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A FURTHER STUDY OF THE INERTIA OF THE ELECTRIC CARRIER
IN COFPPER.

By Richard C. Tolman and Lewls M. Mott~Smith

s_n ! ntro dustion
1. The Berkeley Experiments. - The production of an elestromotive force

in an accelarated metallis conductor, due to the inertia of the elesctrons in the
condustor, was first demonstrated by the work of Tolman and Stewart! at Berkeley,
who measured the pulse of electric current produced by Mdmly stopping a coil

of wire rotating around its axis. Their experiments included work on a number of
diffarent colls of coppar, silver and aluminum wire. The pulse of ocurrent was al~
ways found to be in the diraeltion 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 calaulated from the magnitude of the pulse came out for the thres
metals tested about 15% higher than the known mass of an elsctron in free space.

The most serious chance of error in the Berkeley experiments would seem to be
the possibllity éf electromotive forces produced in some manner not thoroughly under-
stood by the buckling of the w1r§ or the forces between the wire and its insulation
at the time of stopping of the coll. Some evidence of such disturbing effects
would seem to be given by the work of Tolman and Stewart, since they found that thelisr
results were more concordant the more carefully they wourd their colls and the more
care they gave to the impregnation of the coil with paraffin or shellac. Further
evidence as to such possible misbehavior of the insulating material will be given in

the present article.

Ypolman and Stewart, Phys, Rev., 8, 97 (1916); 9, 164 (1917).
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2. The Washington Experiments. - The above chance of error was eliminated in
the later experiments of Tolman, Karrer and Gmrna-cya made at Washington, who o8-
oillated a eylinder of copper arcund its axis and determined the electromotive forces
produced in it by surrounding it with a secondary doil of many turns of fine wire
whioh was connected through an amplifier with a vibration galvanometer. These ex~
periments also sesmed to demonstrate en electromotive force due to the inertia of
the electrons, and the average value for the mass of the garrier came out from thess
measurements about 8% lower than the mass of the electron in free space.

In these wanhinstbn experiments only the sffective amplitude of the altermating
gurrent 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 is impossible to conclude from these expsriments,
as from the Berkmley 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 aleo suffered from an uncertalnty as to the best
method of Oorrecting 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 wos not ruming. The method adopted was to measure the width
of the galvanometer besm when the apparatus was stationary (zero effect) Jjust before
or after & series of measurements and then correet simply by subtraction. It is
‘avident, however, that a method of balaznoing out that part of the electromotive force
of real intersat would be superior.

Pinally the time avail-abla for the Washington expsriments made it lmpoasible to
oarry out a complete study of the effect of the earth's magnetic field. To eliminate
effects from this source, the oscillating oylinder was set with its axis as nearly
parallel as possible $o the direction of the earth's field, and the axis of the coil
was then aligned parallel with the axis of the oylinder. It was bdlieved that this

2qo1man, Karrer and Guarnsey, Phys. Rev., 21, 525 (1923).
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arrangement would eliminate accidental ef’ects due to motion in the sarth'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
imposaibility of obtaining s,‘nséluto parallelism. Pr@limimry attempts were made to
neutralize the earth's field with large Helmlwltz coils, and changes in the magnitude
of the effect wore obaerved to accompany changes of the D.C, current in these colls.
At the time, this effeot was ascribed to eddy currents in the cylinder produced by
lack of homogeneity in the field introduced by the compensating coiles., 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 Pugdem, we have sgain oscillated the copper cylinder parallel to
its axis and mmmﬂadfby a secondary coil of many turns of fine wire, but have
overcome the above three 4ifficulties encountered in the work at Washington by methods
that will be described below.

In order %o determine the phase of the effecf we have balanced the alternating
electromotive force in the coll against an alternating electromotive force produced
by an earth inductor rotating in synchronism with the oscillation of the oylinder,
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 "sero effect™ which keeps the galvanometer oscillating to
some extent all the time, even when the apparatus is not rumning, since we only balance
out the elsctromotive force of actual interest. Under favorable conditions there was
almost no difference between the widening and "kicks™ in the bdand of light from the
galvanometer when the balance had been made with the apparatus running and the be-~

havior of the band when the apparatus was stationary.
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Finally, we have made an elaborate study of the pffect of the earth's field on the
magnitude and phase of the effect, by changing the aligmment of the oylinder with
respect to the earth's field and the aligrment of the coil with respect to the
éylinder, and by rotating the coil around its axis. Indeed, the investigation of
such effects forms a considerable portion of the work to be descﬂbed in this article.
In a general way it may be said that the correct magnitude of the effect will be ob-
tained provided the cylinder 1s exactly parallel to the earth's fiseld or provided the
(electrical) axis of the coil is parsllel to the cylinder. If both aligaments are
rade parallel the results sre of course that much better. This explains the success
of the Washington experiments, since the attempt wss thore made to have both alignments
parallel.

II. Description of je_i_'gg Apparatns

In order to permit the intelligent criticism of work so full of difficulties as
this, it seems desirable to describe the apparatus and éxperimental work in consider-
able datall. This is especislly true, since such work always contains amoying minor
lacks of consistency and thelr posaible significance can only be estimated in the
light of all the facts.

4. The location. ~ Just as in Washington it was found impossidble to carry out
work of this nature in a leboratory building, owing to large continuous accidental
variations in slectromagnetic conditions which keep the galvanometer always in vioclent
cscillation when connscted through the amplifier to the coil. A somevwhat isoclated
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 sxis pointing towards the magnetic north.

5. The Cement Pier. ~ The apparatus was mounted on the northern face of a
cement pler, this face being approximately parallel to the magnetic dip. The height
of the pler wus 9 feet U4 inches and its base 5 feet 4§ inches by 2 feet sloping to
2 feet by 104 inches at the top, with a projection of 1 foot at the bottom on the

weat side carrving the Pelton water wheel and other accessory apparatus for driving



the osaillating system, as shown in Pigures 1 and 2. The pier was carried on a
cement base 6 feet 3 {nches by 5 feet in area and 2 feet deep in the ground and this
in turn on a conorete foundation. Holes through the pier and its dase were left to
allow tdr the installation of compensating coils if dexired, and bross ineets were
provided for bolting apparatus to the pler.

| In front of the northern face of the pipr o coment-lined pit was provided as
shomn in Pigure 1 to carry the lower end of the torsion rod. The p.tt'm K feet by
2 feot in ares by U fest 6 inches dasp.

The frxundat'i;ma of the pier wesre constructed of ordinary conorets, dbut the
pler, its base, and the walls of the pit were construsted from neat cement, since
the sand avallable was found to b; ﬁry paramegnetic. The cement itzelf wms only
élfa:}xtly paramagnetic. We desire to thank Prof. 8. R. Williame now of Arhers$
Collegs for his kindiness in testing the magnetic ypropertles of the sand% csment,

6. The Oscillating System. - Ths oscillating cylinder was the sume one used
in Yashington, provided, howsver, with new end plates oarrying the pinions for the
bearings necessary for the rotary q;cinattoﬁ. The cylinder was made from a Copper
billet cest and then fﬁr@ad to a fine homogenecus structure at the Washington Navy
Yard. The oylinder was § 1/8 inches long with an outside diameter of 4 inches and
an inside dameter of 3 inches..

The end plates were constructed from castings 'of phosphor bronze and were
sweated into the snds of the oylinder. The pinions were 1 inch in diameter by 24
inchas long and ended in a slotted plate arranged for koapi&nc them to plates on the
ends of the torsion rods which supulied the restoring force for the oscillation.

The cylinder rotated in bearings of gun metal brongze which were carried in

bruss pillow blocks mounted on a cast brass bed plate bolted to the pler.
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The restoring force for the oscillation was supplied by the twisting of long
torsion rods clamped at top and bottom. A long poriod of experimentation was givea
te nitompts to use helical springs instead of the torsion rods, which would have
‘hed the advantage of greatly shortening the length of the apparatus. To get the
necessary restoring foroe, however, these springs had to be very heavy and could
only be made by machining out from & solid bar of Tobin bronze. Although they
gave fairly satisfactory service for a time, finully a fracture always developed
in one spring or the other. In addition the chsnges in oross section of the springs
by twisting, thus cutting the earth's magnetic field, lead to disturbing currents,
w’ni_ch, howevar, were at least partially eliminated by insulating the ends of the
springs.

The torsion rods finally employed wers the same cnes used in Washington, nade
from specisd non-magnetic "Navy Brass®, hexagonal in cross section, 5/& inch
from flat to flat. The distance from end to end between clamps was 1l feet 10
inches. And the pericd of oscillation was about 20 cycles per second.

The phosphor bronze for casting the end plates of the cylinder had a magnetic
susceptibility of »1.5 x 10=7, the red brass for casting the bsd plate and the
pillow blocks had a susgeptibility of I x 10"7, and the "Navy Brass" torsion rods
also had a susceptibility of 3 x 10~7. We also have to thank Professor Williams

for these tests.

1. The Driving Mechonism, -  The apparatus was driven by & 6 inch Type ¥
Pelton water wheel spaecially construoted out of bronze so as to be non-magnetio
and indeed provided with bronze ball bearings.

The Palton whesl was firat mounted on a separate base and the apparatus driven
by belts. Serious accidental electromotive forces were, however, introduced into
the coil by the electrostatic charging of the leather belts. These were not satis-

factorily eliminated by metallic shielding of the belts, but could bve pretty well



removed by frequent wetting of the belts, a procedure with 1ts attendant spray,
howaver, which was not permanently satisfactory. Atterpts to keep the belts wet with
some hygroscopic substance and to use othor materials than leather for the belts were
also unsatisfactory. For this reason ii finally seemed best to vesort to a direct
drive from the Pelton wheel. ‘The complications of doing this with the wheel set

on & separate base finally lsd us to mount the wheel on the west projection of the
main pier. This had the disadvantzage of introfucing possible vibrations in the
gylinder. The pier, howdver, was vary massive and with our present accurady anyway
we naver\fmmd any aevidence of z disturbing erfect from this cause.

