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Abstract

The acceleration of an electric conductor is predicted to produce an electric

field proportional to m/q where m is the free mass and q the charge of the

carriers of the electric current. In certain configurations this leads to a mea-

surable EMF. In this paper we report a measurement of the EMF produced

by rotationally accelerating coils of Aluminium and Copper wire. This exper-

iment essentially repeats, using modern instrumentation, the 1916 Tolman -

Stewart [1] experiment. The measured EMFs are found to agree with theory

to better than 1%.
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I. INTRODUCTION

A. Motivation

In the 1960's Witteborn and Fairbank [2] attempted to determine whether positrons fell

under gravity with the same acceleration as electrons. More recently there has been under

development an experiment on the question of the fall of anti-protons versus protons under

gravity [3]. These experiments necessitate an understanding of the state of electrification of

their charged particle shielding systems which are also subject to the Earth's gravity.

After initial confusion it was realized that there are two effects of gravity in producing

electric fields in conductors. One is the requirement that an electric field exists inside the

material of the conductor to support the conduction electrons under gravity - the Schiff -

Barnhill effect [4]. The other is the electric field which arises through the variation of the

electron chemical potential in the solid due to the gravitationally induced strain gradient in

the material - the "DMRT" effect [5]. This latter effect is larger than the first effect but does

not give rise to an EMF which could drive electric current around a closed circuit. Both of

these effects are of intrinsic interest, but for the purposes of the anti-matter fall experiments

the theoretical predictions have been verified. The DMRT effect has been verified by Rossi

[6], while a number of experiments have attempted to verify the Tolman - Stewart effect

and hence the Schiff - Barnhill effect. These have been bedeviled by problems of noise and

spurious pickup, especially at electrical contacts [7,8], which limited their precision. In this

paper we report an experiment which is closer to the spirit of the original experiments of

Tolman et al., one which is not so bedeviled by contact problems.

B. Previous experiments

While there have been a number of recent experiments conducted in response to the

theoretical controversy which followed the predictions of Schiff and Barnhill [4], the earliest

experiments of this type date back to the late nineteenth century. These early experiments



looked for mechanical effects in electrical phenomena, and vice versa, in attempts to under-

stand the nature of electricity. Most well known are those of Maxwell which are described

in his famous Treatise on Electricity and Magnetism [9]. Maxwell describes many experi-

ments or possible experiments, including attempts to' rotationally accelerate a coil of wire

by rapidly changing the electric current (and hence the inertia associated with the charge

carriers); attempts to cause precession of a "gyroscope" where the "rotor" was actually a

coil conducting a current; and attempts to generate a pulse of electric current by rapidly

accelerating or decelerating the spin of a coil of wire. The last of these experiments is sim-

ilar to the one described here. All of these experiments were unsuccessful, the sensitivity

required being beyond the technology of the day. However, very many of the theoretical

issues, as well as experimental difficulties, were already well appreciated.

The measurement of the electric current or EMF induced by acceleration is generally

regarded as having been successfully accomplished first by Tolman and co-workers. In 1916,

Tolman and Stewart [1] reported measuring the pulse of electric current in a ballistic gal-

vanometer connected in series with a rapidly spinning coil of wire when it was suddenly

brought to rest. After many trials, and with great attention paid to the many experimental

problems, values were reported for the ratio of mass to electric charge (compared with those

of free electrons) of 1.11, 1.16 and 1.20 respectively for copper, aluminium and silver wire.

These excesses were regarded as experimentally significant.

In order to improve precision, as well as to rectify some persistent systematic errors,

the work was continued using a slightly different apparatus [10,11]. A solid copper cylinder

was rotationally oscillated about its axis. The oscillating inertia induced electric current

in the cylinder was detected by its magnetic coupling to a surrounding stationary coil of

wire acting as secondary windings with the cylinder a single turn primary of a transformer.

The use of an oscillating apparatus allowed detection with a tuned vibration galvanometer,

while the motion was governed with elastic torsion rods. Again, great attention was paid

to the very many spurious signals and other systematic errors. The averaged value of m/e

of the 1923 experiment was 0.92 times theory, whereas that of the 1926 experiment was



0.81. The latter result included a measurement of a phase lag with respect to the motion

of 10°. Although inconsistent with the earlier results, these results were again regarded as

experimentally significant due to the extensive investigations of systematic errors.

