

the watt. Luminous flux is detected physiologically, and as long

as it has a physiological aspect can not be expressed in terms of

a purely physical imit.

Still another similar case is the use of " centimeter " as the name
for the cgs electrostatic unit of capacity and also as the name for

the cgs electromagnetic imit of inductance. Neither inductance

nor capacity, of course, is physically the same as length and the

name is therefore not entirely satisfactory.

Finally, the objection to using the same name for imits of two

or more different physical quantities may be put upon the basis

of convenience. It conduces to misunderstandings to use a word

in several different meanings. The difficulties are perhaps less

serious after one becomes famiHar with the nomenclature and
imderstands the double meanings, but they are a serious stmn-

blingblock to the formation of ideas by students. In practice it

is better to have the units distinctively named. So long as
'

' gauss"

is used both for the unit of B and of H, if one were told that 100

gausses were used in the iron of a certain apparatus (similarly to

the use of a certain number of amperes or volts in an electric cir-

cuit) he would not know unless aided by context or convention

whether gausses of B or of H were meant. The difficulty is made
worse by the fact that the name "gauss" has been used for the

imit of still another quantity; it was tentatively adopted by the

British association committee on electrical standards in 1895 for

the cgs unit of magnetomotive force.

At the present time gauss is used more generally for the cgs

unit of B than in any other sense, ^ and it is probably well to use

^ Ives, Phys. Rev., 5, p. 270; 1915.

8 The statement is frequently made that the cgs imit of H is regularly called the "gauss " in terrestrial

magnetic -^vork. This is by no means true, there being no consistency of practice regarding the unit of H
in that field of work.
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it only in that way. A name that is widely used for the cgs unit

of H is the gilbert per centimeter, the cgs unit of 9 being the

gilbert. (This is similar to the expression of electric field inten-

sity in volts per centimeter.) The cgs unit of </> is the maxwell.

When it is desired to avoid the term ''gauss" altogether, the cgs

unit of B is called the maxwell per square centimeter.

IV. RATIONALIZATION OF THE UNITS

Oliver Heaviside « pointed out in 1882 that the factor 47r could

be removed 'from many of the electric and magnetic equations by
the use of a new set of units. He called them ''rational" units,

because some of the equations appeared to have a more reason-

able correspondence with the underlying theory when 4T was
ehminated. Since that time there have been other proposals to

define imits which would change the position of 47r in the equa-

tions. The term " rationalization " has persisted in the literature,

meaning a redistribution of the 4.T 's in an advantageous manner.

1. THE HEAVISIDE SYSTEM

The imits used by Heaviside and by a few recent writers differ

by powers of 4T from the ordinary cgs units. In these imits the

factor 47r is eliminated from certain formulas, and the electric

and magnetic equations are made symmetrical. These units are

used as a Gaussian system; that is, electrostatic units are used for

purely .electric quantities and electromagnetic units for magnetic

quantities. Every equation containing both electric and mag-

netic quantities must contain as a factor the first or second power

of c, the number of electrostatic units in one electromagnetit: imit

of electric charge, which is equal to the velocity of light in space.

For instance, the equations for magnetic flux become

<f)
= c~y^ =c \E dt

Heaviside suggested that units of more practical magnitude could

be obtained by taking 10^ times certain of his imits instead of

using the various multiples, lo^ lo^ lO'S of the " practical

"

electromagnetic units. His suggested multiples have never come

into use.

9 Electrician, 10, p. 6, 1882; Electrical Papers, 1, pp. 199, 262, 432; 2, pp. 543, 575, 1892.
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TABLE 3

Heaviside System

[Vol. 13

Quantity

Cgs electro-

static tinits

in one
Heaviside

unit

Equations which
lose 47r

Equations
which gain

47r

R 47r

1

V4^

-^ 1

1

47r

1

1

V4^

At

/

E V 2
4tKt

F- QQ'

c ^ KS

K

£ f,_
Q

D D=Kt

^ A-rKr^

Jla

Quantity

Cgs electro-
magnetic

xinits in one
Heaviside

unit

Equations which
lose 4x

Equations
which gain

4x

^ '.

