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A FURTHER STUDY OF THE INERTIA OF THE
ELECTRIC CARRIER IN COPPER

By RicHARD C. ToLMAN AND LEwis M. MOTT-SMITH

ABSTRACT

Nature of the experiments—An apparatus similar to that of Tolman,
Karrer and Guernsey, in which a copper cylinder is oscillated around its
axis and the current due to the lag of the electrons in the cylinder detected
by means of a secondary of many turns of fine wire connected through an
amplifier with a tuned vibration galvanometer, has been used for a further
study of the inertia of the electric carrier in metals. The method has been
improved, among other ways by arranging to measure the direction, phase, and
magnitude of the alternating current produced by the acceleration instead of
merely determining the amplitude of the effect, as was done in the earlier
experiments. The null method of balancing out the electromotive force of
interest, introduced for this purpose, also had the advantage.of eliminating
the previous uncertain correction for the ‘‘zero effect.” A thorough study of
the effect of the earth’s field on the moving cylinder was also made, which had
not been previously done.

Results.—The effect of the earth’s field in inducing currents in the moving
apparatus was found to be in accord with that theoretically predicted, and
it was satisfactorily demonstrated that this effect is eliminated when the
cylinder is set parallel to the field and the coil set parallel to the cylinder.
The final best value for the electromotive force produced by the acceleration
was found to have an amplitude 19 % less and a phase lagging 10° behind that
predicted on the basis of an elementary theory which assumes a perfectly
rigid conductor with “free’’ conducting electrons having the same mass as
electrons in free space. It is not certain whether this discrepancy is due to
errors still present in the experimental work, or due to the over simplification
introduced in the deduction of the elementary theory. The results are pre-
sumably more reliable than those of Tolman, Karrer and Guernsey which gave
an amplitude 8 % lower than the predicted, using the same apparatus in a less
satisfactory form. The results should also be compared with those of Tolman
and Stewart who measured the pulse of current produced by suddenly stopping
a coil of wire rotating around its axis, and found values about 15 % greater
than the predicted. A possible source of error in their experiments, due to
interaction between metal and insulation, was discovered in the present work,
but it may be that there is a real difference in the effective mass of the carrier
in the two kinds of experiment. It is believed that the present work demon-
strates more satisfactorily than ever before the actual existence of an electro-
motive force due to the inertia of the electrons in an accelerated metallic
conductor.

I. INTRODUCTION
1. The Berkeley experiments. The production of an electromotive force
in an accelerated metallic conductor, due to the inertia of the electrons
in the conductor, was first demonstrated by the work of Tolman and
Stewart! at Berkeley, who measured the pulse of electric current produced
1 Tolman and Stewart, Phys. Rev. 8, 97 (1916); 9, 164 (1917).
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by suddenly stopping a coil of wire rotating around its axis. Their experi-
ments included work on a number of different coils of copper, silver and
aluminum wire. The pulse of current was always found to be in the
direction which would be predicted on the basis of a mobile negative
electron for the carrier of electricity in these metals, and the mass of the
carrier as calculated from the magnitude of the pulse came out for the
three metals tested about 15 percent higher than the known mass of an
electron in free space.

The most serious chance of error in the Berkeley experiments would
seem to be the possbility of electromotive forces produced in some
manner not thoroughly understood by the buckling of the wire or the
forces between the wire and its insulation at the time of stopping of the
coil. Some evidence of such disturbing effects would seem to be given
by the work of Tolman and Stewart, since they found that their results
were more concordant the more carefully they wound their coils and the
more care they gave to the impregnation of the coil with paraffin or
shelac. Further evidence as to such possible misbehavior of the insulating
material will be given in the present article.

2. The Washington experiments. The above chance of error was
eliminated in the later experiments of Tolman, Karrer, and Guernsey?
made at Washington, who oscillated a cylinder of copper around its axis
and determined the electromotive forces produced in it by surrounding it
with a secondary coil of many turns of fine wire which was connected
through an amplifier with a vibration galvanometer. These experiments
also seemed to demonstrate an electromotive force due to the inertia of
the electrons, and the average value for the mass of the carrier came out
from these measurements about 8 percent lower than the mass of the
electron in free space.

In these Washington experiments only the effective amplitude of the
alternating current produced in the secondary was measured and this
compared with the current produced in the secondary by a suitable
method of calibration. Hence since the phase of the current was not
known, it was impossible to conclude from these experiments, as from the
Berkeley work, that the direction of the effect is necessarily that which
would be predicted on the basis of a negative charge for the mobile carrier.

The Washington experiments also suffered from an uncertainty as to
the best method of correcting for the accidental electromotive forces

- always present in the coil, which produced at all times a varying deflection
of the galvanometer beam, even though the apparatus was not running.

? Tolman, Karrer and Guernsey, Phys. Rev. 21, 525 (1923).
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The method adopted was to measure the width of the galvanometer beam
when the apparatus was stationary (zero effect) just before or after a
series of measurements and then correct simply by subtraction. It is.
evident, however, that a method of balancing out that part of the
electromotive force of real interest would be superior.

Finally the time available for the Washington experiments made it
impossible to carry out a complete study of the effect of the earth’s
magnetic field. To eliminate effects from this source, the oscillating
cylinder was set with its axis as nearly parallel as possible to the direction
of the earth’s field, and the axis of the coil was then aligned parallel with
the axis of the cylinder. It was believed that this arrangement would
elminate accidental effects due to motion in the earth’s field, provided
exact parallelism could be attained, and indeed the work to be described
in the present article substantiates this point of view. Time did not
permit, however, a satisfactory determination of the magnitude of the
error actually introduced by the impossibility of obtaining absolute
parallelism. Preliminary attempts were made to neutralize the earth’s
field with large Helmholtz coils, and changes in the magnitude of the
effect were observed to accompany changes of the D.C. current in these
coils. At the time this effect was ascribed to eddy currents in the cylinder
produced by lack of homogeneity in the field introduced by the com-
pensating coils. The true nature of this effect, however, has now been
found, and will be made apparent in the present article.

3. The general nature of the Pasadena experiments. In the present
experiments, which were made at Pasadena, we have again oscillated the
copper cylinder parallel to its axis and surrounded it by a secondary coil
of many turns of fine wire, but have overcome the above three difficulties
encountered in the work at Washington by methods that will be described
below.

In order to determine the phase of the effect we have balanced the
alternating electromotive force in the coil against an alternating electro-
motive force produced by an earth inductor rotating in synchronism
with the oscillation of the cylinder, arrangements being made so that we
could adjust the amplitude and phase of the balancing electromotive
force.

This method of measuring the effect also eliminates uncertainty as
to the right way of correcting for the ‘“‘zero effect’” which keeps the
galvanometer oscillating to some extent all the time, even when the
apparatus is not running, since we only balance out the electromotive
force of actual interest. Under favorable conditions there was almost
no difference between the widening and “kicks” in the band of light
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from the galvanometer when the balance had been made with the
apparatus running and the behavior of the band when the apparatus was
stationary.

Finally, we have made an elaborate study of the effect of the earth’s
field on the magnitude and phase of the effect, by changing the alignment
of the cylinder with respect to the earth’s field and the alignment of the
coil with respect to the cylinder, and by rotating the coil around its axis.
Indeed, the investigation of such effects forms a considerable portion of
the work to be described in this article. In a general way it may be said
that the correct magnitude of the effect will be obtained provided the
cylinder is exactly parallel to the earth’s field or provided the (electrical)
axis of the coil is parallel to the cylinder. If both alignments are made
parallel, the results are of course that much better. This explains the
success of the Washington experiments, since the attempt was there made
to have both alignments parallel.

II. DESCRIPTION OF THE AFPARATUS

In order to permit the intelligent criticism of work so full of difficulties
as this, it seems desirable to describe the apparatus and experimental work
in considerable detail. This is especially true, since such work always
contains annoying minor lacks of consistency and their possible sig-
nificance can only be estimated in the light of all the facts.

4. The location. Just as in Washington it was found impossible to
carry out work of this nature in a laboratory building, owing to large
continuous accidental variations in electromagnetic conditions which
keep the galvanometer always in violent oscillation when connected
through the amplifier to the coil. A somewhat isolated location was
found on the campus, however, which was reasonably satisfactory, and
the apparatus was housed in a small wooden building with a floor space
of 16 by 12 feet and 10 feet high, with its axis pointing towards the
magnetic north.

5. The cement pier. The apparatus was mounted on the northern face
of a cement pier, this face being approximately parallel to the magnetic
dip. The height of the pier was 9 feet 4 inches and its base 5 feet 4 inches
by 2 feet sloping to 2 feet by 10.5 inches at the top, with a projection of
1 foot at the bottom on the west side carrying the Pelton water wheel
and other accessory apparatus for driving the oscillating system, as shown
in Figs. 1 and 2. The pier was carried on a cement base 6 feet 3 inches
by 5 feet in area and 2 feet deep in the ground and this in turn on a
concrete foundation. Holes through the pier and its base were left to
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allow for the installation of compensating coils if desired, and brass
insets were provided for bolting apparatus to the pier.

In front of the northern face of the pier a cement-lined pit was provided
asshown in Fig, 1 to carry the lower end of the torsion rod. The pit was
4 feet by 2 feet in area by 4 feet 6 inches deep.