The finsl location of the Pelton wheel will be seen from Figures 1 and 2. The
shaft of the vheel was connected through two universal joints, to allow for any
é;zight lack vcf aligment, with a shaft carrying a rotating disk provided with tapped
holes at dif7arent radll to take the wrist pin for the conmecting rod which drove
the oylinder. The other end nf the cémetiag rod went to a wrist pin on a rocker
arm which osciliated about the axis of the oylinder, a friction clutch belng provided
by which the rocker ams could be engaged with the oscillating system after the Pelton
wheel had reached u sufficient fragensy of rotation, as shomm in Figupe 2.

&. Ihe Farth Inductor. -~ The electromotive force used for balancing the
elestromotive force induced in the coll by the ossillating cylinder was generated in
a rotating earth inductor driven synchronously with the oylinder. This inductor con-
eisted of a aodl of 126 turns of about ne. 23 copper wire wound on a thin wooden
tp'aai ~ith an average dlameter of 9. € om.

This coil was mounted in & slot in 2 shaft operated,through & pair of spiral
gears of one to cne ratlo,by the malin shaft driven by the Pelton wheel. The nature
of the arrangement will be seen from Figure 2, and wore diagramatically from
Figure 3, where it wiil be noted that the ocoll rotated in such = way as to cut the
earth's field.
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The rotating shaft which oarried the coll was provided with two insulated
oollecting rings leading through graphite brushes to the potentiometsr slide
wire from which the deaiied potentials could be tapped off. The resistance of
the coll and the brushes was spproximately 5 ohms and was steady while running,
vhen operating satisfectorily, 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, and smoothing them with emery paper from time to tlmn_ to maintain
sat{afactory operation.

The shaft carrying the earth inductor was mounted in a carriage sliding in ways
parallel to the axis and adjustable im position by a lead screw. The longitudinal
motion which could ﬂ;un bo'givm at will to the shaft changed of course the re-
lative position of the two spiral gears, 't:liizs retnting the »wh’inducter and
permitting an adagstmt of thc“ph«; while the apparatus was in operation. We are
indebted to Dr. Arthur Klein for suggesting to un this method for phase adjustnment.

The eastern end of the shaft carrying the earth inductor was provided with a
pointer and pmtracﬂ:;- scale which permitted a reading of the phase setting used
for the balance. A light extension from the western end of this shaft dréve a
machanical tachnometer which was set a couple of feet awsy from the earth inductor to
avold possible disturbanoces.

- 9. TIhe Cold. ~ The coil surrounding the cylinder was a new one spcciaa.li
" built for this worl;. The spool for the ooll was construsted of "micarta®. It had
an cverall length of 9 1/8 inches, the end disksbeing 3/8 inch thick. The outside
diameter was 7 inches, the inside diamster 4 1/& inchas, and the wall thickness
of the central tube 1/16 inah.
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It was vaery carsfully wound in one length with soldered Jjoints, with 18 lbe.
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 Porson for the skill and care with which this coil was comstrusted.

The coil was mownted in a cradle with aijusting screws for tipping its axis
in any desired direction, and for aligning it lengthwise and sidﬁiu. .

Experiments ware at first made with the cradle dolted to the cement pler wiﬁ;
thick washers made from rubber stoppsrs to eliminate Wibration, and pretty satis-
factory results obtainad. Finally, however, to rempve any posaibility of vibdration
in the acoil, the oradle was hung frowm an overhead woodan féana which was itsel?
suprarted on woden uprights that went through the floor of the house direstly inte
the earth without coming in contact with the floor. All the results reported after
Agust 11, 1925 wore made with tlis new support for the ocoil.

10. The Electrical Oormeotions. - The eleatrical connections for mezsuring
the effeot are shown schematically in Figure 3. The four double throwh switches
wero ordinary porcelain dase switches.

Switah nd. 1 wes arranged so that when throwmn down it wounld conmect the earth
inductor through the graphite bdrushes with the slide wire AR, from which the desir!od
potential, corresponding to the length AC could be tapped off. to meutralize the
effest from the coil. Vhen switoh no. 1 wae thrown up it connested the sarth induotor
through the brushes directly with a test set for measuring resistances so that a
frequant check could bs made of the operation of the hrushes.

Switch no, 2 when thrown down connected the coil into the amplifier otrmﬂ.’t.
and when thrown wp ocutd the ocoil out of the aircuit so as to permit a direct resding
‘of the amplitude of oscillation of the galvanometer from the generator ooil alons,
thus permitting a test vhenever desired of the overation of amplifier and golvanons ter

when acted on by a known sleciromotive foroe.



Switch no. } when thrown down commected the earth induotor into the amplifier
gircuit and when thrown uvp sg:;rlnd the earth in:mot:;'\:]

Switch no. U4 was a reversing switch which permitted a reversal of the direction
of the electromotive foroe from the alide wire if this was deaired to obtain a
balanse. Of courss a careful record of tha position of awitch no. it was always kept.

The slide wire was a Leeds and Northrup,Kohlrausch type slide wire, wound om a
oylindriosl drum with a resistance of spproximately 32 ohkma. The industance of this
helical slide wire was too small to introduse any difficuity.

11, The Amlifier. -~ The amplifier consieted of throe stages with resistance

souplimg, connectsd as shown in Figure 4. The use of separate A-batteries for
heating the filfients of the tubes and separate B-batteries for the three plute cirouits
as used in Washington would at first aight seem & better arrangement to obtain a
non fluctuating degree of amplification. As o matter of fact, however, a fluctum=
tion in the first stage of amplification produses much mnre effeot on the total
amplification than a fluctuation 4n thoe later stages. Hence sepurate batteries
woul d givaﬁositivo alventage, while the inoreased musber of batteries which can
got out of ateady ocontitions is a positive detriment. The tubes used in the first
two stages wers Western Tlectric Type V (veltage anplifiers), und that in the last
stage a Western Xlectiric Type J tube. The resistances, condensers snd dbatteries
used wore as indieated in the figure, although the grid leaks were somewhat varied
from time to time. The coupling resistances were Wostern Flectric Lavite resistances.
The anplifier wes commected through & trensformer with the wibration galven~
ometer. The impedonce of the primary of the transformer was sbout 20,000 ohms
(25~) and the impedance of the secondary about 2,400 omms (25~ ).
12, The Gslvanomster. - The vibration galvanometer monufactured by Leeds
and Northm was the same onas used in Washington. It was mounted with a specially
light avspension so 23 to reiuce the freguansy to the desired valus. It was provided

with a conoave nrirror which was illuminated with a single filament laup, the total
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distance from mirror to ground glass ecale being 13 ft. 10 inches, The D.C. re-
sistance of the 3a1van6mtar was 765 olms.
13. The sgt Up for Calibration. - The calibration of the avparatus was ob-

tained by setting the oylinder ard coil transverse to the earth's magnetic field
and oscillating the oylinder 3o as to cut the earth's fleld and thus vroduce a known
elastromotive force in ths oylinder,

Yor this purrose one end plate of the oylinder was boltsd to the face of the
pler, above the earth induotor, so that the oylinder was perpendicular to the earth's
magnetic field as shown in Figure 5. The doil was hung in its adjustable oradle from
the vibration-frea aross trues so as to surround the gylinder, and arrangoment made
to cscllilate the oylinder through a amall aungle 80 as to cut the earth's fisld.

The small oscillation nseded was made possible by a vary slight bending in the
pinion shaft between the pler and and cylinder. The necessary motion was inmarted to
the c&lm«ier throu@.’vm 1ight rod attached to a stirrup on the outer plnion shaft.
This was driven by & cam arrangement as shown in detall in Figure 5. The cam plates
ware cut at an sngle and set off center so as to give a vure harmonic up and down
motion, the lower oam being driven by direct connection through universal joints
with ths main shaft of the turbine. Tho adjustment wax alwayve made so that the
aylinder was permanently strained down enough so as to be pulling wp throughout its
stroke. In addition an extra svring was provided as shown in the figure to keep
the rocker amm in contact with the end of the shaft of the upper cam plate.

The amplitude of oscillation was measured optically. The light from a hori-
sontal filament in & single filament lamp was directed by a spherical mirror> ca a
plane mirror fastened on the moving snd plate of the cylinder, thence the light
proceeded to a mirror faocing the oylinder, back to a second mirror on the end rlate

and then with two further reflections to o focus on a ground-glass scale, whers the

————e

3We wish to thank Dr. J. A. Anderson for his kindness in lending us this mirror.
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amplitnude was read. There were thus two reflections from the woving end plate and
a total path length of 1389 oms. in the 1925 measurement and 1391 cms. in the 1926
measuraments.

The eiectromoctive force produced in the ouid) by the tranaverse oscillation of
the oylinder was balansed both as to phase and amplitude against the same sarth
inductor =8 used for balamcing the effect itself, Although the mgle'ef transvorse
cscillation of the cylinder in cslibration was only about 9 x 10”™ radians as com=
pared with a eirsular oscillation of 0.6 radian in the effect rung, the slide-wire
reading in calibration for Lalance was about & times as great as for the e’fect,
vhich gives an idea of the extrems mivmteness of tha affeot.

III. Experiments on the Ttfect of the Tarth's Fleld

14, Nature of the Exvected Effests. - A large part of the experimental work

to be described consisted in a determination of the electrouotive forces introduced
by the motiom of the Sylinder in the earth's magnetie fleld, 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, Figure 6.

As already atated, in the effpet runs the ¢ylinder was set mly parnliel 0
the earth's field in order to aveid cutting eny magnetic lines of force when the
cylinder was oscillated about ite axis. Of courss an axaot parallelism, however,
was not obtained, and indeed dan not be permanently achieved owing tc the diurnal
varistion in the direction of the earth's fleld. Tor ihis reason we st always
expect a amall residual component of the earth's field porpendicular to the axis
4f the cylinder as indigated in the diagram. When nov, ws oacillate the oylinder
about its axis, 1t fa evident that we out thid vesidual field tn such a way as to
induce an alternating curreiht flow longitudinally around the oylinder as indiceted

by the arrows.
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- This dongittdinal flow of current has of course no effect on the coil, provided
the axes of coil and oylinder are coincident. If, however, the codl is tipped with
refarence to the aylinder, the altarnations in this longitudinsl current can induce
an alternating electromotive force ic the coil. Thus for example in the case of
the diagram, tipping the axis of the ooil perpendicul:r to the plane of the vaper
will evidently introduce an electromotive force into the coil. Hence in general
we nmust sxpect that the measured electrnmotive foroe ir the coil consists of two
compbnanta, the first beinz the one of main intorest which is due to the insrtia
of the slectrons in the accelerated metal, and the second bsing a suverposed ef”eat
due to this cutting of the residual component of the sarth's fleld by the moving
gylinder.