V4^

V47

1

1

1

•V4^

1

Air

1

-^4^

.4- n-^"

H

Airnr

<i. . . <i>=in

Airiir^

B
u.. ... ..........................

ft

J

ti=Ho+ K

m ^~ATfir^

a In the formula, L=radius and Li=length of a solenoid, and/ means "function of.
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Table 3 shows that the factor ^.w has been removed from every

equation which contained it in the ordinary systems. The same

factor has been caused to appear in certain equations which were

formerly free from it. It is sometimes stated as the main objec-

tion against the Heaviside system that it merely shifts the 4T

from some formulas to others. However, the existence of 4X in

the formulas

and the three analogous formulas in magnetism are not trouble-

some because these equations are seldom used in numerical com-

putations. The 47r is removed from the equations used in prac-

tical work, where its presence is obnoxious. Furthermore there

is some theoretical justification for the 47r in those equations

which contain it when Heaviside units are used. Consider, for

Tit

instance, H = ;. If we define the unit pole so that unit flux
47r/ir2

^

TVl

emanates from it, we should have, since 5=-^- for a spherical

Tyi

surface surrounding m at the distance r, B = ^- From

TYl

B = ixH, it follows that H^ ^; that is, 47rr2 suggests the

circumscribing sphere.

The 47r is not only removed from & = ^tNI, but also from curl

H = 4.Tr U and other forms of the First I^aw of Electromagetism.

(The various forms of the law are given on p. 625.) Some forms of

the law do not contain ^ir in the ordinary units, but do in Heavi-

side units, as follows:

CO

12 = / — (oj = sohd angle)

H = ' » for an infinitely long, straight conductor.
2ircr

Many formulas for electrostatic capacity are more convenient

in Heaviside than in ordinary units. The capacity of a sphere,

however, is Kr in ordinary units, and ^tKv in Heaviside units.

It is desirable to have the 477, which originates in the properties
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of a sphere, appear in the forniulas pertaining to spheres rather

than elsewhere. It is a practical convenience, also, to have the

awkward numerical coefficient in the formula for a sphere rather

than in the formula for a plate condenser, C = —t-> since the latter

is the only case that is frequently met with in practice.

In the Hea^-iside system the factor 477 is not only removed from

all the formulas where it occurs in the ordinar}' systems to

more appropriate places in the theor}-, but the formulas of elec-

trostatics and magnetism are also made identical in form. The
s}Tnmetr}' and convenience of the system have aroused admira-

tion in many who have studied the electric units. It was seriously

considered for general adoption in England in 1S95 and again in

1905. The enormous difficulties of changing the magnitudes of

practically all electric units and standards stood in the way and

will render the change more and more impossible as time goes on.

Some writers ^'^ on the theon,' of electricity use these units at the

present time, lea^-ing it to their readers to introduce conversion

factors when applying the theor}' to measurements. This makes

the reading of their works much more difficult for the majority of

students and electrical workers. As already shown, the 477 neces-

sarily appears in some places, so that the reader is not freed from

considering it but must deal with it in a way entirely unfamiliar

to him. The removal of this factor from certain equations is

furthermore not necessarily an advantage, as will be shown below

(p. 626).

2. OTHER ATTEMPTS TO ELIMINATE 4x

The demand for a rationalization of the units has increased as

electric waves have come into prominence, requiring the simulta-

neous use of more parts of electromagnetic theor}' than other

phenomena require. In 1900 the American Institute of Electrical

Engineers adopted a recommendation to bring up the matter at

the next international electrical congress.

There have been a number of attempts to evade the 477 difficulty

without recourse to the Heaviside system, which would require

such an uprooting of all existing units and standards in electricity.

The ffi-st proposal was that of Prof. John Perr}' in 1889, and all the

subsequent proposals have been variations of Perr}''s. He was

requested by the British association electrical standards commit-

^^' H. A. Irorentz, The Theory- of Electrons, 1909; O. W. Richardson, The Eleccron Theory- of Matter, 1914.
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tee to prepare a report on magnetic units and published his pro-

posal " in 1891 . The idea was to define a new unit of permeability

so as to make ju^ = 47r X io~^. The unit of J5 was to be the ampere-

turn, of H the ampere-turn per centimeter, and of </> and B 10^

times the cgs electromagnetic units. These units permitted the

retaining of the equation B = jjlH, unchanged in form. They also

gave the following simplified equations :
•

5 =NI (/ being in amperes)

.

