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ABSTRACT

The centrifugally induced electric field within a rotating metallic
sphere is considered by utilizing the correspondence of gravitational
acceleration to centrifugal acceleration. We consider a spherical rotor
placed in an inhomogeneous electric field specially arranged to support
the weight of the sphere. The torque on the rotor due to all electrical
interactions is determined. From the magnitude of the resulting precession
we may predibt the value of the rotationally induced electric field. The
calculated torque is T = %’%%4, where / is the potential difference of
the electrodes,m , wy @ » 1 are, respectively, the mass, angular velocity,
radius and moment of inertia of the rotor, ¢ 1is the electric charge and
d is the distance between the electrodes and the rotor. For a spherical

shell 2 inches in diameter and spinning at 200 cycles/sec, the internal

field should produce a precession of ~ 0.2 min/hour which is observable.
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CHAPTER I
INTRODUCTION

In order to determine the sign of the mass of antimatter, the
acceleration of electrons and positrons in the earth's gravitational
field has been studied in a drift tube by F. C. Witteborn (1). This
experiment had raised the question as to whether or not a metallic shield
produceg an électric field that affects the falling particles due to the
infl¥ence of the earth's gravitation on the metal. In 1966, Schiff
and Barnhill (2) published the results of a quantum mechanicsl calculation
of.the resulting field induced by gravity in a metallic object. Based on
this theory, they concluded that the field should be proportional to the
gradient of the ground state energy eigenvalue of the metsllic system
with respect to thé position of a perturbing test charge located at
that field point. The resulting field they obtained was s uniform field
and the magnitude was found to be Mél , directed so as to exert an upward
force on an electron. Here m and @ are the electron mass and charge
respectively, and 9 is the acceleration of gravity. Thus a
gravitationally induced electric field E nfld%zvénwés precdicted. They
concluded their theory by stating that free electrons are not expected
to fall under gravity, while positrons will with acceleration 29 , if

they are placed in the interior of a hollow conducting cylinder.

In 1967, Witteborn and Fairbank (3) published the results of their



experiment which purported to measure the acceleration of free electrons
in a hollow conducting cylinder. Their findings were in aggrement with
the result of Schiff and Barnhill. During the same year, another
theoretical treatment of the same problem was presented by Dessler and
Michel.(4). Their theory is based on a statistical model for electrons
in the metal in which their long range electrostatic interaction with

a differentially compressed latiice of positive ions is takeniinto
account. The field predicted by Dessler and Michel was in the upward

direction and was estimated to be of the order of magnitude El::ﬂgg;'

where M is the atomic ion mass. For the case of copper, E ~ [0°° Yin.

The electric field obtained was about four orders of magnitude bigger
than that of Schiff. In 1968, Herring (5) showed that Schiff's treatment
of lattice compression was in error and the corrected result was found
to be in agreement with Dessler's prediction. However, at the same time
Peshkin (6) discussed the possibility that electrons on the surface

could shield the lattice ions to such an extent that the compression
effect would not contribute appreciasbly, a result in favor of Schiff.

In 1969, Beams (7) made use of a rapidly spinning rotor to obtain
centrifugal acceleration which is much!in excess of that due to gravity.
He found that the resulting electric field seemed to be of the order
of that expected from Dessler's prediction. Later in 1970, Schiff (8)
published anofher paper relsted to the same cbject of this gravitation-
induced electric.field. In that paper he resolved the question of

whether or not the surface electrons provide high degree of shielding



of the ions that is needed if the ionic effect is to be suppressed.
Finally, he agreed with Dessler's theory and disagreed with Peshkin as
well as Herring's assumption (9).

It is the purpose of this paper to calculate some effects resulting
from this induced field. In particular the precession rate of the rotor
of a working electrostatic gyroscope is investigated. If one assumes
a correspondence of centrifugal acceleration to gravitational
acceleration, there will be a charge distribution on the rotor. By
consideringithe interaction of these charges with the suspending
electric ﬂield, the resulting torque can be calculated. The resulting
precession rate is then determined. .This result then determines
the feasibility of an experiment to measure the induced electric
field.