Fig. 1. Side view of apparatus.

The foundations of the pier were constructed of ordinary concrete,
but the pier, its base, and the walls of the pit were constructed from neat
cement, since the sand available was found to be very paramagnetic.
The cement itself was only slightly paramagnetic. We desire to thank
Professor S. R. Williams now of Amherst College for his kindness in
testing the magnetic properties of the sand and cement.

6. The oscillating system. The oscillating cylinder was the same one
used in Washington, provided, however, with new end plates carrying
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the pinions for the bearings necessary for the rotary oscillation. The
cylinder was made from a copper billet cast and then forged to a fine
homogeneous structure at the Washington Navy Yard. The cylinder
was 9% inches long with an outside diameter of 4 inches and an inside
diameter of 3 inches.

The end plates were constructed from castings of phosphor bronze
and were sweated into the ends of the cylinder. The pinions were 1 inch
in diameter by 2% inches long and ended in slotted plates arranged for
keying to plates on the ends- of the torsion rods which supplied the restor-
ing force for the oscillation.

The cylinder rotated in bearings of gun metal bronze which were
carried in brass pillow blocks mounted on a cast brass bed plate bolted
to the pier. :

The restoring force for the oscillation was supplied by the twisting
of long torsion rods clamped at top and bottom. A long period of ex-
perimentation was given to attempts to use helical springs instead of the
torsion rods, which would have had the advantage of greatly‘shortening
the length of the apparatus. To get the necessary restoring force, how-
ever, these springs had to be very heavy and could only be made by
machining out from a solid bar of Tobin bronze. Although they gave
fairly satisfactory service for a‘time, finally a fracture always developed
in one spring or the other. In addition the changes in cross section of the
springs on twisting, thus cutting the earth’s magnetic field, led to
disturbing currents, which, however, were at least partially eliminated
by insulating the ends of the springs.

The torsion rods finally employed were the same ones used in Washing-
ton, made from special non-magnetic “Navy Brass,” hexagonal in cross
section, 5/8 inch from flat to flat. The distance from end to end between
clamps was 14 feet 10 inches. And the period of oscillation was about
20 cycles per second. )

The phosphor bronze for casting the end plates of the cylinder had a
magnetic susceptibility of —1.5X 1077, the red brass for casting the bed
plate and the pillow blocks had a susceptibility of 3X10~7, and the
“Navy Brass” torsion rods also had a susceptibility of 3)X10~7. We also
have to thank Professor Williams for these tests.

7. The driving mechanism. The apparatus was driven by a 6 inch
Type F Pelton water wheel specially constructed out of bronze so as to
be non-magnetic and indeed provided with bronze ball bearings.

The Pelton wheel was first mounted on a separate base and the ap-
paratus driven by belts. Serious accidental electromotive forces were,
however, introduced into the coil by the electrostatic charging of the
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leather belts. These were not satisfactorily eliminated by metallic
shielding of the belts, but could be pretty well removed by frequent
wetting of the belts, a procedure with its attendant spray, however,
which was not permanently satisfactory. Attempts to keep the belts
wet with some hygroscopic substance and to use other materials than
leather for the belts were also unsatisfactory. For this reason it finally
seemed best to resort to a direct drive from the Pelton wheel. The
complications of doing this with the wheel set on a separate base finally
led us to mount the wheel on the west projection of the main pier. This
had the disadvantage of introducing possible vibrations in the cylinder.
The pier, however, was very massive and, with our present accuracy
anyway, we never found any evidence of a disturbing effect from this
cause.

The final location of the Pelton wheel will be seen from Figs. 1 and 2.
The shaft of the wheel was connected through two universal joints,
to allow for any slight lack of alignment, with a shaft carrying a rotating
disk provided with tapped holes at different radii to take the wrist pin
for the connecting rod which drove the cylinder. The other end of the
connecting rod went to a wrist pin on a rocker arm which oscillated
about the axis of the cylinder, a friction clutch being provided by which
the rocker arm could be engaged with the oscillating system after the
Pelton wheel had reached a sufficient frequency of rotation, as shown
in Fig. 2. '

8. The earth inductor. The electromotive force used for balancing the
electromotive force induced in the coil by the oscillating cylinder was
generated in a rotating earth inductor driven synchronously with the
cylinder. This inductor consisted of a coil of 126 turns of about No. 23
copper wire wound on a thin wooden spool with an average diameter of
9.8 cm.

This coil was mounted in a slot in a shaft, operated through a pair of
spiral gears of one to one ratio by the main shaft driven by the Pelton
wheel. . The nature of the arrangement will be seen from Fig. 2, and
more diagramatically from Fig. 3, where it will be noted that the coil
rotated in such a way as to cut the earth’s field.

The rotating shaft which carried the coil was provided with two
‘insulated collecting rings leading through graphite brushes to the
potentiometer slide wire from which the desired potentials could be
tapped off. The resistance of the coil and the brushes was approximately
5 ohms and was steady while running, when operating satisfactorily,
within a few hundredths of an ohm. Some care, however, had to be taken
in cleaning and oiling the rings and adjusting the tension on the brushes,
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and smoothing them with emergy paper from time to time to maintain
satisfactory operation. .

The shaft carrying the earth inductor was mounted in a carriage,
sliding in ways parallel to the axis, and adjustable in position by a lead
screw. The longitudinal motion, which could thus be given at will to the
shaft, changed of course the relative position of the two spiral gears, thus
rotating the earth inductor and permitting an adjustment of the phase
while the apparatus was in operation. We are indebted to Dr. Arthur
Klein for suggesting to us this method for phase adjustment.

Fig. 2. Front view of apparatus.

The eastern end of the shaft carrying the earth inductor was provided
with a pointer and protractor scale which permitted a reading of the phase
setting used for the balance. A light extension from the western end of
this shaft drove a mechanical tachnometer which was set a couple of feet
away from the earth inductor to avoid possible disturbances.

9. The coil. The coil surrounding the cylinder was a new one specially
built for this work. The spool for the coil was constructed of “micarta.”
It had an overall length of 9% inches, the end disks being 3/8 inch thick.
The outside diameter was 7 inches, the inside diameter 43 inches, and the
wall thickness of the central tube 1/16 inch.
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It was very carefully wound in one length with soldered joints, with
18 1bs. of No. 38 enamel coated wire, with a total of 260,772 turns, giving
a resistance of 207,300 ohms and an approximate length of 67 miles.
We desire also here to thank Mr. Julius Pearson for the skill and care
with which this coil was constructed.

The coil wdas mounted in a cradle with adjusting screws for tipping
its axis in any desired direction, and for aligning it lengthwise and
sidewise.

Experiments were at first made with the cradle bolted to the cement
pier with thick washers made from rubber stoppers to eliminate vibration,
and pretty satisfactory results obtained. Finally, however, to remove
any possibility of vibration in the coil, the cradle was hung from an
overhead wooden frame which was itself supported on wooden uprights
that went through the floor of the house directly into the earth without
coming in contact with the floor. All the results reported after August 11,
1925, were made with this new support for the coil.

10. The electrical connections. The electrical connections for measuring
the effect are shown schematically in Fig. 3. The four double throw
switches were ordinary porcelain base switches.

A J: SLIDE  WIRE

GALVANOMETER

EFFECT COWL

TRANSFORMER

AMPLIFIER

I

Fig. 3. Electrical connections.

Switch No. 1 was arranged so that when thrown down it would connect
the earth inductor through the graphite brushes with the slide wire 4B,
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from which the desired potential, corresponding to the length 4C could
be tapped off to neutralize the effect from the coil. When switch No. 1
was thrown up it connected the earth inductor through the brushes
directly with a test set for measuring resistances so that a frequent
check could be made of the operation of the brushes.

Switch No. 2, when thrown down, connected the coil into the amplifier
crcuit, and when thrown up, cut the coil out of the circuit so as to permit
a direct reading of the amplitude of oscillation of the galvanometer from
the generator coil alone, thus permitting a test whenever desired of the
operation of amplifier and galvanometer when acted on by a known
electromotive force. ' ' :

Switch No. 3, when thrown down, connected the earth inductor into
the amplifier circuit, and when thrown up, cut the earth inductor out.

Switch No. 4 was a reversing switch which permitted a revefsal of the
direction of the electromotive force from the slide wire if this was desired
to obtain a balance.  Of course a careful record of the position of switch
No. 4 was always kept. '

The slide wire was a Leeds and Northrup, Kohlrausch type slide wire,
wound on a cylindrical drum with a resistance of approximately 32 ohms.
The inductance of this helical slide wire was too small to introduce any
difficulty.

Fig. 4. Amplifier.

11. The amplifier. The amplifier consisted of three stages with re-
sistance coupling, connected as shown in Fig. 4. The use of separate
A-batteries for heating the filaments of the tubes and separate B-batteries
for the three plate circuits as used in Washington would at first sight
seem a better arrangement to obtain a non fluctuating degree of amplifi-
cation. As a matter of fact, however, a fluctuation in the first stage of
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amplification produces much more effect on the total amplification than
a fluctuation in the later stages. Hence separate batteries would give
no positive advantage, while the increased number of batteries which can
get out of steady conditions is a positive detriment. The tubes used in
the first two stages were Western Electric Type V (voltage amplifiers),
and that in the last stage a Western Electric Type J tube. The resistances,
condensers and batteries used were as indicated in the figure, although
the grid leaks were somewhat varied from time to time. The coupling
resistances were Western Electric Lavite resistances.

