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THE RELATIVITY GYROSCOPE EXPERIMENT AT STANFORD UNIVERSITY

W. Stephen Cheung
W.W. Hansen Laboratories of Physics
Stanford University, Stanford, CA 94305

I. Introduction

Einstein is generally regarded as the most eminent among scientists
of this century. His special theory of relativity is tested and applied
every day in various accelerators around the world. Except among workers
in the field, Einstein's general theory of relativity is also believed to
be the correct theory to replace the Newtonian version of gravity. People
are told that measurements from three early experiments supported general
relativity. These experiments are: a) the bending of starlight, b)
perihelion of Mercury, and c¢) gravitational redshift. Moreover, people
are told that general relativity has little everyday applications and
that its effects are so few and so small that there is little hope and
value to establish a field of experimental gravitation like the size of,
say, solid state physics.

Since the birth of general relativity, there have been a number of
viable theories proposed to compete with, if not to replace, general
relativity. General relativity and a few of these theories passed the
various conditions set to evaluate a viable theory of gravitation; this
work was started by Dicke!l.

The parameter of special relativistic effects is VZ/CZ and modern
accelerators can push this parameter very close to unity. In the case of
general relativity, the corresponding parameter is GM/rc’ where M is the
mass of the object genmerating the gravity field. This quantity is 10 °
on the surface of the Earth and 10™° on the surface of the Sun. It is
impossible to increase this parameter in our earthbound laboratories.
Since this parameter is so small even for the Sun, general relativity,
which is non-linear, can be linearized when calculating most effects in
the solar system. Well known observations, except the advance of the
perihelion of Mercury, only test the linearized theory.

With the advance in experimental techniques, measurement of general
relativistic effects in the laboratory are now possible. The gravita-
tional redshift measurement®? performed at the Harvard Tower is one
example. Today, there are over forty groups in the world searching for
gravitational waves.

Except the perihelion of Mercury and the gyroscopic effects to be
discussed below, all the other tests of general relativity employ radia-
tion of some kind, be it gravitational or electromagnetic. Hence, there
is a need to look for dynamic effects which are crucial in the under-
standing and the theoretical development of astrophysical objects such as
black holesand pulsars. From the point of view of the experimentalists,
there is also a need to refine past tests and to perform future tests
with higher accuracy.
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In 1960, Schiff3 suggested that a measurement of the precession of
the spin axis of a perfect gyroscope orbiting about the Earth would
provide a dynamic test of general relativity. Two main effects were
predicted. The geodetic effect is due to the motion of the gyroscope
about the earth's warped space-time and the corresponding drift rate
Qg is given by

q. =M &% (1)

2
& 2¢c R3

where R and v are the coordinate and velocity of the gyroscope and M is
the mass of the earth.

The motional effect is due to the rotation of the earth and is
given by

g
q = — 4 2 @D -ﬁ} (2)
c?Rr? r?

where T and w are the moment of inertia and angular velocity of the
earth.

Since the earth's rotation axis is not a good reference, the above
drifts are with respect to an axis pointing at a_ fixed star. In a
polar orbit, the twg precession vectors, ﬁG and {lyy, are perpendicular
to each other with §g perpendicular to the plane of the orbit and {iy
parallel to the Earth's axis. Fig.l shows two gyroscopes in a polar
orbit 500 miles above the earth and the precessions of these gyroscopes
are as shown. The magnitude of Qg is about 7 arc-second and that of Sim
is 0.05 arc-second after integrated over one year. Note that one arc-
second is 4.8x107° radian.

Other viable theories, such as the scalar tensor theory of Brans
and Dicke", can also be tested by the results of these drifts if the
resolution of the angular measurement is fine enough. The value of Qg
predicted by the scalar-tensor theory is 6.3 arc-second/year. It there-
fore appears that an experiment with an accuracy of 0.1 arc-second/year
would provide a clear test of general relativity and the scalar-tensor
theory. However, such an accuracy would be insufficient to observe the
motional effect which is of high interest to the verification of the
frame dragging effect®. 1In fact, an accuracy of 1 milliarc-second/year
would allow the measurement be done within 1 or 2%.

Analysis and experimental work on the gyroscope program, currently
funded by the National Aeronautics and Space Administration (NASA)
started at the Physics Department and the Department of Aeronautics and
Astronautics of Stanford University in 1963. Clearly, the design of
this experiment involves more than just two gyroscopes. In the next
section, the propossd experiment will be described. Then, brief ac-
counts on several areas will be given. It is, however, not the intention
of this paper to cover each area extensively. Interested readers are
referred to the specialized papers listed in the references. Also,
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Bj_.ia
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A8 =0.05 Sec

Figzure 1: The relativistic effects of the earth on gyroscopes.
Gyro 1 shows the geodetic effect and Gyro 2 shows
the motional effect.
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metric and English units are used in a somewhat mixed manner. A list of
conversions is given below and the author apologizes to those who are
inconvenienced.