In the second chapter a simple model of a metal under the
influence . of a gravitational field is discussed. It is found that
this mocel predicts results in agrecment with Dessler. In the third
chapter, the correspondence of the centrifugal acceleration to the
gravitational acceleration is applied. .The charge distributicns of
both solid and shell type spherical rotors are calculated. For the
case of solid sphere, the charge density inside is found to be constant,
and on the surface to be quadrupolar. For the shell rotor, the charge
density is found to be constant for both interior and the inside
surface of the roter. The same quadrupolar distribution is found

on the outside surface. Because of this charge distribution, when



the sphere is rotating in an inhomogeneocus electric field, there will
exist a torque on the sphere. In the fourth chapter this torque is
evaluated for a geometry eppropriate for operating certain electrostatic
gyroscopes. When a sphere is rotating in an inhomogeneous electric
field there are two kinds of charge distributions. One 1is inertially
indﬁced, end the other is due to electrostatic induction by the
electrodes. Actually only the interaction of the induced charge with
the electrig field genersted by the rotational charge is necessary
to be consiéered in calculating the torque as is shown in chapter four.
Since a uniform magnetic field can be used to align the spin axis
of the rotor, the equation of motion of a sphere rotating in a uniform
magnetic field will be derived in chapter five, and this equation sclved
for the resulting motion. In the final chapter, our conclusion are

presented.



CHAPTER II
GRAVITATIONALLY INDUCED ELEGTRIC FIELDS IN METALS

We now discuss a very simple model which indicates the origin and
the magnitude of the gravitationally induced electric field in a metal.

Suppose we have a metal in equilibrium which we visualize as
consisting qf two parts, these being the electrons and the ionic lattice.
Let the eleéfrons (ions) heve mass m (M), charge -e (e), and density n,
(n). 1If tkis system is placed in a gravitational field, from the
macroscopic point of view equilibrium results from the equality of
body forces and pressure gradient, For each component of our model we

then have

-

VR = mMT 4ne B

' (2-1)

Since the gas pressuré is proportional to the energy density, or
p=0¢én, we have 7Pp=a€Vn, Here ¢ represents the average energy of one
particle and a4 is an appropriate constant, namely 2/3 for electrons
and 1/3 for ions (10),

Substituting this relation into Eq.(2-1), the equilibrium equation



for the electrons is
2
+(5)€&Vne -nemginee=o0 (2-2)
and for the ions
|
+(T)e«.vni~n;M3*n;eE=o. (2-3)

Writing § and E as gradients of gravitational potential  and electric

potential |/ respectively, Eq.(2~2) can be written

2 .
+(?)éevne+nem V\é—vneev\/s =0

(2=4)
which is factored to give
v(+Zednnetmy,~ay )=0. (2-5)
We conclude that
2
+-§éelnne+mvg-"e\/E:C0n5-t. (2—6)

' Suppose when both gravitational field and electric field are zero
the electron density and the ion density are both N,. That is to say
1mm1%=%:o,tmnn=m.

Eqe(2-6) thus becomes

2 Ne
r=¢, In—St+tmy ~ey, =
3¢ No Y «=0. (2-7)
In general, we expect the charge small departures‘from the

unperturbed density so that ne=n,+dn% with §M.«M. By using this relation



and spproximation Zn(I+ §D~?)k 59_’%15’ Eq.(2-7) can be simplified to give

(]

(%)6e%+mv‘ﬂ]"eve=0

which rearrange to give

3N
SNe=- 3¢ (MY —e )

n

For the ions we obtain by simular means

= (MY re V)

2 &,

Since the net charge in the metel is e §(n,-n,) we obtain from

Poisson's equation

V'V =-4ne (N -8 Ne)

. _btTen

2 e, [eA.(mv1 ~eVf)-2€ (MY+e VE)]'