^ = £: (volts).
at

The 47r is eliminated from the first of these equations and the

factor 10^ from the second. These imits do not furnish a satis-

factory solution to the difficulty because of the change in the

value of ju. The convenience of having n = i for the ether or for

air has been too great to be sacrificed.

Since Perry's proposal, the same or nearly the same idea has

been suggested by several different persons. F. G. Baily ^^ made
the identical suggestion in 1895. In 1900 R. A. Fessenden ^^ pro-

posed that Ho be taken = 47r, and that similarly a new unit for

dielectric constant be defined such that Ko =— The unit of A
4'7r

was to be the cgs electromagnetic unit, and the unit of ^ 10 ampere-

turns. This proposal redistributed the 47r's in the electric and

magnetic equations just as the Heaviside imits do. Objections to

giving jUo and Ko values different from i has prevented acceptance

of this system, just as in the case of the Perry units.

The system proposed by Fessenden involved the abandonment

of the ohm, ampere, and other "practical" units and the use of

cgs electromagnetic units instead. A modification of Fessen-

den's system was suggested by J. A. Fleming.^^ The value of

Ho was taken = 47r, as in Fessenden 's system, and the "practical''

multiples of the cgs units suggested by Heaviside were used; that

is, the unit of resistance was to be 10^ cgs electromagnetic units,

the imit of current i cgs unit, etc. The single multiplier 10 ^ was

to be used. The advantage of these proposed units is slight corn-

el Electrician, 27, p. 355; 1891.

12 Electrician, 35, p. 449; 1895.

13 Elec. World, 35, p. 282, 1900; Phys. Rev., 10, pp. i, 83, 1900.

^* Electrician, 44, pp. 324, 366, 402; 1900.
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pared with the inconvenience of abandoning those at present in

use.

It was shown by G. Giorgi^^ in 190 1 that an entire system could

be built up about the idea of Perry retaining the ordinary units

such as the ohm and the volt. The same system was proposed a

little later by D. Robertson. Giorgi called it the "absolute prac-

tical" system, because it is a single coherent system utihzing the

"practical" electric units. The system has a unique dimen-

sional basis, the fimdamental quantities being length, mass, time,

and electric resistance. As the units of these he chose the meter,

the kilogram, the second, and the international ohm. This system

is rationalized—that is, the 4 tt's are redistributed—exactlv as in

the Heaviside and the Fessenden systems. There is a very com-

plete correspondence of the electric and magnetic equations.

Because of the symmetry and consistency of the system, Giorgi

was led to give the same name to imits having the same dimen-

sions; for example, henry for inductance and for permeance,

ampere for current and for magnetomotive force. He would also

express both energ}^ and torque in joules. Such terminology is

misleading, as pointed out above; ampere-turn is a much better

name for the unit of magnetomotive force, reserving ampere for

current.

Many of the units are those at present in use. A few, like the

coulomb per square meter and the ampere-turn per meter, are

not used. The weber is not used, being too large a unit for the

requirements of practice. The units of K and m are, of course,

the least satisfactor^^ They are so chosen that i^o = 8.842 x lo"^^

and iUo = 1.2566X IO"^ The Heaviside system is preferable in

this respect, since it makes Ko = i and Mo = i . The superiority of

the Giorgi system is its retention of the ordinary "practical"

units for the principal electric quantities. Its equations also are

slightly more simple in form than the Heaviside equations, since

the factor c is not required in 9 =AT and other equations invohang

both electric and magnetic quantities. In its completeness and

consistency the Giorgi system is admirable. Its advantages, how-

ever, largely depend on acceptance of the system as a whole, and

the requirements of practice always work against the consistent

use of a single system of units. In practice, convenient decimal

multiples are used.