1 arc-sec = 4.8x107°® radian

1 mil = 1073 inch

1 pin = 107% inch = 250 R

II. Description of the Experiment

The general view of the Relativity Gyroscope satellite is shown in
Fig.2. Four quartz gyroscopes and a proof mass are housed inside a block
of fused quartz. This block is optically contacted to a telescope which
is also made of quartz. This quartz assembly is enclosed in a dewar
vessel which contains several hundred litres of liquid helium at a tem-
perature of 1.6°K.

The quartz gyro is a sphere 38 mm in diameter and coated with super-
conducting niobium of about 2500 R thick. Each gyro is electrically
suspended in an evacuated spherical cavity by voltages applied to three
mutually perpendicular sets of electrodes. The electrodes are saucer-
shaped and are metals deposited on the inside of the quartz cavity (Fig.
3A). After suspended, each gyro is spun up to about 170 Hz by gas jets
passing through channels whose design is shown in Fig.3B. The gas is
then exhausted and the cavity pressure will be kept at 10~° torr. The
characteristic spin down time of the gyro at 10”% torr is about 400 years.

Operating the experiment at cryogenic temperatures allows us to
exploit the special properties of superconductors to read out the direc-
tion of the gyro spin axis, to achieve an ultra low magnetic field
environment, and to control the liquid helium flow inside the specially
designed dewar.

The telescope points at a guide star, currently chosen to be Rigel,
and the relativistic'drifts of the gyros are compared to this line of
sight. The boil-off helium gas is used to maneuver the spacecraft trans-
versely to maintain this line of sight., It is also used in a drag free
attitude control system that maintains the satellite in orbit with the
average internal accelerations on the gyro from external drags and dis-
turbances to about 107!'%g (1g =980 cm/sec?).

The satellite is rolled about its line of sight to Rigel at a period
of about 10 minutes. The telescope-gyro assembly is also made to dither
with respect to this line of sight at about 0.1 Hz. The first is a
synchronous detection scheme that helps single out relativistic signals
from noise. The second motion is, in addition to synchronous detection,
part of an inner control loop that maintains the line of sight with Rigel
within a milliarc-second accuracy.

III. The Gyroscope

The size of the gyroscope was chosen in a somewhat arbitrary manner.
The original gyro that came with the electric suspension system purchased
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from Honey-well was about this size. The gyro is made from optica%ly
selected fused quartz, homogeneous in density to a few parts in 10° and
spherical to a fraction of a microinch (107% inch). Quartz is used be-

cause of its mechanical stability at cryogenic temperatures.

Mechanical stability is crucial in ensuring no distortion within
the telescope-gyro structure whenever a heat flux passes through the
structure perpendicular to the telescope axis causing differential
thermal expansions to occur. If the heat flux from the solar radiation
can be appropriately shielded, such hope is achievable because the
coefficient of thermal expansion at cryogenic temperatures goes down by
several orders.

That quartz is transparent allows the gyro's density homogeneity
to be evaluated by measuring its optical index of refraction. The study
by G. Siddall® of Stanford of both theoretical and experimental work
shows the relationship

Ap _ 5 g On

P n
as a good empirical fit between variations in density and refractive
index for a wide range of glasses.

The sphericity specification of the quartz gyro was unprecedented.
To meet this challenge, a lapping machine was developed by W. Angele’
of NASA Marshall Flight Center (MFC) and the University of Alabama,
Huntsville. The machine has four spherical laps arranged in a tetra-
hedral configuration. Each lap is driven at a different speed and at
a different sense in a sequenced pattern to randomize the lapping pro-
cess. As a result of this work, balls with peak-to-valley variations
in sphericity near 0.1 Hin can now be made.

A ball of unprecedented roundness calls for a device to measure it.
The roundness measurement is currently done by means of a Talynova II
Roundness Measuring System developed by Rank, Taylor, Hobson Limited of
Leicester, England. With the aid from a computer and error separation
techniques, a precision of 0.1 pin in radius variation can be achieved.

Fig.4 shows two steroscopic pairs of surface maps at a magnification of
500,000.

IV. Rotor Coating

The superconductor coating on the gyro is for use in reading the
instantaneous spinning axis of the gyro from its London Moment. London
Moment will be discussed later.