The electrons will screen all positive charge except near the surfaces

and in such regions we have
¢; (my e V) 26, (MY +eV.)=o0

Ee + M E,
V[;_:" 2. Mé&. \/3

eé.{ +2-eée

From this eguation the self-consistent induced electric field is

obtained. We find

E__ IZMé€etmé€ o ZM*”YI—?;; i
e € t2e6, e_é.i 1€



—IMEtme, = _aMtmE

DL

E =

ee; tze€, e t2e
ee
For common materials o iy &yt so E - M3,

From the above discussion, it is clear that the direction of the
electric field is opposite to the gravitational field and the magnitude
of E is proportional to the mass of the ion. “This result agree with
that of Dessler. 1In the case of a sphere, which forms the rotor of a
gyroscope, the effective gravitational field is §=-J'J X(GSXF), vhere @ is
the net angular velocity of the rotor and ¥ is the position of a point
relative to the center of the sphere. So, the induced electric field

inside the rotor is B ;—'é‘-[:)x(wxr}_



CHAPTER IIX
THE CHARGE DISTRIBUTION OF THE ROTOR

The results of chepter I tell us that inside a rotating metallic

sphere the electric field is given by

—a

L= Bx(wxv), (3-1)

Here @ is the angular velocity and ¥ is the distance from the center of
the sphere to the point being considered.
If coordinates are chosen to make the spin axis parallel to the

-

z-direction, or J=w¢€,, we have

M

mj
\]
el

A

)0 -0 P

(3-2)

where Eg:%—o and a is the radius of the sphere. The inside electric

potential is thus found to be

¢ = ¢+ fj(x‘w‘):q‘ﬁ%r’sm‘e, (3-3)
On the other hand, since the outside potential is a solution of Laplace's
Equation, and after considering the continuity of potential at the
surface, the required solution of Laplace Equation can be written as

A -
CP) = T} K(C059) = %(2‘3 S’nle ) (3-4)
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Here(k is the potential function outside of the sphere, as distinguished

from the inside solution ¢§. Since the potential must be continuous

at the boundary surface, we may evaluate all coefficients and obtain

We than have

E, q* .
41 = - 0 ( 2-3sin°eo )

and
. Eepagpe
<;b<~ sEat o risine,
From these results, the charge densities on the surface and within the

sphere can be derived:
4ﬂq’:ﬁ‘-5(<#<~¢,)]r:4:-Eo[l——i—sin‘e] )

Tz ({-m‘e'—l ) (3-6)

The volume distribution inside the sphere is found to be

foeak 9.8 == —
< 4m 2T, (3-7)

© From these:results it is obvious that the surface charge distribution
is quadrupolar while the inside volume distribution is constant, as

indicated in the diagram.



In the previous paragraphs the charge distribution of a rotational
solid sphere has been calculated. However in order toc minimize the
welght of the electrically suspended rotor, it is practical to design
the rotor as a thin shell.

Consider now a metallic shell with inner radius b, and with outer
radius a, as shown in the figure.

Let the shell rotate with an angular
velocity W along the z-axis. Here, wve 1
have three potentials to be matched

on the two boundary surfaces. We

label these regions I, II, III.

In the II and III regions the potentials
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can be obtained from previous calculations:

= E.a E. 5., .

P =" 3 1 Za e sin‘e , (3-8)

$d _ =- E, o (2-3sin%) (3-9)
L 4y .

Since there is no charge in region I, the potential %, can be
expanded in lLegendre Polynomials. .By comparing the order of sine in 3 I
and by requiring the continuity of potential functions, §I can be written

_ _E(b-4) =&
e

(2~-35in%e ) (3-10)

From the results for ¢ ard $, we can calculate the charge density on

the inner surface, namely

41 ¢, =n-v(3,- &) (3-11)

where Aiisithe unit vector points radially outward. By substituting

Eq.(3-8) and Eq.(3-10) into Eq.(3-11) we find

Eob Y Eb 2
. - 6 | - =
4T P, s (23 sin ) o= Sino
_ 2&b
- 3a
or ?*_ £ b
T 4 Ta

The outside charge density and volume charge density are agzin

E, 5y .02
o7, :ﬂ(zslﬂe—l)
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and
E,

F:—zﬁb .

One can see that the charge on the external surface of a rotating

shell is identical with that of the solid sphere and that the inner
surface acquires a constant charge density, the total charge of which
is exactly that of the portion of the solid sphere removed to construct
the shell. The resulting charge distribution for a rotating shell is

shown in the following figure.