15 Eiectridan. 49, p. 223, 1902; Trans. Int. Cong., St. I,ouis, 1904, 1, pp. 130, 136.
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TABLE 4

Giorgi System

619

Quantity Unit
Dimensional

fonnula

Cgs electromag-
netic units in one

Giorgi unit

R.

I.

E.

Q

c.

K

5

D.

Jl

H

<}>.

B.

M-

E

Ohm

Ampere

Volt

Coulomb ,

Farad

Farad per meter..

Volt per meter

Coulomb per m^..

Hemy

Ampere

Ampere per meter

Weber

Weber per m^

Henry per meter.

.

l/hemy

Weber per m^

Hemy per meter.

.

Weber

[R]

r_LMV2"|

IT'hR'hJ

FLM'hRVn

L T% J

\_ThRy2J

m
rMW/2-|
L T'h J

ILThR^j
[TR]

r LMV2 "|

\_T'l2Ry2J

r ikP/2

1

[^T'hR'hj

FLM^hRV:̂1
^ JL TV;

L LT'h J

m
LTRJ

L LT'h J

[¥]
FLMWh-l
L TV2 J

10^

10-1

108

10-1

10-9

47r

10"

10s

10-^

109

47r

10

47r

10^

108

10^

10^

47r

47r

10»

47r

107

(4^)2

108

47r

M. Ascoli has recently shown ^^ that it is possible to frame a

system which retains the ordinary ''practical" units for certain

quantities, but is based on the meter, kilogram, second, and Mo = i

;

w L'Elettrotecnica, 2, p. 731, 1915. (Translation by Kennelly in Elec. "World, 67, p. 876, 1916.)
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bv inserting a numerical factor X in the equation F = -^7" (^ is the

force on a magnetic pole m at distance I from the infinitely long,

straight current /). He states that this quantit}' 'X is a fifth

fundamental quantity in a system of electric and magnetic units.

This does not seem justified, for X is not a physical quantity or

propert}-. It is merely a numerical constant, of the same standing

as a constant a would be in the relation between current and

quantit}^ of electricity, thus, -^ = ^. It does not lead to any useful

result to give X a value different from unity. In the system which

Ascoli proposes (not, of course, for practical use), X = io'- = 3i62.

The magnetic units have peculiar magnitudes in this system. The
unit of H, for instance, is -yfio cgs electromagnetic imits. Since this

system gives new units of incommensurable values and makes cer-

tain equations more complicated, there does not seem to be any

justification for the unusual assumption on which it is based.

This system does not aftect the 47? situation at all; it is like all

the other systems discussed in this section merely in that it modi-

fies the accepted equations and units.

The only writer at the present time (so far as the author has

found) who uses units such that Ko and Mo contain the factor j\.Tr

is Prof. V. Karapetofi. He makes use of the international ohm
and ampere as fundamental units, uses the ampere-rorn for -3 and

the cgs units for 6 and B. In building up the system of units, he

removes the factor 47r from certain defining equations, resulting

in new units of K and ju. The relation of these units to 4- is

regarded by Prof. Karapetoff as purely an incidental or historical

matter. This system has a commendable simplicity. It involves

few changes from the ordinary units. The 4:r's, of course, require

caution, as their removal from certain equations means their

reappearance in certain others. This system gives the most logi-

cal basis for magnetic units of the Pert}' type (^Uo and A'o different

from unity) , in that it takes the international ohm and ampere as

stardng-points in the system instead of ji or K.

All of these proposals to eliminate 4- without recourse to the

Hea\iside system have involved the incorporation of 4- in the

value of p.. The fundamental features of the various systems are

compared in the following table:
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TABLE 5

Proposals Regarding Magnetic Units

621

Author of

proposal
'^°

Unit of magneto-
motive force

Unit of flux Remarks

47rX10"^--- Ampere-tum

10 ampere-tums..

do

105 cgs electromagnetic

1 cgs electromagnetic

do

Fessenden 47r
\k^==^ electrostatic.

Fleming

Giorgi

4,r

i Cgs system rationalized.

/Unit of R= 108 cgs.
\Unitof/=lcgs.

fii^„= 8.842X10-1 2 electrostatic.
Impractical " system rationalized.