This suverposed offect will of course be Zere when the axis of the oylinder is
exactly parallel to the earth's fisld, even when tha axis of the coil is not porallel
to the oylinder. NMurthermore, when the coylinder is not parallel to the earth's fiald,
the superposed effect oazn be made ‘sero by exast aligrment of the axis of the coil
with that of the cylinder. As already stated, this aocounts for the success of the
wshington exveriments, since the effort was there made to secure both an axact paral-
lslism with the earth's fleld and an sxact aligmment of coil w»ith oylinder.

15. The Experimental Work. - In order to test the effect of the earth's

field, a sories of runs were made with the oylinder in 1ts nommeal position, and also
rotated at various small mngles from that vosition by tipping the whole base plate
and rebolting to the concrete pier, with the intreoduvstion of spacors if necessary.
The apring in the torsion rods was sufficient to permit these small clanges in angle,
provided the ond clamps were loosened and then retightened after the change in angle.
For sach position of the oylinder, balances were then obtained with the axis of

the coll tipped to different angles relative to the axis of the oylinder.
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"he ongle of tip of the oylindsr aould of course be ressured directly. To
deterrine the sngle of the ooil <1tk respect o the erlindsr, at the beginning of
a series of rons, the coll waa firet set parallsl o the oylinder, with the help &
a tarer gage which amld Do irmsrted datwesn the coil mnd cpdlind ra The varicus
anglas of tip of the coll were thon measured «ith the helyp of two mirrers on the
a01l, and sultebly placed tﬂaﬂﬁamfa and sonless The angles recorded ore probably
seldon 4n error by an amount much greatsr then 2,00025 radians, whils the totnd
rznze of tiy wms adout 0.02 eadiona.

In all, 293 balmnzes were made in this work, uwounlly taken in palra Ath &
given setting of the ccil. Of thase, T badlances nomrring neur together on the
same duy wers discarded beosmse of their hipghly erpatic nature. ALl the sther bale
ances are raoorded in the wlpte of the duta.

After aach halance tha asrrapratus was stopped, the slide wive rending recorded,
and the rhose satting of the earth induetor deternined. This phase deterninetion
wos wodo by lecsaning the olutch an? turning the earth Inductor over by hand until
| the connseting rod was ot the center of 1is siroke, ue 2hown by the cﬁalxﬁcigmma of
scratohes on the moving amd eiationary vorts, The proper position of the scratehes
wes oonurad by toldng reslings »ith the same seratches toth on the forward and bask-
ward stroke . The =eptings thus talren ell soresd within two depress and the aversge
of the tws rantings wns finally uveed, The balonces were all nade with the apnaratus
ronning at approvimstely the same ampl ituds an? frecuenay.

?:.ﬁ‘ Method of Plotting the Results, - In scrordance with the slamentary

thaaéy rresented above, we should expect the eloctromntive forces messured to conalst
of two compononts, one dus to the inertia of the 2lectrons and hance constant in mag-
nitude and phase, with o given amplitude and fraqnancy of oscillatien, and the other
dus to the motion of the oylinder in the residusl field and hense constsnt in phase

through oonnection with the phase of the velooity, but variable in magnitude thraugh
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its double dependence on the angle of the srlinder and sngle of the coil. Under
the oircumstances, it is evident that the sombined electromotive force observed
osn be regarded ds ths sum of two vectors, one donstant in magnltude and directionm,
and the other constant in direstion but variable in magnitude (both positive and
negative)., Henoe it is evident, 1f we plot the various measured sleciromotive |
foroes ss vestors radisting from the sams center, that the onds of these vectors
should 14e on a straight line as shown in the lowor nart of the dlagram (Pigure 7).
Furttermore, for a given setzing of the ovlinder with reference to the sarth's
field, it is evident that the component of the elestromotive force which is due to
the earth's fiald should be proportional to the angle of tip of the coil in any
given plane., Henoe 4f we nlot this componsnt aghinst the angle of tip, we should
obtain another stralght line. This is showm in the uwrper rart of the dlagram, where
the ordinates are the angle of tip ond the abacissas are by the methed of Construction
evidently proportional to the component of the slestromoctive force due to the field.
17+ Flots of the Data. ~ The data odtalned were plotted using the method

described above and are precanted in Plots Nos. 1 to 20. 0Of the 293 msasuraments
made for the smﬁyvln question, T as already stnted were omitied beswuse of their
srratic charaster, and 3 fall so far off the diagram that thelr position has only
bean indicated by dotted linen, All the other wmeasurements have bean included in
the plots. Excapt in the oase of Plote MJ £, 19 and X, measurevents obtained with
the ¢oil parallel to the ovlinder apresr on both the two serarate plots which give
the data odtained »ilth the same setting of the cvlinder, first tipning the ocofd
north and south, and then aast and west.

The angle of tip of the axis of the crvlinder from its nomal position, axl the
angle of tip of the axis eof thé coil in a morthesouth or sast-west plane are indicated

on the plots. The direction of motion of the upper end of the axis 1o always glven.
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The phase angles for the different electromotive forces are pletted from an
arbitrary starting point. The horizontal base lins in the plots pointing to the
left corresponds to a reading of % on the protractor scale on the earth inductor
carriage, provided switch no. 4 was down and the connecting rod wae at the middle
of its stroke, moving eaat. Readings taken under other condltions were corrected
to the above state ofrsrtea:lrs. (Readings taken in calibration runs are corrected
to the conditiom; switch no. 4 dowm, oylinder 4n center of stroke moving up.)

18. GQeneral Discussion of the Data. - It is evident from an examination of

the plots that the measurements do agree reasonably well with the expectations out-
lina& above. The fact that thé termini of the electromotive force vectors do lie
as well as could be expeated on a straight lins indicates that thess electromotive
forces can be regarded as the resultant of one constant component and a second com-
ponent constant in phase but variabdble in magnitude. Furthermore the graphs in the
upper part of the plots show that the wagnitude of this second component is preopor-
tional to the angle of tip away from the parallel position. TFinally it will be
noticed that thé magnitude of the effect of tipping the coil in the northesouth
plane is dependent on the magnitude of the tip of the ¢ylinder in the east-west
plane, and vice versa as would be expected. Indeed it wus possible to find &
setting of the aylinder (see Plots Nos. 16 and 17) so nearly parallel to the earth's
field that tipping the coll in elther direction had. only a very slight effeot on
the electromotive force at all.

Before yproceeding to & more dotailed discuseion of the data, 1t is zlse
specially important to note that there is no indication that the electromotive force
would ever drop to zero. for any setting of the oylinder relative to the earth's
field, ¥mk or any tip of the coil. This provides strong evidencs for believing

in the reality of a component of the electromotive force which is not due to cutting
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the sarth's field, but is rreswaably due to the inertia of the elactrons. In
addition 1t is evident that the measurements of amplitude and phsse obtained

when the ooil and orlinder were parallel, as well as the values for these quantities
that dould be detersinsed fror the best lines drawm through the two setas of points on
the plots, would give fairly concordant results for what is vresumsbly the electro-
motive forge of interest due to the inertia of the electroms. This electromotive
force wil! be more fully considered in a later rart of the paper.

19. Phase of the Component of the Elactromotive Forde Dus to the Zarth's Flield.

Consideri ng these data now in somewhat more detail, it is evidemt, in accordance
with the simple theory ocutlined above, that the somponent eleotromotive forcs in-
troduced by the earth's fiold is determined by the valoocity of the oylinier, and
hence the phase angle of this component shonld have the same value in sll the
experirzonts. An examination of the plots will show that this is appreximately
but not exactly true,

Using the arbitrary starting proint for messuring the angular setiing of the
sarth inductor alrealy mentioned, the phase of the component due %o the earthls
fi0ld has the folloving values as determined from the slopes of the lower lines on
the plots as given in Tabdble I. (At the phase angle piven the magnitule can of course

ssswe both positive and regative valuesn.)



Zable I
. of Fiot Date FPlane of Coil Tip Phase of Componant
1 July 2324 X.8. 27°
2 July 2324 E.W. 33
3 July 25 N.8. 23
b July 25 A g
5 July 27 N.8. 27
6 Jaly 27 E.W. 30
7 July 28 n.8. 34
& July 28 E.V, n
2 July 29-%0 N.S. n
10 July 29 E.V. g}
1n July P E.W. (X.8.) -
12 Juiy P-3 ¥.S. 18
13 July -3 E. V. 2y
14 Aoge 1 N.S. X
15 Auge 1 £V, -
16 mg. 6 N.S. -
17 Mg, 6 ) 2 A 47
18 Aug, =22 N.8. 32
19 Aug. 20-2) EW. 2
2 Auge 24 N.8. 12
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In the case of three plots, the setting of the oylinder 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 WJ® for Flot No. 17 should
not have been included owing %o the dunching of the points. The remaining values
for the phase of the component which we have ascribed to the earth's fisld, with
the exception of the value found on Plot No. 12 are constant at least nearly within
the experimental error. e have no satisfactory explanation for the result foumd
on Plot ¥o. 12, which is apparently dsfinitely givem by the data. It is intoresting
to note that Plot Bo. 13 for data taken on the same dates also has a low phase
angle, and it ia possible that some consistent error was made in the phase readings
taken on those dates.