CHAPTER IV
THE TORQUE ON A ROTATING SPHERE

In this chapter the torque on a rotating sphere in an external
electric field is considered. We consider a field configulation appropriate
for an operating gyroscope at the Jet Propulsion Laboratory for which
there are six electrodes which together essentially form a complete
sphere. |

If a'cube is circumscribed by a spherical shell as skown below,
the top electrode is formed by that part of the shell which remains
when cut by the four planes formed by the sphere and the top edges of

the cube.
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The resulting electric field can be obtained approximately by
assuming that the electrode, being 1/6 the surface area of the sphere,

is formed by cutting the shell with an extention engle 26 from the center,

T
B

The potential of the electrodes is adjusted such that the weight of

as shown in the figure

the sphere can be balanced by the resulting electric stresses on the
Sphe%'e. It is clear that only the top and the bottom electrodes need
to be considered here.

Fér simplicity, the top electrode with constant potential V, is
considered; assuming all others have zero potentiale. The potential
of the region between the electrodes and the rotor, having no charge,

is a solution of Laplace's Equation

?i? :E, (A2 Y2+ %ﬂ ) P‘(co;e)' (4-1)

If the rotor is zero potential, then VY=¢ when r=a and
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Q(a)—o.»Z(A a'+ ,H) P (cose)

(4-2)
$(bo)= V(e)"‘Z(Ab + =2 b 2 ) P(coso)
Comparing the coefficients of B({oge) , we have
Bz
At i = 0
(4-3)

] ]
Alb ’TH = jl —_;%z*- 5\/(9)}3(&759) d(cos8)

Solving the above equations, we find

A = "

Y 2 8+1
V-($)"]
a2 2+
B_Q - - ib) (aa')z,?"” gj
Y

Substituting A, and B, into Eq.(4-1) we obtain

I

L= ()

From the potential function, we have the electric field at the surface

£

b=1 — [(%) - (%)Q(—C;—)MJ P (oso).  (4-5)

of the sphere
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Nlr=q = or

1 +(

=-Ly 9(—%) 20+ 1) e)
=7ak _i——b-—[—(%) ( F, (cos

z4Tma, (4-6)

Thus the charge density induced on the surface is

| 9, (L)

4na ¥ - (i)“*'

(244 1) P, (coser, (4=7)

In addition to this charge there is also that resulting from rotation.

The torque acting on the sphere is

T =fcPfxi au, (4-8)

s
In which the integration is over the_ surface. Here the electric field E
is the summation of the rotationsl field Em and the induced field E‘,-,, .
The surface charge density is the summation of the rotational charge

and the induced charge. Thus Eq.(4-8) becomes

f:Sw?xE d3 =5(0’,“+U’:n)FX(g,-,,+§rot)d«3-

s

Since the induced electric field is radially directed at the N .
surface,?x é“;., is identically zero. Further, it is cbvicus that the é‘_:_n
will not interact with 0}, , since a body can never make a torque on

itself, The expression is thus simplified to

T={Fx(a, B, 4.
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From the results of the last chepter, the electric potential

resulting from rotation is

T a\3 Ly : ‘= 6 -6
i"—‘z‘:oa(?) (3(‘059 "'I) ! 9 °.
z _—
. . >
Here 90 is the angle between the
rotating axis and the z-axis and
o ?
W is chosen to coincide with the
z-axis in the prime coordinate d

system.

Since 6059'=§,: s We have

iwt3~fEA10?)[3( (4-9)

But 2Z'= Ysin6,+2 (056, and

(%‘)L = (—‘3—)1 $ind, + (-%_—)1 Cos’6, + ’“—g <iné, Cos0,

after substitution, Eq.(4-9) becomes
— 3 x *
Ty = -2 EA(L) [39m0 sin'y gin'g, +3 050 0575,
+3$inp Cosp sing Sin2p, — | ] .

