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ABSTRACT

The Gravity-Probe-B Relativity Gyroscope Experiment (GP-B) is a new test of
Einstein's General Theory of Relativity based on observations with
gyroscopes in Earth orbit. The experiment is being developed under NASA
funding by a team of physicists and engineers at Stanford University with
aerospace support from Lockheed Missiles and Space Company, Inc. Its
primary purpose is to measure with great precision two heretofore untested
effects of General Relativity: the geodetic precession of a gyroscope due
to its Fermi-Walker transport around a massive central body, and the
motional or gravitomagnetic precession of the gyroscope due to rotation of
the central body itself. In addition, since the measurements are made with
respect to the line of sight to a guide star (Rigel) whose direction
relative to the Sun changes over the year, the experiment will provide a
new determination of the deflection of starlight by the Sun, and as a
bonus, a much improved determination of the distance to Rigel.

The apparatus comprises four gyroscopes, a proof mass and a reference.
telescope all placed in an evacuated, magnetically shielded cavity inside a
long hold-time helium dewar operating at 1.8 K. The dewar/instrument
package is mounted in a drag-free spacecraft moving in a 650 km polar orbit
around the Earth. The mission lasts between 12 and 24 months, during which
tipe it should be possible to fix the geodetic coefficient to a part in
107, the motional coefficient to 2%, the starlight deflection coefficient
to 1% and the distance to Rigel also to 1%. Part of the mission will be
devoted to a variety of in-flight calibration tests to ensure the truth of
the final scientific results.
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¥% Also: Physics and Astronomy Department, San Francisco State University,
San Francisco, CA 94132, USA.
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To execute the experiment four fundamental issues have to be addressed: (1)
the drift performance of the gyroscope, (2) measurement of the gyroscope
precession angle, (3) referencing of the gyro readout to the line of sight
to the gulde star, and (4) referencing of the gulde star to inertial space.
The four issues yield ten fundamental requirements on the design of the
experiment.

Earlier accounts have concentrated on design concepts, error analysis and
the development of laboratory hardware., In 1980 NASA completed an
independent technology review which concluded that the experiment is
feasible and recommended the establishment of a university/aerospace team
to proceed with a flight program. This was followed in 1982 by a Phase B
study of the experiment, and in 1983 by the definition of a two phase
program. The first phase (now known as STORE for Shuttle Test Of the
Relativity Experiment) consists in building the dewar/instrument package
and performing a 7 day engineering test of it on-board Shuttle. The second
phase consists in refurbishing the STORE hardware, interfacing it with a
spacecraft and relaunching it via Shuttle as a free-flying Science Mission.
In March 1984 the NASA Administrator gave NASA approval for the STORE
program, following which in November 1984 Stanford issued a subcontract to
Lockheed for development of flight hardware.

The most important element in the current phase of STORE is the development
of the First Integrated System Test (FIST), a full scale ground model of
the STORE instrument mounted in a laboratory test dewar. Our plan is to
complete FIST in March 1988, launch the STORE dewar/instrument package in
1991, and launch the Science Mission in 1994,
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t. INTRODUCTION

This and the following paper by G.M. Keiser constitute the fourth account
of progress on the Gravity-Probe-B Relativity Gyroscope Experiment (GP-B)
glven at successive Marcel Grossmann meetings since the serles was founded In
1976.
» The goal of the experiment has remained fixed throughout this nine year
period. It is to apply a set of gyroscopes in Earth orbit to measure two
previously untested effects of General Relativity first investigated in detail
by L.I. Schiff1: (1) the geodetic precession resulting from the orbital motion
of a gyroscope though the curved space-time around the Earth, (2) the motional
or, as it is sometimes called, gravitomagnetic precession due to the dragging
of the inertial frame by the Earth's rotation. Figure 1 illustrates the

directions and magnitudes of the two effects as they occur in a gyroscope

AB:=6.6 sec/yr

(GEODETIC) -
AN
|
RIGEL H
-] Sl

AB=.042 sec/yr
(MOTIONAL)

FIGURE 1

Relativistic precession rates of gyroscope whose spin vector is parallel
to line of sight to guide star and located in orbit plane

following a 650 km polar orbit with the gyro spin axis lying in the plane of
the orbit and pointing toward a guide star near the celestial equator. The
geodetic precession is in the plane of the orbit and has a predicted value in
Einstein's theory of 6.6 arc-s/yr. The motional precession is in the plane of
the celestial equator and in the same sense as the Earth's rotation; its
predicted value is 0.042 arc-s/yr. Our expectation is to determine both
effects to better than 1 marc~s/yr; and this requires having a gyroscope with



a free precession (uncompensated) drift-rate below 0.3 marc-s/yr or
10-11 deg/hr. Note by way of comparison that the best conventional inertial
navigation gyroscopes typically have compensated drift rates (i.e., the rate

after modeling out predictable error terms) of around 10—5

deg/hr, and
uncompensated drift-rates around 10_2 deg/hr - nine orders of magnitude higher
than our requirement.

The precessions are defined with respect to the framework of the fixed
stars, so the experiment consists in having one or more gyroscopes {(in fact
four) plus reference telescope pointed at a suitable guide star on or near the
celestial equator. Rigel, the gulde star we have chosen, has a right
ascension of 5h1'4m and a declination of 8°15' south, which puts the line of
sight approximately 30o from the Sun on the day of closest approach (June 10).
In addition to the two main precession terms, three smaller relativistic
effects will be observed in the experiment: (3) the geodetic effect from the
Sun, which, as was first pointed out by W. de Sitter2 in 1916, causes a
precession of 19.0 marc-3/yr in the plane of the ecliptic, (4) a correction to
the geodetic precession due to the Earth's oblateness, discussed by several
people and amounting, as J.V. Br‘eakwell3 has shown, to a reduction (in a polar-
orbit) of 7 marc-s/yr from the precession calculated for an orbit of the same
mean radius about an ideal spherical Earth, and (5) the relativistic
deflection of the light from the guide star by the Sun. The influence of
starlight deflection in the experiment was first pointed out by R.F. 0'Connell
and G.L. Surmelianq. Its peak value with Rigel as guide star is
14.4 marc-s/yr. Because of the difference in time signature from other
effects it can be separated from them in data analysis, and hence, as
T.G. Duhamel5 has shown, the gyroscope experiment will provide an independent
check of the Einstein's prediction for starlight deflection good to about 1%,
comparable with the existing limit from VLBI measurements on radio stars.
Further detail on how the relativistic effects will be separated and
calibrated in the flight experiment is provided elsewhere6.

The papers given at earlier Marcel Grossmann meetings illustrate the range
of issues facing us in the development of the experiment. In 1976
C.W.F, Everitt7 provided a general description of the experiment in the
context of a historical and critical survey of experiments on gravitation and
relativity from Cavendish in 1798 to modern times. The 1979 paper "Progress
on the Relativity Gyroscope Experiment since 1976" by J.T. Anderson,

B. Cabrera, C.W.F. Everitt, B.C. Leslie an J.A. Lipa8 concentrated on a
laboratory development of the experiment, especlally the development under

J.A. Lipa's direction of a working gyroscope with London moment readout



contained in a 2):10-7 G ultra low magnetic shield. At the 1982 meeting

R.A. Van Patten's paper‘9

"Flight Suspension for the Relativity Gyro" described
the design and simulation of a multilevel electrical suspension system to
support the gyroscope under a wide range of operating conditions on Earth and
in space, while an unpublished paper by J.T. Anderson described results from
the GP-B Phase B study10 of the flight mission performed Jointly between NASA
Marshall Space Flight Center and Stanford University during 1981 and 1982.

The years since 1982 have been equally productive, as we shall now explain.

2. GENERAL DESCRIPTION OF THE EXPERIMENT

Figure 2 illustrates the flight dewar/instrument package. Its heart.is a
quartz block assembly contalning four gyroscopes, a drag-free proof mass and
the reference telescope. This assembly is mounted in an evacuated chamber
inside an ultra-low magnetic field superconducting shield, all enclosed in a
superfluid helium dewar of length 118 inch (3.00 m) and diameter 76 inch
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Gravity-Probe-B flight dewar/instrument package



(1.93 m) designed by R.T. Parmley and others of Lockheed Missiles and Space
Company, Inc. The dewar operates at a temperature of 1.8 K and has an
expected lifetime of about two years. The dewar/instrument package is
assembled with various support equipment to form an autonomous (except for
communication) spacecraft which is conceptually illustrated in Fig. 3. An
interesting characteristic of the GP-B spacecraft is that the dewar boil-off
gas is used by the proportional thrusters to point the spacecraft at the guide
star and also to provide drag-free and roll control whose need is explained
below. The cylindrically configured solar panels shown in the rigure have the
important characteristic of keeping the roll disturbances and the aerodynamic
drag on the inertially pointed spacecraft low while it orbits the Earth. Such
a spacecraft will be used to perform the Gravity-Probe-B Relativity Gyroscope
Experiment in what we call the Science Mission to distinguish it from the
engineering development efforts.
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FIGURE 3

Gravity-Probe-B spacecraft concept

2.1. The gyroscope

The principles of the gyroscope have been explained in an earlier paper11.
Each gyroscope is a 38 mm diameter fused quartz ball, of extreme sphericity
and homogeneity, coated with a thin layer of superconducting niobium. Each is
electrically suspended in an evacuated spherical cavity. The gyroscope is
spun up to a speed of 170 Hz by means of helium gas jets, after which it 1is

pumped down to a pressure of 10—10 torr and allowed to coast freely. The



| characteristic spin down time at 1.8 K and 10 '°

torr is about 4000 years.
- The direction of spin is read out by observations of the London moment in the
spinning superconductor. “
2.1.1. Gyro readout
According to the London equations of superconductivity a spinning
superconductor develops a magnetic moment aligned with its instantaneous spin
axis, having in a sphere of radius r the magnitude ML = (mc/e)r3ws G—cm3,
where (mc/e) 1s the mass/charge ratio of the electron in electromagnetic units
and Wy fi the ;pin rate. For a 38 mm diameter sphere spinning at 170 Hz, ML
is 2x10 G-cm”. Figure 4 illustrates the principles of the London moment
readout. The ball is surrounded by a superconducting loop coupled via a
second loop to the input of a SQUID (Superconducting QUantum Interference
Device) magnetometer. If the direction of spin changes, the magnetic flux
through the pickup loop will change. Since, however, flux in a superconductor
is a conserved quantity, the total flux through the closed circuit formed by
the pickup loop and the SQUID input loop must stay constant. The change in
flux through the first loop therefore produces a canceling current in the
circuit, which in turn produces a flux in the second loop proportional to the .
readout angle, and this is what the SQUID measures. In general a three axis
readout requires three orthogonal loops, but the experiment configuration

reduces the requirement to a single loop for each gyroscope.
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FIGURE 4

Schematic of gyro readout using London magnetic moment and
superconducting quantum interference device (SQUID)



The London moment readout has four attributes of significance in our
experiment: (1) it measures the spin axis directly and thus works even with a
perfectly spherical, perfectly homogenecus gyro rotor; (2) it has adequate
resolution (1 marc-s in 5 hours with an NBS (National Bureau of Standards) de
SQUID or 80 hours with an BTI (Biomagnetic Technologies, Inc., formerly S.H.E.
Corp.) 19 MHz rf SQUID); (3) it is sensitive only in second order to changes
in centering of the gyro rotor; and (4) the reaction torque it exerts on the
gyroscope is a negligible disturbance in our experiment.

