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1. Introduction

L.T. Scrurer has pointed out [Z] thatthe principal experimental evid-
ence to support the General Theory of Relativity beyond the Equivalence
Principls is the measured precession of the perihelion of the-orbit of
the planet Merecury. (Other measured relativistic effects; including the
red shift, can be explained on the basis of the Special Theory together
with the Equivalence Principle, and do not constitute a test of the
General Theory.)

Professor ScexrF has suggested [2, 3, 4] that if an extremely acourate
gyroscope could be constructed, it might be used in an experiment
which would constitute the first laboratory check of the General Theory.
In the ScHIFF experiment the spin axis of & free gyro would be monitored
over long periods of time while the gyro was being transported through
the earth’s gravity field, either in an earth-fixed laboratory or in a
satellite. Transport of the gyro through the earth’s gravitational field
would produce a relativistic precession of the gyro coordinate system
through the same mechanism that imparts a precession to Mercury’s
perihelion as the latter is transported through the sun’s gravitational
field. For & satelite in &-reasonably low-altitude orbit, this ‘‘major’
relativity effect would be about 7 arc seconds per year. It is interesting
to note that the major relativistic precession is independent of the
gyro spin speed: the same coordinate precession would occur with a
non-spinning mass. (Spinning the rotor, of course, greatly reduces its
tesponse t0 non-relativistic disturbance forces.) o

In-addition to the above “major” effect, the: satellite gyro would
experience an additional, much smaller relativity effect, known as
the LEnsE-THIRRING precession, of about 0.1 arc second per year due
to rotation of the earth, which alters slightly the earth’s gravitational
field. The Lense-THIBRING effect is without any experimental check,
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Fammpank [5] has deseribed plans to carry out the Scmxer experi-
ment using cryogenic techniques, and several preliminary experiments
are now being conducted. The design goal is to develop a very special
gyro which, when operating in a special satellite environment, would
have a drift rate, due to non-relativistic effects, of less than 0.05 arc
second per year (about 1.7x10"?deg. per hour). The gyro would
be so arranged that the angle between its spin vector and the optical
axis of an astronomical telescope in the satellite could be measured to an
accuracy of about 0.01 arc second (after smoothing of the data). The
telescope, in turn, would be used to monitor the direction to & fixed
star, With-such an apperatus the “major™ general relativity effect could
be detected to about 1 per cent accuracy, while the Lenss . THIRRING
precession could be detected to about 50 per cent accuracy.

To achieve this accuracy, the proposed gyro would have to exhibit
drift performance better than the current “state of the art™ by a factor
of the order of 108, Even 50, the experiment is not considered infeasible,
because it mey be possible to take advantage of two very special
circumstances to improve the performance of the gyro by this order of
magnitude. These are, first, '
that the forces -required to
support the gyro in-a satellite
can be made lower by at least
& factor of 107, 8¢ that drift
due to support forces should
be reduced correspondingly;
and ‘second, that in this ex-
periment &  preponderant
amount of averaging may be °
applied to-attenuate the non-
relativistic effects.

2. Experimental Arrange-
= ment

The general ‘arrangement
of apparstus in ‘s satellite .
vehicle is showninFig. 1. The . 1 Mr-a:sgfxrggg:'mg:l 3@2::&2‘:?:;« o Ocblting
principal elements ars the
spinning gyro and & telescope, which is fixed in the vehicle, together
with a means of measuring the angle between the gyro spin axis and
the telescope axis. The experiment would be operated in a vacuum. In
addition, it may be desirable to operate at cryogenic temperature, which
would be provided by the liquid helium flask, radiating heat outward

L+
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to & solid hydrogen enclosure, for example. A superconducting msgnetic
shield surrounds the experiment, to protect it from external electro.
magnetic disturbances,

.. The VYehicle

The Orbiting Astronomical Observatory, of which a number will
be launched by the United States National Aeronautics and Space
Administration in the coming five years, is in many ways an idesl vehicle
in which to carry out the ScHIFF experiment. Designed specifically to
house experimental astronomical equipment, the OAQ provides an
open tube- 40 inches in diameter and 9 feet long running through its
center. This space is completely at the disposal of the experimenter.
The precision attitude control system can control the vehicle orientation
either using its own star tracking telescopes or using & signal provided
by the experimental telescope. In the latter case the system is to align
the wvehicle to the telescope signal to an accuracy of 0.1 arc second.