1 Ko=l^ electrostatic.

47rX10-^..

4x

Ampere-tum

do

lOs cgs electromagnetic

1 cgs electromagnetic.Karapetofi''.-.--
10

«Tlie values of Mo and ii^o are not fimdamental, but derived, in the KarapetofE system. They result

from the use of the ampere and ohm as fimdamental units together with the elimination of 417 from cer-

tain equations.

3. THE TWO SETS OF MAGNETIC UNITS

As pointed out at the beginning of Section III, two sets of mag-

netic units are actually in use, both being derived from the inter-

national electric units. The point of departure between the two

is magnetomotive force, the unit being the gilbert in one set of

units and the ampere-tum in the other. The ampere-turn is in

widespread use, particularly among those who work with mag-

netic apparatus. It has usually been regarded as an isolated unit

rather than a member of a system. It will be sho"v\Ti here that

its use leads very simply to a complete set of magnetic units,

which are fruthermore rationalized at least as satisfactorily as the

Heaviside units.

The ampere-turn is a very convenient unit of mmf , the mmf in

a magnetic circuit being equal to the product of the number of

amperes by the number of turns of the electric circuit linking the

magnetic circuit. The magnetic potential difference along a part

of the magnetic circuit can be expressed in ampere-tiirns also, just

as volts can be used to express the electric potential difference

between two parts of a circuit as well as the total emf induced in

the circuit. The ampere-turn is equal to '^— gilberts, and both

may be used for mmf's or for mpd's produced otherwise than by
electric currents, just as the ''pound" is used as a unit for forces

produced otherwise than by gravit}^

From the ampere-tum is derived the ampere-tum per centi-

meter as the unit of H. This is a very useful unit, but the name
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*' ampere-turn per centimeter" may be misleading; a new name
would be desirable. H inside a solenoid is not equal to the product

of the number of amperes by the niunber of turns per centimeter

of winding, except in the case of a torus or a very long, single-layer

solenoid. The "per centimeter" in the name of this imit does

not apply to "turn " but to " ampere-turn" ; that is, in a magnetic

circuit, H at any point is the magnetomotive force per unit dis-

tance along the magnetic circuit at that point. The imit of mmf
being the ampere-turn, the imit of H is thus the ampere-turn per

centimeter of the magnetic circuit. Prof. Karapetoff has sug-

gested the name"atcen" as a convenient abbreviation for ampere-

turn per centimeter. A possible objection to this term is that its

formation suggests a product (as in such words as foot-pound)

instead of a quotient, which the "per " indicates. It has, however,

the advantage of brevity, and is readily understood.

Table 6 gives the two sets of magnetic units. The relations

involving the ampere-turn are here extended to form a complete

TABLE 6

The Two Sets of Magnetic Units

Quantity

Ordinary magnetic units Ampere-turn units

Unit Equations Unit Equations

Ordinary
vinits in one
ampere-tum

unit

Gilbert

Gilbert per cm.

Maxwell . .

Maxwell per

cm^
Gauss

Oersted

.

Ampere-tum .

.

fAmpere-turn
i\ per cm

<^=10^rEdti Maxwell

I [Maxwell per

B=^ ....:-l_cm^
dS

«=!

[Gauss.

Ampere-turn
^

per maxwell

^~m5

J=kH

<P=47rWt . .

.

j <^

Maxwell,

-3=AV ....

-=§-

d4>B=dS""

£

10/

<p=7n. • . .

.

m
SJ Q

10

_47r

10

10

4-

_!_
4-7

1

4-
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system, alternative to the ordinary magnetic units. The table is a

supplement to Table i ; the equations are based on the four funda-

mental units, the international ohm, international ampere, centi-

meter, and second. In addition to these magnetic units, a few

isolated units are also in use, employing the inch instead of the

centimeter.

4. THE AMPERE-TURN UNITS

The imits of the second set in Table 6 are similar to those of

Perry, Fessenden, and Karapetoff, with the very important dif-

ference that Ato = i, and thus no new or strange units are intro-

duced. The only novelty is the presentation of the equations

required to make the ampere-turn fit in with the units of other

magnetic quantities. It fortimately turns out that these equa-

tions contain the factor 4.T in appropriate places. In a sense, the

system is more conveniently ''rationalized" than the Heaviside

system.