An important practical consideration is magnetic shielding. The gyroscope
has to be operated in a magnetic field that is both low and constant: constant
to prevent changes that would couple into the readout and masquerade as a
relativity signal, low to limit the amount of flux trapped in the gyro rotor
as it cools through its superconducting transition temperature. Trapped flux,
uniike the London moment, is tied to the body.of the spinning rotor, and
therefore appears in the readout as a 170 Hz alternating signal, modulated at
the polhode frequency. If small, this alternating signal does no harm; indeed
it is a valuable adjunct to the experiment since it provides a measure of the
spin speed and can also be of aid in calibrating the scale factor of the
gyroscope, but if the trapped fields are too high they will cause a nonlinear
output from the readout amplifiers with unfortunate consequences. The
requirements are that the trapped flux must not exceed 10_7 G and changes in
ambient field must not exceed 2x10_13 G (nearly thirteen orders of magnitude
lower than the Earth's field). We discuss in Section 5.2,4 how these extremes
of shielding are achieved.

2.1.2, Gyro Suspension

While the drag-free proof mass reduceg the peak acceleration to 10-8‘g and
the average to 10-10 g, there is still a requirement to trim out these small
effects with a support for the gyro rotors. This suspension is achieved by
applying alternating voltages to three mutually perpendicular pairs of saucer-
shaped electrodes inside the spherical housing. In the ground-based tests
done so far, the rotor electrode gap has typically been 1.8 milliinch (46 um)
and the support voltage has been about 1000 Vrms' On orbit the required
support voltage will be reduced to about 0.1 Vrms' Details of the flight
housing design are given in Section 5.1.2 below (see Fig. 7). The principles
of the flight suspension system are explained in the paper presented by
R.A. Van Patten9 at the third Marcel Grossmann meeting. In essence two needs
have to be fulfilled: one common to all electrically suspended gyroscopes, the
other special to our experiment. The common element goes back to Earnshaw's

theorem in electrostatics. Since no system of separated static attractive



masses is inherently stable, some means has to be provided for measuring the
rotor—electrode‘gap, and applying the measurement in a feedback control loop
to keep the ball centered by adjusting the support voltage.

The suspension scheme we adopt is similar to one developed by Honeywell
Incorporated in the early 1960s, following the ploneering work of
A. Nordsieck12 and others at the University of Illinois. Two sets of signals
at different frequencies are applied to each pair of electrodes: a low
frequency support voltage and a higher frequency signal of smaller amplitude
for use in a capacitance bridge to measure the displacement. 1In the
laboratory suspension system the support signals have, as already remarked, an
amplitude of about 1000 Vrms' with an operating frequency of 20 kHz in our
original design and 2 kHz in a more recent design. The sensing signal has an
amplitude of 1 Vrms and a frequency of 1 MHz. In our and similar suspension
systems, the control effort is linearized by "preloading" the system, that is
a certaln nominal support voltage is applied and control authority is obtained
by raising the voltage on one electrode and lowering it on the opposite
electrode. The preload may be expressed as a voltage level or alternatively
as an equivalent acceleration defined as that acceleration which has to be
applied parallel to a support axis to just drive the voltage on one electrode
to zero.

The novel element in the flight suspension system is a need to adjust the
preload over an extremely wide range, from 1 to 10“7 g say, without dropping
the ball. The approach developed by Van Patten9 is a microprocessor
controlled suspension system in which the bandwidth and control range are
simultaneously switched between four modes, each capable of operating over a
range of preloads and covering two decadgs of acceleration.

2.2. Earth orbit with drag-free control

Operation in space and the use of a low voltage suspension system are two
of the keys to a successful relativity experiment. On Earth the performance
of electrically suspended gyroscopes is limited mainly by support torques, and
the uncompensated drift rate is, as already remarked, some nine orders of
magnitude higher than the 10_11 deg/hr needed. These torques are of two
kinds: a mass unbalance term from inhomogeneity of the gyro rotor and terms
arising from the action of the support voltages on the out-of-roundness of the
rotor. The latter scale roughly with the square of the support voltages as
explained in the accompanying paper by G.M. Kelser. The mass unbalance torque
is Mfér, where M is the mass of the rotor, ér is the time averaged distance
between its center of mass and center of geometry for the spinning rotor (§r

is along the spin axis), and f the component of acceleration transverse to the



10-10 g andiless than 3x10°

spin axis. Writing the gyro drift rate Qu in terms of the maximum variation
8p/p in rotor density we get

0y =~ é; %f (1)
where Vg is the peripheral velocity of the ball (20 m/s for a 38 mm diameter
ball spinning at 170 Hz). Now the total uncertainty in drift from all sources
should be less than 0.3 marc-s/yr (107" deg/hr or 5x10 "7 rad/s). Let us
specify that the drift rate from any individual term such as mass unbalance be
less than 0.1 marc-s/yr. Then for a ground-based gyroscope (f=g=9.8 m/se).
disregarding the averaging that would come from working at the equator, Ap/p
would have to be below 10~16. For an orbital experiment it would have to be

less than 3x10_7 if the residual average transverse acceleration f were

%4t £ were 1078 g.

This simple calculation, together with the accompanying investigation of
suspension torques by Keiser, at once establishes the desirability not only of
doing the experiment in a spacecraft but of doing it in a spacecraft having
some means of reducing the small acceleration from air drag and solar
radiation pressure. For whereas Ap/p in even thé most carefully selected
materials 1s at best a few times 10-7, the acceleration acting on a spacécraft
of typical area/mass ratio at an altitude of 650 km are of order 5x10-8 g, and
while the acceleration will tend to average around an orbit, it is unlikely by
itself to average to 10_10 g.

In 1959 G.E. Pugh13, in a proposal for an orbiting gyroscope experiment
conceived independently of Schiff, suggested the principle of drag-free
cbntrol. His idea was to orbit a single large gyroscope surrounded by a
"tender" satellite to shield it from radiation pressure and air drag. The
gyroscope would follow an ideal gravitational orbit; the tender would have a
set of thrusters in three axes; measurements of the displacement between the
two bodies would provide a control signal that could be used in making the
tender follow the gyroscope, permanently shielding it from external
disturbances. Pugh suggested many other potential applications for drag-free
control.

The same idea occurred later but independently to B.O. Lange in 1961,
Lange's doctoral dissertation of 19631u in the Stanford Guidance and Control
program contained the first thorough investigation of the principles and
limitations of drag-free control. It was followed by a series of experimental
and analytical studies by different people, culminating in the development
under D.B. DeBra of the DISCOS (DISturbance COmpensation System) drag-free
controller for the U.S. Navy's TRIAD Transit navigation satellite which was
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launched in July 1972 and operated for about two and one-half years. The

DISCOS attained a drag-free performance level of 5x10-12 g, limited by the
self-gravitational attraction of the spacecraft on the proof mass.

From an early stage in the development of the gyroscope experiment,
calculations like that based on Equation (1), which is merely a variant of an
argument by Pugh, convinced us of the necessity for applying drag-free control
in the experiment and using the helium boiloff gas as the source of thrust.
Two approaches are possible. One is to have a nonspinning drag-free proof
mass independent of the gyroscopes. This is the approach we have generally
favored on the grounds that it separates drag-free control from gyroscope
suspension; it is assumed in the quartz block design illustrated in Fig. 2 and
in Fig. 9 below. The alternative, which 1s closer to Pugh's idea, is to
modify the gyro suspension system to serve also as a drag-free accelerometer.
This has a number of attractions, not least among them the redundancy that
comes from being able to switch from one gyroscope to another. Crucial to its
success must be the ability in emergency to switch from the drag-free mode to
a normal support mode, a process which would seem to be feasible with only
modest changes in the design of the multilevel suspension system. The choice -
between the two approaches is still open.

2.3. The telescope

The telescope is a folded Schmidt Cassegrainian system of physical length
14 inch (0.36 m) focal length 150 inch (3.81 m) and aperture 5.6 inch
(0.14 m), fabricated entirely of fused quartz and held together by optical
contacting. Details of its design and expected performance, and of the
development and testing of a preliminary laboratory version of it are given
elsewhere16. Its output is expected to be linear to 0.1 marc-s over a range
from £40 to £70 marc-s depending on the désign approach. With Rigel as the
gulde star, its resolution will be about 1 marc-s in 1 3ec of observation
time, a result which should be compared with the 1 marc-s in 5 hours for the
gyro readout using a de SQUID.

2.4, Overall instrument operation

The gyroscopes are arranged, as Fig. 1 shows, with their spin axes lying in
the plane of the orbit, two spinning clockwise and two counterclockwise.

Their precessions are measured in two axes with respect to a guide star whose
line of sight also lies in the plane of the orbit. Of necessity relativity
data is taken only when the star is in view. During that time the spacecraft
pointing system is referred to the telescope; durlng the remainder of the
orblt when the star is occulted the pointing system is referred to the

gyroscopes. Since the telescope readout is much quieter than the gyro



readouts the pointing will be far more precise when referred to the telescope,
but even so the spacecraft cannot be pointed at the star with the 0.3 marc-s
precision required for the relativity data., Our goal instead must be to point
within the £40 to 70 marc-s linear range of the telescope and then subtract
the telescope signals from the gyroscope signals. The subtraction is done
either on-board the spacecraft in the 18 bit data instrumentation loop
described in our earlier papers or in a ground-based Kalman filter implemented
in a computer17.

2.4.1. Scale factor matching ) .

A valid subtraction is only possible if the scale factors of the telescope
and gyro readouts are matched. Otherwise a pointing error may combine with
the scaling error to produce a null offset that masquerades as a relativity
signal. In general the scale factors, being only approximately known and
variable over the year, will not be matched. To remove the error we inject a
low frequency dither signal into the pointing controller in order to make the
spacecraft and hence the gyro/telescope package swing back and forth across
the line of sight to the star with amplitude about 20 marc-s and period about
1 min. If the scale factors are matched the dither signal will vanish from --
the subtracted output, but if they are not matched a 1 min period signal will
appear, whose amplitude and phase indicate the necessary correction to be
applied either in an automatic gain control circuit in the on-board data
instrumentation system or as an input to the ground-based Kalman filter,

2.4.2. Spacecraft roll

The spacecraft is rolled about the line of sight to the star with a period
of about 10 min. The roll fulfills five functions: (1) it helps average out
certain torques (for example gas torques) that would otherwise cause excessive
gyro drift; (2) it removes errors due to‘any long term drifts in the null
points of the gyro and telescope readouts as seen in spacecraft coordinates;
(3) it allows both relativity effects to be measured in each gyroscope with
each having only a single pickup loop; (4) it reduces to an acceptable level
an otherwise catastrophic limitation on the gyro readout from 1/f noise in the
SQUID magnetometer; and (5) it shifts the gyro/telescope structure stability
requirement from de to roll frequency.

To understand why only one pickup loop is needed for each gyroscope,
consider an idealized experiment in which the gyroscope is initially lined up
exactly with the line of sight to the guide star. As time evolves the
direction of spin will precess away from the line of sight through an angle
6 = 9é+9§ » where - and QM are the geodetic and motional precession
rates, and ¢ has a phase relation to the orbit plane tan_1¢ =$?M/S?G. As the



spacecraft rolls, a pickup loop whose plane includes the roll axis will
measure a sinusoidal signal of amplitude 6 ; and the phase of this sine wave
may be determined by adding a roll reference system consisting of conventional
rate integrating gyroscopes on the outside of the spacecraft and a
transversely mounted telescope (star blipper) to pick up a signal once each
revolution from a second bright star (Canopus, say) located approximately 900
away from the guide star. The roll phase has to be determined to about

20 arc-s, which requires care but is feasible.

2.4.3. Data reduction

In préctice the data reduction process is more complex than this simple
picture would suggest. There are, as already noted, additional relativistic
terms from the motion of the Earth around the Sun and the variation through
the year of the apparent position of the guide star due to the deflection of
starlight by the Sun. Besides these there are the much larger variations in
star position arising from aberration: the annual term of +20.384 arc~s in the
ecliptic plane due to the Earth's motion around the Sun, and a term in the
plane of the spacecraft orbit, of amplitude approximately +5 arc-s with a
period of approximately 100 min, due to the spacecraft's motion around the
Earth. Neither annual nor orbital aberrations are exact sine waves. The
latter is modified by the Earth's oblateness and any eccentricity in the
orbit; the former is modified by the eccentricity of the Earth's orbit around
the Sun, by the perturbations of the Earth-Sun barycenter caused by the
motions of the Moon and of Jupiter, and by the necessity to apply a small
correction to the standard aberration formula from an effect of special
relativitys. Finally with Rigel as a guide star there is the additional
complication of parallax, which produces an annual variation in the ecliptic
plane, 90o out of phase with the annual aberration, with an amplitude that is
about *4 marc-s but is not known to nearer than 30%.