Direct experiments on electron-inertia induced EMFs were not taken up again until

more recent times. In the interval, however, several "inverse" electron inertia experiments

were successfully pursued by Barnett [12] and others. In these experiments, the current in

a coil of wire was altered with the accompanying change in angular momentum deduced

from the macroscopic deflection of the suitably suspended coil. These results were in very

close agreement with the free electron mass for a large variety of metals including those

with positive Hall coefficients. Others [13,15,14] reported results close to unity for metals

including Cu, Al, Cd, Zn and Mo. An advantage of these inverse experiments over the

measurement of induced EMFs is their use of relatively course wire, greatly increasing the

variety metals available for use.

More recently, several experiments have been motivated by the Schiff-Barnhill predic-

tions, the Witteborn-Fairbank results and ensuing debate. Guptill [7] attempted to mea-

sure EMFs induced both by acceleration and by acceleration-induced strain with the same

apparatus. These experiments were subject to spurious signals, giving results broadly in

agreement with theory but with large uncertainties. A program of research aimed at clari-

fying experimentally the various electromagnetic effects in accelerated and stressed metals

has been carried out at the University of Melbourne. Rossi [6] investigated electric fields

just outside strained conductors, finding agreement with a more modern form of the DMRT

theory. Darling [16] investigated the electric fields due to the different work functions of

various crystal faces (the patch effect), finding considerable evidence for shielding by surface

contaminants at all temperatures between 4K and 450K, even in ultra-high vacuum. In the

area of electron-inertia induced EMFs, several [17-19] low (< 70 Hz) experiments were at-

tempted using torsionally-accelerated coils and linearly-accelerated rods. These experiments

did not measure a significant effect due to the very large spurious signals, mainly magnetic

in origin. Davis [18] was able to measure an effect at ultra-sonic frequencies by inertially



generating electric standing waves in short rods of various metals. This work was consid-

erably complicated by the appearance of thermo-electric EMFs due to the strain-induced

thermo-elastic effect at ultra-sonic frequencies [8]. After taking this effect into account, the

results for Ag, Al, Cu, Mo, Nb and Ti were all in reasonable agreement with theory.

II. THEORY

We discuss two approaches to the calculation of the EMF of a rotating coil.

Davis and Opat [8] show that the EMF, S, induced in an accelerated conductor is given

by the line integral

S = <f(mea/e).dr (2.1)

where a is the local acceleration of the conductor, and me and — e are the mass and charge

of the electron respectively (e > 0) 1. This expression was derived from the constitutive

equation

I = a(E + mea/e + V(/*«/e) - SV6), (2.2)

obtained by extending the usual constitutive equations to include acceleration [21]. In

equation 2.2, I is the current density, a the conductivity, E the electric field, /ie the elec-

trochemical potential of the free electron, S the Seebeck coefficient, and 9 the absolute

temperature.

In the case of the acceleration of a rigid body about a point ro, the acceleration of the

point of the body at position r fixed in the body measured from ro is given by

a=ao + flxr+fix(flxr) (2.3)

xThe sign convention is that the EMF will drive a conventional current in the direction of

integration.



where a,, is the acceleration of the point ro and fl(t) is the (time dependent) angular

velocity of the body. When this acceleration is used in equation 2.1, we find

S = (2m./e)n • S (2.4)
4

where S is the vector area of the circuit. Note that equation 2.4 is analogous to the

EMF, Em, induced by a uniform, but time-dependent, magnetic field

€m = -B- S/c (2.5)

where the velocity of light c should be omitted in SI units. We remark that in both

cases the body in question may be a multi-turn coil of wire with external leads across which

the EMF may be measured in principle with a high impedance voltmeter. Indeed, equation

2.5 provides a convenient way to determine S experimentally which was used in the present

work.

Whilst this theory applies to the present experiment, we present an alternative formula-

tion of somewhat greater generality.

Consider the quantum mechanical Hamiltonian of a solid H = H(pe, pn , re, rn, t), where

pe and re are the momentum and position of the e-th electron, and pn and rn are the similar

operators for the n-th nucleus. If the solid is now subject to an external electromagnetic field

represented by the vector potential A and scalar potential V, the Hamiltonian becomes, by

virtue of the gauge-invariant coupling principle,

H' = H{pe + eA, pn - ZneA, re, rn) - £ eV + £ ZneV (2.6)
e n

where Zne is the charge on the n-th nucleus. If we have a changing magnetic field in a

solenoid, the matter of which is described by this Hamiltonian, an EMF Sm appears which

arises solely from the electron momentum change in the Hamiltonian

pe -+ pe + cA/c. (2.7)

The corresponding change to the nuclear momentum does not produce an EMF which

can move electrons.