The amplifier was connected through a transformer with the vibration
galvanometer. The impedance of the primary of the transformer was
about 20,000 ohms (25..) and the impedance of the secondary about
2,400 ohms (25 ).

12. The galvanometer. The vibra-
tion galvanometer manufactured
by Leeds and Northrup was the
same one used in Washington. It
was mounted with a specially light
suspension so as to reduce the fre-
quency to the desired value. It
was provided with a concave mirror
which was illuminated with a single
filament lamp, the total distance
from mirror to ground glass scale
being 13 feet 10 inches. The D.C.
resistance of the galvanometer was
765 ohms.

13. The set up for calibration.
The calibration of the apparatus
was obtained by setting the cylin-
der and coil transverse totheearth’s
magnetic field and oscillating the
cylinder so as to cut the earth’s
field and thus produce a known
electromotive force in the cylinder.

For this purpose one end plate

Fig. 5. Detail of drive for calibration, ~ ©f the cylinder was bolted to the
face of the pier, above the earth

inductor, so that the cylinder was perpendicular to the earth’s mag-
netic field as shown in Fig. 5. The coil was hung in its adjustable cradle
from the vibration-free cross truss so as to surround the cylinder, and
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arrangement made to oscillate the cylinder through a small angle so as
to cut the earth’s field.

The small oscillation needed was made possible by a very slight bending
in the pinion shaft between the pier and cylinder. The necessary motion
was imparted to the cylinder through a very light rod attached to a
stirrup on the outer pinion shaft. This was driven by a cam arrangement
as shown in detail in Fig. 5. The cam plates were cut at an angle and
set off center so as to give a pure harmonic up and down motion, the
lower cam being driven by direct connection through universal joints
with the main shaft of the turbine. The adjustment was always made
so that the cylinder was permanently strained down enough so as to be
pulling up throughout its stroke. In addition an extra spring was pro-
vided as shown in the figure to keep the rocker arm in contact with the
end of the shaft of the upper cam plate.

" The amplitude of oscillation was measured optically. The light from
a horizontal filament in a single filament lamp was directed by a spherical
mirror? on a plane mirror fastened on the moving end plate of the cylinder,
thence the light proceeded to a mirror facing the cylinder, back to a
second mirror on the end plate and then with two further reflections to a
focus on a ground-glass scale, where the amplitude was read. There were
thus two reflections from the moving end plate and a total path length
of 1389 cms in the 1925 measurement and 1391 cms in the 1926 measure-
ments.

The electromotive force produced in the coil by the transverse oscilla-
tion of the cylinder was balanced both as to phase and amplitude against
the same earth inductor as used for balancing the effect itself. Although
the angle of transverse oscillation of the cylinder in calibration was only
about 9X 10~ radians as compared with a circular oscillation of 0.6 radian
in the effect runs, the slide-wire reading in calibration for balance was
about 60 times as great as for the effect, which gives an idea of the
extreme minuteness of the effect.

III. EXPERIMENTS ON THE EFFECT OF THE EARTH’S F1ELD

14. Nature of the expected effects. A large part of the experimental
work to be described consisted in a determination of the electromotive
forces introduced by the motion of the cylinder in the earth’s magnetic
field, when the apparatus was operated in the effect position. The nature
of the results to be expected can be understood with the help of the
diagram, Fig. 6.

3 We wish to thank Dr. J. A. Anderson for his kindness in lending us this mirror.
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As already stated, in the effect runs the cylinder was set nearly parallel
to the earth’s field in order to avoid cutting any magnetic lines of force
when the cylinder was ocillated about its axis. Of course an exact
parallelism, however, was not obtained, and indeed can not be per-
manently achieved owing to the diurnal variation in the direction of
the earth’s field. For this reason we must always expect a small residual
component of the earth’s field perpendicular to the axis of the cylinder
as indicated in the diagram. When now, we oscillate the cylinder about
its axis, it is evident that we cut this residual field in such a way as to
induce an alternating current flow longitudinally around the cylinder
as indicated by the arrows.

Drection _of Current Flow

Residval Magne/;'c Freld

Cylndter Main Component _of Earth’s Field

Direction _of _Kotation

Fig. 6. Diagram illustrating effect of earth’s field.

This longitudinal flow of current has of course no effect on the coil,
provided the axes of coil and cylnder are coincident. If, however, the
coil is tipped with reference to the cylinder, the alternations in this
longitudinal current can induce an alternating electromotive force in the
coil. Thus for example in the case of the diagram, tipping the axis of the
coil perpendicular to the plane of the paper will evidently introduce an
electromotive force into the coil. Hence in general we must expect that
the measured electromotive force in the coil consists of two components,
the first being the one of main interest which is due to the inertia of the
electrons in the accelerated metal, and the second being a superposed
effect due to this cutting of the residual component of the earth’s field
by the moving cylinder.

This superposed effect will of course be zero when the axis of the
cylinder is exactly parallel to the earth’s field, even when the axis of
the coil is not parallel to the cylinder. Furthermore, when the cylinder is
not parallel to the earth’s field, the superposed effect can be made zero by
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exact alignment of the axis of the coil with that of the cylinder. Asalready
stated, this accounts for the success of the Washington experiments, since
the effort was there made to secure both an exact parallelism with the
earth’s field and an exact alignment of coil with cylinder.

15. The experimental work. In order to test the effect of the earth’s
field, a series of runs were made with the cylinder in its normal position,
and also rotated at various small angles from that position by tipping the
whole base plate and rebolting to the concrete pier, with the introduction
of spacers if necessary. The spring in the torsion rods was sufficient to
permit these small changes in angle, provided the end clamps were
loosened and then retightened after the change in angle.

For each position of the cylinder, balances were then obtained with
the axis of the coil tipped to different angles relative to the axis of the
cylinder.

The angle of tip of the cylinder could of course be measured directly.
To determine the angle of the coil with respect to the cylinder, at the
beginning of a series of runs, the coil was first set parallel to the cylinder,
with the help of a taper gage which could be inserted between the coil
and cylinder. The various angles of tip of the coil were then measured
with the help of two mirrors on the coil, and suitably placed telescopes
and scales. The angles recorded are probable seldom in error by an
amount much greater than 0.00025 radians, while the total range of tip
was about 0.02 radians.

In all, 293 balances were made in this work, usually taken in pairs
with a given setting of the coil. Of these, 7 balances occurring near
together on the same day were discarded because of their highly erratic
nature. All the other balances are recorded in the plots of the data. -

After each balance the apparatus was stopped, the slide wire reading
recorded, and the phase setting of the earth inductor determined. This
phase determination was made by loosening the clutch and turning the
earth inductor over by hand until the connecting rod was at the center
of its stroke, as shown by the coincidence of scratches on the moving and
stationary parts. The proper position of the scratches was assured by
taking readings with the same scratches both on the forward and back-
ward stroke. The readings thus taken all agreed within two degrees and
the average of the two readings was finally used. The balances were all
made with the apparatus running at approximately the same amplitude
and frequency.

16. Method of plotting the results. In accordance with the elementary
theory presented above, we should expect the electromotive forces
measured to consist of two components, one due to the inertia of the
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electrons and hence constant in magnitude and phase, with a given
amplitude and frequency of oscillation, and the other due to the motion
of the cylinder in the residual field and hence constant in phase through
connection with the phase of the velocity, but variable in magnitude
through its double dependence on the angle of the cylinder and angle
of the coil. Under the circumstances, it is evident that the combined
electromotive force observed can be regarded as the sum of two vectors,
one constant in magnitude and direction, and the other constant in
direction but variable in magnitude (both positive and negative). Hence
it is evident, if we plot the various measured electromotive forces as
vectors radiating from the same center, that the ends of these vectors
should lie on a straight line as shown in the lower part of the diagram
(Fig. 7). Furthermore, for a given setting of the cylinder with reference

Angle  of Corl

EMF due to mertia

of electrons. Constant .

EMF due to earth’s fild.
Constant in direction but

in direction and magnitude) variable 1 magnitude
1

Kesultant EMFE actually measured

Fig. 7. Diagram representing electromotive force as sum of two vectors.

to the earth’s field, it is evident that the component of the electromotive
force which is due to the earth’s field should be proportional to the angle
of tip of the coil in any given plane. Hence if we plot this component
against the angle of tip, we should obtain another straight line.. This is
shown in the upper part of the diagram, where the ordinates are the
angle of tip and the abscissae are by the method of construction evidently
proportional to the component of the electromotive force due to the field.
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17. Plots of the data. The data obtained were plotted using the method
described above and are presented in Plots Nos. 1 to 20. Of the 293
measurements made for the study in question, 7 as already stated were
omitted because of their erratic character, and 3 fall so far off the diagram
that their position has only been indicated by dotted lines. All the other
measurements have been included in the plots. Except in the case of
Plots Nos. 19 and 20, measurements obtained with the coil parallel to
the cylinder appear on both the two separate plots which give the data
obtained with the same setting of the cylinder, first tipping the coil
north and south, and then east and west.
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The angle of tip of the axis of the cylinder from its normal position,
and the angle of tip of the axis of the coil in a north-south or east-west
plane are indicated for each plot. The direction of motion of the upper
end of the axis is always given. ‘
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Plot 4. July 25, 1925; axis of cylinder set 0.00604 radians north;
axis of coil tipped east and west.
Plot 5. July 27, 1925 ; axis of cylinder set 0.00604 radians south;
axis of coil tipped north and south.
Plot 6. July 27, 1925; axis of cylinder set 0.00604 radians south;
axis of coil tipped east and westl

The phase angles for the different electromotive forces are plotted
from an arbitrary starting point. The horizontal base line in the plots
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pointing to the left corresponds to a reading of 30° on the protractor
scale on the earth inductor carriage, provided switch No. 4 was down
and the connecting rod was at the middle of its stroke, moving east.
Readings taken under other conditions were corrected to the above state
of affairs. (Readings taken in calibration runs are corrected to the
conditions, switch No. 4 down, cylinder in center of stroke moving up.)