=
From this expression, the polar components of E,;is found to be

9 §P¢f

t
E.= -+
r 20

9

= Eo[sm 6 Cos8 Sin'p $in'e, ~ $ind (058 C0s™8, + (Cos’'e - Sin's) sin $ing Cab,

(4-10)
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while the azimuthal component is

= E,( sing $in¢ cosd Sin'e, 1 (oSO Cosd Sing, Cosb, ]

(4-11)
Substituting E , E; and Eq.(4~7) into Eq.(4~8) and transfering the
reference system into cartesian coordinates by the relations
= A PN A
€, = & Sinb cos ¢ + & Sind Sing + &, Coso
— —~ -
e? =-& Sing + &, c085¢
— — - - = .
€, = & (oSO CoS¢ + & Cos© Sing - & 8ing
we obtain
T, = - ajo’(e) (Eo Sing + E, Cos® cos¢ ) dd (4-12)
= -a’E, Sw(e)[w‘e ~ Sin'0 SI'$ ] ging, Cos6, dR
— : A J o
=27 Cfgag d (Cose) 0 (6) (:;*_aa.( 6 -5 ) Siné, 256,
which may be written
R @) T(6) ime cosée, \
7, = -2T&E | diceso)  (cose) 2 . (4-13)

Now from Eq.(4-7), T(6) is expressed as a Legendre series of the
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form g, = 5, q; E (cos@)
2

y
[

with @ - 7 (%)
T 47 2+

ha 1 - 53)1 l

(24+ 1), (4=14)

Substituting ¢ into Eq.(4~13), it is seen that only /=2 gives a non-

vanishing contribution, so that

- Z
Uy = - 27 a EOC)': a s$ine, CoS 8,

=-2L a’E, o sins, cosh,

eat I, (

A

Sih 28,

But

QD
W
it

: 5 Vie)P(cose) d(cose)

|
Pl

=
] 2
Vo je-o z (3¢50 - | ) d(wwsd) (4-15)

=~ £V, Gink Cosx

It has been assumed that the area of one electrode is one sixth that of

the sphere, hence

2

Q

=\

!
A =2T1a15 dltosk) = 2TMG (I-Cosx ) = 4
Cas«

N
.

e 2 spa =t
3 ! 3



Inserting these results into Eq.(4-14) and Eq.(4-15), we obtain

and

.Lx

1

= 5 (£)(2)=2y

. a¢ . &
- 2 §inze,
[og =&V - (¢ e
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(4-16)

o
If 6 is chosen to be 45 , we have for the maximum torque conditions

$inx8, = 1

-

We now write b=a(l+%)where d is the rotor-electrode separation

satisfylng %« | o

We then have

and

ay_ o L -ty 54
0\2
(&) . _a
& 5d.
L= (%)

Eq.(4-16) can now be simplified to
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__ & a’E,
L= 108\/° d

The precessional angular velocity then can be obtained from the dynamical

law

T=IW

[ g ¢
Where I is the moment of inertia of the shell, which is7m'=} Slis the

pe?

precessional angular velocity.

From the above relations, it is clear that

5 mwat
Ied .

Appropriate parameters for the JPL gyroscope are

m o= LbX(o™ g | a =240, V=log Vlfs

w =200 "Vee , Y ~l0° 1= 10’ cas umit

The magnitude of the expected precession is found to be

N
IL = 0, l 7 MI%OM}' .



CHAPTER V
A ROTATING SPHERE IN A UNIFORM MAGNETIC FIELD

Due to the desirability in experiments to align the axis of the
spinning rotor and to calibrate the magnitude of the polarized charges,
a sphere rotating in a magnetic field is considered. These arise fron
two effects due to the magnetic field. First, the component of B parsllel
to the spin éxis produces a charge distribution analagous to that produced
by the inertial forces. It is, then, appropriate to use this effect to
null out or enhance the charge as desired. Second, the component of B
perpendicular to the spin axis produces eddy currents and hence torques
which tend to damp the motion as well as change the spin orientation.

For example, if the field B is parallel to the spin axis, the
electrons of the rotor respond to the field ﬁ; to preoduce a charge

distribution and hence an electrostatic field

-

L
[

Since by assumption B =1 B& we see by comparition with Eq.(3-1) that

-3
@-_—‘—gfi’ will produce identical effects to those arising from inertially
produced electric fields.

For simplicity, we consider the case of the spin axis being

perpendicular to the B field as shown in the figure.