The EMF produced is given by the rate of change of magnetic flux

£ = -d$m/cdt (2.8a)

where •

$ m = I B.dS = I A.dl (2.8b)

by Stokes' theorem, as B = V x A. If the magnetic field is uniform in space we may

write

A = iB(<)xr. (2.9)
it

We now consider a rotating system.

The quantum mechanics of a system in a frame of angular velocity to(t) about a fixed

point is obtained by making the following changes respectively to the momentum and Hamil-

tonian

p e —• p e - meto x re (2.10a)

Pn -* Pn - mnSl x rn (2.10b)

H{pe, Pn, re, rn, t) -» H(pe - men x re, p n - mjl x re, re, rn, t)

x re)
2 - l /2$3m n(n x rn)2. (2.11)

With equation 2.9 substituted into equation 2.6 we see that -2m ecf l /e plays a role

analogous to the magnetic field B. Because of this analogy in the fundamental Hamiltonian

of the system, and the theoretical prediction and experimental verification of equation 2.5

for the EMF in electromagnetic induction, we strongly expect the prediction of equation 2.4

to be verified.



The structure of this strong argument by analogy circumvents the need to include in the

discussion the statistical mechanics and thermal physics of the system, the Pauli exclusion

principle, and the specific quantum mechanics of electrons and holes. This is why we regard

equation 2.4 as having high theoretical validity. '

III. EXPERIMENTAL DESIGN

A. Apparatus

The expected inertially-induced voltage across the terminals of a coil of wire of equivalent

area S executing rotary oscillations about its axis of amplitude 9O at frequency / follows

directly from Eqn. 2.4

V = kSf39osm(2Trft + <j>) (3.1)

where the constant k and the phase <j> of the voltage relative to the rotary displacement

are predicted to be

k = - 4 T T 2 ( — ) « 4.49 x 1(T10 (3.2)

and

<f> = <f>v - fa = 0 . (3.3)

In Eqn. 3.3, the phases $y of the voltage and <j>g of the rotation displacement are both

considered relative to the excitation phase for experimental convenience. In order to de-

termine k and <f> experimentally, the coil voltage amplitude V and phase <f>v, the rotation

displacement amplitude 9 and phase <f>g, and the oscillation frequency / were all measured,

with the coil area 5 measured separately by magnetic induction following Eqn. 2.5.

The main components of the apparatus were the coil to be rotated, a mechanical system

to allow rotation and suppress other motions, an excitation system to supply the required

rotational energy, an electrical system to measure the coil voltage, and a transducer to

8



measure the angular displacement. In experiments of this kind the signal sought is often

very small compared with many signals which can arise accidentally in the apparatus. As

an example, a coil with turns integrating to a total area S normal to the rotation axis of

1 m2, oscillating at 100 Hz with an amplitude of 1° develops an acceleration-induced EMF

of only 8 nV amplitude. It is therefore necessary to optimize the mechanical and electrical

design to minimize spurious signals and other errors. These include the angular displacement

amplitude reading error, the spurious induction of EMFs in the coil by oscillating magnetic

fields and by undesired motions of the coil in the residual magnetic field of the Earth, signals

generated by triboelectric effects in the vibrating coil and signal leads, and the geometric

effect of coil deformation. Lock-in amplifiers, which effectively suppress non-synchronous

signals, were used to measure the voltage signals both across the sample coil and from the

rotation transducer. Non-ferromagnetic materials were used wherever possible to reduce

vibration-induced oscillating magnetic fields. Furthermore, use of metallic conductors of

any sort was kept to a minimum to reduce oscillating magnetic fields arising from eddy

currents induced by vibration.

The mechanical oscillator consisted of an elastic torsion bar oscillating near its first

resonance (Fig. 1). The operation of this torsion bar near resonance had the advantages

of nearly pure rotation about the axis as well as relatively large angular acceleration. The

torsion bars developed for the project featured an 'X' shaped cross-section machined from

circular rods of the non-ferromagnetic metals Phosphor-Bronze or Beryllium-Copper, or

of plastic. The main advantage of the 'X' section was its much greater fiexural stiffness

for a given torsional stiffness compared with circular, annular or other cross-sections. In

combination with the coil design this allowed troublesome fiexural modes to be pushed to

much higher frequencies than the torsional modes. Furthermore, by choosing an appropriate

thickness of the cross vanes, the torsional stiffness could be readily matched with the coil

moment of inertia to select operating frequencies. The end sections by which the bar was

clamped and the central section on which the coil was mounted were kept circular and of

slightly larger diameter to ensure good mechanical coupling and to minimize deformation and



frictional losses. The torsional resonator, consisting of bar and coil, was mounted in a rigid,

open aluminium frame clamped to a massive non-magnetic support structure. The rotational