18. General discussion of the data. 1t is evident from an examination
of the plots that the measurements do agree reasonably well with the
expectations outlined above. The fact that the termini of the electro-
motive force vectors do lie as well as could be expected on a straight line
indicates that these electromotive forces can be regarded as the resultant
of one constant component and a second component constant in phase
but variable in magnitude. Furthermore the graphs in the upper part
of the plots show that the magnitude of this second component is pro-
portional to the angle of tip away from the parallel position. Finally
- it will be noticed that the magnitude of the effect of tipping the coil in
the north-south plane is dependent on the magnitude of the tip of the
cylinder in the east-west plane, and vice versa as would be expected.
Indeed it was possible to find a setting of the cylinder (see Plots Nos. 16
and 17) so nearly parallel to the earth’s field that tipping the coil in either
direction had only a very slight effect on the electromotive force at all.
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Plot 7. July 28,1925 axis of cylinder set 0.0231 radians south;
axis of coil tipped north and south.

Plot 8. July 28, 1925 axis of cylinder set 0.0231 radians south;
axis of coil tipped east and west.

Plot 9. July 29, 30, 1925 ; axis of cylinder set 0.0116 radians south;
axis of coil tipped north and south.

Before proceeding to a more detailed discussion of the data, it is also
specially important to note that there is no indication that the electro-
motive force would ever drop to zero for any setting of the cylinder
relative to the earth’s field, or any tip of the coil. This provides strong
evidence for believing in the reality of a component of the electromotive
force which is not due to cutting the earth’s field, but is presumably due
to the inertia of the electrons. In addition it is evident that the measure-
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ments of amplitude and phase obtained when the coil and cylinder were
parallel, as well as the values for these quantities that could be deter-
mined from the best lines drawn through the two sets of points on the
plots, would give fairly concordant results for what is presumably the
electromotive force of interest due to the inertia of the electrons. This
electromotive force will be more fully considered in a later part of the
paper.

-
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Plot 10. July 29, 1925; axis of cylinder set 0.0116 radians south;
axis of coil tipped east and west
Plot 11. July 30, 1925; axis of cylinder set 0.0116 radians south;
axis of coil set 0.0015 radians north and then tipped east and west.
Plot 12. July 30, 31, 1925 ; axis of cylinder set 0.0116 radians south, 0.0111 radians west;
axis of coil tipped north and south.

19. Phase of the component of the eleciromotive force due to the earth’s
field. Considering these data now in somewhat more detail, it is evident,
in accordance with the simple theory outlined above, that the component
electromotive force introduced by the earth’s field is determined by the
velocity of the cylinder, and hence the phase angle of this component
should have the same value in all the experiments. An examination of
the plots will show that this is approximately but not exactly true.

Using the arbitrary starting point for measuring the angular setting
of the earth inductor already mentioned, the phase of the component
due to the earth’s field determined from the slopes of the lower lines on
the plots, has the following values as given in Table I. (At the phase
angle given the magnitude can of course assume both positive and
negative values.)

In the case of three plots, the setting of the cylinder was such that the
points were too bunched to permit a determination of the phase of the
component in question. It is also possible that the high value of 47° for
Plot No. 17 should not have been included owing to the bunching of the
points. The remaining values for the phase of the component which we
have ascribed to the earth’s field, with the exception of the value found
on Plot No. 12 are constant at least nearly within the experimental error.
We have no satisfactory explanation for the result found on Plot No. 12,
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which is apparently definitely given by the data. It is interesting to note
that Plot No. 13 for data taken on the same dates also has a low phase
angle, and it is possible that some consistent error was made in the phase
readings taken on those dates.

TaBLE I
Phase of component of the e.m.f. due to the earth's field.

No. of plot Date Plane of coil tip Phase of component
1 July 23-24 N.S. 27°
2 July 23-24 EW. 33°
3 July 25 N.S. 23°
4 July 25 E.W. 31°
5 July 27 N.S. 27°
[ July 27 E.W. 30°
7 July 28 N.S. 34°
8 July 28 E.W. 31°
9 July 29-30 N.S. 31°
10 July 29 E.W. 31°
11 July 30 E.W.(N.S.) —
12 July 30-31 N.S. 18°
13 July 30-31 E.W. 24°
14 Aug. 1 N.S. 30°
15 Aug. 1 E.W. —
16 Aug. 6 N.S. —
17 Aug. 6 E.W. 47°
18 Aug. 20-21 N.S. 32°
19 Aug. 20-21 E.W. 32
20 Aug. 24 N.S. 32°
B oom s o Fpoon 3 T !
d d e d L 1
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Plot 13. July 30, 31, 1925 ; axis of cylinder set 0.0116 radians south, 0.0111 radians
west ; axis of coil tipped east and west.

Plot 14. August 1, 1925; axis of cylinder set 0.0116 radians south, 0.0126 radians east

axis of coil tipped north and south.

Plot 15. August 1, 1925; axis of cylinder set 0.0116 radians south, 0.0126 radians
east ; axis of coil tipped east and west, :

Plot 16. August 6, 1925 ; axis of cylinder set 0.0116 radians south, 0.0027 radians

east ; axis of coil tipped north and south.

The mean value for the phase of the component due to the earth’s
field is 30.2°, with an average deviation from the mean of +4.0° and a
probable error of +1.0°.

It is evident that this phase should be related to the lag of the current
behind the electromotive force in the cylinder, since the lag in other
circuits is negligible. The protractor scale was set on the earth inductor
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frame so that the maximum electromotive force in the earth inductor
came at approximately 0°, while the maximum electromotive force in
the cylinder produced by cutting the earth’s field must come at the center
of the stroke. Hence allowing for the change in phase on passing through
the transformer involved, it is evident that our results give a lag of
current in the longitudinal circuit around the cylinder of 59.8° behind
the electromotive force.

Cylnder Rotated tc N Cylinder Potated Cylnder Rotated to
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Plot 17. August 6, 1925 ; axis of cylinder set 0.0116 radians south, 0.0027 radians
east; axis of coil tipped east and west.
Plot 18. August 20, 21, 1925; axis of cylinder set 0.0116 radians south, 0.0027
' radians east ; axis of coil tipped north and south.
Plot 19. August 20, 21, 1925} axis of cylinder set 0.0116 radians south, 0.0027
radians east; axis of coil tipped east and west.
Plot 20. August 24, 1925; axis of cylinder in normal position ;
axis of coil tipped north and south.

Of course no exact calculation can be made of the expected lag in this
longitudinal circuit, because of its complicated shape and somewhat
uncertain dimensions. Nevertheless, if we take this longitudinal circuit
as being a copper rectangle* having an outside length of 9% inches, outside
width of 4 inches, and inside dimensions 1 inch less (the dimensions of
the cylinder), and ascribe a thickness of 3 inches to the rectangle we
obtain a calculated{ phase lag of 60° as compared with the experimental
value of 59.8°. Since the thickness ascribed to the longitudinal circuit
seems a reasonable one, we may regard the theory and data as being in
approximate agreement.

The sense of the electromotive force introduced by setting the cylinder
in a given direction away from paralleism to the earth’s field and tipping
the coil in a given direction, was also found to be that which would be
predicted on the basis of the theory.

20. Magnitude of the component of the electromotive force due to the earth’s
field. 1t is also possible to investigate the magnitude of the electromotive
force introduced by the earth’s field and see if this is in agreement with

* The end plates were phosphor bronze.

t The calculations were made with the help of formula 87 Bull. Bur. Standards,
5, 54 (1908-9).
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the theory. For the small angles involved, this magnitude should be
proportional both to the angle of setting of the cylinder in a given plane
away from parallelism to the earth’s field, and proportional to the tip of
the coil away from parallelism to the cylinder in the plane at right angles
to the above. The upper lines in our Plots Nos. 1-20 are drawn so that
the slopes of these lines give, each for its own setting of the cylinder, the
ratio of the component of electromotive force in question to the angle
of tip of the coil and hence can be used to test the above prediction. This
has been done in the following two plots Nos. 21 and 22, where the
abscissae are the angular settings of the cylinder away from normal and
the ordinates are the slopes (tan ) of the upper lines in Plots Nos. 1-20

‘\
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Plot 21. Cylinder set at different angles east and west;

coil tipped north and south.
Plot 22. Cylinder set at different angles north and south;
coil tipped east and west.

measured away from the vertical. Although the data are not very well
spaced since they were not taken to test the point in question, neverthe-
less it will be seen that the points do fall on straight lines as would be
predicted by the theory. Furthermore these two lines have nearly the
same slopes, namely 38° and 40° as would be predicted.