The use of the same imit for magnetic pole strength and for

flux is not common, because the two quantities are not equal

numerically in the ordinary units. It has, however, been sug-

gested by the authors of systems in which the units are rational-

ized, as the two quantities have the same physical nature. In

analogous fashion, dielectric displacement and electric charge

density are physically similar, and the same unit is used for both.

The use of the maxwell as the unit of m leads to the important

consequence that / is expressed in the same unit as the physi-

cally similar B. This usage results in changing the equation

B =B^-\-4Tr J into the simpler B ^B^-hJ. Some of the equations

are thus simplified, not by introducing new units, but by using

the ordinary units for quantities to which they have not commonly
been applied.

In the ampere-turn units of Table 6 the 47r has been removed

from every equation which contained it when using ordinary

units. It will also be noted that in the equations given in ampere-

turn units 4.T occiurs only in the factor — in connection with

u or K. This factor in B==^—u,H does not mean an addition of^ ID

47r to calculations ; it merely comes to the surface in this equation

4.7r

because H is expressed in ampere turns, which removes the -^

from the relation between & and /. When the field is due to a
75741°—17 8
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solenoid, the j.tt can not be escaped in the calculations. That it

is legitimate in everv- way to have ^ir in the relation between
B and H is suggested by the analogous relation in electrostatics,

D =—^K^. Similarly, the equation for permeance, the reciprocal

of reluctance, p =-— -7-' is analogous to the equation for capacity

I KS
of a plate condenser, C = —^ -j-- The fact that 47r appears in the

numerator in the magnetic relations and in the denominator in

the electrostatic relations is of no physical significance, but

explains the appearance of the factor (477) ^ in the equations

below, pertaining to magnetic poles. The equations on the left

are in ordinary magnetic units and on the right in ampere-turn

imits.

0- "^ ^ 10 7)1

^'~{ir "-(4-)Vr

= 10"— (ir in joules) o = io'~(]Vm]ovile.

tir'

10 m
(4^)^Mr^

H=F (Fin dynes) mH = 10 F (F in dynes)

_ mm' I 7nm'

U^r l^r'

The awkward factors on the right are not a source of incon-

venience in calculations because these equations are of no tech-

nical importance whatever. These equations are not even essen-

tial to the theoretical development of the international system,

as shown in Table i. In the Heaviside and all other rationahzed

systems the 47r is removed from equations used in practice and

relegated to these equations. In fact, the factor (477)- really occurs

in the Giorgi and similar systems just as it does here, although it

does not appear so because one a-tt is incorporated in the value of ji.

Those systems also possess an apparent superiority over the ampere-

turn system in eliminating the 4T from some of the equations for

calculating inductance and capacit}'. This apparent advantage

is illusor}', since the 477 is in those systems existent in the nimierical

values of ^ and of K, and so numerical calculations would have to

deal with it. In the present system fi and K presen.'e their ordi-

nary values, and — accompanies fi in the formal equations.
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The removal of 4.T from the first equation of Table 6 is of par-

ticular importance, as the same change applies to other forms of

the same law. This is the first law of electromagnetism, and

gives the mathematical relation between electric current and the

magnetic field associated with it. Each of the forms given below

is used by some writers as the expression of the essential electro-

magnetic relation. The equations on the left are in the ordinary

magnetic units and those on the right in ampere-turn units. In

the latter units 4.T has been removed from every equation

which contained it in ordinary units and has been put into certain

others.

10

12=— (co = solid angle)

.

C^TTj = !![ r (Integration is

Js 10 once completely
aroimd the current.)

curl H^^U
10

ID

dH~-, sin (r,dl)
10 r^

^ _ 4^ AT/
^ inside an infi-

10 L nitely long so-

lenoid.

^^^![AZ, at center of a
10 r circle of radius r

with N turns.

// ^ .iL , for an infinitely
io>' long straight

conductor.