&

oL

When the sphere is rotating with an angular velocity @ there are two kinds
of electric fields inside the rotor. These are an induced electric field

ﬁ‘- and an electrostatic field fs. The induced electric field can be obtained

from the Lorentz Transformation directly.

éi ::7%§7x2§ :Q%T(Zﬁ xP)XB
- L{((B-B)F-(B-T15 ]
::——BC—UJ)j gz
:-E;Lj Z:z

(5-1)

where E= BTw a,

There is no current flow through the surface of the rotor and hence
fﬁ =0 at the surface. Hence according to Ohm's Law, the net electric

field at the surface of the rotor should lie in the tangential plane,
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or (EA,TES).M. Here h is the unit vector redially outward from the

surface. That is to say

- .Y U) - Y .
EqN=82y 2 .7 = BY g sine coso sing
5 I 2 C .
- (5-2)
When equilibrium is reached, the net charge inside is zero and the
electrostatic potentiel inside is a solution of the Laplace Equation.

Thus

When r=0, Vg 1s finite, which implies that By =0 and by comparing

with Eq.(5-2) only the term 1=2 is non-vanishing. Then

V, = Ar?Sine cososing =443

and . (5-3)
E :*vvsz/d;(ge“;ey)

S

By applying the condition that the normal component of —f‘.:ﬁ\;f}i is zero

on the surface, and assuming A=E.,ﬂ ,

mi

E-B+E, =E[(f-L)y& +83 & ]

and

Ty

7 lm =&, [ (- L) a Gno sing Cos6 +pasine oS8 Snd[=p

We then conclude that

[ = . - - -
p:—i—g and Es‘—[ﬂéz*Zéy] (5~4)
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Thus, the total electric field is

E=—

- Lq(gé_‘;—yg&).

The current resulting from this field is, from Ohm's Law, f: —12 (2 é:; —<7 Z-;)
- E.
where J = 2,3

3
A

~

XN
w

o7l

In general the magnetic field can be applied in an arbitrary direction.
For this case we can generalize the above discussion simply by considering
B along the z-direciion and @ in the y-z plane, such that B is still

along the x-direction as shown in the figure.

%

€V
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In this case the current will be

_.\]‘,\
J= g rx(bx fj-

L
<l
~

(5-5)
where B and !3 are wnit vectors of B and i respectively. The force element

on the sphere can thus be calculated from the current density as

_:,_:

dl? % «B dx =

The net torque due to B is thus

7 =-2 ((F.8)Fx(Dx8)a%
- &
__u 904 2
o o Bx(bxB)
11 i-" O a =2
:’3.2 cf([(B'W)B_Bw . (5-6)

From this result the equation of motion of the rotor is

dé _ 210 3a - W
15%=% 48w (826 -] (5-7)
‘which can be solved to satisfy the initial condition id(o)= Wy
One finds
A _ A A ~511' ~
W) =w, (5, ™ (5,-8)(1- ) B) (5-8)

where the damping constant 1 is given by

_ a1 9& e
=75 1 8. (5-9)
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From Eq.(5-8) we can see that for sufficiently long time the angular

velocity approches

Lim & ()y=w,(5,- B)B
T ’

This means that the spin axis can be aligned along the external magnetic

field after a characteristic time of

I S

SU 2T jarbz
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CHAPTER VI
CONGLUSION

The calculations we have done above shows that the ideal case of
a gyroscope rotating in a suspending electric field will be acted upon
by a torque. The magnitude of the torque is proportional to the voltage
of the elecirodes and to the spinning velocity. Hence, the gravitationally
induced preceésion should be easier to observe if we increase the spinning
velocity as‘well as the voltage supply. In particular, for the JPL
configulation, the precession will be increased by an factor 10 if the
rotor spin could be increased from 200 cycles/sec. to 400 cycles/sec.
and the field increased from 100 wvolts to 500 volts.

The results for the magnetic field effect shows that it is useful
for calibration purposes particulary for a gyro system which is gymballed
so that the spin axis remains fixed relative to an externally imposed
magnetic field. Otherwise one has difficulties separating the effects

of the gravitationally induced field and the magnetic field.
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