Three possible means for supporting the gyro rotor include using
electric fields, making the rotor superconducting and using magnetic
fields, and controlling the path of the vehicle so that it follows the orbit
of the rotor without contact. Of the three means, the electrostatic is the
most highly developed, and & number of experimental gyros have been
built which exhibit very low drift rates. The performance of such gyros
should be greatly enhanced in the low—g, high.vacuura environment
of & space vehicle. The supercondusting. gyro is inherently much simp-
ler and more elegant, the configuration being passively stable. The support-
ing magnetic field would be furnished by current in supercondueting
coils so that no power would be required. The developmens of such gyros
is currently in & much eaclier stags. The third technique, of “'servoing”
the path of the vehicle to follow that of the rotor, would seem to be the
idesl way of avoiding supporting forces altogether. Some of the errors
produiced by the supporting forces are examined in the succceding section.

Methods o! Measurement

Two angles must be measured, one between the telescope axis-and
the line of sight to a reference star, and the other between the Spin
axis of the rotor and the telescope axis. The first measurement is a
“standard " astronomical one,

To measure the direction of the spin axis of a spherical rotor, optical
techniques may be used. Thess involve either viewing patterns or marks
on the sphere through apecial window shapes by optical means, and
converting to electrical signals which may be anslyzed to determine
yotor orientation, or grinding an optical flat on the expected spin axis.
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A more exotic technique using the Mdsspaver phenomenon has
been proposed by Farreawx and Bow [5]. This scheme is indicated in
Fig. 1 and is shown in some additional detail in Fig. 2. A spinning
eylinder rotates in synchronism with the sphere, 23 shown. A tiny
amount of radicactive material is carried on the sphere and a suitable
absorber material is carvied as
a coating on the flange of the
oylinder, A non.spinning detec- Telescope
tor is located behind the flange.
As the sphere and cylinder apin
together, the emitter and the
absorber are carried around in
circular paths.

If the spin axes of the sphere
and eylinder are coincident, then
the circular paths are in parallel
planes, and there is never any
relative: velocity between the bty 4
emitter atid the absorber. Under
these conditions, as MOSSBAVER
discovered, radiation from the
emitter will be absorbed by the Salig Hy
absorber, and the detector will  rig.2. Some details of » proposed contiguration
read null, However, if there is
a finite atigle between the axes of the circular paths of the emitter and
absorber, then they will be'in non-parallel planes, and the emitter will
have a linear velocity relative to the absorber which will be sinusoidal
at the spin frequency, This relative velocity produces a DopPLER shift
in the frequency of radiation srriving st the absorber, so that the
absorber fails to absorb all of the energy, and part of it is read by the
detector. The absorption band is very narrow, so that extremely small
relative velocities can be detected in this manner. Experiments (deseribed
below) indicate that the angle betweén spin axes can be read with
adequate precision with thiz technique.

Once the angle is known between the spin axes of the rotor and
cylinder, the angle between the cylinder axis and the telescope axis
can be read optically, utilizing the flat surface of the cylinder.

Hassboyer
Cylinder e deector -

Support coif

Environmental Control

Whichever method of support and of readout is employed, it appears
desirable to employ a eryogenic environment for a number of reasons,
including - those of dimensional stability, the availability of magnetic
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shielding by use of a superconducting material, reduction of the noise
level in sensing equipment, and alleviation of outgassing problems
(all gases except helium become solid at liguid helium temperature).
It is anticipated that the apparatus for the experiment may not
be started up until the vehicle orbit is established, to avoid the necessity
for supporting the rotor at 1g, and for a number of other reasons.