The superconductor coating is deposited on the gyro surface by
means of sputtering. In order to have a uniform coating thickness, the
ball should be turned to expose all parts of the surface equally during
the sputtering process. A method developed by J. Lipa of Stanford is to
use a mechanical ball tumbler controlled by a microcomputer. Another
method by P. Peters of MFC is to tumble the ball inside the sputtering
chamber with the ball floated on a stream of argon gas. The thickness
uniformity is measured with a B-ray backscattering apparatus. At 1%
uniformity, which appears to be achievable, a thickness over 10 uin
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would upset the balance of the ball.

A coating of 30 R is enough to give a full London moment. Hence,
a coating of 30 is, in principle, all that is necessary. However,
experiences at Stanford and at MFC have shown that severe arcing occurred
causing failure in suspension when gyros of coating as thick as 10 upin
were levitated. An ac voltage as high as 1.5 kV is necessary to levitate
a quartz gyro (about 80 gm) on Earth but only a fraction of a volt in
space. The problem of arcing and electrical breakdown will be dealt
with later.

V. Gyro Housing

The quartz block in Fig.l houses four gyroscopes and one proof mass.
For laboratory testing purposes, single gyro housings have so far been
designed and used. Gyro operations at room temperature and liquid helium
temperatures are now studied extensively at Stanford and MFC.

Fig.3A shows the design of a single gyro housing with spin-up and
pump-out channels. The housing is in two halves pinned together after
the gyro has been put in place.

When suspended at the center position, the gap between the_gyro
surface and its opposing electrode is about 1.5 mil (1 mil = 10 ° inch).
Six electrodes are sputtered on the housing as shown in Fig.3B. The
sphericity requirement of the housing can be found in Table 1 which lists
the rest of other requirements. Various experimental findings related
to the gyro housing are discussed in reference 8.

VI. Electric Suspension System

Electric suspension was invented by A. Nordsieck of the University
of Illinois in 1953 and has been further developed by several companies.
Like magnetic suspension, it is a contactless levitation of an object
against external accelerations, especially that of gravity, by means of
electric fields. But an electric force is usually weaker than its mag-
netic counterpart; electric suspensions suffer from more practical
limits than magnetic suspensions. The suspension gap must be small to
reduce applied voltages and vacuum is invariably needed. Although
initially thought of, magnetic suspension of the gyros was ruled out
after the London moment readout scheme was conceived.

The gyro is levitated inside the cavity by three pairs of orthogonal
electrodes. For each pair of electrodes, the position error signal of
the gyro along that axis is capacitively sensed by a 1 MHz wave applied
to each pair of electrodes. The error signal is then processed through
a feedback network which regulates a 20 kHz voltage applied to the same
electrode pair.

VII, TelescoEe

Fig.5 illustrates the general optical layout of the completed
telescope. The optics is of the folded Schmidt-Cassegranian type, with
150 in. focal length and 5.6 in. aperture. The physical dimensions are:



T

RE

THE

PMGE

odoosaTag, 2yl jo wealerq Lvy

G 2an8tg
UHZIGe'L  C AMVYILYAL-SnIavy
Ur0G0'0L : AMVANOD3S-SNIavy
U9y 1 AMVWIMG -SNIgvy
el T HI9ON3I TV IISAH
UL9G P IYNLY3dY UEOSH 2 HLONIT V204 3IAILDIA43

N—

3did LH9IT

Sd34IAI10

\IEEZSMW

AYVILH3IL

JOVWI —

d43L117dS |

Wv3sg I__|l

|IUZ_ A?O_ xNxv
01¥) s3Lvid NI
ic / NOILD3YY0D

~

AYYWIEG —

| =i




622 W.S. CHEUNG 1983

overall length 14 in. and outside diameter 7.5 in. The parts are made
entirely of fused quartz and are held together by a method known as opti-
cal contacting, i.e., by direct molecular adhesion of the quartz surfaces.
This method eliminates the use of cement or bolts and nuts.

Angular readout is obtained as follows. Located about an inch in
front of the focal plane is a beam splitter which forms two star images,
one for each readout axis. Each image then falls on the sharp edge of a
roof prism where it is again subdivided into two half images. The angle
between the line of sight to the star and the two readout plans are de-
termined by measuring their relative intensities. The light beams are
chopped by a mechanical chopper and the output of the photomultiplier is
synchronously detected at the chopping frequency. This method singles
out the relevant signals from drifts and instrument errors.

VIII. London Moment Readout

It is a challenge to determine the spin axis and its precession from
a perfectly round and homogeneous rotor. Neither optical monitoring of
a surface pattern nor extracting from the suspension signals components
due to mass unbalance would work.