At first sight these aberration and other secondary signals would seem to
be a nulsance and a grave complication to the experiment. They do impose the
requirement for an increase in linear range of the gyro readout from the 10
arc-s set by relativity alone to about 50 arc-s. That is easily achieved,
however, and on closer examination the aberration signals are seen to be‘in
reality essential to the experiment. The aberrations, depending as they do
only on the ratios of orbital velocities to the velocity of light, are very
exactly known. The annual aberration can be computed at each point in the
orbit from JPL ephemerides data to 0.07 marc-s. The orbital aberration can be

18

computed to 2x10-u marc-s with a GPS (Global Position System) receiver

mounted on-board the spacecraft. The two signals taken together provide a



continuous, precise and absolute calibration of the scale factor of the k
gyroscope, and hence of the relativity signals.

Data reduction is by a Kalman filter covariance analysis developed by R.
19 and J.V. Breakwell, extended by T.G. Duhamel5 and by R.A, Van Patten,

R. DiEsposti and J.V. Breakwell17. Included in the analysis have been studies

Vassar

of the effects of orbit inclination and launch date, of long and short term
variations in gyro scale factor and spacecraft roll rate, of interruptions in
data both with and without a step change in gyro orientation, and of the
process of matching the gyro and telescope scale factors. Figure 5, due to
Vassar, shows the evolution in time of the uncertainties OAy and OAG in
measuring the motional and geodetic precessions for an experiment using a BTI
19 MHz SQUID magnetometer in a polar orbiting spacecraft with a September
iaunch date. After one year the resolution is 0.61 marc-s/yr for the motional
coefficient and 1.25 marc-s/yr for the geodetic coefficient. These limits are
reduced approximately by a factor of 4 if the BTI 19 MHz SQUID is replaced by
the NBS de SQUID,
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Effect of Science Mission duration on errors
in geodetic and motional precession rates

The peculiar shape of the curves in Fig. 5 requires comment. At first
glance one would expectcAM and GAG to improve with time as t—3/2 since the
signal increases with t and the readout noise decrease as t_1/2. In reality

the SQUID noise enters not only in the measurement of the readout angle but



also in establishing the gyro scale factor and even the roll phase angle. The
six month periodic effect seen in the curves is a rectification of the annual
aberration signal interacting with SQUID noise and scale factor fluctuations
in the total process of calibrating the scale factors and measuring the
readout angle. The final precision depends on launch date owing to the
differences in phase of the annual aberrations, with March and September being
the best launch months.

An unexpected by-product of the experiment, also first analyzed by Vassar,
is to yield an improved measurement of the parallax from, and hence of the
distance to, Rigel. ‘With a gyro readout based on an NBS de SQUID, the
uncertainty in distance should be reduced from its present value of 30% to 1%.
In the long view it would seem possible to extend the measurements to other
nearby stars, especially Cepheid variables in our galaxy, and thus contribute
towards an improvement in the distance scale of the universe.

2.5. In-flight calibration of the experiment

An experiment as refined as this, with gyroscopes whose drift-rates have to
be many orders of magnitude below those of existing gyroscopes, demands the
most rigorous checking before its results are accepted. The need for a -
program of in-flight calibration of the instrument was first strongly
emphasized at the time of the Rosendhal review (see Section U) through
discussions with two members of the committee, D. Wilkinson and R. Welss,
though some of the ideas to be reviewed here had previously been incorporated
into our thinking without being articulated as a coherent policy. The essence
of the in-flight calibration process may be stated thus: granted that the goal
of the experiment 1s to make the effects of all sources of disturbance or
measurement error sufficiently small so phe final overall error in the result
is less than 1 marc-s/yr, what checks can we perform to assure ourselves and
the scientifié community that the error contributions are indeed that small?

In the laboratory the physicist customarily assures himself of the
soundness of his results through a battery of tests, many of them done while
the equipment 1s being developed. Informally the process may be called
getting to know one's apparatus. With Gravity Probe B we have in some degree
been through such a process during past years of ground-based gyroscope and
telescope testing, and we shall continue it with assembled instruments in the
First Integrated System Test and Shuttle test (see Section 5), which are to be
performed over the next few years on the ground and aboard Shuttle. The
difficulty is, however, that the conditions under which these tests are to be
carried out will be very different from those of the final free~-flying Science



Mission. The acceleration levels on Shuttle are 10_u to 107° g rather than
the 10710 g of the Science Mission.

Another principle often applied in laboratory experiments is this; that, if
one does not know how large a disturbing effect on an apparatus is, one should
try making it larger to see how bad it is, The principle has a long history:
the remarkable use Cavendish made of it in his experiment of 1798 on the
gravitational constant was reviewed in C.W.F. Everitt's paper'for the First
Marcel Grossmann meeting. Admirable as it is, however, tact is needed if this
principle is to be applied to a spacecraft experiment. In the Rosendhal
committee discussions, I. Taback strongly emphasized the opposite principle
that once a spacecraft is operational the wise manager will intervene only
with the most extreme reluctance. Reflection on these two opposed principles,
one of engineering, the other of physics, leads us to an in-flight calibration
plan embodying different strategies in three distinct phases of the
experiment: (1) the period of initialization (one to two weeks), (2) the
period of gathering relativity data (a year or more), and (3) a special
additional period of post-experiment calibration tests (about two months). A
more extended discussion of this calibration plan, as applied to the
gyroscopes, is given elsewherezo. Briefly it is based on the application of
six verification concepts: redundancy, variation, enhancement, separation,

continuity and absolute relationships.

With four gyroscopes, all of which ought to agree in drift rate and readout
performance to well below 1 mare-s/yr throughout phase (2) of the experiment,
we have redundancy. The agreement, if 1t exists, argues strongly for the
validity of the results, but the argument is greatly strengthened by the fact
that redundancy is combined with variation. Each of the four gyroscopes has a
different shape and mass distribution; each therefore is subject to different
suspension and mass unbalance torques. The expectation from G.M. Keiser's
calculations is that the absolute drift rates from these support-dependent
torques will be below 0.1 marc-s/yr. But the differences in shape and mass
distribution are such that the differences in drift rate will be of the same
order as the absolute drift rates; the absolute rates for successive
gyroscopes may even be of opposite sign. If therefore the differences are
less than 0.1 marc-s/yr, our confidence of having absolute drift rates that
meet the requirement may be quite high. Other significant variations are that
each of the four gyroscopes is at a different distance from the drag-free
proof mass and that two are spinning clockwise and two counterclockwise.

These variations, if combined with agreement in performance to 0.1 marc-s/yr,

set limits on errors from gravity gradient disturbances, either from the



actions of the Earth's field on the gyroscope's quadrupole mass moment or from
certain indirect effects coupled in through suspension and mass unbalance
torques.,

Enhancement means deliberately increasing disturbing effects of unknown
size. To be effective as a diagnostic tool it should be combined with
separation, that is, the most useful enhancements are those that discriminate
between disturbances of different origin. Cavendish, in the instance already
referred to, set a limit on the disturbance to his apparatus from the unknown
magnetic moments of his source masses by temporarily substituting bar magnets
in their place. For Gravity Probe B, recognizing with Dr. Taback the
undesirability of interfering with the apparatus during the period when
relativity data is being gathered, we restrict our enhancements to phases (1)
and (3) of the mission, the periods of initialization and post-experiment
calibration.

Two of the most potent enhancements are connected with the requirement for
low-g operations of the gyroscope. Our claim is that the experiment can only
be performed by operating at 10_10 g and having a low voltage gyro suspension
system. One test to apply during the post-experiment calibration phase,

therefore, is deliberately to introduce a bias of say 10_7

g Into the drag-
free controller for a limited period. The effect will be to enhance by three
orders of magnitude the drift-rates from mass unbalance and odd-harmonic
suspension torques, producing in 8 hours a gyro drift equal to the total from
these sources in a year under normal operating conditions. Similarly but
separately one may raise the suspension preload accelerations from their

7 to 10-4 g. The effect will be a three orders

normal operating level of 10
of magnitude enhancement of the initial preload term in the even harmonic
suspension torques. ‘

Somewhat more complex are the effects of spacecraft roll. Our claim is
that roll is a powerful aid in averaging torques on the gyro rotor from
residual gas, magnetic fields, the initial preload term and electric charge on
the rotor. A temporary cessation of roll will enhance these terms; to effect
a complete separation further successive enhancements of other parameters such
as the preload, the magnetic field level and the charge on the rotor would
then be needed. Recognizing also that spacecraft roll plays another important
part in the experiment by averaging out null drifts in the gyro and telescope
readouts, one would then alternate periods of rolling and not rolling to
complete this aspect of the diagnosis.

An interesting enhancement of another kind is provided without effort

during initialization. 1In so far as the torques on the gyro rotor are



constant in time and independent of the spin speed they will act on it even
when it is not spinning. Consider the effect in phase (1) of the experiment
of a disturbing torque which in phase (2) produces a drift rate of

0.1 marc-s/yr. Assume for simplicity that the rotor when first levitated has
zero angular velocity, though usually it will have received a small torque
impulse on initial suspension and be slowly tumbling. The torque will cause
an angular acceleration; after one day the rotor will have turned through

13 arc-s, and after two days through 52 arc-s. The trapped magnetic flux in
the rotor allows this to be detected; with a 10_7 g field level and a dc SQUID
the rotation angle can be resolved to 0.8 arc-s in a day. Depending therefore
on how much time we set aside for diagnostics during initialization, there is
a possibility of learning a good deal about gyro performance even before the
experiment begins.

Continuity refers to calibrating effects automatically present in the
experiment when the relativity data is being gathered during phase (2). To be
useful such effects need to be repetitive, distinguishable from other terms,
large enough to be seen but small enough not to upset the measurement. One
example, already discussed, is the application of the starlight aberration
signals to calibrate the gyro scale factor. Another, discussed below in
Section 3.1, is the possibility in a slightly off-polar orbit of exploiting
the quadratic contribution to gyro precession in the north-south plane to
calibrate mass-unbalance and suspension torques. The latter idea, though
intriguing, needs to be entertained with caution. Other continuities,
discussed elsewherezo, are a diagnostic of gyro suspension performance from
oyclic gravity gradient accelerations, a dlagnostic of certain gyro torques
from observation of the rotor polhoding by means of trapped flux signals, and
a possible diagnostic of readout performénce from small cyclic effects of the
Earth's magnetic field.

Our last mode of in-flight calibration, absolute relationships, is among

the most interesting. There are two prime examples. The first is from the
ability of the experiment to determine to 1% the relativistic deflection of
starlight by the Sun. This result may be viewed in two ways, as an
independent measurement of a known effect or as a calibration check on the
experiment. Suppose that, against expectation, the measurement of the
geodetic precession, sultably cross-checked through all of our other in-flight
calibration procedures, were to disagree with the prediction of general
relativity. The weight to be attached to that result would be much greater if
the starlight deflection measurement, in confirmation of the radar-ranging and

VLBI measurements, did agree with relativity. Our second absolute



relationship occurs in the separation of the motional and geodetic precessions
of the gyroscope through the measurement of roll phase. The roll phase is
determined, as already explained, with the aid of external rate integrating
gyroscopes and the star blipper. But in addition to the relativity signals
there exists a second set of signals lying in specific and known planes with
respect to the celestial sphere: the annual and orbital aberrations of
starlight. By verifying that the aberrations lie in their expected planes we
will obtain a partial verification of this aspect of the data reduction -
process,

3. THE TEN FUNDAMENTAL REQUIREMENTS

A measurement of the geodetlc and motional precesslions of a gyroscope
involves four distinct issues: (1) gyro drift performance, (2) gyro readout
performance, (3) referencing of the measured gyro precession to the guide
star, and (4) knowledge of the proper motion of the guide star with respect to
the inertial frame provided by the rest of the universe. All have to be
addressed 1if the experiment is to be a success.