10 •- •

1^ = 10* N

&=NI

7co
J2=

4T

£Hds=I

curl H = U

JJL ID

dH l^dl
/[TV r^

sin (r, dJ)

H =m
2Y

H =
2Trr

F = -^[IIXB]
10 ^ *

(f)
= l0'MN
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Perhaps the most striking difference between this and previous

systems of units is the shift of ^ir in the equations

B^f^.H (X)

4> = ni (2)

These equations are thus made more exactly analogous to the

electric equations

D =
^^ K^ (3)

ffDdS==Q (4)

It is perfectly legitimate and indeed preferable to have the 47r in

the first equation of each pair, B and H being physically different

quantities (likewise D and £.) ; and to have it removed from the

second equation of each pair since the quantities on both sides of

the equation are physically similar. Thus, B and H are not numer-

ically equal in nonmagnetic media, and there is little tendency to

regard them as physically the same quantity and measurable in the

same unit. There is not much likelihood that a single name will be

used to mean both maxwell per square'centimeter and ampere-turn

per centimeter, as " gauss " has been used for the ordinar}^ units of

B and H. The j^t in the relation between D and £/ has similarly

assisted in preventing confusion over their physical nature.

In Heaviside imits the 47r is removed from all the equations

(i) to (4). This makes electric displacement in a vacuum numeri-

cally equal to electric field intensity. These two quantities may
then be confused in their physical meanings, precisely as magnetic

induction and magnetizing force have become confused as a result

of their numerical equality in ordinar}^ units. It is, of course,

legitimate and is mathematically convenient to make two different

physical quantities have the same numerical value, but it is often

misleading and troublesome. It would therefore appear that in

the ampere-ttun equations the 47r's are more advantageously dis-

tributed than in the Heaviside system.

It is interesting to note that in the fourth edition (191 1) of his

Theorie der Elektrizitat, ^I. Abraham effects a slight rationaliza-
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tion of units by defining a new unit of dielectric displacement

by

This leads
.
to Jf^^'^ = 4^2 (4O

These are symmetrical with the two magnetic equations in ordi-

nary imits:

B = fiH (lO

<^ = 47rm (2')

The units were defined in this same way by A. G. Webster in his

book, The Theory of Electricity and Magnetism (1897). He, how-

ever, gave the name "induction" to the quantity defined by K^,
According to the view expressed above, these units put the ^w in

the least favorable place, both in the electric and the magnetic

equations. Abraham mentions as an advantage of these units

that they take the 4^ out of the usual relation, curl H = /\Tr -rr*

making it

. ^ dD

which is thus symmetrical with

1 a dB
curl 0= — -jT'

at

This advantage, however, may also be credited to the ampere-turn

units.

The characteristics of iron are very commonly shown by means
of curves in which the ordinates are B in gausses, and the abscissas

are H either in gilberts per centimeter or in ampere-turns per

centimeter. A distinction must be observed in interpreting the

ctirves in the two cases. When the abscissas are in gilberts per

centimeter, the ratio of ordinate to abscissa for any point on the

ctirve is equal to jn, the permeability. When ampere-turns per

centimeter are used, jjl is not equal to the ratio of ordinate to

abscissa, but is— times that ratio.
47r
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The information actually wanted for iron is sometimes the ratio

of B to Bo {Bo being the induction in a nonmagnetic substance

with the same H) rather than the ratio of B to H. This would

apply to transformer iron, for example. Consequently, magnetic

cur^'es may be plotted with both ordinates and abscissas in gausses.

The ratio of ordinate to abscissa for any point equals the permea-

bility, entirely independently of any choice of H units. This

follows because ^- = — > and Mo = i

.

^o Mo

This discussion of the ampere-turn units is presented purely for

the information of those interested in units. It is not intended

to suggest that the Bureau will discard the gilbert in favor of the

ampere-turn in its own work. Both sets of magnetic units have

been found useful, and both will doubtless continue in use.

V. SUMMARY

The electric units ordinarily used are based upon certain stand-

ards defined by international congresses. These units may be

considered to form a distinct system. They have been called

international units to distinguish them from the corresponding

units in the electromagnetic system, of which they are the repre-

sentatives for the purposes of electrical measurements. The
international and the electromagnetic units differ by exceedingly

small amounts, and the small differences are determined by abso-

lute electrical measurements made from time to time. The inter-

national system takes the international ohm, the international

ampere, the centimeter, and the second as fundamental imits.