C.W.F. Everitt of Stanford suggested that the spin axis could be
monitored from the London magnetic moment developed by making the gyro
go superconducting. The London moment’ of a spinning sphere is given by

F _ Ic 3 >

Mp=o T
where r is the radius and 35 is the spin angular velocity of the sphere
and mc/e = 1077 emu is the Mmass/charge ratio of the electron multiplied
by the speed of light.

Fig.6 illustrates the principle of the readout. Surrounded by a
superconducting pickup loop, any changg in the gyro spin axis would
result in the same vectoral change of M;. A cancelling current is then
generated in the pickup loop and is proportional to the sine of the angle.
A SQUID [Superconducting QUantum-mechanical Interference Device] magneto-
meter can be employed to measure this tiny change in magnetic field.
Three orthogonal loops are necessary for a complete determination of the
gyro orientation.

The readers are referred to reference 10 for more detailed discus-
sion of the subject.

IX. Ultra Low Magnetic Field

The magnetic field environment allowed for the gyro is below 107°
gauss in order to keep the relevant drift under 1 milliarc-sec. Another
reason for an ultra-low field environment is due to the employment of
SQUID to monitor the relativistic precessions. Too high a trapped field
may drive the SQUID and/or its following amplifier into nonlinearity.
The trapped field should be no more than 1077 gauss and the sensitivity
required to measure a gyro precession of 1 milliarc-sec/year is a few
times 10 !3gauss.
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Low magnetic field environment are conventionally achieved by either
using high permeability metal (passive method) or actively tune out the
external fields. These methods yield a region of 107° gauss or slightly
lower. For our ?urpose, a field stable over long periods of time to a
few parts in 107 '?® gauss is needed since any change in ambient field will
disturb the readout. The only way is to take advantage of superconducti-
vity and employ a superconducting shield.

The magnetic flux, ¢= B - A , inside a superconducting loop is con-
served. If the loop or a bag, initially compressed, is expanded, the
increase in area is followed by a decrease in magnetic field.

Between 1969 and 1975, B. Cabrera’’ of Stanford developed a procedure
for making 1077 gauss shields. Fig.7 shows the cyclic procedure in which
a lead bag is cooled and expanded inside another bag. After three to
four cycles, starting with initial field about 107° gauss, a field of a
few parts in 10~ % gauss can be achieved.

Another important factor in this ultra low field process is the
choice of material inside the bag. The material must be non-magnetic and
must not generate thermoelectric fields. Among materials studied by
Cabrera, quartz is one of the best.

X. Error Analysis

In a separate tgl1k in this conference, C.W.F. Everitt will give an
extensive account on the error analysis of the Relativity program. We
shall discuss this subject briefly here.

Table I lists the design requirements for a gyro that would yield a
limiting drift rate of 0.3 milliarc-sec/year.

The out-of-roundness of the gyro would cause drifts when it is elec-
trically suspended. Such drifts are due to interaction between local
hills and valleys with the electrodes. Also, since the gyro is never a
perfect sphere before and after the thin film deposition of the super-
conductor, the non-coincidence of the center of mass and the center of
geometry gives rise to a mass-unbalance torque. None of these torques
would be present if the gyro was a perfect sphere. However, these torques
go down by many orders of magnitude when the gyro operation is moved from
an earthbound laboratory to space; they are zero in an absolute zero-g
environment.

A non-spherical gyro can be expressed in terms of Legendre polyno-
mials. Suspension torques can then be viewed as interaction of the
electrodes with each term. Conversely, similar torques exist if the gyro
is perfectly round but the gyro housing is not. The sphericity require-
ment on the housing is partly to eliminate certain higher order suspen-
sion torques and partly to reduce torques due to local static charge
build-up.

The expression of the motional precession suggests that the preces-
sion rate goes up with angular speed. That the gyro is not a rigid body
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limits the angular speed due to centrifugal distortion on the gyro. The
optimum spin speed occurs at around 170 Hz.

Table II gives a summary of the calculated drift errors from various
sources based on the design criteria listed in Table I.