In principle the second and third issues could be reduced to one by
devising a method of measuring the angle between the spin axis and the line of
sight to the guide star directly rather than through an intermediary structure
such as the quartz block of our experiment. Suggestions along these lines
were made by G.E. Pugh13 in his original proposal, and later independently by
D.H. Frisch and J.F. Kasper21, each of whom adumbrated schemes for mounting
the telescope on the gyroscopic object, thus making do with a single readout
system instead of separate gyro and telescope readouts. Ingenious as these
ldeas are, they and any obvious variants on them have serious shortcomings.
They require the use of a single large sp&nning object as the test body, and
thus lose the advantage in redundancy and cross-check that comes from making
simultaneous measurements with four nearly but not quite identical gyroscopes.
They sacrifice the even more critical advantage of having a gyro rotor that is
as close as possible to being ideally spherical and homogeneous. For these
and other more technical reasons we favor the less direct approach of
separating the telescope measurement from the gyroscope measurements.

Applied to our experiment the four fundamental issues yleld ten fundamental
requirements that must be met to obtain satisfactory relativity data. These
requirements, summarized in Table 1, have been accounted for in a preliminary
error budget22 for the GP-B experiment as described in Section 2. It is
instructive to see how the fundamental requirements are tied back to the

fundamental issues and are met in the experiment.



TABLE 1

The ten fundamental requirements

Nature of Requirement

1. Gyro drift rate from non-
* relativistic disturbances

2. Gyro readout precision

3. Stable gyro/telescope
structure

4, Telescope precision

5. Telescope/spacecraft
pointing control system

6. Method of subtracting gyro
and telescope readout signals

7. Method to eliminate null
drifts from gyro and
telescope readouts

8. Method of separating preces-
sion terms in north-south
and east-west planes

9. Absolute scale factor
calibration

10. Known proper motion of
gulde star

Measure of Requirement
<107

deg/hr (~0.3 marc-s/yr)

< 0.1 marc-s precision over
*50 arc-s dynamic range

Alignment between telescope
axis and pickup loop plane
stable to < 0.1 marc-s over
roll period

< 0.1 marc-s precision over
its chosen dynamic range (see
Section 2.3)

Telescope kept on line of sight
to guide star within chosen
dynamic range of telescope

Subtraction accurate to
< 0.1 marc-s

Eliminate to < 0.1 marc-s

Separate to < 0.1 marc-s accuracy

Calibrate to < 1 part in 10u

< 0.3 marc-s/yr in right
ascension and declination

3.1. First issue: gyro drift performance

The first requirement is simply a restatement of the first issue in its
more stringent form. That is to say, given the desire to measure a

relativistic precession to better than 1 marc-s/yr one may in principle follow

two alternative paths. The more conservative is to demand that all extraneous

disturbances be kept below 0.3 marc-s/yr. The less conservative is merely to

demand that they be parametrically modelable to 0.3 marc-s/yr. With one-.

partial qualification we consider the idea of modeling out torques to be

exceedingly dangerous - the pathway of illusion. The experimental physicist

needs to be perpetually on guard against adjusting his model until it yields
the hoped for result, after which the motive for further investigation fades

from his mind. Having four gyroscopes, all of which ought to agree to within

0.3 marc-s/yr without modeling, is one of several safeguards we insist on to

prevent self-deception.



The partial qualification to the statement that all extraneous disturbances
on the gyroscope must be kept below 0.3 marc-s/yr relates to torques arising
from two independent effects of the Earth's gravitational gradient. As is
explained elsewher'e6 a very baslc geometrical argument shows that, in an orbit
that is nearly but not quite polar, the gravity gradient terms may cause a
small precession in the north-south direction developing quadratically with
time but do not cause any precession in the east-west direction. They
therefore affect the measurement of the geodetic precession, from which they
can be separated by the difference in their time signatures, but have no
influence on the measurement of the motional precession. A consequence of
allowing such terms to appear in the north-south plane is that they provide a
continuous in-flight calibration of a large class of suspension and mass
unbalance torques, from which a limit can be set on the error these torques
will cause in the motional measurement. To decide whether to eliminate these
effects by staying in an exactly polar orbit or to exploit them by moving
slightly away from a polar orbit remains an interesting question. A decision
to go to a slightly off-polar orbit, even though giving only a modest
departure from the notion of making all drift terms less than 0.3 marc-s/yr,
should be treated with great caution.

The disturbances acting on the gyroscope may be divided into two
categories: support dependent and support independent. The support-dependent
effects include mass unbalance and suspension torques as discussed above and
in the accompanying paper by G.M. Keiser. Examples of support-independent
effects are torques from the action of a magnetic field on the London moment,
differential damping torques from residual gas in the gyro housing, the
gravity gradient torque from the action of the Earth's gravitational field on
any quadrupole mass moment in the gyro rotor, and electric torques due either
to an electric dipole moment on the rotor or to the interaction between static
charge on the rotor with induced charges on the electrodes.

A detailed analysis of the gyro drift rate from nonrelativistic
disturbances is given elsewhere23. One way of following out its implications
is to develop a theme stated by W.M. Fairbankzu in a paper of 1982 entitled
"Near Zero: a New Frontier of Physics". A significant class of physics
experiments, including the gyroscope experiment, depend for their execution on
simultaneously making a large number of disturbing effects very small.
Cryogenic techniques often prove helpful in achieving the necessary extreme of
isolation, so our first near zero is, as stated in Table 2, to operate at
~1.8 K, close to the absolute zero of temperature. In addition there are six

other near zeros: three (asphericity, inhomogeneity and electric dipole



moment) characterizing the gyro rotor and three (residual acceleration,

residual pressure and residual magnetic field) characterizing its environment.

The constraints on electric dipole moment and magnetic fileld are inherently

complementary: a gyroscope with magnetic readout has to have a rotor with a '
magnetic dipole moment and must therefore operate in extremely low magnetic

field, a gyroscope with an electrical suspension system has to operate in the

presence of electric field and must therefore have a rotor with extremely low

electric dipole moment.

Table 2

The seven near zeros

Type of zero Value
1. Temperature 1.8 K
2. Rotor asphericity < 0.8 microinch p-v
3. Rotor inhomogeneities < 3x10_7 (Ap/p)
4, Rotor electric dipole moment < 10—10 €.8.U.
5. Residual acceleration < 10—10 g
6. Residual pressure < 10-10 torr -
7. Residual magnetic field < i0-7 G

Ideal isolation is compromised, at levels far above quantum mechanical
limits but within the requirements of the experiment, by two operational
considerations. The gyroscope has to be read out and it has to be spun up.
The readout system exerts torques of two kinds on the gyro rotor: one ffém the
reaction of the measuring current on the London moment, the other from the
dissipation of alternating currents induced in the readout by rotating trapped
flux. In the present gyroscope both are.negligible, but are large if one were
to attempt to measure the relativity effects with a He3 nuclear gyroscope and
SQUID readout; the reaction of the measuring current on the polarized nuclei
would be a severe problem because the gyromagnetic ratio for He3 nuclei is 109
greater than for the spinning superconducting sphere of our experiment. Thé
1ssue with spinup is that whereas the gyroscope must be free of extraneous
torques in normal operation, during spinup a large torque has to be applied
to it. Let Fs be the spinup torque and Fr the residual of that torque
transverse to the spin axis after the spinup operation is over. Then if QO is
the desired drift rate (O.? marc-s/yr) and Tg the spinup time, then

Fr/ Fs < QOTS, which with a spinup time of 2000 s means having a torque
switching ratio of 3x10—1u. A gas spinup system is one of the very few that
can provide such a large switching ratio.



One additional requirement beyond the seven near zeros proves to be
essential in achieving a drift performance of 0.3 marc-s/yr: spacecraft roll,
The roll averages some of the electrical suspenéion terms as explained In thé
accompanying paper by Keiser; 1t averages the torque on the London moment from
the transverse component of magnetic field trapped in the lead bag; finally
and most importantly, it averages the gas torques. Even at a pressure of
10-10 torr the residual gas in the cavity exerts é significant drag torque on
ﬁhe rotor, and if the drag has any asymmetry within the housing it will cause
the spin axis to precess. The issue can be expressed through a variant of the
torque switching formulahjust givenf Let Fr be the residual drag torque and
T be the characteristic spin down time which is, as remarked earlier, about
4000 years (1.2x1011 s). The maximum allowable asymmetry is Fr/ rs < Qon or
6x10-6. In é noh-rolling housing the inherent asymmetries could be as high as
5%; Rdlling the spacecraft averages the effect of such asymmetries by four to
fi?e orders of magnitude, making Fr/ Fs at most 2)(10-6 and the residual drift
rate from this source less than 0.1 marc-s/yr.

3.2, Second issue: gyro readouﬁiperformance

Té measure the gyro spiln direction much more is involved than the fine
resolution of the SQUID; four of our ten requirements enter the process.

These are set out in Table 3 with a statement of how they are met in the

experiment.
TABLE 3
The four requirements for gyro readout performance
Requirement Design Solution
2. < 0.1 marc-s precision SQUID readout plus roll chopping

at suitable bandwidth
over %50 arc-s range

7. Elimination of gyro null Spacecraft roll with gyro spin

drifts axes aligned along roll axis
8. Separation of precession Roll plus precision roll
terms in north-south and reference system
east~-west planes
9. Absolute scale factor Annual aberration, orbital aberration,
* calibration trapped flux in gyro rotor (optional)

Spacecraft roll, it will be noted, enters the table three times: in
obtaining the resolution, in eliminating null drifts and in extracting the two
relativity terms from the data. In particular, as remarked .above, roll is the
crucial factor enabling us to extract both terms with a single pickup loop
through the rotation of that loop around the gyroscope. This point is even

more significant than it appears. In practice only one pickup loop on any



gyroscope can be made to yield full sensitivity. Without spacecraft roll each
gyroscope would only be able to measure one of the two relativity effects.

The fourth requirement, absolute scale factor calibration, has already been
discussed. The option of supplementing the calibration signals from
aberration with non-absolute calibration signals from trapped flux in the
rotor has been investigated by T.G. DuhamelS.

3.3. Third issue: Referencing of the measured gyroscope precession to
the guide star

Five of the ten requirements enter the process of referencing the gyro
signal to the guide star. These are set out in Table 4, again with a
statement of how they are met in our experiment. The interconnected
requirements (4), (5) and (6) on the designs of the telescope, the pointing
system and the data instrumentation system were discussed earlier. The
relationship between requirement (3) for a stable telescope/quartz block
assembly and requirement (7) for a method of eliminating null drifts must now
be discussed in the context of a review of the significance of spacecraft
roll.