The mean value {ar‘ the phase of the componsnt due to the earthls field is
30.2% with an average deviation from the mean of * W.0° and a probable error of + 1.0%

It is evident that this phase should be related to the lag of the current be-
hind:the slectromotive forse in the gylinder, since the lag in other clirouite is
negl igiue. The protractor scale was set on the sarth induotor frame so that the
maxinmxr elactromotive force in #he earth inductor came at approximately 0%, while
the maximum electromotive force in the cylinder produced by cutting the earth's
field wust come at the center of the stroke. Hence allowing for the change in phase
on passing through the transformer involved, it 1s evident that our results give
a lag of current in the longitudinal circuit around the oylinder of 59.8° behind
the electromotive foroe.

Of course no exact calculation can be ade of the expected lag in this longitud-
inal oircult, because of its complicated shape and somewhat uncertain dimensionms.
Nevertheless, 1f we take this longitudinal circuit as being a Gopper rectangle’
having an outaide length of 9 1/8 inches, outaide width of % inches, and inside

dimensions 1 inch less (the dimensions of the oylinder), and ascribe a thickness

lme ent rlates were phosphor bronse.



of 3 inches to the resctangle we obtain a aalculatad@ phase lag of B0° as commpared
with the experimentsl value of 59.8°. Since the thicioess ascrided tc the long~
itudinsd circult seems a reasonsble one, we may regar? the theory and duta =8
beling in approxvimate sgreement.

The sanse of the electromctive force introduced by setting the oylinder in
a given drection away from parallelism to the sarth's field and tipping the ooil
in a given direction, wse also found to be that which would be rredicted on the
basia of the theorys

20. Magnitude of the Component of the Electromotive Force Due to the

Burth's Fleld. & It i3 aleo possible to investigate the magnitude of the eleo-

tromotive forcs iniroduced by the earth's field and see if this is in agreement
mm the thecry., XFor the small angles involved, this rmagnitude should be propor-
tional both to the angle of setting of the oylinder in a given plane away from
parallelism to the earth's field, and proportional to the tip of the coll awy
from parallelism to the cylinder in the plane at right angles to the above. The
upper lines in our Plots Nos, 1=20 are drawm g0 that the slopes of thess lines
give, each for its own setting of the oylinder, the ratio of the component of
electromotive force in question to the sngle of tip of the coil and hence can be
nsed to test the above prediction. This hos been done in the following two plots
Ros. 21 and 22, vwhere the abscissae are the angular settings of the oylinder away
from normal and the ordinates ars the slopes (tam ©) of tHe upper lines in Plots
Fos. 1=20 measured away from the vertical. Although the dots are not very well
spaced since they were not talen to teat the pcim. in question, nevertheless it
will e seen that the points do fall on straight lines as would be predicted by
the theury, HRurthermore these two lines have ngariy the asame slopes, namely 38°

and HO® as weuld be predicted.

1the calculations were rade with the help of formmla 87 Bull. Bur. Standards,
8, 54 (1908-9).
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We may also lnvestigate to ses 1f the absclute magnitude of the electromotive
force which we believa %0 he introduced by the earth's field 'as a reasonsble value.

From Plots Nos. 21 and 22, we Tind that 2 setiing of the cylinder,0.01 rodian
from parallel with the earth's fielé)earreapm&s to an average valve of tan € of
4.05. Using this figzure, we ihen find from the scale of Plots Nos. 1=20 that the
above setting of the cylinder coubined with & tin of the coil of 0.01 radianm, at
right angles to that of the oylinder, would give = slide wire reading of 0.0802
1or the component of eleciromotive force Intrcduced by cutiing the eartht'z field.
Pinally the angle of oacillation of the cylinder in the effect runs was 0.326 radizns
(see Section 25).

On the other hand in the calibration of the ¢ylinder we find that a slide
wire metting of 0.8618 corresponds to an sngle of transverse oscillation of 4.09 x w0
radiens (see Saction 25),

Hence if we make the very rough assumption that the transformer coupling is
the same for the two different circuiis involved, we might exmect the two slide wire

readings to stand roughly &n the ratie

S '@lAlZ'L
—_ . N A
Sltﬁﬂlxeﬂ. o, AL 2, {A)

where O, A and Z represent anglse of oscillation, area of circult and lmpedaonce of
cirsuit. The left-hand side of equation (A) has the value 0.09. And substituting
& value of Z3 calculated for the same circult assumed sbove in accounting for the
phase, and for Zy = value calculated from the cvlindrical shepe of the circuit in-
volved, we obtain for the right-hand side the value O.OM. This is not a close
check and yet scems sufficient in view of the assumptions that had to be nade to

indiocate the goneral reascnableness of our ploture.



2l. Conclusions as to the Effect of Earth's Fleld. - In conclusion it would
seem ns if our theory as té the part plasyed bty the earth's field in producing elec~
tremntive forces in the moving eylinder had been satisfactorily substantiasted., In
the first place vractically all the measurements, although taken as they had to be
undar conditions where there are large errors of observation, lead to consistent
results. In the second place, the anslysis of the data shows that the component
electromotive force in guestion has sense and phuse in sgreement with the theory,
and a magnitude that depends on angle of setting of ,e:.rlinder, angle of tip of coil
and velocity of motlon through the earth's field as would be predicteds

At first sirht it may seem that the elaboration and detall with which we have
studied the effact of the earth's fileld was not Jjustified, since there is of course
nothing new in the theory of the electromntive forces and currents produced in a
conductor moving in & magnetic field. Nevertheless, we have felt that a complete
study of the éff’cet in cur actual cylinder was necessery, since our chief intersst
is the very small residusl electrumotive force remaining when oylinder and coil
are ln alignment. Iz% the first place, we imat Imow how much this electromotive
force may be affected by lack of axact alignment, and in the second vlace, we must
assure ourselves if yossible that the total elsctromotive force rresent in the
eylinder does really consist of only twe coumcnents, one Jue t¢ ouiting the earth's
‘fie}d and the other dus to tho inertla of the slectrons. It would seem from the
foregeing analysis that this is substantially true although thers are mincr dis-
crepancies which will be mores fully discusaed 4n a later section.

%o may now proceed to a discussien of the coumonant of mpin interest, namely

the electronctive forcs produced by the inertias of the electirons.



IV. Elenmentary Theory of the Inertla Effect

g_g. The Flegtromotive Force in a Stationary Conductor. « In orpder to discuss

intelligently the measurements of the electromotive force due to the inertiax of the
electric carrier, it seems desirable to present first an elementary theory of the
expected effect.

Consider a stationary circular conductor of length 27 and cross saeézion’ a,*
and assume the conductor to be entirely rigld, nsutral atoms and positive ions
being held definitely in position in the stomie frame work, but provided with n
mobile clectrons per unit volume }:mv_mt the ms% mﬁt and eoaurge -8. I an external
elagtrorotive force ¥ is applied to this oeircuit, for examle by changing the
magnetic flux through it, then the force acting on each electron in the dirsction
around the circuit will evidently be =o(f - Lg_ dl/as)/27 », whare the first part
is duve to¢ the external electromptive fer& and the secend part, depending on
current I and inductance L% , 18 dus %o the variation in flux through the circult
produced by the chanzing current in the conductor itself., %e may now equate this
force on thS electron to the rate of shange ¢f its nmomontum plus the resistance

which the electron expariences because of its rotion through the conduster, giving

us 2 € +3_L%%1WL*&+av

27w 2y = (1)

whore the resistance to the motleon of the electron is set proportionsl %o the vel~
ocity v, the properticnality constant being designated dy < .

In interpreting this equation, 1t should ba noted thet v is the excess velooiiy
which the elsctrona acquire in the direcilon of the elestiric forse and this is

measured with respest to the eisiionary coordinates with respect 4o which the conductor

?

1 The oross saciion is taken suall cormared with the length.

1tself is at rest. It should also be noted that L, is worely the coefficient commecting

The mass m is regorded as concentrated close to the charge.
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change of current with change of flux, and hence is the inductance of the circuit
as would be galculated from the geometirical shape of the cirouwit. 4As we shall
presently see it differs by a very small and usually negligible quantity from
the meazsured inductance.
We can eliminate the velocity v from aquation (1), through its relation to
the current sccording to the obvious equation
I=-neav (2)

Substituting and sclving for the electromotive furce, we cbtain

A 9T | apex

E = m G M e?a (3)
Compuring with the usual expression for electromotive force
-~ AT
Ew oS (4
LEL +IR )

we see that (2ywr«)/ (MQ_Q(X) is morely the kinstic theury expression for the
resistanse of a oircuit of wmld cross aeatie% and length 270 r, Walls 27k fr'l)/(u zv‘ct)
is a swall correction which raust be added *to the caloulated inductance L'% %o

obiein the total erperimental inductance L. Since no dlacrepancies have ever

been observed lu oriinary measuroments betweon calculated and experimental ine
ductance, we conclude thut the nuwber of conducting electrons par cubis

cantimeter n is & large quantity. {(Compare Lorents, The Theory of Zlectrons,

Teubuer 1909 liots 17). This simwll correstive term which oan usually be neglectsd is,
howaver, of prime iumportsnce in determining the affedt in which we are intorested.

23 The ¥f{fective Zlactromotive Force iz an Accalerated Conductor. - Cone

sider now the same circulsr conductor, not subjest to any externszl elactromctiive
foroe, tut moving arvund the axis with a tangeantial velocity V and zocelarstion
4V/4t. e may ncw seb up o similar expreasien to eguation (1) above,for the

force acting on an electron, numely

T d v
< — = — 4 & v—V\
LTV Y4 Ak e ak ( \ (5)
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where the term containing the external alectromotive force E is omitted, since
this is taken as zero, and the resistance to the motlen of the electrons is set,
as 1s cbvious, proportionsl te the relative velocity of electrons and conductor
(v = V). The velocities v and V are of course both messured with respect to
stationary coordl: :iog.

v andV
The velocities, 2an also be eliminated from equation (%), by means of the

A
evident exnression for currsnt
I =—M Q0 (\V*V) (6)
Substituting in (5) and transforsing, we obtaln
WA _ d__\_/, — E’lf’,,‘"ﬁ-,;_[,_ dl— t- _’l_ﬂro(_
2TV Y T, Ve Aot a $ )k W eto. (n

¥e thus see, by Comrarison with equation (3), that the acceleration of the conductor

may be regarded as producing an effective electromotive force

,_- dv
E = 2ov % H[I—d (8)

<

w’nicﬁin proportionsl to and in phase with the acceleration. The primsry purpose
of ouvr wnrk is of course to compare this rredicted expression for the effective
glectrarotive force with that found experimentally,

The sbove derivation for the effective electromotive force produced by
acceleration is of course an elementary one, containing simplifications some of
which may not be conpletely justified., In the first place, the theory tacitly
assumes that the mass of an electron can be regerded as a definite quantity m rigidly
 bound to the charge =@, and distinguiched without ambiguity from other electromagnetic
mass within the conductor, as well as from the mass assoclated wlth the overlapping
nagnetic fislds which surround the conductor and determine the flux through the
c¢ircuit. In the second place, possible forces acting between the conduction electrons
snd the body of the conductor, oth-r than the quasi-frictlonsl force which has been

set proportional to the velocity, have been neglected. TFinully the electrical
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properties of the aceslerated conductor have been regarded as unaffected by the
elastic straing which mocessarlly accompany the acceleration. We have the feeling
however, that these simplifying aaswmptions are of a choracter which would not
sariously sf7ect the result. A further discussion of the matters will be given
later.