motion was excited by two parallel linear electromagnetic drive units operating in balanced

anti-phase to produce a pure couple. These drive units were clamped to a massive slate

slab and well shielded magnetically with an inner rigidly coupled concentric copper tubes

and outer uncoupled concentric copper tubes. Particular care was taken with the magnetic

shielding of the drive units because they generate strong magnetic signals oscillating at the

same frequency as the coil and thus evading rejection by the lock-in amplifier. The inner

shields attenuated the field arising from the AC drive-coil current, whereas the outer shields

attenuated the oscillating field arising from the residual mechanical vibration of the strong

permanent magnets. Long rods between the drive and torsion bar also allowed the sensitive

coil to be placed at a large distance, approximately 3 m. Spurious signals at the sample

coil were measured using stationary coils positioned near the rotating sample coil and in the

sample coil with the drive shafts disconnected. The drive shafts themselves were stiff perspex

tubes lightly coated in graphite spray to eliminate triboelectric charging in the atmosphere.

A computer-controlled function generator provided a common excitation signal to the two

lock-in amplifiers and, via an optical fibre, to the well-shielded high power audio amplifiers

which provided the drive currents.

The sample coils were wound from thin insulated copper or aluminium wire using a

machine devised for the purpose, each layer being set in epoxy resin to ensure rigidity and to

facilitate production of high winding densities. In order to maximize the number of turns and

hence coil area for a given moment of inertia, the wires were as thin as could be successfully

wound without breaking, typically 120 [im diameter. The electrical Johnson noise arising

from the higher resistance of thinner, longer wires was negligible after lock-in amplification

with all coils having a resistance of less than 1 kfi. Sample coil shapes were generally

intermediate between the extremes of long and narrow, and thin and wide, in order to less

flexibility and have a higher moment of inertia which would act to reduce the frequencies of

flexural modes. Coils were typically 10 mm high, 10 mm thick and with outer radii from 20

10



to 70 mm. Sixteen coils with integrated areas ranging from approximately 1 to 6 m2 were

used for the main investigation. Oscillation frequencies ranged from approximately 100 to

800 Hz, maximum rotation amplitudes were typically between 0.1° and 1° and maximum

expected signal amplitudes were typically between 1 and 2 fiV.

It proved very difficult to arrange signal leads from the vibrating coil to the stationary

preamplifier input without generating significant spurious signals from microphonic and

thermoelectric effects. Initial attempts using low-noise, thin coaxial cable mounted as close

to the centre of the coil - where displacement was minimum - were unsuccessful due to

residual microphonic induction of synchronous pickup. The system finally devised consisted

of four stages. Short lengths of an uninsulated copper-alloy wire (resistant to metal fatigue)

were soldered to the two ends of the coil wire and wrapped several times around the coil in the

same direction. These parallel leads came tangentially away from the coil in a parallel loop

which also provided some strain relief. Their ends were soldered to copper rods protruding

from a relatively massive copper tube into which the rods had been potted with epoxy. This

tube, which was clamped to a massive, vibration-isolated lead block, acted as a mechanical

vibration filter. Beyond the tube the signal was carried by a shielded, twisted-pair cable

of a design found to have very low microphonicity. The two signal leads finally ended in

separate lengths of coaxial cable leading to the differential inputs of the preamplifier.

The expectation of a signal synchronous with the mechanical excitation of the system

led naturally to the choice of lock-in amplifiers for electrical measurements.

The use of phase-sensitive detection by lock-in amplifiers lead to efficient rejection of

asynchronous signals. Care was nevertheless taken to ensure that the total signal including

asynchronous pickup remained within the linear operating range of the amplifier chain, and

that the small fraction of noise present in the narrow lock-in passband remained negligible.

Two lock-ins of the same model [22] were used, one for the sample signal and one for a

rotation displacement transducer. Since measurement of the relative phases of the two

signals was required, the in-phase and quadrature components were recorded alternately.

The same instrument also provided for accurate frequency measurement. Control and data
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acquisition was accomplished over an IEEE-488 bus connecting a personal computer, the

two lock-in amplifiers and the function generator providing the fundamental excitation.

Many of the serious interfering signals arose from interaction of the ambient constant

magnetic field with the vibrating sample coil and through secondary oscillating magnetic

fields generated by eddy currents in vibrating metal components. In order to render these

effects negligible, care was taken to reduce greatly both the field strength and field gradients,

since both act to induce currents in vibrating conductors via their angular and linear dis-

placements respectively. The apparatus was located in a large room where it was sited away

from iron furniture and building framework such that the static field was relatively 'flat'.