Rotor Counfiguration

It seems clear from the accuracy requirements that the rotor must
be supported without any mechanical coatact (with either solid or
gaseous material). A spherical shape then seems indicated because of
its simplicity and the precision with which such 2 shape can be produced.
Moreover & spherical shape is more easily supported with precision by
electrostatic ov magnetic fields. A possible modification of the spherical
shape might be to undercut the equator by an appropriate amount so
that, when the rotor is spinning, the centrifugal bulging will produce
a periectly apherical shape. _

While a spherical external shape seams clearly desirable, the question
remaing whether o make the rotor isoinertial or to give it a preferred
axis. Three considerations involved in this decision are: (1) the relation
between the spin axis {which can be measured) and the momentum
vector (which is the quantity of interest) during polhode-type motions
of the rotor, (2) limitations on readout techniques, a.nd {3} motions
produced by gravity gradient torques.

To study the polhode motions of the rotor, suppose that the motions
have first been damped to the point where the spin -axis is rotated by
a small angle  from the major axis of the rotor, as indicated in Fig. 3.
The resulting precession-of the rotor about the fixed angular momentum
vector, H, is elegantly represented by the rolling:-cone image of Potxsor,
shown in Fig. 3 (for the cass of equal major moments of inertia). The
“space cone " remains inertially fixed while the ““ body cone™ rolls around
it. The body cone is rigidly fixed in the rotor, as indicated, so that the
total angular velocity of the body, £2, is always at the line of tangency
between the two cones. Thus the angular velocity vector precesses around
the angular momentum vector with a cone angle, o, shown. in Fig. 3.

The value of « is readily obtained for the general case from the
usual caleulstion, in which p; ¢, » are components of arigular velocity,
and A, B, C are moments of inéttia:

Ap* + B 4+ Cr2

;IAzpz + Bigh o Cipt lfp! T+ %
Consider first the case of a strongly preferred axis, Suppose, for
example, that the minor axes have equal moments of inertia such that

COSy =

(1)
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B = =4/2. Then, for the severe case that the angle y (Fig. 3) between
the major axis and the spin vector is y == 45°, it will be found from (1)
that & = 181°, a0 that.an extremely large érror is made in using the
spin axis as-an indication of the direction of the momentum vector.
Mote favorably, if y has been made initially very small (by damping
for s sufficiently long time} then p ~ (1 - (y’fz}) £ and, with
cosa ) — 022, & is given by:
}-‘

am?. ) (2)

That is, for & rotor having a preferred axis the error made in using the
spin axis as an indication of the direction of the momentum vector will
be of t!_m order of the angle ?etween 15, Angulor: wlecity vector
the spin-axis and the major axis -
of the rotor. .
. I, in the other extreme, it is
attempted to make the rotor iso-
inertial, and if this is done within
an errorg—e.g, B=0=(l—sg)d
—~then Eq. (1} can be converted
to the following:

1..4(9"""3)

7, Body major oxis
// of inerlio

ol

Vl — {26 — &) ( q:’f;’z)

- R’
or, with -cosx = 1 ——, and

2
dert ,
"{LJE'“Z‘ = sin®y,

COgx =

sin 2
o s= E-T):-' (3)
. Considering again the severe. case Fie. 3. Potxsonr tepresentation of pothoda
~ that the initial spin direction is 45°

frora the major axis of inertia, the angle between the spin vector
and mormentum vector iz found to be

@y . @)

while, more favorably, if initial da.mpi,ng has pfocluoed near-alignment
of the spin vector along the major axis of inertia to within a small
angle y, then the angle between the a.ngula.r velocity and momentum
vectorsis given by & pe. {5)

Comparison between expression (2) and (6) shows that the angle
between the engular velocity and momentum wectors can be made
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better by the factor £/2 by making the moments of inertia equal within
error e. This represents one 1mportant advantage of using an isoinertial
rotor.

Gravity gradient torque produces substantial drift of the rotor when
the moments of inertia are very different, and-this represents an even
more compelling reason for using an isoinertial rotor. The effect of
gravity gradient torque will be caleulated in the next section.