24, Compurison of Tlectromotive Forces Obinined in Tffect and Calibration

Rung, = In order to {.es‘!; equation (8) with the help of the experimental data
phtained in the ef%act and calibration runs, let us first consider in the case
of the effect rung, = currsent sheet in our ossillating oylinder, having the radive

r, and hence the instantansous acceleration

% 4tV O, ¢ M oTr (‘?t“t—g\ (9

where Y is the frequancy of the harmonic oscillation and Q is hualf the angular

amplitude of oscillation. Substituting in equation (2) we obtain
- e e[ - ( £4S)
Fo= 31"Y ¥ (Q\@szw vi+S (10)

| Let us now compare this expression for the expectsd eleciromotive force in

the effect rung with the mowm electromotive force in the galibration runs. For

the small angles of oacilization usad in these lat'er runsg the flux throuvgh the cir-
suit is proportionsl to the area of the clircunit rl, the strength of the earth's
magnatic flsld H, ant the angle threugh which the éircuit has baen turnsd away
from varallelism with the field. Hence for harmonic oscillations of frequency

the slectromotive force in the calibration exparivenis s

E.=2m"vr H o, Do 2T (Vf f)/) (11)

where @tis the helf asmrlitude of ozcillation in calibration,
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Considering first merel- the amplitudes of the {wo electromotive furces,

we obtain by division

CAILR
Q
N 4
It will de noted that the radive r of the rarticular current sheet under consider=
atior has very fortunately dropped out of the expression, and hence the ratio
(Eo., (C) ¢sn be taken as the ratio of the total electromotive forces in the
e
effect and culibration runs, and put egual to the ratio of the slide wire readings,

fa / § . neces-ary for balance. Making this substitution and solving for the

ratio of the mass of the electron to its charge, we cbtain

MA H Se __@_@/» - Qi 3)

Se O,

ST

as the exrecicd exprexsion corrslating the amplitudes of the two electromotive
forces which are proportional to the alide wire readingsD, and g@

%e must also consider the axpected correlation of the phases of the slectromotive
forces obialned in the effect and calibration runs, Evidently the maximum
electromotive force in the effect mmns sho:ld occur at the end of the siroke wherse
the asceleration is a maximum, while the maximum electrowotive force in the calibra=
tion runs occurs at the conter of the stroke where the rate of change of flux is
a naximaa. TFor accuracy of measurement, however, the angle of the earth induoter
must in both cases be read at the center of the stroke, and hence we should expect
the two phase readings o difTer by 90°, the dirsction of the difference being
deterninable from the directions of the two moitions and the direction of the earthls

fisld.



-l

Y. Experinentsl Resulis on Auplitvude snd Phase

2%, Results from Rons of July 23 to Ausust 24, 1925, -  The experiments

alraady desaribed, for ‘-sfs'z’it:;h duta are given in Plots los. 1=20, were priwarily
ploaned for studying the affect of the sapth's field and not for gzetting an
aszarate messurement of the electromoiive force due to the inertia effect, and
an ag-urate contrel of amplitude of oscillatien, fregency of ésaili&ti@n and
termerature wss ot kapt. Nevertheless, the data are zood env:gh to glve approx-
irmotely corrvect resulits wiich will bs valuable fur cosparison with the better re-
sults presented in the next aéc%ioﬁ.

Turing the effect runs in questien, the frequency of oscillation P varisd for
di-farent runs, o4dng to difficulties with the tachometer, from 19.9 to 20.3 ver
second with a falr average a€ 20.1 ver second. The half amlitude of oscillaticn
slso varled somevhat, owing to changes in connscting rods and conditions of opers~
tion, from 1B.4° to 15.0° with & fulr aversge at 18.7°, fiving ws O, = 0.326 radians.
The slide wire reading for the cemponent of electromotive force left when the coil
was parallel to the cylinder could be obtained rerhans wost accuratels from
Plots 1=-20, by projection from: the peoint of intersecilon of the wper line with
tha axis to the lower line. It seems sufficient for our purpcses, howevar, to take
the average silde wire realing for all runs where the cyiinder and eoil were parallel.
There wore 53 such runs, giving o average slide wirs setting S, of 0.0142, having
g mean deviation of C.0023 and a probabls arror of 0.0003. The avorase vhase resding

it oy
atAc@ntar ef streke moving east was 111.5°% with a mean devistlon of 185.4° s a

r!wA
probsble error of 2,29,
In the calibration runs the frequency cof oscillation was 19.9 per sacond, not
sufficlently 2if erent from 20.1 so that we need allew for it (see TJection 38 ). fMTrree

runs wore mxde under the same conditions with the following readings for the amlitude

of oscillation as siven by the total width of the liszht band on the ground glass scale,



corrected for the width of the filoment lmage, U85.6, UB.6, UK. 3, average U5.5
miey giving for the half amwplitude of oseillation O, = 409 = 16-“ radiang, The
siide wire seitlnys were 0. 8681, 0,8005, 0.8628, averaze 0.2618, The phase
readings at the center of stroke roving up were 34, 334, 3%.5, average 33.89,

The horizontal oampeneng} declination and dip of the earth!s field was kindly
daternined for us by Mr. Wallace M., Hill of the Ceast and Geodetic Survey at the
location in guestion in the syring of 1923, Since that time and previcus to the
susser of 1925 a nearby street car line woa ddscontinued, <hich Mr. Hill believed
toe have some é‘ff@@% or: the rosulis. HNevartheless, since Mr. Hill's deter:ination
at amother nearby station sevoral times as far from the street cer line gave nearly
the smne results we can use them for cur ésﬁsul:atians. The strongth of the
horizontal commonent was 0.26753 and the dip 59° 25!, ziving us H = 0,525% gauss.

Substituting now in aquation 13 for the ratlo of mass to change, we obtain

4 g L
mo_ B 5. G . O.258 0.0042 409 x 107%

s - A ‘

- 430 x 1078 grems per abcoulomb,
as compared with the value obtained in free svace from cnthede ray deflecticns
of B.bb x 108 grams: ver sheoulonb.

Coming now to ths phase of the effect as compared with the phese in cilidbration,
we find, taxing sgccount »f the cormections and dirsciion of motion in the earth's
field, that the avorage vhase of the effect elactromctive force lags 12.3° Lehind
the accaleration of the coylinder,

Te thus find that these preliminary experiments give an electiromotive force
with an amplitude 24% les: than that predicted on the basis of the elementary
theory and a phase lagging 12.3° behind the predicted. Boih these deviations are

grester than ths "probable error" of the measuraments.
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260 Besults from Runs of February 18 to March 5, 1920. -~ In the lizht

of these results, additional wore carefully contrelled exparivents were sade
in the winter of 1925, for the express purpose of getting the best posaible
values for the ampditude and phase of the ef'fect electromotive force. Several
irmrovements in the apparatus or method were also introduced at this time.

In work prelimlnary to the measurements wiich we are sbout to discuss a new
socurce ef rossible m#id@nﬁ&l electromotive force was discovered. The wrk was
performed at a tiwme of eénsiderable teuperature fluctuation throughout the day,
and very irregular results were found when the torsion rods changed lspgth 80
as to pull the eylindsr hard against the upper or lower thrust bearings. To
obviate this the shoulders on the end plates of the cylinder were now turned
dom so that there was hereafier no contact bestwean end pl/atas of the bearings.
This pesaible sourcs of trouble may account for certain irregularities in the
guaser work of 1925, (In the Washington work thsaré were ne thrust bearings.)

We are Inclined {to¢ think that excessive friction at the thrust bhearings may
lead to the flow of alternuting current through the cylinder and back again
through the bed plate, a certain portion of the flux produced being picked up
bty the eoll.

A new method was alse installed for setting the coil parallel to the avlinder.
The taper gavge, which had previously been used for this purpose, was not entirely
satiafactory, since {the ooil, being hung from above, springs away when ths gauge
is inzoried in the ammlar space between it and the eylinder. Hence split center-
ing plates ware now provided for the two ends of the coil, with pins fitting into
holes in brass pleces on the coll, and arranged to clamp on the bearing hushings
«#ich were themselves turned true with the shaft. These plates were henceforth used
te =ilsn ths ooil parz;l’lel with the cylinder before each set of runs, any deviation
from alignment aftor they were removed being adjuws ted with the help of the telescopes

scales and wirvors ulready described.
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The runs in question ware made with the cylinder in its normal position, since
this gave the smoothest operating conditions. Since this nomal position 1s not
quite parallel with the sarth's field, it was guite lnportant that the axis of the
coil should be exactly parallel with the cylinder. Furthermore, it is of course
the "electrical" axis rather than the mechaniceal axis, if they differ, which must
be considered. To allow for this, an aspproximately egunl nuwsber of runs were nade
with the ooll in its usual rosition and then rotated arcund the evlinder through
gpyrozinately 180%, a pracedurs which wmuld changs by 180° the phase of any
electrorotive foree introdiuced from tha‘}engitﬁdinal agirmit in the evliinder. As
will be seen from the rasults, however, theras was no sprpresiadle change in effect
due to this rotation.