XI. Data Acquisition

A proper instrumentation for the experiment should a) process and
store the relativity data, b) provide signals for use in pointing and
attitude control, and c) allow calibration of the telescope scale
factor. The last item is necessary because the light intensity of the
reference star changes over the year's course of solar system. The
proposed design is largely due to R.A. Van Patten of Stanford and is
illustrated in Fig.8. Drawn in heavy lines is an integrating data loop
which supplies updated relativity data in digital form. This is the
output of a precision summing amplifier Zq which has three inputs -
gyros' readouts, the telescope readout, and a return from a closed loop
system explained as follows. The instantaneous output of Ij is con-
verted into DC by the demodulator. This DC voltage is then converted by
the voltage-to-frequency device driving an up-down binary counter. The
binary output contains the readout signal for storage and telemetry. At
this point, the output represents the relativity data which is the dif-
ference between the gyro and the telescope readouts. The output is then
converted into analog voltage by the D/A converted and fed back to the
amplifier I such that a null is now maintained at the I output. The
closed loop operation can be understood by the following algebra. Call
the gyro output G, the telescope output T, and the signal in the up-down
counter R. The output at the summing amplifier provides the function
(T-G+R). If the output is maintained at null, we have R=G-T, which is
the relativity data.

The second summing amplifier I, gives control information of the
pointing servos. In normal operation, Xy gives the direct telescope
error. If the spacecraft suffers from any external disturbances such as
meteorite impact or occultation of the star by the earth, the telescope
output is interrupted. The control logic stops T and the Iy output can
no longer be nulled and is instead G-R. By holding R fixed during the
interruption, the spacecraft will still be pointing at the star with
control coming from the gyroscope output. Note that R is not the ac-
cumulated relativity data; rather it is the relativity data right before
the interruption. When the telescope data are resumed, the reverse
counter will run until the instrument loop has been driven to null.
Hence, there is a small loss of relativity data collection as a result
of the interruption.

The telescope scale factor is calibrated in the following manner.

A low frequency dithering signal introduced to the inner servo loop
which controls the fine mechanical motion of the telescope-gyro housing
assembly relative to the dewar, i.e., the spacecraft, by means of actua-
tors which may be piezoelectric crystals. As a result, the assembly
sway back and forth through a small angle about the line of sight of the
star. The dithering frequency is about 0.1 Hz. A signal output appears
at the instrument loop if the scale factors of the two readouts are not
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equal. Such a difference in scale factor is then corrected by means of
first synchronously detecting the difference at the dither frequency and
then followed by an automatic gain control sequence.

The spacecraft is also made to roll about the line of sight of the
star at a period of about 10 minutes. The rolling motion in effect chops
the gyro reading at the roll-rate. Again, synchronous detection at the
roll frequency can single out the gyro reading in the presence of 1/f
SQUID noise; other instrument effects can also be averaged out by the
rolling.

XII. Electrical Breakdown Study

The problem of electrical breakdown comes in when the gyro is levi-
tated and studied on Earth. Even in a perfect vacuum, cold electron
emission still occurs across two electrodes under high voltage difference.
The electric pressure literally pulls electrons out of the cathode. The
emission becomes more acute at regions of microscopic hills and valleys
where the local electric field intensity is enhanced by a factor typical-
ly between 10 to 100. The sharp points act like lightning rods and are
believed to be responsible for the arcings observed occasionally during
gyro levitation. Ionization of residual gas of an ordinary vacuum and
the presence of impurities in the electrodes often trigger early arcings.

Arcings, however, tend to level off a local point. This is known
as burn-in. A gyro with thick coating, 100 pin to 1 mil, can generally
survive these arcings. Experiences at Stanford with thin film gyros, 1
to 10 pin, indicate otherwise and rupture of a thin film sometimes re-
sults.

J. Lipa of Stanford began a study of vacuum electrical breakdown
phenomenon for bulk and thin film materials. After several modifica-
tions, the present setup, which is still rather crude, is shown in Fig.9.
Observations so far indicate that thin films follow a different break-
down pattern as compared to bulk materials. This setup is currently
being automated. :

A Totor acceptance scheme has been conceived by Lipa and this
author and is shown in Fig.10. The émission current patterns of a given
coated gyro can be mapped with the aid of a computer. The computer can
also direct a burn-in procedure at areas where high emission currents
are observed. Information so obtained can be interpreted as the rotor's
tolerance, when electrically suspended on Earth or in space, against
external accelerations.
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Fig. 9.

A simple setup to study electrical breakdown behavior
of thin films. The micrometer adjusts the gap between
the tungsten electrode and the sample. The assembly

is housed inside a wvacuum can that is maintained at
10-% torr.
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COMPUTER CONTROLLED
HIGH VOLTAGE

ELECTRODE COATED ROTOR

BALL
BEARING

=

TO COMPUTER

Fig. 10. A conceived scheme of rotor-acceptance program. The
coated rotor can be tumbled along two axes. A computer
controlled high voltage is applied at the electrode and
the emission current at each covered area is recorded.
The emission current characteristics of the rotor can
then be mapped out.
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