We may also investigate to see if the absolute magnitude of the
electromotive force which we believe to be introduced by the earth’s
field has a reasonable value.

From Plots Nos. 21 and 22, we find that a setting of the cylinder, 0.01
radian from parallel with the earth’s field, corresponds to an average value
of tan 6 of 4.05. Using this figure, we then find from the scale of Plots
Nos. 1-20 that the above setting of the cylinder combined with a tip
of the coil of 0.01 radian, at right angles to that of the cylinder, would
give a slide wire reading of 0.0802 for the component of electromotive
force introduced by cutting the earth’s field. Finally the angle of oscilla-
tion of the cylinder in the effect runs was 0.326 radians (see Section 25).
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On the other hand in the calibration of the cylinder we find that a slide
wire setting of 0.8618 corresponds to an angle of transverse oscillation
of 4.09X10~* radians (see Section 25).

Hence if we make the very rough assumption that the transformer
coupling is the same for the two different circuits involved, we might
expect the two slide wire readings to stand roughly in the ratio

0,412,

S1
— =0.01X0.01
S

2 02A2Z1

(A)

where 0, A and Z represent angle of oscillation, area of circuit and
impedance of circuit. The left-hand side of Eq. (A) has the value 0.09.
And substituting a value of Z; calculated for the same circuit assumed
above in accounting for the phase and for Z, a value calculated from
the cylindrical shape of the circuit involved, we obtain for the right-hand
side the value 0.04. This is not a close check and yet seems sufficient in
view of the assumptions that had to be made to indicate the general
reasonableness of our picture.

21. Conclusions as to the effect of earth’s field. In conclusion it would
seem as if our theory as to the part played by the earth’s field in producing
electromotive forces in the moving cylinder had been satisfactorily
substantiated. In the first place practically all the measurements,
although taken as they had to be under conditions where there are large
errors of observation, lead to consistent results. In the second place, the
analysis of the data shows that the component electromotive force in
question has sense and phase in agreement with the theory, and a mag-
nitude that depends on angle of setting of cylinder, angle of tip of coil
and velocity of motion through the earth’s field as would be predicted.

At first sight it may seem that the elaboration and detail with which
we have studied the effect of the earth’s field was not justified, since
there is of course nothing new in the theory of the electromotive forces
and currents produced in a conductor moving in a magnetic field. Never-
theless, we have felt that a complete study of the effect in our actual
cylinder was necessary, since our chief interest is the very small residual
electromotive force remaining when cylinder and coil are in alignment.
In the first place, we must know how much this electromotive force may
be affected by lack of exact alignment, and in the second place, we must
assure ourselves if possible that the total electromotive force present in
the cylinder does really consist of only two components, one due to
cutting the earth’s field and the other due to the inertia of the electrons.
It would seem from the foregoing analysis that this is substantially true
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although there are minor discrepancies which will be more fully discussed
in a later section.

We may now proceed to a discussion of the component of main interest,
namely the electromotive force produced by the inertia of the electrons.

IV. ELEMENTARY THEORY OF THE INERTIA EFFECT

22. The electromotive force in a stationary conductor. In order to discuss
intelligently the measurements of the electromotive force due to the
inertia of the electric carrier, it seems desirable to present first an ele-
mentary theory of the expected effect.

Consider a stationary circular conductor of length 277 and cross
section* ¢ and assume the conductor to be entirely rigid, neutral atoms
and positive ions being held definitely in position in the atomic frame
work, but provided with # mobile electrons per unit volume having the
massT m and charge —e. If an external electromotive force E is applied
to this circuit, for example by changing the magnetic flux through it,
then the force acting on each electron in the direction around the circuit
will evidently be —e(E—L,dI/dt)/2nr, where the first part is due to
the external electromotive force and the second part, depending on
current I and inductance L,, is due to the variation in flux through the
circuit produced by the changing current in the conductor itself. We
may now equate this force on the electron to the rate of change of its
momentum plus the resistance which the electron experiences because
of its motion through the conductor, givingius

eE e aI dv
—Zr;-{_—Z;;LgE =_m-5t— “+av (¢}
where the resistance to the motion of the electron is set proportional
to the velocity v, the proportionality constant being designated by c.

In interpreting this equation, it should be noted that v is the excess
velocity which the electrons acquire in the direction of the electric force
and this is measured with respect to the stationary coordinates with
respect to which the conductor itself is at rest. It should also be noted
that L, is merely the coefficient connecting change of current with change
of flux, and hence is the inductance of the circuit as would be calculated
from the geometrical shape of the circuit. As we shall presently see it
differs by a very small and usually negligible quantity from the measured
inductance.

* The cross section is taken small compared with the length.
T The mass m is regarded as concentrated close to the charge.
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We can eliminate the velocity » from Eq. (1), through its relation to
the current according to the obvious equation

‘ I'=—mneav ' 2)
Substituting and solving for the electromotive force, we obtain
2wrm al  2rra
E = +Lo)—-+ 4 (3)
neda dt  nela
Comparing with the usual expression for electromotive force
aI
E=L—+IR 4)
dt

we see that (2wra)/(nea) is merely the kinetic theory expression for the
resistance of a circuit of cross section e and length 277. While (27wrm)/
(ne?a) is a small correction which must be added to the calculated in-
ductance L, to obtain the total experimental inductance L. Since no
discrepancies have ever been observed in ordinary measurements between
calculated and experimental inductance, we conclude that the number of
conducting electrons per cubic centimeter # is a large quantity. (Compare
Lorentz, The Theory of Electrons, Teubner 1909 Note 17.) This small
corrective term which can usually be neglected is, however, of prime
importance in determining the effect in which we are interested.

23. The effective electromotive force in an accelerated conductor. Consider
now the same circular conductor, not subject to any external electro-
motive force, but moving around the axis with a tangential velocity V
and acceleration dV/dt. We may now set up a similar expression to
Eq. (1) above, for the force acting on an electron, namely

e daI dv
Z;L"Ti; = m};-i—a(v—-V) A (5)
where the term containing the external electromotive force E is omitted,
since this is taken as zero, and the resistance to the motion of the electrons
is set, as is obvious, proportional to the relative velocity of electrons and
conductor (v— V). The velocities v and V are of course both measured
with respect to stationary coordinates.

The velocities v and V can also be eliminated from Eq. (5), by means

of the evident expression for current

= —neav(v—T) ©6)
Substituting in (5) and transforming, we obtain

m dV (Zm'm )dI 2mro
g

M

2nr — ~— = —
dt ne2a

e dt nela
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We thus see, by comparson with Eq (3), that the acceleration of the
conductor may be regarded as producing an effective electromotive force

m dV
E,=2mr— — (8)
e dt
which is proportional to and in phase with the acceleration. The primary
purpose of our work is of course to compare this predicted expression for
the effective electromotive force with that found experimentally.

The above derivation for the effective electromotive force produced by
acceleration is of course an elementary one, containing simplifications
some of which may not be completely justified. In the first place, the
theory tacitly assumes that the mass of an electron can be regarded as
a definite quantity m rigidly bound to the charge —e, and distinguished
. without ambiguity from other electromagnetic mass within the con-
ductor, as well as from the mass associated with the overlapping magnetic
fields which surround the conductor and determine the flux through the
circuit. In the second place, possible forces acting between the conduction
electrons and the body of the conductor, other than the quasi-frictional
force which has been set proportional to the velocity, have been neglected.
Finally the electrical properties of the accelerated conductor have been
regarded as unaffected by the elastic strains which necessarily accompany
the acceleration. We have the feeling, however, that these simplifying
assumptions are of a character which would not seriously affect the result.
A further discussion of the matters will be given later.

24. Comparison of eleciromotive forces obtained in effect and calibration
runs. In order to test Eq. (8) with the help of the experimental data
obtained in the effect and calibration runs, let us first consider in the
case of the effect runs, a current sheet-in our oscillating cylinder, having
the radius 7, and hence the instantaneous acceleration

av
TJT =47r2l/2097’ sin 21r(vt+5) (9)

where » is the frequency of the harmonic oscillation and 6, is half the
angular amplitude of oscillation. Substituting in Eq. (8) we obtain

E,=8r%%? (ﬁ)a,sinzr(utw) ' (10)
e

Let us now compare this expression for the expected electromotive
force in the effect runs with the known electromotive force in the calibra-
tion runs. For the small angles of oscillation used in these latter runs the
flux through the circuit is proportional to the area of the circuit 772, the
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strength of the earth’s magnetic field H, and the angle through which
the circuit has been turned away from parallelism with the field. Hence
for harmonic oscillations of frequency » the electromotive force in the
calibration experiments is

E.=2x%r* Ho,sin2r (i) a1

where 6, is the half amplitude of oscillation in calibration.
Considering first merely the amplitudes of the two electromotive forces,
we obtain by division

(Ee)ma:c 4mv m 0,
= — 2 (12)
(Ec)maz H e 0G

It will be noted that the radius 7 of the particular current sheet under
consideration has very fortunately dropped out of the expression, and
hence the ratio (E¢)mas/(E:)mez can be taken as the ratio of the total
electromotive forces in the effect and calibration runs, and put equal to
the ratio of the slide wire readings, S./.S. necessary for balance. Making
this substitution and solving for the ratio of the mass of the electron to
its charge, we obtain

——— 13)

as the expected expression correlating the amplitude of the two electro-
motive forces which are proportional to the slide wire readings .S, and S..