Forty-nine offect runs were made in sll, with the 2o0il in 2te usval and re-
verse voaitiona, taren in eight groups on different half dsye. Sinoe the readings
talen on o piven holf day often check guons themsslvaes considerably bettor than
they 4o with thosze talen on another half dey, o falr ides of the rasulis would
not be given by the final mean and its probable errere. Hence we present in Table II
a summary which agives the maan values of slidse wire reading and nhaee reading for
each group of runs. It will be noted speciaslly ir the sase of the vhase realinss
that the means for the dlffersnt groups differ &y sn amoxmt which is almost certainly

greater than could bs accnpunted for on the were basis of errors ofobservation,
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%e are led to conclude frow the forszoing that the measurements are stilld
af fected to a small extent by some variable factor which has rot vetl been ramoved.
If, however, this variable factor is itself accidental in c}mxac;fzr, changing
from one group of runs to another in accordance with the laws of chance, the final
mesns with thelr probable errore, caloulsted by treatling the orleinal weans for
each group o8 separate cbservailons should be significant,

Procseding on this Basis we obbudn for the nean siide wire readlng 8, » 0.01N8
with an aversge deviastion from tha wean of # Q.i(?(}? and a predable errvor of + 0.00%;
and for the wemn phase roading, 112.8° ~ith an aversge deviaslion from tho wean of

2y P oin these rung was 19.8 per

* 5% and & prodable
second, snd the hall amiitude of oscillation 12.8° giving us 6, = 04328 rediang.

Eight new callbrstion runs were nlse made at the cluse ¢f the 2ffect rms, on

wing from 1405 t¢ 20.8%. Tha half

Fabe 28, larch 1, and March 5, the tesporatore ru

ampiiiude of eselllatlon 8, was 4. YT x 10 % podi g, the mean slide wire reading

w1 of CeCOBY smd a prebabls error of

was CeY30T with sn averazs deviation from tho e
0a0CLY.  The mean phase roading vas 3R.U° slih an aversze deviation of 0.2° znd a

probable errcr of (.39,

srce ve ohtaln

Subsiituting new ag®in in equaition 13 for the ratieo of nas

WA H 5@ =3 0. 5258 c.mus e 47 x 10° %

= =

< T g¥iv S. @, U TN 0.9%09 0. 528

= 4,58 x 2078 grome per abeoulomd
as sgaingt %30 x 107% frew the enrlior runs, snd 5066 x 1078 fap m in fres anzce,
a deviation fromw the latter figrure of 194, N
%e also find in these runs a lag of the avarage vhase of the effect sisctronotive
ferce behind the acceleratlon of the cylinder of 10.0°, as sgainst 12.3? in th
ecrliier rune.

It is evident thet the deviatious from the rredicted velves are etill nyercent

in gprreximately the some arount.



Y. Critique of the Expariuental Work

The small devistions from the rredicted magnitude mnd vhase of the eleg-
trorotive force rroduced by the inertia of the electrons mulke 1t important to
eriticize the exrorimentsal work in detall. If these deviations should be real
it would be a matter of considerable significanse. If, eon the other hand, they
are due to errors in the eéxperimental method, we are werely interested in dis-
govering their casuse. A discussion of the e rimental work and its difficulties
is else of importance in sugeesting luprovenentis for the futufe. In woat follows
we shall prezent s larre number of special tests and considerations that were
made in inveatigoling posaible sources of srror. %e shall first consider sonme
posaible sources of error in the effect runs, mii gxﬁf possibilities of error

in the calibration runs.

27. Vibration of the Coil. - The rost cbvious npozsible cause of sccidental

electromotive forces wuld lie in vibration of the coil in the effect rmns. Ve
do not belleve, however, that thiz s t&c;& anurce of trouble. No chanze in the
results accompnnied the change from having the coll cradle mounted with rubber
washers on the cement pler, to having it sunvortsd from an :::verhead truse wiich
had no commaction with the visr or bullding., 3Befors this change was made vibratieon
of the coll could some times be felt unlass care was taken as to the peried in-
troduced by the elastic forces of the rubber washers. After the change no vibra-
tion whatever could be felt in the coil when the apraratus 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 detectied when the apparatus was started. Furthermore,
with the amplifier on, and the ayvaratus stationary no ef’ect e:(mldlbe detected
when the coll surrort was hit in such a way as %o give vartical vibrations vwhich
wixuld be the only ones of a veriod as righ as 20 cveles. Similarly hitting the
toz_'sion rods had no effect, and rumming the waler woter with the connectiing rod

disconnected had no effect.
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Z8. Play in Cylinder Besrings. - fnether obvicus source of error would

arise from excassive ?133 in the bearings #hich wuld permit o transverse osc¢illae
tion of the ovlinder. The bearings were, however, carefully seruped in frow time
to time and the ploy was vrobably les- than Q.0001" after sceraplng snd {t is
doubtful if the nlay ev:r became as much a8 0.001%, Referring to Plots Nots., 21
and 22, we way take the oylinder in its normol position as being 1432 x 10 2
radians out of parallel with the field. Referring to the calibration runs, we
can then ealoulate that the maximum electromotive force which csuld be yroduced
by cutting the earth's field if the direction and frequency of motlon wers most
favorazble, by an osclllation of total amplitude of C.000 " in each bearing would
correstond to a slide wire reading of 0,00027 as comvared with the reading C.Clu8
produced br the effect itself. It seems possible that some error nay arise from
this cause, although it does not seem very probsble that it ser cusly affects our

final sverages,

29, Asi?éé%gy‘ig Cylinder. = It seems rossible that asjyégtry in the eylinder
might affect the results, for exwnple an angular deviation beiwesn the axis of
rotation and the axis of the ovlinder, which would cause the cylinder to éut the
earth's field «hen rotated. Of course cave was taken to have the cylindsr true with
itself and its bearings. Nevertheless, some lack of symmetry somewhore in the
oscillating system may be indicated by the resulss on Plo:s Nos. 18, 19 and 20, where
the ¢ylinder was rotated and clamped with different faces of the hexagonal torsion
rods uppermost, and somewhat different results obtaineds It is interesting to note,
however, that the deviations aprear smaller on Plot 20 than on 1% and 19, even though
the cylinder was less nearly parallel to the earth's field. It is zlso iuportant
to note that such assymetry can not km account  for the deviations between the measns

in the final effect runs racorded in Table II, since all these runs were nade
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with the cvlinder ifvrned the same way. It is unforiunate that time did sot permit

& more thorough study of these matters. It is hard to estinate whother the final

g

resulis are sf ;xasswa by this sourse of unsertainty. Nevartheless, wost of the
sfrect runs iu the sumwesr of 1925 were wmads with the eylinder turned northesst and
those of 1926 with the eylinder southesst, and since there was no grest difference
in the rasults it would seam as 10 the e7faect =ere rot on important ons. {x
Plot No. 20 that straining the torsion rod by sstting the bortow clamp out of line
had ‘ne sprreciable eflect.)

3. Effest of Contrifugal Forcs. -  As alrveady not2d in the article describing

the Washington sxperiments, the action of contrifugal force, in causing the sylindaer
to expsznd and contract with the velosity of rotation, would change the earth's

flux through the circult and thus introduce an electromotive force. This slectro-
motive fores is swall, however, and has twlce the pariod of the offect, and hence
gon be sntirely nezlectsd, since the galvanometer was found fo have no zensitivity
2t twice the poriod.

31. PFPhotographic fusiyais of Motdon in #ffect Runs. - It is avident thal our

results could be sericusiy al’ectad, especially the phase readings, i the actual

o tion m%\tha eylinder does v0b Correspond o that expocted from the wmechumism of
the set up. For this reason arransesents were made (o pholtograrh the votion of the
eylinder 1n the effect runs on = woving film, by a bean of light somdng from a small
lamp attached to the lower end plate of the eylinier, A mlirrer was also ofiached

to tha earth indusior in sush o way 28 to produce » line agross the curve a% o knowm
phase realing. Two exporiments wore msde in this way. The curves obiasined sprearsd,
without maiing an sotusl hormonlc anslysls, to be nure slne waves and the photo-

sohic thase destorsinsticns agrsed with the vhase detersinations uade by cur wsusl

method within 1.5% and %59, the deviztiona belng in oprosite directions for the

two trizls., e concliude that thore is no sppreciable error from the st stad sourcé.



-3

32. ZEffest of Direct Earthing of Cylinder. - The possidility that the

.

@B
results might be affepted by electrostatic chries on the cylinder was tested. The

b
eylindar was of conrse alwaye earthed through the cement vpier, but a special test

i

3

vhich direct earthiing was made to the earthed vinding post of the coil showed
no change in halance.

33. Tests with Double Tiv of Coil. - Special tests were wmade, when study-

ing the effect of the esarth's field, with the coil tivred ocut of azlignment both
in the northe=south and eastewest rlazne. Mo anomslous behavior resulted (see ™ol
¥o. 11).

34 Tests with Field from Extornsl Magoet. - Tests were made in the effect

runs with the fleld from an extornal maghet showlng similar affects to those prodused
by tippinr the oylindsr in the earth's flald..

35 Tests with Laminated Cylinder. ~ 2 very large mumber of tests were made

with a laminated eylindsr, consiructed from 1% copper rings mounted on a "icariat
core, snd having totsl dimensions about the ssme as our regular oylindsre This
construction would prevent the loncltulingd flow of current around the ¢ylindar,
and 1t wasg nr;g fmmsi)in agreement with what was expected, that tipping the cell in
the effect rmuns npreduced no vpprecisble chunge in bulshse.