Note that with an isoinertial rotor the readout method must identify
the spin axis directly, rather than any axis fixed in the body. Either
optical methods (using & random pattern) or the MosSBAUER technique
may be employed for this purpose.

3. Some Estimates of System Errors

Supporting Fieids

There are a number of mechanisms by which the supporting field
can-produce precession of the momentum vector. The most common is
& rotor mass unbalance; in which the resultant of the support forces
does not pass through the mass center of the rotor. The support force
and gravity foree then form a coupleé which can produce precesston.
For a spherical rotor shape, another mechanism involves non-symmetry
of the field with respect to the rotor such that the upper and lower
support forces individually have different lines of action, so that a
couple is produced which, again, causes precession.

Such supporting-field anomalies control the drift periormanoe of
current gyros. But, in every case where a disturbing torque is producsd
by the supporting field, the satellite environment should contribute an
improvement factor of at’least 107 simply because the supporting field
required in a:satellite at, say, 500 miles altitude will be lower by this
factor. The most elegant method of carrying out the ScHIFF experiment
would be to avoid support forees altogether simply by servoing the path
of the vehicle so that it never touches the rotor, which would be in its.
owrt free-fall orbit, Problems associated with c¢reating the free-fall
environment for the rotor are discussed in detail in [6).

Trapped Fiux

A number of other mechanisms of rotor torquing will be jmportant,
including magnetic moment due o interaction between flux trapped in
the rotor and the ambient magnetic field.

The recent discovery of FAIRBANK and Dzaver [7] that trapped flux
in a superconductor is quantized, leads to the possibility that initial
cooling of the rotor can be performed in a sufficiently small ambient

]
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field that the trapped flux may be made precisely zero:. Typically, for
a sphere 1 cm in diameter the field would have to be made less than
about 10-7 gauss.

Gravity Gradient

The gradient of the earth’s gravity field produces a torgue on a
non-isoinertial body at a distance R from the earth’s center given by
the relation (c.f. [9], Eq. (40))
39, R:

M = P (6)

in which g, is free-fall acce[eratwn at the earth’s surface, R, is earth

radius, I is the unit vector along R, and T is the moment-of-inertia
diadic. ‘Thus, for- s sphere having spin.axis symmetry (B = O < 4),
the magnitude of the torque will be

M=3 ff‘ ( ) (s B S‘“” (1)

where @ is the angle between the sphere major axis and rading vector R.

The sphere ‘spin axis will be essentially fixed in inertial space.
Supposs, for example, that it is normal to the earth’s spin axis, so that,
as the sphere is transported sround in orbit, Fig:4, two orthogonal .
components of the gravity-gradient torque acting on the sphere will
be given by the following modification of (7):

M, = 3.2 ( 7 ) (4 — B)sint cosisin®f,
(8)
M,=3% (—i;-} (A — B) cosi sinf cosf,
in which 7 is the inclination of the orbit with respect to the earth’s
equator and B is location along the orbital path. (A coin-shaped body
is nsed in Fig. 4 a5 2 model of the non-isoinertial, symmetrical rotor,
for emphasis.)

Component M, is much less important than M, because its average
value is zero. M, has (because of the sin?f term) an average value, which
will, in turn, produce a steady component of gyro precession given
by ¢ = Mk, in which k=4 Q:

$ap = 2 g‘;'?R (R) (1—%)smzco=n (9)

In expression (%), g./R, = (1.24 X 10-%)% (This corresponds to the
familiar 84.4 minute period of a ScEULER pendulum.} For an orbit at

an altitude of 500 miles, (_%__)s =~ 0.7 ¢ will be largest for { = 45°,

which is approximately the orbit inclination most likely to be used in
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the experiment... Using these values and & noniinal spin speed of 2 = 103,

Eq. {9} becomes
2

Since the experiment requires that the gyro drift rate be less than
10-14 radfsec., it is seen that the moments of inertia must be matched
to one part in 10°!t That is, a preferred axis cannot be used.

bop =2 x mﬂ(l—-g—). (10) -

AALorth’s spin vector

Rolor spinvector

Flg. 4. Uravity gradient torque ob an Inerilally orisnted body has an average value, in genaca

4. Preliminary Experiments

A nymber of preliminary experiments are indicated prior to the full
goale ScrIFF satellite experiment described above. Some of these will
now be described.