We must also consider the expected correlation of the phases of the
electromotive forces obtained in the effect and calibration runs. Evi-
dently the maximum electromotive force in the effect runs should occur
at the end of the stroke where the acceleration is a maximum, while the
maximum electromotive force in the calibration runs occurs at the center
of the stroke where the rate of change of flux is a maximum. For accuracy
of measurement, however, the angle of the earth inductor must in both
cases be read at the center of the stroke, and hence we should expect the
two phase readings to differ by 90°, the direction of the difference being
determinable from the directions of the two motions and the direction
of the earth’s field.

V. EXPERIMENTAL RESULTS ON AMPLITUDE AND PHASE

25. Results from runs of July 23 to August 24, 1925. The experiments
already described, for which data are given in Plots Nos. 1-20, were
primarily planned for studying the effect of the earth’s field and not for
getting an accurate measurement of the electromotive force due to the
inertia effect, and an accurate control of amplitude of oscillation, fre-



820 TOLMAN AND MOTT-SMITH

quency of oscillation and temperature was not kept. Nevertheless, the
data are good enough to give approximately correct results which will
be valuable for comparison with the better results presented in the next
section.

During the effect runs in question, the frequency of oscillation » varied
for different runs, owing to difficulties with the tachometer, from 19.9
to 20.3 per second with a fair average at 20.1 per second. The half
amplitude of oscillation also varied somewhat, owing to changes in
connecting rods and conditions of operation, from 18.4° to 19.0° with a
fair average at 18.7°, giving us 6,=0.326 radians. The slide wire reading
for the component of electromotive force left when the coil was parallel
to the cylinder could be obtained perhaps most.accurately from Plots
1-20, by projection from the point of intersection of the upper line with
the axis to the lower line. It seems sufficient for our purposes, however, .
to take the average slide wire reading for all runs where the cylinder and
coil were parallel. There were 53 such runs, giving an average slide wire
setting S, of 0.0142, having a mean deviation of 0.0023 and a probable
error of 0.0003. The average phase reading at the center of the stroke
moving east was 111.5° with a mean deviation of 15.8° and a probable
error of 2.2°,

In the calibration runs the frequency of oscillation was 19.9 per second,
not sufficiently different from 20.1 so that we need allow for it (see
Section 38). Three runs were made under the same conditions with the
following readings for the amplitude of oscillation as given by the total
width of the light band on the ground glass scale, corrected for the width
of the filament image, 45.6, 45.6, 45.3, average 45.5 mm, giving for the
half amplitude of oscillation 6,=4.09X10~* radians. The slide wire
settings were 0.8621, 0.8605, 0.8628, average 0.8618. The phase readings
at the center of stroke moving up were 34, 34, 33.5, average 33.8°.

The horizontal component, declination and dip of the earth’s field was
kindly determined for us by Mr. Wallace M. Hill of the Coast and
Geodetic Survey at the location in question in the spring of 1923. Since
that time and previous to the summer of 1925 a nearby street car line
was discontinued, which Mr. Hill believed to have some effect on the
results. Nevertheless, since Mr. Hill’s determination at another nearby
station several times as far from the street car line gave nearly the same
results we can use them for our calculations. The strength of the hori-
zontal component was 0.26753 and the dip 59°25’, giving us H=0.52581
gauss.
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Substituting now in Eq. (13) for the ratio of mass to change, we obtain
m H S, 6 0.5258 0.0142 4.09X10~*
e 4mv S. 0. N 4rX20.1 0.8618 0.326
=4.30X10"8 grams per abcoulomb,

as compared with the value obtained in free space from cathode ray
deflections of 5.66 X 10~8 grams per abcoulomb.

Coming now to the phase of the effect as compared with the phase in
calibration, we find, taking account of the connections and direction of
motion in the earth’s field, that the average phase of the effect electro-
motive force lags 12.3° behind the acceleration of the cylinder.

We thus find that these preliminary experiments give an electromotive
force with an amplitude 24 percent less than that predicted on the basis
of the elementary theory and a phase lagging 12.3° behind the predicted.
Both these deviations are greater than the ‘“probable error’” of the

measurements.

26. Results from runs of February 18 to March 5, 1926. In the light of
these results, additional more carefully controlled experiments were made
in the winter of 1926, for the express purpose of getting the best possible
values for the amplitude and phase of the effect electromotive force.
Several improvements in the apparatus or method were also introduced
at this time.

In work preliminary to the measurements which we are about to discuss
a new source of possible accidental electromotive force was discovered.
The work was performed at a time of considerable temperature fluctua-
tion throughout the day, and very irregular results were found when the
torsion rods changed length so as to pull the cylinder hard against the
upper or lower thrust bearings. To obviate this the shoulders on the
end plates of the cylinder were now turned down so that there was
hereafter no contact between end plates and bearings. This possible
source of trouble may account for certain irregularities in the summer
work of 1925. (In the Washington work there were no thrust bearings.)
We are inclined to think that excessive friction at the thrust bearings
may lead to the flow of alternating current through the cylinder and
back again through the bed plate, a certain portion of the flux produced
being picked up by the coil.

A new method was also installed for setting the coil parallel to the
cylinder. The taper gauge, which had previously been used for this
purpose, was not entirely satisfactory, since the coil, being hung from
above, springs away when the gauge is inserted in the annular space
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between it and the cylinder. Hence split centering plates were now
provided for the two ends of the coil, with pins fitting into holes in brass
pieces on the coil, and arranged to clamp on the bearing bushings which
were themselves turned true with the shaft. These plates were henceforth
used to align the coil parallel with the cylinder before each set of runs,
any deviation from alignment after they were removed being adjusted
with the help of the telescopes, scales and mirrors already described.

The runs in question were made with the cylinder in its normal position,
since this gave the smoothest operating conditions. Since this normal
position is not quite parallel with the earth’s field, it was quite important
that the axis of the coil should be exactly parallel with the cylinder.
Furthermore, it is of course the “electrical’’ axis rather than the mechan-
ical axis, if they differ, which must be considered. To allow for this, an
approximately equal number of runs were made with the coil in its usual
position and then rotated around the cylinder through approximately
180°, a procedure which would change by 180° the phase of any electro-
motive force introduced from the longitudinal circuit in the cylinder.
As will be seen from the results, however, there was no appreciable change
in effect due to this rotation.

Forty-nine effect runs were made in all, with the coil in its usual and
reverse positions, taken in eight groups on different half days. Since the
readings taken on a given half day often check among themselves con-
siderably better than they do with those taken on another half day, a
fair idea of the results would not be given by the final mean and its
probable error. Hence we present in Table II a summary which gives
the mean values of slide wire reading and phase reading for each group
of runs. It will be noted specially in the case of the phase readings that
the means for the different groups differ by an amount which is almost
certainly greater than could be accounted for on the mere basis of errors
of observation.

TABLE 11
Effect Runs. February 18 to February 27, 1926

Date Temp.* Position No.of Mean Av. deviation Mean Av. devia-

of coil runs slide wire from mean phase tion from
reading reading  mean
Feb. 18, p.M. 16.3° Reverse 4 0.0154  +0.0008 120.4 +1.7
Feb. 24, AmM. 12.5° Reverse 9 0.0149 +0.0008 99.7 +2.8
Feb. 25, AM. 12.0° Usual 8 0.0141  +0.0007 113.7 +1.2
Feb. 25, A.M. 14.5° Reverse 3 0.0162 +0.0006 105.7 +2.1
Feb. 26, AM. 13.7° Reverse 8 0.0143 +0.0002 114.8 +1.9
Feb. 26, AM. 16.9° Usual 3 0.0155  +0.0002 111.7 +0.6
Feb. 26, p.M.  20.0° Usual 4 0.0136  +0.0005 121.8 +2.3
Feb. 27, AM. 14.0° Usual 10 0.0141  +0.0006 111.0 +5.1

* The temperature was measured near the beginning of each set of runs by a ther-
mometer inserted in a hole in the metal bed plate.
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We are led to conclude from the foregoing that the measurements are
still affected to a small extent by some variable factor which has not yet
been removed. If, however, this variable factor is itself accidental in
character, changing from one group of runs to another in accordance
with the laws of chance, the final means with their probable errors, cal-
culated by treating the original means for each group as separate observa-
tions should be significant.

Proceeding on this basis we obtain for the mean slide wire reading S.,
0.0148 with an average deviation from the mean of +0.0007 and a
probable error of +0.0003; and for the mean phase reading, 112.4° with
an average deviation from the mean of +5.3° and a probable error
+1.9°. The frequency » in these runs was 19.8 per second, and the half
amplitude of oscillation 18.8° giving us 8,=0.328 radians.