TABLE 4

The five requirements for referencing the gyro signal
to the guide star

Requirement Design Solution
3. Stable gyro/telescope Fused quartz structure at low
structure temperature

4. Telescope with < 0.1 marc-s Optically contacted tele-

precision over chosen scope with roof prism
dynamic range dividers

5. Pointing control system Use of helium boiloff gas
capable of keeping tele- with proportional thrusters

scope on line of sight
within dynamic range

6. Method of subtracting gyro On-board sclience data
and telescope signals to instrumentation system or
< 0.1 marc-s precision ground-based Kalman filters,
' dither of pointing system
for scale factor calibration

7. Elimination of null drifts Spacecraft roll
in telescope readout

3.4. Remarks on the effectiveness of spacecraft roil
We have stated that rolling the spacecraft helps in (1) averaging gyro
drift errors, (2) removing effects of null shifts in the gyro and telescope

readouts, (3) reducing the limitation on gyro readout from 1/f noise in the



SQUID, (4) allowing both relativity effects to be measured with one pickup
loop, and (5) shifting the gyro/telescope structure stability requirement from
de to roll frequency. But powerful as roll is, it is not a panacea. The
limits to what it can do must also be examined. v

Consider the averaging of gyro drift errors; If the gyro spin axis were
exactly parallel to and on the roll axis and if the roll rate were exactly
uniform, then a large class of torques would be perfectly averaged. But not
all. Take the mass-unbalance torque. The average lateral accelerétion on the
gyroscope must, as already stated, be kept below 10_10 g. In a non-rolling
spacecraft the limit on drag-free performance is éet by ﬁhe self-gravitational
attraction of the spacecraft on the proof mass, which for DISCOS was
5x10-123. With roll the self-gravitation might be expected to rotate with the
spacecraft, making any component transverse to the gyro spin axis average to
zero; our criterion on rotor homogeneity, worked out from the 10_10 g limit,
would seem to be quite unnecessarily conservative. Reality 1s'otherwise. The
dewar contains liquid helium which, being subjectvto the tidal attractioﬁ of
the Earth, will tend to bias the self-gravitational acceleration towards the’
center of the Earth. The gyroscopes, being not exactly at the center of mass -.
of the spacecraft, ére subject to gravity gradient accelerations of which only
some components average around the orbit. Let £ be the distance of the
gyroscope from the center of mass and R be the radius of the orbit. Then in
particular if the line of sight to the guide star is inclined at avsmall angle 6
to the orbit plane, a steady acceleration fg=g£6/R Wwill act on the gyroscope

toward the orbit plane. With an £ of 200 mm, fg is 3x10-89 g: 1t will exceed

10‘10 g if 6 exceeds 0.2°. The precession that fg glves rise to is in the
orbit plane; it can be'handled in other ways; but roll does not reduce it.
Consider next what happens if the roll rate w is not uniform. Assume the

gyroscope is at a distance r radially from the roll axis; r in the absence of
an active mass-trimming system will be approximately 2 mm. The gyroscope will
experience a centrifugal acceleration fc - wzr, of order 2x10_8 g, varying
over the roll period. Both w and r will vary: w from the nonuniformity in
roll rate, r from warping of the spacecraft structure as it turns in the

sunlight. Assume for simplicity sinusoidal variations of amplitude 8w and ér,

not necessarily in phase. The bias acceleration §a will be fo/4(8w/w)? + (&r/r)?

-10

To stay below 10 |~ g, O6w/w must be less than 2x10-3 and ér/r less than

Nx10-3, that is 8 um. A tighter constraint ondw/w 1is a 5x10-5

requirement
coming from the need to roll average the gas torques (see Section 3.1). Roll

averaging for both the gas torques and certain of the suspension torques is



also limited by the slight (10-20 arc-s) misalignment between the gyro spin
axls and the roll axis. .

Another source of error is the heating and cooling of electronics boxes as
the spacecraft turns in the sunlight. This will affect both the gyro
suspension system and the gyro and telescope readout systems. Any temperature
dependence of the centering of the rotor in its housing produces an inertially
fixed bias in the suspension torques, as discussed in the accompanying paper
by Keiser, setting a limit of 11.300 on the allowable temperature swing over a
roll cycle (based on the measured temperature sensitivity of our laboratory
suspension system). Passive temperature control is sufficient to keep the
variation within that range. Similar considerations apply for the gyro and
telescope readouts. Long term null drifts rotate with the spacecraft and do
not have significant contributions when referenced back to inertial
precession, but temperature dependent null shifts can have significant
inertially fixed biases, varying over the year, which may simulate a
relativity signal or by their annual and orbital variations degrade the
aberration measurements, These too set limits on the allowable temperature'
swings over a roll cycle.

Electronic disturbances of another kind, investigated by C.M. Marcu325, are
shifts in the gyro readout as the SQUID electronics rotate with the spacecraft
in the Earth's magnetic field. Small offsets occur at rates singly and doubly
perlodic with the roll rate; they can be reduced to acceptable levels by
magnetic shields of simple design.

Having considered the exﬁent to which spacecraft roll fulfills requirement
(7) let us examine requirement (3) on the stability of the telescope/quartz
block assembly. If the assembly warps, the relative position of the gyro and
telescope readout nulls will shift. Can such a shift masquerade as a
relativity signal? Once again it depends whether the effect is a long term
drift tied to spacecraft coordinates, or whether it has an inertially fixed
component. The causes of warping are several: (1) elastic distortion due
either to external accelerations or changes in the stress applied to the
quartz block assembly by its mounting flange, (2) creep, (3) the relaxation of
intrinsic stresses in the quartz block assembly through the delayed elastic
effect, and (4) thermal distortion. Creep, the delayed elastic effect and
changes in the stress from the mounting flange are all long term processes
which will be very effectively averaged by roll. External accelerations may
have inertially fixed components but the effects they produce are far too

small to be of concern. The one real issue is thermal distortion.



A temperature gradient §T across an element g@ of material of expansion
coefficient o will distort it through an angle &8 = aVﬁ'x YR Applied to the
telescope this means that a transverse heat flux warps the structure, tilting
the secondary mirror and producing lateral displacements of it and the image
dividers. Both effects shift the null point of the telescope; warping of the
quartz block also shifts the null points of the gyroscopes with respect to the
telescope and each other. The distortion is lessened if the telescope/quartz
block assembly is surrounded, as indeed it is, with a sheath of aluminum or
other high thermal conductivity material. To keep the distortion below
0.1 marc-s the transverse heat load on the telescope must not exceed a value
éméx proportional to a{kw+k'w') , where o is the expansion coefficient of
fused quartz and k, k' and w, w' are the respective thermal conductivities and
wall thicknesses of the telescope and aluminum sheath. The quantities o, k
and k' are all functions of temperature. Table 5 gives numerical values of
émax at different temperatures for .the telescope shown in Fig. 9 below, taking
the wall thicknesses of the telescope and aluminum sheath as 10 mm and 3 mm,
respectively,

TABLE 5

Maximum allowable transverse heat load on the telescope
’ at different operating temperatures

aluminum sheath 1.8 K 7 K 300 K
without 0.05 mW 0,0001 mW 0.0008 mW
with - 11 mW 0.03 mW 0.06 mW

Consider a telescope at ambient spacecraft temperature, sideways on to the
Sun. The total heat load from solar radiation over the projected area of the
telescope is 80 W. The load can be reduced by thermal insulation, and its
effect is further attenuated by the rolling of the spacecraft, but even so
there will be a distinct tendency of the telescope to "hotdog" away from the
Sun ~ or to be more exact in some direction in inertial space whose phase:with
respect to the ecliptic will depend on time of year, spacecraft roll rate and
the thermal time constant of the insulation. From Table 5 one finds that in
order to keep the inertially fixed blas below 0.1 marc-s with a telescope at
ambient spacecraft temperature, the heat load would have to be attenuated by a
factor of 1.llx106 for a telescope with an aluminum sheath and 108 for one
without a éheaﬁh. Such requirements verge on the preposterous and point to
the advantages of our operating the telescope at cryogenic temperatures.

The case 1s quite otherwise with a telescope at 1.8 K. For sources of heat

external to the dewar the allowable transverse heat load is the 11 mW given in



Table 5 for the sheathed telescope. The total load down the dewar neck is

45 mW, most of it symmetrically disposed and shorted out at the top of the
heliﬁm well., The only direct load on the telescope is 0.6 mW of radiation
from the last gold-coated window; it too is symmetrically disposed. A
conservative estimate would put the transverse heat load across thé sheathed
telescope from external sources below 0.1 mW, more than a factor of 100 below
our requirement. The largest load from'internal sources is about 2 mw from
the temperature‘controllers for the SQUID magnetometers. If these wefe
attached directly to the telescope/quartz block assembly they might cause
trouble; being on the probe support structure they have no ill effect.

Thus requirement (3) for a stable telescope/quartz block assembly is met,
and only met, by operating the instrument at low temperature. The low
temperature cryogenic solution does not require our invoking'spacecraft roll.
Here is one more illustration of the advantage of operating "near zero". ‘

3.5. Fourth issue: motion of the guide star with respect to inertial space

Ideally the gulde star should be bright, close to the celestial equator,

and have a proper motlon with respect to distant astrophysical objects that is

small or at least very exactly known. Brightness and small proper motion are --

competing requirements; a bright staﬁ means one located within our galaxy, and
therefore rotating with the galaxy as well as having appreciable angular
velocity with respect to the other stars in it.

The best existing astrometric framework is ﬁhe FKY catalog26 (Fourth
Fundamental Catalogue) based on accumulated observations on 1535 stars within
our galaxy. Rigel has relatively small and well known propef motion with
respect to‘the other FK4 stars. Nevertheless it or any other FK4 star would
seem at first glance a poor choice for our purpose since measurements confined
to a group of stars within our galaxy hardly seem capable of providing
information about the rotation of the galaxy. Surprisingly that is not the
case; the FK4 data does yield numbers for thé two principal constants of
galactic rotatlon. It does so because the measurements are referred to the
ecliptic plane which lies at an angle of 60° to the plane of our galaxy. The
solar system acts in effect as a torque free gyroscope against which the
collective motion of the FKU stars is defined. J.T. Anderson and
C.W.F, Everitt27 in a lengthy document conclude thai the current best numbers
for the uncertainty in absolute proper motion of Rigel are 0.9 marc-s/yr in
declination and 1.7 marc-s/yr in right ascension. These are‘the largest known
sources of error'in determining the two relativistic gyroscope precessions.

Three avenues exist for reducing the uncertainties. HIPPARCOS, the v

European Space Agency's orbiting astrometry telescope; scheduled for launch in



1988, should fix the angular distances between pairs of stars to within 1 to

é marc-s, eventually yielding submarc-s/yr determinations of individual broper

motions. The Hubble Space Telescope should also provide good astrometric

data. Finally there is the possibility, independently suggested to us by ]
R.H. Dicke?® and H.A. H111%9

speéifically to measure the proper motion of Rigel with respect to one or more

, of devising a special ground based apparatus,

distant quasars in the same region of the heavens. Since knowledge of the
proper motion of Rigel is not embedded in either the design or operation of
the GP-B spacecraft (other than the fact that it is small and constant), any
improvement in the value of its proper motion, whether obtained before or
after the Science Mission, can be incoporated in the determination of the

motional and geodeﬁic coefficients.

4. DEVELOPMENT OF THE PROGRAM BETWEEN 1980 AND 1985

‘ Up to the year 1980 work on thé gyréscope experiment had been concentrated
mainly on broad deéign concepts, a falrly detailed error analysis and the
development of laboratory hardware. A Mission Definition Study30 performed
for NASA by Ball Brothers Research'Corporation (now Ball Aerospace Systems
Division) in 1971 gave some indication of the shape of the flight mission and
had independent historical importance in that it provided Ball with the
impetus to develop an experimental superfluid helium dewar which in turn led
to the successful flight dewar for the IRAS (InfraRed Astronomy §atellite)31.
Other mission related studies included two smaller NASA funded studies
performed by Ball Aerospace in 1973 and 1976, and a Phase A study32 done in-
house at NASA Marshall Space Flight Centér in 1979. Much more was required,
however, beforé a realistic flight program could be defined.

In 1980 the Space Science Board of the National Research.Council approved a
"Stratégy for Space Research in Gravitational Physics in the 19803"33 making
the Gravity Probe B Relativity Gyroscope Experiment the "centérpieee of our
strategy".3u In July of the same year NASA conducted a very thorough
technology review of the experiment by a group of fifteen independent
physicists and engineers under the chairmanship of J. Rosendhal, concluding
that "the remarkable technical accomplishments of thé dedicated Stanford
experiment team give us confidence that when they are combined with a strong
engineering team in a flight development program this difficult experiment can
be done"35.