Ye had great hobes thot this new eylinder, by eliminating the possibility of
longitudinal flow of current, wonld offord a grest improvement in the wethod. A
long serize of exporiments showed, however, that it gave very unrelisble results.
Straining the torsion rods by nre:-ing on ther while ruming or chonging the aod-
Justment of the end clamps produced enormous changes in the slectromctive forece in
the crlinjer. %e finslly coneluded tinat the intoractlion beiwsen the insulating
nmatorial and tha copper fings may have been ths source of the disturbing elecire-
motive force. The iézpmesion was ~lao galned that this ddsturbance was more llkely
to increass than decrease the electrowotive forca, This muy account for the large

values of mfe obiained in the Berkeley ezperinenise
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36. Effect of Possible Currents in Nearby Circuits, -  Accidental sl-

ternating currants oF the right verlod in nearby circuite could of course affect
the results. One such cirsuilt was definitely found and eliminatad. The current
in this cirouit spparsntly flowed zlong the maln driving shaft of the spvaratus
throvgh the main bearing with return through the cament base to the walor notor.
This current was greatly incressed by adjustwent so that there was large pressure
on the lower hearing, and was permanently eliminated by introduetion of insulation
into the shaft.

A study wae slse wade of ths possibility of smltsrating current flowing through
the commecting rod and boolk through the cement piere. This would have been a
dangasrous circuit, =zince the coupling with the coll would have been gonds ¥e found,
howavar, no change In mesults when the circult was broken by an insulating sloeve
a8 vart of the connaeciing rod. Indeed a portion of the rums nade in the sumser of
1925 were carriad out with svch o sleeve and a yoritlon without, no sprarent affect

on the rasulis ascompanying this change.

Attention hua 2lso alrealy besn called to the erratic results «iich were ob-

talred whan the toraion rods changed length so as to produce pressure on the
eylinder bearinzgs., We ware led b@; snalogy with the elrouit threough dhe main shaflt
to ascribe these resuits to ths flow of current lengthwise $hreugh the evlinder
with return through the bed plate. Then fupthsr work is carrisd out, 1t will be
desirable to introduse insulation sc as to eliminmte the posaibiliiy of an.y such
cmrrent. This was indeed done in sowe of our preliminary wrk, -i1thout protucing
any moticesbls chonge, Lut this was at = time chen aur messuremsnts were not carried
out with thelr fins) refinsment, g have, howaver, vory dirsct evidence that this

gircuit was not affectingz the bulk of our messurerents, since it iz evident that

tipping the coil in tke eastewost plans would introduce far more coupling with this
circult than tipeing 44 in the rerthesovth plane, w ile Plots Nots. 21 and 22 show

definitely that ther-z was no such effect,



37. Behavior of Golvanometor as Affectsd by Extermal Disturbsnces. - As

alraady noted, the wlvmmzaw ey was alwars in motion when conmected with full
amplification to the coil, bacavsa of externsl magnetic Aisturbances. These
dizsturbsnces ssemed to be of two kinda. s sisady nart which produced a widening

gk produced “lkicks® or suddean greatly

¢f the bank and a A scontinue

increased wideninss whick then died away. The stealy nart was evidently due to

commerclal circuiis in the city, since it was snalyged and found to have the local
. ~

fraquensyy of % ayeles. The cpuse of QEIQ ickasgwiich were nore sericus,ls wnimown,

Thesa troublesome effects were of Aifferent masmltude on different days, and

indeed for naarl;; the whele of cne day the steady widening was so wide as to bve

off sczle, prob a.blv indicating a tez%;mrary leak in power linea, It was alae guite

lovossible to work afior tha street lishis vsssré ﬁa:mmd on,on a zzeai;;:hbnr}.zing street,
the cirauit for which had a large ucompensated area. T do not believe that these
distmrbances have any systematic effect on the resulis, but perely decrease the
precislon of the indivitusl wmeasuremsnts.

It is interesting to note that the electromntive forces Introduced by thesne
external causes are of course many times greater than those measured, the ituned
galvanoumster waking it possible to pay attention a'most solely to the electronctive
force of intorest.

Attenpts were wade to elirinate these disturbarces. Tlecirostatic shielding
gave no result. By electirical :E'iham, and tuning, however, it was possible to
eliminate the steady widening but not the nore sericus "kicks", and this elimination
was not used, since it appeared to introduce a lag in the time of responss to a change
in slide wire setting, Magnetic shilel: ﬁ.ng sipht reduce the disturbances, but its
use would probably be complicated by local polss on the inside of the shield which

would induce wnknewn currenis in the moving cylinder,
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Tochomatery Slida Yire FPhose
Reading Setting Reading

1000 0. 765 35.8°
1200 0. 216 31.0°
1400 0.901 26,80

It is evident that theze changes are not largze enough to be of importance
in the cotusl calibraiion runs where the frequenay could be held rracileally

2t the desired point.
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3.0

8.0
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N0.  PLfect of

s1thin the large exrerimental error invoived in ue

0.750 5.6

0.17%8 87.9
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43. Photograrhic Analysis of Motion in Calibration Runs. - Thotographic

anslyses weora also made of the wotion ¢f the c¢ylinder in calibration in a manmner
similar to that used for the effect runs. ‘The photograrhic nhase determinations
for two films agreed with the phase determinations made by our uauul wethod
within 2.2° and 4.0°, the daviantions baeing in oproaite directions. A harmonic
analysls was also vade of one of our curves, and gave the amplitade 40.3 for the
fundamental as compared with U0.0 for the totsal amplitude.

}il%_. Phase of Calibration Tlectrovotive Force. - 4 cheok oi the opsration

of the apparatus csn be obtained by comparing the phase of the calibration
electromctive force with thut which can be nyredicted from a rough c.lcoulation
of the lag of currant behind electromntive force in the cylinder.

The avax;aga phaas sotting for the final calibration runs was 32.U4%, which
corresponia to a lag of currsnt behind eslectromotive Torce in the normal eir-
cult arowmd thoe eylinder of 57.5%, »H:14le the phase lsg ealonlstod for this
circult wee 64°.t

45. Conclusions as to Bmorimental Tork. -  An exanination of the foregoing
appears o give only two inllcations as to arrors of any Imrortance in the detere
mination. In the first ~lage as shown by Tobla TI, ¢he walitudes and »hases for
tfle 8freat runs made on a ziven half duy tend $o eheck zrangs themselveg batter
than thoy do with thoze nads on another held day wndor mmposadly Yenticsl
conlitions. In the second place, there sasma %o be soms amall difference in
amplitude on? vhase produced by rotating the eviinder around its axis to a new
pozition. The ccuse of these two phenowmena ls a8 vet unimom. If, however, we
gan aosume that the small acqidental affect still operative is us likely ¢o
produce deviations in one direction as the othor, ocur final raans then show a
small bui definite diffaerence between the arplitude and rhase of the af Taot

exparimentally measursd and that nredlceted by the elouentary theory.

1The calculations ware iads +ith the help of formula (2) Bull., Bur. Standards,
18, 475 (1922-23).
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¥1I. Critigue of the Theory

In view of the uncertainty as to the reality of the small deviations be-
tween experiment and the elementary thsory, the time is not yet ripe for any
elaborate criAtique of the theory. Some preliminary considerations, however,
of the three simplifying assumptions m;.de in the elementary derivation will be

¢f interest.

46. Hature of the Muss Associated with the Cagriers. -~  The total

electromagnetic mass associated with the lines of force swrroundlng an electron
in the body of a metal must be of a complicated nature, while oﬁr ol ememtary
derivation has taken the wass as rigidly bound fto the charge and the same as that
L
assoclated with the spherical field surrounding an eleciron in free space. A
the interior of

complate analysis of the distribution of electromagnetic mass in/a metal, and the
fraction of it that could hs regarded as bound to the electrons at any given

aceeleration of the motal would be complicated, if not impossible in the absence &

& more satisfactory picture of the interior of a metul than we now have, Nevere

thelese, it scems e if mast of the mass musit be close o the center of tha eleo~
tron since that is where the lines of fcr#e are concentrated; and of course near
to the center,the lines would presusably have the seme spherical distribdution as
in free spage. In addition it should bve mta&‘that dovn to distances of 1078 cm.
from the positive charge, the Bohr-Sommerfeld theory of the hydrogem atom shows
that there certainly is no great error in taking the mass as bound to the electron

and the szme magnitude as in free apa,ee.l

lNots in this ¢rnnection, Bromstein, Zeits. 2. Physik, 35, 263 (13526).



=i 7

47. Forces on the Flectron. ~ Our elementary deducilon was obitained by

equating the rate of increase in the momentum of the slectrons to the forces
seting on thewm. The only forces considered were due either to the change In flux
throngh the eircuit or to the "friciilongl® resistance of the conductor to the
motion of the electrons, which was taken proportionzl to the relative veloocity
of electrons and conductor. It is important %o point out, howevar, that mo
change wovld result from the inclus.ion of possible additive corrective terms,
proporiionazl to any function of the relative velocityl. The reason for this ie
that such terms would finally appear both in squations {3) and (7) as the aame
functions of the current I and hence would balance out.

Corrective teorms dependent not on sems funciion of $he relative velocity bub
on a function of the Velc'aitﬁ roferred v the external stationary coerdinates wounld
not balance oulk.

4. The Effect of Torsional Straing., - Our clementary derivation tréated

the conductor as a rigld system unaffected by the torsional atrainzs set wp by os-
cﬂlation. If the resistance should change pariodically by an appreciable amound
with the changing stralng. or if the strains themselves, in the sbuence of aceeler-
ation, shomld produce electreomotive forces. the znalysis would have to be mfsdifis&.
These possible effects would presumably be small., PFarther on this point we can not
now say.

To summarize the $tatus of the theory, it would seem as 1if there were sore uwn-
certa:inties in the alementaryl deduction which would be worthy of further invesztlga~
tion. It does not sesm probable, however, that improvements in the theory would
change the order of magnitude of the predicted resulis. They might, however, be
sufficient to account for small discrepanciss between the elementary deduvction and

the experimental resulis of the order of magnitude that we have found.

1This includes the relative acceleration or higher derivatives, and quantities such
a3 %X which con be obiained from v~V by intagration.



VIII. CLonclusion

In conclusion, ws bslieve that our present exveriments demvnstrate far more

0

atisfastorily than ever beforse the getual existance of an electromotive forece in
an accelerated metallic conductor dus o the inertia of the electrons which
conduct the curreni.