Eight new calibration runs were also made at the close of the effect
runs, on February 28, March 1, and March 5, the temperature ranging
from 14.5 to 20.8°. The half amplitude of oscillation 6, was 4.47 X 10~*
radians; the mean slide wire reading was 0.9309 with an average deviation
from the mean of 0.0054 and a probable error of 0.0019. The mean phase
reading was 32.4° with an average deviation of 0.8° and a probable error
of 0.3°.

Substituting now again in Eq. (13) for the ratio of mass to charge we
obtain

m H S, 06, 0.5258 0.0148 4.47X10*

e 4m S. 0, 4rX19.8 0.9309  0.328
=4.58 X10~% grams per abcoulomb

as against 4.30X 108 from the earlier runs, and 5.66X10~8 for m/e in
_free space, a deviation from the latter figure of 19 percent.

We also find in these runs a lag of the average phase of the effect
electromotive force behind the acceleration of the cylinder of 10.0°, as
against 12.3° in the earlier runs.

It is evident that the deviations from the predicted values are still
present in approximately the same amount.

VI. CRITIQUE OF THE EXPERIMENTAL WORK

The small deviations from the predicted magnitude and phase of the
electromotive force produced by the inertia of the electrons make it
important to criticize the experimental work in detail. If these deviations
should be real it would be a matter of considerable significance. If, on
the other hand, they are due to errors in the experimental method; we are
merely interested in discovering their cause. A discussion of the experi-
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mental work and its difficulties is also of importance in suggesting
improvements for the future. In what follows we present a large.
number of special tests and considerations that were made in investigating
possible sources of error. We shall first consider some possible sources of
error in the effect runs, and then possibilities of error in the calibration
runs.

27. Vibration of the coil. The most obvious possible cause of accidental
electromotive forces would lie in vibration of the coil in the effect runs.
We do not believe, however, that this is a source of trouble. No change
in the results accompanied the change from having the coil cradle
mounted with rubber washers on the cement pier, to having it supported
from an overhead truss which had no connection with the pier or building.
Before this change was made vibration of the coil could some times be
felt unless care was taken as to the period introduced by the elastic forces
of the rubber washers. After the change no vibration whatever could be
felt in the coil when the apparatus was running, and no blurring of the
image of a scale, reflected from a mirror on the coil and viewed in a
telescope, could be detected when the apparatus was started. Further-
more, with the amplifier on, and the apparatus stationary no effect could
be detected when the coil support was hit in such a way as to give vertical
vibrations which would be the only ones of a period as high as 20 cycles.
Similarly hitting the torsion rods had no effect, and running the water
motor with the connecting rod disconnected had no effect.

28. Play in cylinder bearings. Another obvious source of error would
arise from excessive play in the bearings which would permit a transverse
oscillation of the cylinder. The bearings were, however, carefully scraped
in from time to time and the play was probably less than 0.0001" after
scraping and it is doubtful if the play ever became as much as 0.001"".
Referring to Plots Nos. 21 and 22, we may take the cylinder in its normal
position as being 1.32X10~% radians out of parallel with the field. Re-
ferring to the calibration runs, we can then calculate that the maximum
electromotive force which could be produced by cutting the earth’s field
if the direction and frequency of motion were most favorable, by an
oscillation of total amplitude of 0.0001”" in each bearing would correspond
to a slide wire reading of 0.00027 as compared with the reading 0.0148
produced by the effect itself. It seems possible that some error may arise
from this cause, although it does not seem very probable that it seriously
affects our final averages.

29. Asymmetry in cylinder. It seems possible that asymmetry in the
cylinder might affect the results, for example an angular deviation
between the axis of rotation and the axis of the cylinder, which would
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cause the cylinder to cut the earth’s field when rotated. Of course care
was taken to have the cylinder true with itself and its bearings. Never-
theless, some lack of symmetry somewhere in the oscillating system may
be indicated by the results on Plots Nos. 18, 19 and 20, where the cylinder
was rotated and clamped with different faces of the hexagonal torsion
rods uppermost, and somewhat different results obtained. Itisinteresting
to note, however, that the deviations appear smaller on Plot 20 than on
18 and 19, even though the cylinder was less nearly parallel to the earth’s
field. It is also important to note that such asymmetry can not account
for the deviations between the means in the final effect runs recorded
in Table II, since all these runs were made with the cylinder turned the
same way. It is unfortunate that time did not permit a more thorough
study of these matters. It is hard to estimate whether the final results
are affected by this source of uncertainty. Nevertheless, most of the
effect runs in the summer of 1925 were made with the cylinder turned
northeast and those of 1926 with the cylinder southeast, and since there
was no great difference in the results it would seem as if the effect were
not an important one. (Note on Plot No. 20 that straining the torsion
rod by setting the bottom clamp out of line had no appreciable effect.)

30. Effect of centrifugal force. As already noted in the article describing
the Washington experiments, the action of centrifugal force, in causing
the cylinder to expand and contract with the velocity of rotation, would
change the earth’s flux through the circuit and thus introduce an electro-
motive force. This electromotive force is small, however, and has twice
the period of the effect, and hence can be entirely neglected, since the
galvanometer was found to have no sensitivity at twice the period.

31. Photographic analysis of motion in effect runs. It is evident that our
results could be seriously affected, especially the phase readings, if the
actual motion of the cylinder does not correspond to that expected from
the mechanism of the set up. For this reason arrangements were made
to photograph the motion of the cylinder in the effect runs on a moving
film, by a beam of light coming from a small lamp attached to the lower
end plate of the cylinder. A mirror was also attached to the earth in-
ductor in such a way as to produce a line across the curve at a known
phase reading. Two experiments were made in this way. The curves
obtained appeared, without making an actual harmonic analysis, to be
pure sine waves and the photographic phase determinations agreed with
the phase determinations made by our usual method within 1.5° and
3.5° the deviations being in opposite directions for the two trials. We -
conclude that there is no appreciable error from the suggested source.
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32. Effect of dirvect earthing of cylinder. The possibility that the results
might be affected by electrostatic charges on the cylinder was tested.
The cylinder was of course always earthed through the cement pier, but
a special test in which direct earthing was made to the earthed binding
post of the coil showed no change in balance.

33. Tests with double tip of coil. Special tests were made, when studying
the effect of the earth’s field, with the coil tipped out of alignment both
in the north-south and east-west plane. No anomalous behavior resulted
(see Plot No. 11). : ,

34. Tests with field from external magnet. Tests were made in the effect
runs with the field from an external magnet showing similar effects to.
those produced by tipping the cylinder in the earth’s field.

35. Tests with laminated cylinder. A very large number of tests were
made with a laminated cylinder, constructed from 18 copper rings
mounted on a “micarta” core, and having total dimensions about the
same as our regular cylinder. This construction would prevent the
longitudinal flow of current around the cylinder, and it was now found,
in agreement with what was expected, that tipping the coil in the effect
runs produced no appreciable change in balance.

We had great hopes that this new cylinder, by eliminating the possi-
bility of longitudinal flow of current, would afford a great improvement in
the method. A long series of experiments showed, however, that it gave
very unreliable results. Straining the torsion rods by pressing on them
while running or changing the adjustment of the end clamps produced
enormous changes in the electromotive force in the cylinder. We finally
concluded that the interaction between the insulating material and the
copper rings may have been the source of the disturbing electromotive
force. The impression was also gained that this disturbance was more
likely to increase than decrease the electromotive force. This may account
for the large values of m/e obtained in the Berkeley experiments.

36. Effect of possible currents in nearby circuits. Accidental alternating
currents of the right period in nearby circuits could of course affect the
results. One such circuit was definitely found and eliminated. The
current in this circuit apparently flowed along the main driving shaft of
the apparatus through the main bearing with return through the cement
base to the water motor. This current was greatly increased by adjust-
ment so that there was large pressure on the lower bearing, and was
permanently eliminated by introduction of insulation into the shaft.

A study was also made of the possibility of alternating current flowing
" through the connecting rod and back through the cement pier. This
would have been a dangerous circuit, since the coupling with the coil
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would have been good. We found, however, no change in results when
the circuit was broken by an insulating sleeve as part of the connecting
rod. Indeed a portion of the runs made in the summer of 1925 were
carried out with such a sleeve and a portion without, no apparent effect
on the results accompanying this change.

Attention has also already been called to the erratic results which were
obtained when the torsion rods changed length so as to produce pressure
on the cylinder bearings. We were led by analogy with the circuit through
the main shaft to ascribe these results to the flow of current lengthwise
through the cylinder with return through the bed plate. When further
work is carried out, it will be desirable to introduce insulation so as to
eliminate the possibility of any such current. This was indeed done in
some of our preliminary work, without producing any noticeable change,
but this was at a,time when our measurements were not carried out with
their final refinement. We have, however, very direct evidence that this
circuit was not affecting the bulk of our measurements, since it is evident
that tipping the coil in the east-west ptane would introduce far more
coupling with this circuit than tipping it in the north-south plane, while
Plots Nos. 21 and 22 show definitely that there was no such effect.