In December 1980, following these reports, NASA commenced a Phase B Study1o
of the Gravity Frobe B program, done in-house at NASA Marshall Space Flight
Center with Stanford support and completed in July 1982. The Study addressed



for the first time many important issues of engineering development but
resulted in a far too expensive a program ($200M to $300M in FY1982 dollars),
with three factors in particular inflating the cost: a great uﬁéertainty about
the performance to be expected from superfluid helium dewars in space, the
complexity of the integration problems as we then saw them, and a large
initial estimate of the power needed to run the experiment (557 W). Doubts
about the dewar originated in ground test data from the IRAS dewar; Jjust then
becoming available, which suggested to some reviewers that its on-orbit
lifetime might only be four to six months rather than the twelve months
originally hoped for. For GP-B a dewar lifetime of twelve monthsbor longer is
almost essential. Tﬁis together with the integration problems seemed to
dictate having a very large cigar-shaped dewar, 162 inch (4.11 m) long; the
power requirement dictated the use of large artiéulated soléflarrays. The
result was a huge, complex, unwieldy spacecraft, weighing 5534 1b (2512 kg),
which posed in turn awkward problems'for Shuttle launch into an orbitAeven as
low as 550 km. Since historically there is a well established correlation
between progrém costs and the size and complexity of a spacecraft, there was
no escaping the $200M to $300M price estimate arrived at from detailed cost
studies. Somehow a smaller, simpler spacecraft/instrument combination had to
be deviéed.

Soon afﬁer IRAS was launched in January 1983, it became evident that the
dewar was performing far better than had beén feared. The final demonstrated
on-orbit lifetime of 300 days36 was gratifyingly cloée to predictions from an
earlier thermal model and, more to our point, it was within striking distance
of the 12 to 14 month lifetime desired for GP-B. We decided to investigate
whether‘the instrument could be redesigned to fit within either the IRAS dewar
or the slightly elongated version of it being developed for COBE37 (COsmic
Background Explorer). Besides the generic advantage of a smaller spacecraft,
such a plan would yiéld a lower, more credible dewar cost. The $11M price tag
for the IRAS dewar (including substantial development cosﬁs) compared
favorably with the $35M estimate for the Phase B dewar.

To take proper advantage of the smaller dewar/lnstrdment package, the power
for the experiment also had to be greatly reduced; otherwise solar array
considerations would dominate the spacecraft design. We decided on a design
goal of 125 W for the total instrument and spacecraft power,

In Mafch 1983 Stanford and a group from Ball Aerospace Systems Division,
headed-by J.vChodil, jointly conducted a short feasibility study of an
instrument to fit within a slightly modified COBE dewar, the modifications

being to add a neck tube and reduce the inner dlameter of the dewar well,



Preliminary thermal analysis indicated a dewar lifetime in excess of one year.
The central issue in laying out the modified instrument was to work out an '
adequate system of magnetic shields for the gyroscopes, especlally with
respect to ac shielding. An investigation, due mainly to J.M. Lockhart, led
to the design concepts described below in Section 5.,2.4, Our final
conclusion, reported in a Stanford University document "Account of the
Restructuring of the Gravity Probe B Flight Program"38 (October 1983) was that
use of a modifled COBE dewar would yield a spacecraft of weight 3200 1b, power
143.2 W (close to our design goal), and that program costs of $134M in FY1984
dollars (equivalént to $120M in FY1982 dollars) were reasonable. This figure
brought us within sight of an acceptable program.

Another element in shaping a satisfactory flight program is to find an
intelligent means of controlling risk. The gyroscope experiment unites many
new technologies. To make the transiéion from a laboratory research effort to
a properly enginéered flight experimént requires clear thought not only on the
technology but also about the organizational process that will Iin the words of
the Rosendhal report combine "the Stanford experiment team,.. with a strong
engineering team in a flight program"35. During 1983 and early 1984 we held
many discussions with NASA personnel and others which led ultimately to the
conception of a two phase flight program, the first phase (now named STORE for
Shuttle Test Of the Relativity Experiment) to consist of building the flight
instrument and dewar and performing a 7 day engineering test of it on Shuttle,
and the second phase to consist of refurbishing the flight-tested instrument,
interfacing it with the spacecraft and proceeding with a free-flying Science
Mission. The two phase approach has many advantages. It concentrates early
éffort 6n the instrument; it forces an early integraﬁion of the Stanford and
aerospace teams; it allows the principal technology problems to be solved by a
dedicated instrument team without carrying the large "marching army" costs of
a spacecraft team; and by providing a rehearsal of the experiment under the
working conditions of Shuttle, it reduces the risk of surprise in the Science
Mission. In March 1984 the NASA Administrator gave a go-ahead for STORE,

In Aﬁgust 1984, with approval from NASA Marshall Space Flight Center,
Stanford Univérsity issued a request for proposals for a subcontract to
industry to provide aerospace support for the STORE program. After receiving
proposals and conducting a full Source Evaluation Board proéedure. Stanford
announced on November 2, 1984 the selection of Lockheed Missiles and Space
Company, Inc. as its subcontractor. On November 19, 198& a joint

Stanford/Lockheed proposal was submitted to NASA Marshall Space Flight Center



and on March 5, 1985 NASA issued a contract commencing the first phase of
STORE.

5. THE SHUTTLE TEST OF THE RELATIVITY EXPERIMENT (STORE)

The purpose of STORE program is to provide engineering heritage and
confidence for the GP-B Science Mission by carrying out the remaining detailed
sclentific and engineering developments; and the design, integration and
operation of a full size GP-B instrument incorporating several state-of-the-
art technologies. Three aspects of this program are discussed below:
gyroscope develobment, the First Integrated System Test (FIST) and the Shuttle
test of the full size GP-B instrument.

5.1. Gyroscope development

In.this section we discuss the development of a gyroscope which meets the
first fundamental requirement: a gyroscope having a drift rate from
nonrelativistic disturbances below f0-11 deg/hr. Nearly all of the technical
concepts needed to make a gyroscope with this low drift rate have been

individually investigated and demonstrated in the laboratory at or near their

required level of performance. What remains is to improve the engineering
design and reliability of the gyro components and to put them together into an
assembled and tested gyroscope which can be integrated with the GP-B
instrument. Many of the concepts involve working at the state of the art,
both in the manufacturing of hardware and in the related measurement sclence.
A number of the gyroscope requirements given below are the result of '
preliminary error allocations given in the error tree. As more engineering
data are collected, the individual requirements, 1ncluding those for the
gyroscope, will be adjusted slightly to reflect the relative difficulty in
achieving them.

5.1.1. Gyrovrotor

Thé éyro rotor is made from very homogeneous fused quartz which is lapped
and polished into a 1.5 inch (38 mm) diameter sphere of extreme sphericity.
The fused quartz rotor is coated with a very uniform thin layer of
superconductor, which must be resistant to damage from possible arcing when
the rotor is electrically suspended. The requirements on rotor sphericity

(< 0.8 microinch (20 nm) peak to valley) and density homogeneity (< 3x10T7

)
are given above in Table 2. The uniformity requirement for the
superconducting layer depends on the material used; for niobium, the layer
must be uniform to 0.3 microinch (7.5 nm) peak to valley or less. All three
of these requirements are based on worst case assumptions regarding the

spatial distribution of the relevant quantity. Therefore, if measurements are



made of these quantities as a function of position, a more precise
determination of their effect on gyro drift can be made. Generally, this
process should make the above requirements less severe.

Density homogeneity. The rotor is made from optical quality fused quartz

which can be obtained with very great homogeneity. The density homogeneity of
fused quartz can be determined as a function of position by measuring its
optical index of refraction since variations in density (p/P) are
proportional to variations in optical index of refraction (8N):

8p/p = 2.278n  (ref. 39). Thus the density homogeneity requirement is
equivalent to a requirement that the index of refraction difference across the
rotor not exceed 1.3x10_7. Optical grades of natural fused quartz with a
maximum optical index of refraction variation of less than 1.5x10“6 over a

T cm diameter are readily available. At our request, Heraeus-Amersil Inc. has
developed an improved method for processing natural quartz into fused quartz
with a not-to-exceed index variatioﬁ of 8x10-7 and an expected variation of
about Nx10—7. We have purchased a number of cublc blanks of this material
including interferograms for all three directions. Not all of this material
is expected to meet the homogeneity requirement. However it is close, and
thus after careful measurement it should be possible to select and verify
material of suitable homogeneity.

G. Edgar and M.A., Player at the University of Aberdeen, Scotland, are
developing an apparatusuo with the capability of measuring variations in the
index of refraction to ~2x10_8 over a 5 cm length (18% of the GP-B
requirement). The design of this instrument, which is based on earlier work

Nl’ utilizes a laser interferometer with a resolution of 1x10—3A

at Aberdeen
and a liquid bath which has an index of refraction approximately matéhing that
of fused quartz. A fused quartz cubic sample, whose faces are optically flat
and parallel, is placed within the liquid bath in the path of the laser
interferometer sensing beam (about 2 mm in diameter) which makes both a
forward and, after reflection, a reverse pass through the quartz sample. To
make measurements of the index variation, the sample is moved in the liquid in
a raster pattern through the beam, and the interferometer records variations
of the optical path length. The matched liquid serves to make the measurement
insensitive to variations in the dimensions of the fused quartz. The greatest
challenge in constructing such an apparatus is maintaining the liquid bath and
quartz at a very constant and uniform temperature (approximately 1 mK).

If a set of measurements of index variations is made perpendicularly
through one face of a cube, the resulting variations will be those for a set

of rods perpendicular to the face of the cube. The capability of the



apparatus may be extended to provide tomographic data on the index variations
by measuring through all three faces at both perpendicular and inclined
anglesuz. Such data allow a better estimate to be made of the quartz rotor

mass unbalance.

Rotor sphericipy. The quartz material for the rotors 1s ground into an

approximate sphere which is then lapped and polished to achieve the required
sphericity. The lapping and polishing machines, which were developed by

W. Angeleu3 at the NASA Marshall Space Flight Center (MSFC), are of similar
design and each uses four spring loaded lapping or polishing cups in a
tetrahedral arrangement with three of the cups symmetrically supporting the
rotor from below and one pressing down on it from above. While a slurry
containing the lapping or polishing compound and water is continuously
directed onto the rotor, the lapping or polishing cups are synchronously
driven at a constant angular velocity and periodically change their relative
rotational directions. Based on previous experience, MSFC has recently
redesigned and built é new set of lapping and polishing machines which provide
for better alignment of the lapping elements and for a number of other R
improvements. W.J. Reed of MSFC is now producing polished rotors with maximum
peak-to-valléy variations from sphericity of 1.0 microinch (25 nm) for a set
of three mutually orthogonal great circles. -

The measurement of the rotor sphericity is itself a challenge. It is
accomplished with a Talyrond® (a product of Rank Taylor Hobson, England) which
utilizes a stylus mounted on a very high quality spindle. Although the
spindle for this type of machine has an out—of-roundness‘of about 1 microinch
(25 nm), it 1s constant over long times (at least months). Thus the spindle
out-of-roundness can be removed allowing roundness measurements to be made at
the 0.1 microinch (2.5 nm) leveluu. An example of a roundness measurement
made 6h a great circle for a recently polished rotor (S/N 85-10) is shown in
Fig. 6. The peak-to-valley deviation of the data in this figure relative to
the best fit circle is 0.7 microinch. This roundness measurement technique
has been extended at St:anf‘or‘du5 to tﬁe sphericity measurement of gyro rotors
with the results being displayed as contour maps. We are currently
instrumenting our Talyrond® at Stanford so that, after making measurements
around 20 great circles which intersect at a common pole, the sphericity data
can be quickly transformed into the coefficients of spherical harmonics using
a computer connected to the Talyrond®. These coefficients are used to make a
more accurate determination of the support dependent torques discussed in the

accompanying paper by G.M. Keiser.