The unit of magnetic pole strength is relegated to a subordinate

position, corresponding with its unimportance in practical work.

The dimensional expressions of electric and magnetic units in this

system have a simplicity and direct applicability lacking in other

systems. The system has, however, no such simplicity or utility

in the domain of mechanics nor amwrhere except in electricity and

magnetism. It in no way tends to supplant the classical system

based on length, mass, and time.

Magnetic units have been in a somewhat confused state. The
use of the word "gauss " as the name for both the unit of induction

and the imit of magnetizing force is one difficulty. The interna-

tional system furnishes no justification for this double usage.

The two quantities have sometimes been looked upon as physically
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the same. There are reasons, however, for considering them to

have an essentially different nature, induction corresponding to

the magnetized state of the medium, and magnetizing force being

the agency tending to produce that state. The objections to using

the same name for units of different physical quantities have been

presented. The double use of "gauss" is an inconvenience in

practice.

There have been various proposals from time to time to ra-

tionalize the electric and magnetic units ; that is, to use units such

as to redistribute the factor 47r in the equations. In no system

is this factor entirely eliminated. The first proposal, that of

Heaviside, had much to recommend it and his units are used in

some recent theoretical works. However, all the imits are dif-

ferent by some power of 47r from the ordinary imits, and their

general adoption now seems out of the question. Proposals

since Heaviside's for the rationalization of the imits have in-

volved less change of existing units but have all had the dis-

advantage of incorporating 477 in the values of the permeability

and dielectric constant of empty space.

A very satisfactory rationalization is effected by the use of

the ampere-turn as the imit of magnetomotive force, without

recourse to any new units. There are two sets of magnetic units

in use, based upon the international electric imits. In one set

the units correspond in magnitude to the ordinary cgs electro-

magnetic units. In the other, the ampere-turn and derived units

are used. The equations required to make the ampere-turn fit

in w^ith the units of other magnetic quantities have been given

herein. For want of a better name, the units of this set are called

ampere-turn units. It has been pointed out that the ampere-

turn tmits are rationalized more nearly like the Heaviside units

than any of the systems which have been proposed, in that /Zq

retains its value imity. From one standpoint the 47r's are even

better distributed than in the Heaviside system. It is of inter-

est to find that units actually in use constitute a system which

is not at all inferior to the various proposed systems. This pres-

entation of the ampere-turn units has been given as a contribu-

tion to the discussion of magnetic units, and in no sense as a

proposal to discontinue the use of the gilbert and other more
common units.
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In conclusion, this study has shown that the international

system, based upon and representing the electromagnetic sys-

tem, is a convenient and satisfactory system of units for the

purposes of electric and magnetic measurements. Proposed

changes in some or all of the imits do not appear to offer advan-

tages such as to justify the confusion and inconvenience of chang-

ing the imits as ordinarily used.

Washington, May 22, 191 6.



APPENDIX

SYMBOLS USED

B = magnetic induction.

C = electrostatic capacity.

c= velocity of light.

D= electric displacement.

E = electromotive force.

£/ = electric field intensity.

F

=

force.

5 = magnetomotive force.

// = magnetizing force.

I = cmrent.

/= intensity of magnetization.

K = dielectric constant.

Ko = dielectric constant of space.

L==l = length.

L =L = self-inductance.

M = mass.

Tit =M = mutual inductance,

tw = magnetic pole strength.

N = number of turns.

P = power.

Q = quantity of electricity.

i?= resistance.

R = reluctance.

r = distance from a point.

5 = area.

^ = length along a path.

T = t = time.

U = ctirrent density.

V = electric potential.

W = energy.

Z = impedance.

7 = conductivity.

5 = mass resistivity.

K = magnetic susceptibility.

jLt = permeability.

Mo = permeability of space,

p = volume resistivity.

(7 = strength of amagnetic shell.

cf) = magnetic flux.

Q = magnetic potential.
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