37. Behavior of galvanometer as affected by external disturbances. As
already noted, the galvanometer was always in motion when connected
with full amplification to the coil, because of external magnetic dis-
turbances. These disturbances seemed to be of two kinds: a steady part
which produced a widening of the bank, and a discontinuous part which
produced ‘“kicks’’ or sudden greatly increased widenings which then died
away. The steady part was evidently due to commercial circuits in the
city, since it was analyzed and found to have the local frequency of
50 cycles.. The cause of the kicks, which were more serious, is unknown.
These troublesome effects were of different magnitude on different days,
and indeed for nearly the whole of one day the steady widening was so
wide as to be off scale, probably indicating a temporary leak in power
lines. It was also quite impossible to work after the street lights were
turned on, on a neighboring street, the circuit for which had a large
uncompensated area. We do not believe that these disturbances have
any systematic effect on the results, but merely decrease the precision
of the individual measurements.

It is interesting to note that the electromotive forces introduced
by these external causes are of course many times greater than those
measured, the tuned galvanometer making it possible to pay attention
almost solely to the electromotive force of interest.
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Attempts were made to eliminate these disturbances. Electrostatic
shielding gave no result. By electrical filters, and tuning, however, it
was possible to eliminate the steady widening but not the more serious
“kicks,”” and this elimination was not used, since it appeared to introduce
a lag in the time of response to a change in slide wire setting. Magnetic
shielding might reduce the disturbances, but its use would probably be
complicated by local poles on the inside of the shield which would induce
unknown currents in the moving cylinder.

38. Effect of changing frequency in calibration. A number of studies
were made of the calibration process to see if everything was behaving
as would be expected. An increase in the frequency of oscillation pro-
duced, as would be predicted, a moderate change in the slide wire setting
for balance, owing to improved transformer action, the increased velocity
of oscillation of the cylinder being compensated by the increased velocity
of rotation of the earth inductor. There was also an appreciable change
in phase owing to the dependence of the lag of current in the cylinder on
frequency. This is illustrated by the following table, where the ampli-
tudes of oscillation were nearly constant.

TasLE 111
Tachometer Slide Wire Phase
Reading ‘Setting Reading
1000 0.765 35.8°
1200 0.816 31.0°
1400 0.901 26.8°

Itis evident that these changes are not large enough to be of importance
in the actual calibration runs where the frequency could be held prac-
tically at the desired point.

39. Effect of amplitude of calibration oscillation. 1t would of course have
been very serious if for some reason the slide wire setting were not
directly proportional to the electromotive force around the cylinder, since
for accuracy of angular measurement in the calibration runs, the electro-
motive force had to be much larger than in the effect runs. This was
tested by making calibration runs at high and low amplitudes as shown

below.
TaBLE IV
Amplitude  Slide wire Ratio
43.0 0.760 56.6
8.0 0.138 57.9

This gives a check within the large experimental error involved in
measuring the small amplitude.
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40. Effect of changes in alignment. Small changes were found in the
calibration runs to accompany deviations from careful alignment of coil
with cylinder. They did not appear large enough to be serious.

41. Effect of magnitude of amplification. In the calibration runs it was
usual to work with a lower amplification than in the effect runs. It was
found however, that the balance was not changed by raising the amplifi-
cation to that used in the effect runs.

42. Test of a nearby circuit in calibration. By inserting mica under the
stirrup on the outer cylinder shaft in calibration, it was found that the
circuit consisting of cylinder, torsion rod, cam support and cement pier
had no effect on calibration.

43. Photographic analysis of motion in calibration runs. Photographic
analyses were also made of the motion of the cylinder in calibration in a
manner similar to that used for the effect runs. The photographic phase
determinations for two films agreed with the phase determination made
by our usual method within 2.2° and 4.0°, the deviations being in opposite
directions. A harmonic analysis was also made of one of our curves, and
gave the amplitude 40.3 for the fundamental as compared with 40.0 for
the total amplitude.

44. Phase of calibration electromotive force. A check on the operation
of the apparatus can be obtained by comparing the phase of the calibra-
tion electromotive force with that which can be predicted from a rough
calculation of the lag of current behind electromotive force in the cylinder.

The average phase setting for the final calibration runs was 32.4°,
which corresponds to a lag of current behind electromotive force in the
normal circuit around the cylinder of 57.6°, while the phase lag calculated
for this circuit was 64°.*

45. Conclusions as to experimental work. An examination of the fore-
going appears to give only two indications as to errors of any importance
in the determination. In the first place as shown by Table II, the ampli-
tudes and phases for the effect runs made on a given half day tend to
check among themselves better than they do with those made on another
half day under supposedly identical conditions. In the second place,
there seems to be some small difference in amplitude and phase produced
by rotating the cylinder around its axis to a new position. The cause of
these two phenomena is as yet unknown. If, however, we can assume
that the small accidental effect still operative is as likely to produce
deviations in one direction as the other, our final means then show a small

* The calculations were made with the help of formula (2) Bull. Bur. Standards,
18, 475 (1922-23). '
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but definite difference between the amplitude and phase of the effect
experimentally measured and that predicted by the elementary theory.

VII. CRITIQUE OF THE THEORY

In view of the uncertainty as to the reality of the small deviations
between experiment and the elementdry theory, the time is not yet ripe
for any elaborate critique of the theory. Some preliminary considerations,
however, of the three simplifying assumptions made in the elementary
derivation will be of interest.

46. Nature of the mass associated with the carriers. The total electro-
magnetic mass associated with the lines of force surrounding an electron
in the body of a metal must be of a complicated nature, while our ele-
mentary derivation has taken the mass as rigidly bound to the charge
and the same as that associated with the spherical field surrounding an
electron in free space. A complete analysis of the distribution of electro-
magnetic mass in the interior of a metal, and the fraction of it that could
be regarded as bound to the electrons at any given acceleration of the
metal would be complicated, if not impossible in the absence of a more
satisfactory picture of the interior of a metal than we now have. Never-
theless, it seems as if most of the mass must be close to the center of the
electron since that is where the lines of force are concentrated; and of
course near to the center, the lines would presumably have the same
spherical distribution as in free space. In addition it should be noted that
down to distances of 10~8 cm from the positive charge, the Bohr-Sommer-
feld theory of the hydrogen atom shows that there certainly is no great
error in taking the mass as bound to the electron and the same magnitude
as in free space.*

47. Forces on the electron. Our elementary deduction was obtained by
equating the rate of increase in the momentum of the electrons to the
forces acting on them. The only forces considered were due either to the
change in flux through the circuit or to the “frictional” resistance of the
conductor to the motion of the electrons, which was taken proportional
to the relative velocity of electrons and conductor. It is important to
point out, however, that no change would result from the inclusion of
possible additive corrective terms, proportional to any function of the
relative velocity.* The reason for this is that such terms would finally
appear both in Eqgs. (3) and (7) as the same functions of the current I
and hence would balance out.

4 Note in this connection, Bronstein, Zeits. f. Physik, 35, 863 (1926).

* This includes the relative acceleration or higher derivatives, and quantities such as
x-X which can be obtained from »-V by integration.
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Corrective terms dependent not on some function of the relative
velocity, but on a function of the velocity referred to the external
stationary coordinates, would not balance out.

48. The effect of torsional strains. Our elementary derivation treated the
conductor as a rigid system unaffected by the torsional strains set up by
oscillation. If the resistance should change periodically by an appreciable
amount with the changing strain, or if the strains themselves, in the
absence of acceleration, should produce electromotive forces, the analysis
would have to be modified. These possible effects would presumably be
small. Further on this point we can not now say.

To summarize the status of the theory, it would seem as if there were
some uncertainties in the elementary deduction which would be worthy
of furtheér investigation. It does not seem probable, however, that
improvements in the theory would change the order of magnitude of the
predicted results. They might, however, be sufficient to account for
small discrepancies hetween the elementary deduction and the experi-
mental results of the order of magnitude that we have found. '

VIII. CoNCLUSION

In conclusion, we believe that our present experiments demonstrate
far more satisfactorily than ever before the actual existence of an electro-
motive force in an accelerated metallic conductor due to the inertia of
the electrons which conduct the current. The average magnitude of this
electromotive force was found to be 19 percent less than that predicted by
an elementary theory which assumed the effective mass of the electrons
the same as in free space; and the average phase of the electromotive
force lagged 10° behind the acceleration, instead of agreeing with it as
predicted by this elementary theory. These deviations from the pre-
dictions of the elementary theory were considerably greater than the
probable error of the results. It could not be concluded from the data,
however, that the deviations were necessarily greater than the actual
error in the results. In addition no precise estimate was available as to
the changes in the predicted values which might result from a more
complete theory.

In the experiments of Tolman and Stewart, the electromotive force
was found to have a value 15 percent greater than that predicted by the
elementary theory. This may have been due to interaction between the
metal wire and its insulation, since in the present work we have dis-
covered apparent effects of this kind. On the other hand, the effective
mass acting when the conductor was brought to rest may actually be
greater than under the present conditions where the frequency of os-
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cillation was twenty cycles. The experiments of Tolman, Karrer and
Guernsey made at twenty cycles gave a value of the electromotive force
8 percent lower than the predicted, but the results are not as trustworthy
as the present ones. It would seem that further experimental and
theoretical work would both be desirable, and it is hoped that this may
be done at this laboratory.
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NormMAN BRIDGE LABORATORY OF PHYSICS,
CALIFORNIA INSTITUTE OF TECHNOLOGY,

PAsADENA, CALIFORNIA.
June 23, 1926