ROTOR
SURFACE

BEST FIT
CIRCLE

ONE DIVISION
REPRESENTS
0.5 pin
0.0125m

FIGURE 6

Roundness measurement in one plane for rotor S/N 85-10
Rotor and data supplied by Marshall Space Flight Center,

Rotor coating uniformity. The quartz rotor is coated with niobium so that

when it is spinning at low ﬁemperature 1t produces the London moment for the
gyro readout. The niobium, in both its superconducting and normal states,
also serves as an equipotential surface for electrical suspension of the gyro
rotor. Applying this niobium layer to the quartz rotor is one of our greatest
technical challenges: there is a conflict between the O. 3 microinch uniformity
requirement which favors a thinner layer and the requirement that the coating
be resistant to damage from possible electrical arcing which favors a thicker
layer.

The most suitable technique for applying the niobium layer to the rotor is
sputter coating developed at Stanford for rotors by J.A. Lipau6 following
earlier work by J. Seeman of Honeywell Inc. To obtain a uniform coating the
rotor has to be rotated elther continuously or intermittently to different
orientations under the sputtering gun. The rotors produced at Stanford
satisfied the early needs of the progﬁam. P. Petersu7 at MSFC has extended
the technology to produce a rotor manipuiator which typically gives
uniformities of 3% peak to valley. Independently, J, Sieber‘tlJ8 of the Ball
Aerospace Systems Division develoﬁed a sputter coatiﬁg process with which he
produced a 20 microinch (500 nm) niobium coated rotor that was successfully

suspended at Stanford. Once these two capabilities (3% uniformity and thin,



robust coatings) have been combined, one may expect a rotor with a

20 microinch (500 nm) thick coating, uniform to about 0.6 microinch (15 nm)

peak to valley, which can be suspended. This possible 0.6 microinch

uniformity is twice the requirement as stated above; the discrepancy is

mitigated however by a combination of the worst case nature of the

0.3 microinch requirement which is based on a linear variation in thickness

across the rotor and of the local nature of much of the thickness variation of

actual coatings which is due to the sputtering profile and geometrical

considerations. More precise estimates of the torque disturbance from actual

coatings (not tied to the 0.3 microinch requirement) can be made using the
data coming from the measurement technique briefly described below.

At Stanford we are continuing to develop the sputter coating technologyug.
The superconducting transition temperature of niobium has been investigated as
a function of sputtering parameters, and it is found to be 8.8-9.2 K for
satisfactory ranges of both sputterihg rate and substrate temperature. The
adhesion of niobium to fused quartz has also been investigated. The basic
adhesion strength is found to be excellent (about 7x103 psi); in fact, often
the underlying quartz fails in test rather than the bond between the niobium
and quartz. The technology of producing uniform layers is also being further
investigated. A rotor manipulator has been designed and constructed which,
using two independent rotational motions, can roll the rotor about any
horizontal axis. This manipulator allows the rotor to be moved to any
orientation under computer control. With it the rotor can be moved to
discrete positions for sputter coating as is done at MSFC (for example, the
angles assoclated with the 20 faces and 12 vertices of an icosahedron) or can
be continuously moved during sputtering with a specific or quasi-random
motion. Preliminary coatings have uniformities adequate for our current
needs, but the apparatus still requires mechanical improvements.

The coating thickness and uniformity are measured by means of a Betascope
TC-2000 manufactured by Twin City International, Inc. Electrons from a
radioactive beta-ray source impinge onto the surface of the rotor coating.
They penetrate the niobium film and some of them backscatter from both the
quartz rotor and from within the niobium film. These backscattered electrons
are counted by a Geiger-Mueller tube. The Betascope 1{s calibrated for a
particular coating material and substrate (in this case niobium and quartz) by
taking measurements on a set of standards following which the actual coated
rotor is measured at many points on its surface. At present, instrument drift
and rotor positioning errors limit measurement accuracy to 1% for film

thicknesses greater than 30 microinch. This is sufficient for measurements on



rotor coatings now being used. We expect to improve the uniformity
measurement of coatings by reducing the effects of systematic errors. One
method under consideration will combine the results of Betascope® thickness
uniformity measurements with Talyrond® roundness measurements.

5.1.2. Gyro housing ‘

In‘the last year we have undertaken a major redesign of the gyro housingso.
The items providing the three principal functions of the housing are (1) six »
electrodes for electrical suspension of the rotor, (2) a spinup channel and
related details for gyro spinup to 170 Hz, and (3) a surface on which the
London moment pickup loop can be acéurately placed relative to the rotor,
telescope axls and star blipper. These three functions result in many design
requirements, one of which is diseussed below. Figure 7 is an exploded view
of the gyro housing and rotor showing the location of the above mentioned
items. The housing is made from fused quartz to match the thermal expansion
of thé rotor, quartz block and teleséope. Fused quartz housings, for use in
gyro development, are currently being machined by the Speedring Division of

the Rexham Corporation.
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FIGURE 7

Exploded view of gyro housing and rotor

The most critical requirement on the quartz housings is that the inner
surfaces of the electrodes lie on a spherical surface to within 5 microinch
(125 nm) of the best fit sphere (10 microinch peak to valley). This

requirement follows from the need to keep the gyro drift rate due to secondary



suspension torques below 0.1 marc-s/yr (see accompanying paper by

G.M. Keiser). The 10 micréinch requirement yields two challenges: machining
the.fused quértz hoﬁsing to provide a very accurate spherical electrode
substrate and maintaining the sphericity during the subsequent coating of the
100 to 200 microinch thick electrodes. The machining operation is the more
difficult of these two tasks. The machining requirement has been nearly met
in the past by hand lapping.' We are now investigating a superior approach by
a method known as tumble-lappihg. Initially the two housing halves are
machined to form hemispheres spherical to about 1 milliinch. The two hai&es
are then paired and held in alignment with taperéd dowel pihs in matched
tapered holes. A lapping tool and grinding compound are placed inside the
paired housiné halves which are then clamped and held in alignment with the
dowel pins. The housing is tumbled in a quasi-random way to produce an
accurate sbherical surface. Seven sets of housing halves are being prepared
for tumble lapping experiménts at Stanford which will commence in the middle
of 1986. We expect the tumble-lap approach to meet the 10 microinch
requiremeni. ‘

5.1.3. Gyro testing

Gréund testing of gyroscopes has taken place at both room and low
temperature. Gyroscopes have been tested for more than 10,000 hours in the
"Low Temperéture Gyro Test Facility"8 which provides a tést region at low
temperature (4.2 K) and ultra low magnetic field (2x10_7 G). The applications
of lead bag expansion to achieve ultra low magnetic fields,vof helium gas
spinup, and of London moment readout have all been demonstrated in this
facility. The facility does have limitations: the orientation of the gyro
housing is fixed in the laboratory making characterization of gyro performance
difficult, and the materials used for construction of the low temperature
probe prevent the attainment of pressures below 5x10—7 torr,

To correct these deficiencies, a new low temperéture gyro test facility has
been designed and constructed. Some of its essential features are shown in
Fig. 8. The low temperature probe and dewar are built so that they can be
tipped'at any angle from vertical to horizontal. This allows the axes of the
dewar and the gyroscope to be jointly aligned with the Earth's polar axis.

The polar orientation initially separates the precession of the gyroseope'from
the apparent precession due to the Earth's rotation. The apparatus is mounted
on an air-bearing turntable which can roll the dewaE and gyro housing about
the dewar axis. The roll, which can vary over a large range of periods of one
minute or greafer. assists in measuring the gyro precession and averages

certain suspension torques in a similar manner to the Science Mission. Roll



also permits study of the accuracy of initial alignment of the gyroscope from
spinup., A final feature of the facility is that the air-bearing turntable can
be gimballed to follow the precession of the gyroscope, offering the
possibility of further improving the characterization of gyro performance.

The inside of the probe containing the gyroscope is nearly all metal This

should allow the gyroscope to be operated at 10 ?0 torr.
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FIGURE 8
Schematic of new gyro test facility

The first phase of construction and testing of the new facility, including
all features except roll and gimballing, has just been completed. We are now
making preparations to test a gyroscope which consists of a niobium coated
quartz rotor in an alumina ceramic housing. The precession and polhodiné of
the gyroscope will be observed by measuring with three orthogonal pickup
loops, the signals due to the magnetic fleld trapped in the spinning rotor.
With this information, we will be able place upper limits on the rotor mass
Onbalance and the ratios of its principal moments of inertia. In addition to
this data, many other types of useful engineering information will be
collected. Roll capability will be added in the second phase of the
construction this facility.



5.2. First integrated system test (FIST) )

Iﬁ the previous section we have described one specific, although centrally
important, component of GP-B hardware which requires state-of-the-art
manufacturing and measurement technology. There is however another very
important aspect of the GP-B instrument; namely, the building of an integrated
system to address system issues: a design which incorporates an appropriate
allocation of an error budget among the subsystems, material selection and
control, manufacturing methods, assembly and Integration procedures, Shuttle
launch loads, operational procedures, and data handling and reduction. The
First Integrated System Test (FIST) is a ground test engineering unit which
attacks a number of these issues, particularly those of greatest design,
integration and operation challenge.

FIST includes the following majoﬁ subsystems which are discussed below: a
quartz block assembly (QBA) which contains the gyroscopes and a place for
mounting a telescope, a low temperature multi-gyro probe (MGP) in which the
QBA is placed, an engineering development dewar (EDD) in which the MGP is
installed, and a magnetic shielding subsystem which is located both in the QBA -
and EDD. In general these items are being designed to be full size and
prototypical, to the extent reasonable, of the GP-B Science Mission. The
engineering development dewar is being bullt to be prototypical only at its
interfaces with the MGP and the magnetic shielding subsystem. FIST also
includes laboratory hardware to support the testing, such as electronics, a
data acquisition and analysis system, and various other support equipment.
The FIST effort will also include integration facilities which will serve
during FIST for study of integration procedures to be used for the Shuttle
test and Science Mission hardware: for example, the clean room and other
integration equipment for assembling the QBA into the MGP. With this
equipment, we will study the integration procedures, whicﬁ must prevent
contamination from reaching the gyroscopes. It is expected that only small
modifications will make this integration facility suitable for flight hardware
integration., We are now at the design stage of FIST and expect to start
testing thevfully integrated FIST hardware in March 1988.

5.2.1. Quartz block assembly (QBA) ' '

The quartz block holds the gyroscopes, drag-free proof mass and telescope
in precise alignment. It is made from a single block of fused quartz as are
the telescope, gyroscopes and drag-free proof mass so that there is very
little differential thermal contraction among these components. Figure 9 is
an isometric view of the quartz block assembly with a telescope attached. As

shown in the figure, gyroscopes ! & 2 are perpendicular to gyroscopes 3 & U;



this allows the first pair of gyroscopes to be referenced to one plane of the
telescope and the second pair of gyroscopes to the second plane (provides some
level of redundancy). The quartz block assembly 13 attached to a support
structure built into the MGP at a single, planar surface on the quartz block
(labeled QBA mounting flange in the figure) to minimize bending between the
QBA and telescope structure. Minimizing bending due to mechanical stress and
thermal expansion is extremély important since, as discussed above in

Section 3.4, any bending which roll averages mimics a gyro precession. The
drag-free'proof mass (labeled drag-free sensor in Fig. 9) and telescope are
located on the upper side of the QBA mounting flange so the center of mass is
near this flange. FIST will use a quartz block designed to accept four
gyroscopes, a drag-free proof mass and a telescope, but of these only
gyroscopes 1 & 2 will be installed.