The average magnitude of this electromotive force was found to be 199 less
than that predicted by an ekmentary theory which assumed the effective mass of
the electrons the same as in free space; and the average phase of the electiromotive
force lsgged 10° behind the acceleration, instead of agreeing with it as predicted
by this elementary thsery. These deviations from the nredictions of the elementary
theory were considsrably greaber than the probable error of the re-sulté. It counld
not be concluded frow the dats, however, that the deviations were necsssarily
greater than the actual error in the resulis. In addition np precise estimate
was available as to the chaonges in the vredicted valuss which might result from
s more complete thaory.

In the experiments of Tolmon and Stewart, the slectromotive force waz found
%o have = value 15% greater them that predicted by the olementary theory. fhis
may have been due 30 intersction beiwsen the metzl wire and ite insulation, sinca
in the vresent work we have discovered apparent effects of this kind. On the other
hand, the effective mass acting when the conducior was brought to rest may aciuzlly
be greater than undey fthe vresent conditions where the frequenc;,; ef oscillation was
twenty oycles. The experiments of Tolman, Karrer and Cuerngey made at tweniy
sycles gave a value of the electromotive force 5% lower than the predicted, bub

he results are not as trustwerthy as the present onss.
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It would seem that further experimental amd theoreticsl work would both
be desirable, and it is hoped that this may be doms at this laborabory.

¥Ye desire to express our aprrsciation to the FNormen Bridge Laboratory for
the generous supvort which it gave to this expensive investigation, and to give
our thanks to Mr. Julius Pesrson and his assistants for their skiil in the com~

struction of apnaratus.

Yormen Bridge Laboratory o¢f Physilcs,
California Institube of Technology.
Pasadena, California.
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By Lewis ., 10tt=Smith and Charles R. Dally

RBecent theoretical investigations by Debyel, Ruark and Breita,
and others have made 1t of interest to look for a chagge in the dielec-
tric constant of a gas when a strong magnetic field is applied to ite
Experiments in search of this effect have been performed bj Weatherby and
'\;"Iolfz. They worked with helium, oxygen, and air and found that the di-
electric constant of these ga.ses‘ does not change by more than one part in
half a million when the gas is put into a zlaagaetic field of 10,000 gsuss,
The dielectric constant was ueasured both parallel and perpendicular to
the direction of the magnetic fleld with zas pressures of 20 cm. for
helium and 76 cm. for air and oxysen. It is to be noted that none of
these gases, helium, oxygen, or nitrogen, are gases of the socalled "Polar®
class, which means that their molecules are kmown to have only a very small
permanent electric polarization. 4t the suggestion of Dr. Linus Pauling
it was accordingly thought interesting to try gases having a strong per-
nmanent electric dipole. HCL is definitely known to be such a gas from the
work of Za&m4. The strength of the electric moment of the NO molecule has
not been directly measwed but there is evidence that it also has a rather
large electric dipole. It is of interest to try both gases since HCl is

diamagnetic and N0 paracagnetic.

1 P, Dehyg, Phys. Zeit. 27, 67 (1926}
® 4. E. Ruark and G. Breit, Phil. Mag., 49, 504 (1925)
5 3. B. Weatnerby snd A. Wolf, Phys. Rev. 27, 769 (1926)

% ¢, 7. Zahm Phys. Rev. 24, 400 (1924}
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The E;f.g_.;&l"l mental procelire consisted in ;_chiac.z..u(_/ The £a8 to ve
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investigated in a special parallel plate condenser which was placed be-

tween iAu pole pleces of a poweriul eleciromagnet, and notng wiether

3

the capacity of the condenser changed when the field was applied, To

detect o change in capacity a wmethod was used similar to that first

siployed by Herweg and subsequently by several other investli_ators, including

Weatherny and Wolf, In essence 1t consists in measuring the change in

ity by measvring the frequency wrowaced ln an oscillatory

i
W

Q
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£

Q
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formed by the condenser aud an inductaunce. Countinuous osclllations were
maintained in this circult by a special electron-tube oscillabor circuitb,.

To detect the change in frecuency the main oscillator and ancther similar

oscillator laducsd smal T's in a detecting circudlt, the difference in

frequency veln: such that electrical beats were produced in thile ciwzcult,
After rectification these became a low frequency cliernating current which
was then ampliflicd and made to operate a simple oscillograph. The mirror

of %the oscillogruph reflected light frowm o pinhole into a telescove anl 08—

beam of light was also reflected

[

cillated the svot wp and downy the sanx
from a mirror abttached to one of the oronzs ol an electrically driven
tuning fork which casused the spot to oscillate horizontally. Lissajou's

figures are thus produced when the two frequencies are comiensurable. Vhen

urable but nearly so, the rigure slowly changes

they are not exactly co

ave ws s sensitive method of

4
o ‘
Yoo

LCXI

from one shape to another. This arranger
debecting a change in the frequency of the beabt note and consequently
detecting a change in the freguency of the sas-condenser-oscillator.

o

The gas=-condenser wae built up of interlesaved flat copper plates

.

spaced asbout 1 mm. apart and supported on a Fyrex frame. L1l the exposed

metal parts were gold plated to prevent corrosion, the condenser was enclosed
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in s Jlasg tibe and sttacied W v.e Jad gelersli.nl and Dumlpiin: apnaratus,.

Its capacity wiew evacualed was usasured Uy & stondard and

Tty ot influen-~

e e e e Ty e S ~ B etey B3 TP £y €Y T o ST P B S N T AT manp e e P
ed by bthe introduction of fthe gas was estlinled to e only & few percent
o s e} N (et T A -, y a e oo e D b F . SN
ol ths fal capaclty ant 1t was thervefore neglected in these experimentses

To measure changes in capaclty ane To atjwst the frequency ol tae oscilla—

ure & Suall varilable condensser was Cconnece

T A

. Levg pe -y D B e N B T T
cylinder type and wag provided with

srallest corres;

of 2.10 {10 3} micrvolfarat. The slestron-fube-driving-circuit wae designed

Joles:! l)J..L on the Ireguency of oscilla~

T in frequency due Tou variations in

ot
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-
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&, or other changes in tie driving cirvcuit, wish

i

ig circult arrvangement iaintuined very feeble oscillations

e naeximun electric field in the conden-—

in the condenser circult so that

E)

ser was about ten volis per cm. The freguency of oscillation was 168,000

cycles per second. The mmgnetic fleld was produced by o large electromagnet

flat pole faces to wake the field as wiform as possivle over the

condenser area. The Ticld strength was .aeasured with a blsmuth spiral and

duced bty turning on tie fleld wille the conlensSer Vas evacuatsd, ait 1o

deternine the found thiat at the instant

the figure but that &f LoDey noue t agsalin becawe staticonry. 1O

ol cur suparatus we first oLtalned o slatlionary




KA +- oy e 6
LA ure, then VL.Cjn&lé’(_‘,

fisure could Qefinite
hange Lﬂ capacity corvesponding bo i, division proauced an easily de-

tected movenent in the figure. Since l/u Givision corresponds o a

change in capaclty of 3.0 (10}“9 microfarads and the capacity of the sas
condeénser is 324 (103-6 microfarads 1t is seen that our appacatus is
capable of deftecting & change in capacity of this condeunser of about 1
wart in 100,000.

The HCLl gas was handled in a manner similar to that wsed by
Zahn. 1t wae generaled by dropping concentrated HpS0y on fused Wall,
passed over Pglp and collected by condensation into a liquid air trap.
When sufficient gas had Dbeen collected the geunerator was closed off, the
trap and condenser pumped oub over the frozen HCL and & portion of the gas
allowed 4o evaporate intc the condenser. The pressures used were about 2.5,
10, 19 and 42 cm. of mercury. The magnetic field was applied both parallel
and perpendicular to the electric field at each pressure. Whea the switch
Aln the electromagnet circult was closed no movement of the Tigure was
Getected ab any pressure or dirsction of field, excepnt the momentary Jump
mentioned above. This shows thalt to one part in 100,000 there 1s no change
in the value of € for HCl. Since the value of € at room tenperature and
say 20 cm, pressure is 1.0010 we would have been able to observe a change
in €~ 1 of 1.0%,

The nitric oxide gas was generated

o

golution of NaNOE. It was passed throwh water

HoS0, to remove water vapor. Condensation by 1i

some, hence the gas was collected into an evacuated chamber and thence allowed

to escape ints the gas-concenser. The pres

4, 13 and 40 ci. and again tests were mad

positions. ¥o efiect was detected. T order % Do able Lo ooy wiad
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ticunal chanze in € - 1 wouwld have Leen dotected it was nécessary to wmake
a determination of € since this quantity Las not ret been measured. 4 rough

determination was made whilcih: zave atb rovic © ersture, and reduced to 76 cm.

yressure, the value 1.000:24. The detectavle percent change in £ — 1 can now
ve colcoulated and Jives the value 8.3','52; for a sressuwre of 280 cme It is in-
teresting to note that the ddelectric comsgltunt is about the saie as that of
air which males it uppear pogsible that the electric moment of the O
molecule 1s 1ot as larse as lws been supposede.

Cur work thus shows that there 15 1o large change in the dielectric

constunt due to a nagmetic fielld even for polar molecules. Other polar

[y

molecules could be tried Lol the interest 1s uolt great since we cannot ex~-
pect any difference in behavior. These experiments together with those of
Veatherpy and olf, tiercfore couplete the expsrimental side of this guestion
wntil a method nwore sensitive than one part in 100,000 is d.evisedl.

Lxperinents in this direction are now in proress.

Horman 3ridge Laboratory,
June 18, 1926

The authors feel that the sensitivity claimed by “catherby and Volf is a
little too hiche 3y using the uethod which ’Fcka, mer’ud and “Tolf used of count-
Aing beats for o few seconds Leiore ] tle field ig aprlied we also
obtained results for whicsh we could clainm as nigh sensitivity. It is be-
lieved that the sensitivity deteriin in *he nammer explained above 1s
the true onc for our apparates aud twt Weatherbvy md olf's results are
reliavle to no Jrealer LocurdaCy.

ol

d-

UJ *"

ic
s

=y

G &
la
d.

C
e