The coil and support structures were surrounded by three orthogonal sets of large diameter

Helmholtz coils for independent reduction of field components. The field was monitored with

sensitive ring-core flux-gate magnetometers allowing field levels across tens of centimetres

to be reduced to less than 10~7 T. The Helmholtz coils also permitted the application of

strong static and oscillating magnetic fields for diagnostic purposes and for the measurement

of the integrated coil area S. By using a uniform, accurately calculable coaxial oscillating

magnetic field, coil area could be measured in situ using the same detection system as the

main experiments, thus eliminating several potential systematic errors.

Rotation amplitude was measured with a transducer based on passage of light through

semi-crossed polarisors. One piece of polarisor projected from the periphery of the moving

coil while another was fixed nearby. Unlike many other kinds of displacement transducer,

this type of system is largely immune to effects of linear displacement or orthogonal rotation.

Use of optical fibres to deliver and capture light removed a source of synchronous interference.

The light signal detected by a photodiode was measured with a lock-in amplifier of the same

model used for signal measurement with the similar harmonic responses. Since in effect the

two measurements are used in a ratio, a number of potential systematic errors were thus

eliminated.

12



IV. RESULTS

In a typical experimental run, the excitation frequency was scanned across the resonance

while the average in-phase and quadrature components of the sample coil voltage and the

rotation transducer signals were alternately recorded, and their amplitudes and relative

phase calculated. Data from one such scan are plotted in Fig. 2, while the same data

adjusted using the separately measured rotation amplitude and coil integrated area to a

reference amplitude and area are plotted in Fig. 3. The effect of the varying amplitudes on

the error estimates can be seen, as can the expected parabolic behaviour with frequency.

For convenience in analysis, frequency is treated as a dependent variable since it is both

subject to the least experimental uncertainty and the parameter against which greater than

linear variation was expected.

Many such runs were performed over a frequency ranges from less than 100 Hz to about

800 Hz, using a number of coils fabricated with either Copper or Aluminium wire. A

selection of these runs is summarized, again adjusted using the separately measured rotation

amplitude and integrated coil area, in Fig. 4. The data sets were analyzed by fitting the

expected quadratic frequency dependence to the signal amplitude, and the expected zero

constant value to the phase. Consistency checks were performed by variously permitting

constant and linear terms in the amplitude fit. The error estimates at all stages were believed

dominated by systematic errors and spurious signals, rather than being statistically random.

Results are presented in Table I. Each incorporated point includes a separate measurement

of voltage amplitude and phase, rotation amplitude and phase, frequency and integrated

coil area, as well as the assumption that the mass to charge ratio of the charge carriers is

that of the free electron, me/e.
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V. CONCLUSION

The EMFs induced by rotational acceleration in coils of Copper and Aluminium wire

have been measured and found to agree with the theoretical prediction to within the error

estimates. These results contradict the historic results of Tolman et al. [1,10,11] where

discrepancies of 10 - 20 % were observed, and improve on more recent results [7,8,16].

Further details may be found in [23].
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TABLES

TABLE I. Results summarized for the two different metals tested. The amplitude result is

presented as a ratio of the measured and expected quadratic coefficent k of Eqn. 3.2, whereas the

phase is the difference between the voltage and rotation phases relative to the excitation phase as

in Eqn. 3.3. Error estimates are dominated by estimates for residual systematic errors and spurious

pickup.

Metal Amplitude (Meas./Theor.) Phase

0Copper 0.997 ±0.012 -0.7° ±0.9

Aluminium 0.994 ±0.012 -0.5° ±0.9°
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FIGURES

Torsion bar

Drive Shafts

FIG. 1. Sketch of the test coil and torsion bar. Note the cross-shaped cross-section of the

bar, chosen to separate nexural and torsional vibration modes by making the bar much stiffer in

bending than in torsion. Excitation was provided by two push-rods vibrating in anti-phase. Note

shown are rigid frame and massive support structure on which the assembly was mounted, nor the

vibration-isolated three-axis set of Helmholtz coils to eliminate the constant geomagnetic field.
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FIG. 2. Coil voltage amplitude and phase data from a typical experimental run. The solid line

connects theoretically predicted values.
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FIG. 3. The same data as the experimental run of the previous figure adjusted for rotation

amplitude to a common reference value using the rotation transducer measurements. The solid

line shows the theoretically predicted signal parabolic with frequency.
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FIG. 4. Summary of Copper data corrected for separately measured rotation amplitude and

coil areas plotted against frequency to show the expected quadratic behaviour. The solid lines

represent the theoretical predictions. Similar results were obtained for Aluminium.
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