1 The use of the MOsseaUER phenomenon to check the angle between
the spin axes of two rotors has been tested ab very low speed in an
experiment by M. BoL [5]. The rotating members in this case were
disks attached to the spindlesof a jeweler’s lathe, rotating in synchrouism
at 6 rpm. An emitter was attached to one disk, and an absorbing material
to the other. By varying one spindle angle slowly back and forth through
null and noting the variation in the amount of radiation detected
behind the absorber, BoL was able to establish the null angle to better
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than one minute of arc. If this data can be extrapolated to ultimate
rotor speeds of 10% or 10* radians per second, then detection by this
raeans should be possible to accuracies of the order of .04 to .004 arczecond.

Experimental ‘work is underway to study the magnetic support
and control of a spinning, superconducting eylindsr, for possible use
with the MossBAUER technigue. Followiag this, the problems ‘of mating
the cylinder with a spherical rotor will be studied.

Development of the electrostatically supported gyro [8] was hegun in
1952 by Norpsteck, its inventor, and has proceeded quite far in-Prof,
Norpsieck’s laboratory :and at several others, as is well known. The
development of cryogenic gyros is not so far along, and several funda-
mental problems must be solved before this method will be successful,
including those of trapped flux and of the non.ideal characteristics of
superconducting -materials. These problems are currently reeceiving
strong attention in several laboratories.

Independent of, and prior to the ScHrF experiment, it is planned
to.operate a satellite vehicle having a free-fall-trajectory orbit by
secvoing the: vehicle trajectory to follow that of an internal proof mass.
This projectis deseribed in Ref. {6] and would have 4 numiber of scientific
uses in addition. te the SCH(FF expetiment. Lance [6] has shown that
the acceleration of such a vehicle could be maintained to within about
10-12¢, (earth’s gravity). The satellite could thus be used also to provide
& direct, instantaneous measurement of atmospheric drag, to study
the higher harmonics of the earth’s gravitational ficld, and to perform
certain point-mass relativity experiruents.

Finally, it:may be possible to perform a special version of the Scrrrr
experiment in-an earthbound lzboratory at the equator, by doing a
very large amount of averaging of gyro drift produced by non-relativistic
disturbances. In this special case the gyro relativity effect would be
about a single axis and could be measured by noting precisely the time
at which the gyTo spin axis passed through the zenith each day. Such an
earthbound experiment would provide valuable experience with a
complete experimental system, prior to performing measurements from
a safellite. Moveover, should sufficient accurscy be obtained, it might *
be possible to mesasure the largest of the earth-spin-vector motions
described by Prof. Grammes in his introductory remarks to this Sym-
posiur,
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Discussion

E.T. BenepiaT: The above paper desls with an experimental demonstration
of & general relativistic effect which, secording t6 a nomsnelature introduced by
T.Levy-CiviTa can be referred 6o as “geodetic precession™, This effect obtains
because the relations defining tranefer parallelism {in the sense of Levi-CrviTa)
are nob exact differentisls.

This result ¢an be verified (a8 suggeabed in the above paper) by experimentation
with a system of two planetoids! oceupying initislly identical (in practice, nearly
identical) positions in space, and which orbit under the (exclusive) action of a
gravitational field in such a manner as to occupy coincident poaitions ab some
sucoesive instants {in an actual sibustion, one of the planets could be the Earth,
whereas the planetoid could be an artificial space vehicls). If two initially parallel
directions are gyroscopically maintained in the planetoids, it ought to be found
that patalleliam will generally no longer subsist wpon rennion of the planetoids.

In addition to the above effect, another effect can (in principle) be expected
due to the action of the (non-random) interstellar magnetic field, whose existence
ean be incontrovertibly inferred from observations of trajectories of cosmic rays
and interplanetary particles. According to a theory advanced in 1918 by H. Weyr,
the axigtence of an electromagnetic field produces a “torsion™ of (four-dimensional)
apsce time®. Analyticslly, this implics that the quadratio expression of the square
of the (infinitesimal) distance between two neighboring points of space time is no
longer homogenecus, but of the form

da':g“’sdz‘dﬁnl—y;da:‘ (@, 8, A=0,1,2,3)

In the above expression %% are the generalized coordinetes of an évent in space
time, 1oy 2° == i ¢, where ¢ is the apead of light, ¢ the time and z* (£ = 1,2, 3)
are ordinary curvilinear oocordinates; g. g are the gravitational potentials, and y,
are quentitiss proportional to the components of the four.dimensional electro-
magnetic vector potential; or more explicitly y, and the yi’s sre respectively
propottional to the electrostatic potential and the componentz of the meagnetic

L A planetoid is s celestial body of masa sufficisntly small so a snot to sensibly
modify the surrounding gravitational fisld.

2 This theory has been subsequently rejected by Wxyrn himself; however it is
being recently revived in warious centributions by L. Morz.
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vector potential. An (in principle) experimentally verifiable consequence of this
theory consists in what, by analogy with the terminology employed ahove, could
e denoted the “geodetic expansion {or contraction)"”, that Is, the non.integrability
of length. With reference to the actual situation considered previously, two standards
of length carcied by the two planetoids and initially identieal (by measurement)
would generally no longer be found identical upon aubsequent reunion.

In the particular situation in which only a {static) magnetic field is present,
the change in length {in either planetoid) would resuit proportional to the flux
of the above fisld across a sutface bounded by ite orbit {assumed to be closed).
The numerical value of this change in fength cannot be predicted on the basis of
WeyYL's theory, insomuch as the coefficient of proportionality between the metric
coefficients ¥ and the components of the electromagnetic vector potential cannot
be determined within framework of the above theory®. At any rate, insomuch as
noticeable effects arising from the orbital motion'of the Earth have not been observed,
this coefficient of proportionality, and hence the geodetic contraction must be
extremely small. {ts empirical verification—if at all humanly feasible—would
obviously involve the use of large magnetic fluxes, i.e. large magnetic fields andfor
particle otbits of large radius, .

As shown by the numerical table below, the magnetic fluxes across the orbits
of respestively a terrestrial satellite and an’ interplanetary space vehicle sre far
greater than the flux obtaining within a typical terresteial instruraent such as a
eyclotron. This result can be illustrated more concretely by considering that an
ion, moving with a speed comparable to that of light in a cyclotron of linear

Experiimental Radius of Arca of Magnetic Magnetic
situation orbly orbit Fuld HETEY
Terrestiial 15X W0emi{ .7 % IFem? 10°Gauss | .7 %X 10® Gauss om?®
laboratory
(eyclotron)
Tevrestrial 8.3 x 108 1.3 1o & e B R Ui L
satellite )
[nterplanctary 1.3 x tow S 0= 10-# T 108
space vehicles

dimensions of the order of 3 in., has to orbit for 1 to 3 montha in order to encircle
a flux coraparable to that of the interplanetary field across a typical interplanstary
orbit. Therefore, if there is a chance at all to detsct a peodetic elongation effect,
experimentation employing interplanetary vehicles appears to be the most appro-
priate. It is of course guite unlikely that a change in length obtained by such means
ezn be demonstrated by direet measurement. It should therefore be quite interest-
ing to speculate on possible indirect effects which & geodetic expansion would
produce in high precision mechanical instruments, sech as gyroscopes.

In eonclusion, it is of interest to note that astronauticsl engineering may play
& tole in the field of basic scientific experimentation, besides its more popularly
known applications to applied science and Jong range warfare.

L. H. Caxvon, Jr.: Dr. Bexgorer has suggested one of 2 number of additionsal
relativistic effects which might be checked by means of an accurate orbiting
gyroscope. The author is grateful for his comments and the additional detail con.
tained in his discussion.

1 An attempt to estimate the above coefficient iz presently being made by
the author of this note.
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