PROBE SUPPORT
STRUCTURE

DRAG-FREE
SENSOR

FIGURE 9

Drawing of quartz block assembly and telescope

The gyroscopes must be demountable from the quartz block in the event that

they are damaged during installation or fail during test. This requirement is



a severe one when taken in conjunction with the very stringent requirements on
the alignment (+5 arc-s) of the gyro pickup loop with respect to the telescope
axis and its stability (£0.1 marc-s during roll averaging). This
demountability and alignment are achieved with the hardware shown in Fig. 10.
The 1nitial alignment is accomplished by having optically flat and paraliel
surfaces on the index plate, spacer and gyro housing halves, two optically
flat and perpendicular surfaces on the quartz block and an optically flat
mounting flange on the telescope. The gyroscope is held by springs against
the spacer and is located by the housing retainer which acts as é collet
between the gyro housing and the circular hole in the quartz bloeck. In all
there are five interfaces between the telescope mounting flange and the gyro
pickup loop, three of which are optically contacted. Each interface is to be
manufactured to a 1 arc-s precision and measured to a level of 1 arc-s or
less. This should produce an absolute alignment and stability which meets the

above requirements.
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FIGURE 10

Exploded view of gyroscope with retention hardware

The quartz block assembly and telescope must be capable of withstanding,
without damage, the Shuttle launch loads which have been estimated to be
approximated by 15 g quasistatic loads in any direction. This requirement
accounts for a number of features of the quartz block assembly: the center of
mass located near the mounting flange, the cruciform shape and the thickness

of the mounting flange. Fused quartz is a brittle material which fails most



easily under tension. Although fused quartz can have tensile strengths up to
7x103 psi, it also has a great deal of variability downward due to local
stress and other material conditions. For this reason a very conservative
maximum stress level of 750 psi is allowed in the quartz block / telescope
assembly during Shuttle launch loads. The stress in this assembly has been
analyzed by the finite element method. The analysis gives a frequency of
about 790 Hz for the lowest frequency mode when the assembly is not supported,
which justifies the quasistatic assumption since no significant loads on the
QBA are expected above 200 Hz due to launch vibrations. The preliminary
finite element analysis indicates that the maximum stress, which is in the QBA
flange region, should not exceed the 750 psi requirement. The analysis is
being extended to include effects of thermal loads, the preload in the bolts
and the presence of the QBA support structure.

5.2.2. Multi-gyro probe (MGP)

The multi-gyro probe has many funétions: it provides a vacuum container in
which the QBA is mounted at low temperature, it acts as a conduit for the many
services needed by the QBA from outside the dewar, it provides a means of
inserting and removing the QBA into the dewar while filled with liquid helium,
and when inserted it provides thermal connection to the liquid helium to keep
the QBA and other components at low temperature. The services needed by the
QBA from outside the dewar are many: electrical cables (a total of more than
100 conductors) for gyro suspension, SQUID readout, heater power, and
fhermometry; fluid lines for spinup gas supply and exhaust; a vacuum line for
pumping the helium gas that leaks out of the spinup channels; optical light
plpes for the telescope readout; and very importantly, an optical window
through which the telescope sights the guide star, Note that, although room
will be reserved in the MGP for the window and light pipes, these components
will not be included in FIST., Since the MGP is intended to be prototypical
not only of the service functions but also of the Science Mission thermal
design, all these services have to be provided without adding excessive -
parasitic heat loads. With the current Science Mission dewar design the
average parasitic heat ioad reaching the liquid helium to achieve a two year
lifetime cannot exceed T4 mW, less than that of typical laboratory test
dewars.

The GP-B dewar design contains a substantial departure from the IRAS and
COBE designs. In both IRAS and COBE the instruments are assembled into the
low temperature regions of their dewars while warm, whereas the GP-B
instrument has to be mounted in a vacuum tight probe which i{s inserted into

the dewar while it 1s cold. The multi-gyro probe design, although simplified



from earlier concepts, is nonetheless a substantial challenge. This is why
designing a full size probe, prototypical of the Science Mission probe, is an
essential element of FIST.

The multi-gyro probe is too complex to be adequately described by a single
drawing, although some aspects of it are indicated in Fig. 2 of this paper.
The probe has an overall length of 112 inch (2.84 m) and a nominal diameter of
10 inch (0.25 m), and it has three regions along its length: the lowest, which
is nearly Isothermal at about 1.8 K, i3 70 inch long; the middle (called the
probe neck), which has a temperature gradient between 1.8 K and room
temperature, is 28 inch long; and the highest, which is at room temperature
and includes a large vacuum valve, is 14 inch long. The probe size is
governed by a number of issues including magnetic shielding, telescope
aperture, vacuum conduction for spinup leakage gas, room for all the various
conduits mentioned above, and dewar }ifetime. The probe is inserted into a
dewar well which has a 1.8 K cavity and a neck region both of about the same
length as the corresponding probe regions. We discuss here two major probe
issues and their design resolution. Other aspects of the probe and dewar are
discussed in a recent paper by R.T. Parmley, J. Goodman, M. Regelbrugge and
S. Yuan51.

The first major issue is how does one build a probe that has adequate
structural integrity, can be inserted and removed from the dewar well, and has
a very low thermal conduction to the liquid helium, A major source of thermal
conduction down the probe neck is through the large, approximately 10 inch
diameter, cylindrical tube which provides the vacuum enclosure for most of the
conduits and for vacuum conduction. The initial Lockheed concept was to make
most of the tube's length from an E-glass/epoxy composite which has a low
ratio of thermal conduction to Young's modulus, with possibly a graphite/epoxy
composite section at the low temperature end. This tube needs adequate
strength to prevent structural damage before and during installation into the
dewar when it is under an external pressure load of one atmosphere and also
during Shuttle launch conditions. To provide adequately high strength and low
thermal conduction, a folded neck tube structure composed of three coaxial
tubes was designed increasing the effective length for thermal conduction
without reducing structural strength. Recently, Lockheed has been
investigating another more promising material, aY-alumina/epoxy composite.
Although there is as yet relatively little engineering experience with this
material, it has a lower ratio of thermal conduction to Young's modulus. A
neck tube has been designed using this material which meéts the strength and

thermal requirements using a single tube rather than the three for the folded



design. A single tube significantly reduces the complexity of the probe
design. A development tube of this material has been made and will be shortly
under test.

The second major issue is the attachment of the MGP to the dewar. After
the probe is inserted into the dewar well it must be attached both
mechanically and thermally at several remote locations: at the low temperature
attachment point for the probe at the top of the 1.8 K region of the dewar
well and at four heat stations which couple the probe to the helium dewar
boil-off heat exchangers. The low temperature attachment point also serves as
the primary mechanical connection between the quartz block assembly and the

liquid helium container which, for the Science Mission, 1s in turn connected
52

to the the spacecraft structure through passive orbital disconnect struts’®®,

developed by Lockheed. After investigating a design based on bolts and
expansion rings, Lockheed has designed a twist lock mechanism: the probe is
inserted into the dewar well and then twisted 18° with all attachments being
locked Into place. Although this design requires tight manufacturing
tolerances and careful attention to friction, it greatly simplifies
integration as well as improving other features of probe and dewar design.

5.2.3. Engineering development dewar (EDD)

As mentioned at the beginning of this section on FIST, the engineering
development dewar will be made prototypical only at its interfaces with the
multi-gyro probe and the magnetic shielding subsystem. The reason for this
decision is the relatively strong engineering heritage from the IRAS and COBE
programs, Lockheed has also proceeded with an independent development program
to build a space qualified helium dewar which refines a number of the
important technologies for GP-B and other programs. Because of this strong
heritage for space helium dewars, the EDD design emphasizes the development of
the full-sized, prototypical interfaces to the MGP and magnetic shielding
subsystem which are unique to GP-B. The rest of the EDD will be made using
standard methods for building laboratory helium dewars,

An important aspect of the EDD to MGP interface is that both the low
temperature and neck regions between the probe and the dewar well are kept
under a common high vacuum during normal gyro operation. This high vacuum
condition yields a design with thermal conduction to the probe and expanded
lead bag provided through mechanical connections to the dewar. An objective
of FIST is to verify that these connections provide adequate thermal
conduction as predicted by analysis. This approach with the common high
vacuum will allow integration procedures of much less complexity than would

have been possible in some of our earlier designs.



The region between the probe and dewar well is not always operated under
vacuum. The first low temperature operation is the expansion of
superconducting lead bags to produce the ultra low magnetic field. During
this operation, the dewar is at 4.2 K where the vapor pressure of liquid
helium is one atmosphere and the low temperature portion of the dewar well is
filled with liquid helium. This allows the lead bags to be expanded using the
existing technology developed at Stanford (see Section 5.2.4). The probe is
also inserted into the dewar when it is at 4.2 K and the dewar well filled
with liquid helium, again allowing the use of established probe insertion
proceduress. After the probe is inserted and locked into place, the region
between it and dewar well 1s evacuated; the thermal conduction is then through
mechanical connections, while the high vacuum in the neck region prevents heat
transfer by helium gas that would otherwise produce a large parasitic heat
load. For the Shuttle test and Science Mission, helium exchange gas could be
inserted into this region to provide additional thermal conduction at low
temperature during Shuttle launch accepting temporarily a larger heat load
until on orbit.

5.2.4, Magnetic shielding subsystem

The magnetic shielding 1s achieved using several elements in the dewar,
quartz block and gyroscope. The two magnetic shielding requirements are
discussed in Section 2.1.1: the magnetic shielding must attenuate the ambient
magnetic fleld so that (1) the residual dec magnetic field at the gyro rotor

does not exceed 1x10_7
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G and (2) the ac magnetic field at the gyroscope does
not exceed 2x10 G. Since the ambient field in orbit is about 1 G, the
second requirement is equivalent to a shielding attenuation factor of 2x10-]3.
Not only must adequate magnetic shielding be provided, but the materials in
the dewar, probe and quartz block assembly must be chosen to not contribute
excessive magnetic field due to remanence or thermoelectric currents. This
requires control of materials in the design and in the manufacturing
processes. A major objective of FIST is to verify that these magnetic
requirements can be achieved in a full size instrument system.

J.M, Lockhart53 has recently discussed the subject of magnetic shielding in
detail. 1In reviewing the shielding concept it is useful to refer to Table 6
which contains a 1list of the shielding elements and the allocation of ac field
attenuation and dec residual field among them. The two outermost shielding
layers are used to meet the dec residual magnetic field requirement and to
provide a portion of the total required ac shielding. The first layer of
shielding uses a conventional high permeablility ferromagnetic shield; we

expect to use Cryoperm® (a product of Vacuumschmelze GMBH) which is designed



to have its best shielding properties at low temperature and can thus be
located in the liquid helium dewar around the low temperature portion of the
dewar well. This shield is a simple cylinder closed at its lower end and open
at its upper end. It is expected to provide a dc residual magnetic field of
about 30 mG. Inside the ferromagnetic shield a series of superconducting lead
bags are expanded so that the final lead bag yields a residual dec field of
8)(10_8 G or less, which more than meets the de¢ residual field requirement.

The lead bag is also closed at its lower end and open at its upper end.

TABLE 6
Attenuation of dc and ac magnetic fields

Element DC Residual Field AC Shielding Factor
Ferromagnetic shield 3x10_2 5x10_2
Lead bag 8xi0_8 MX‘IO_7
Local shield ’

depth - 1x1072

symmetry - 3x10—2
Rotor self-shielding - 1x107!
Ground plane/counterloop - 1—3x10_1

TOTAL 8x1078 6-18x10"""

REQUIREMENT 1x1077 2x107 '3

The ferromagnetic shield and the superconducting lead bag are designed to
yield ac shielding attenuation factors of 5x10“2 and Nx10_7, respectively. To
reach these attenuation factors, the ferromagnetic shield extends about one
diameter beyond the open end of the lead bag, and the lead bag has a length of
60 inch (152 cm) and a diameter of 10 inch (25 cm). The balance of the ac
attenuation is provided by the remaining elements which are located in the
quartz block and gyroscope. A local superconducting shield is made of a thin
film of niobium placed on the surface of a circular cylinder with a diameter
of 2.375 inch (60 mm) and a length of 6.375 inch (162 mm) bored in the quartz
block. Each gyroscope is positioned at the center of its local shield with
its pickup loop coaxial with this shield (see hidden lines for gyro no. 4 in
Fig. 9). This arrangement produces ac shielding due to the depth of the
gyroscope in the shield (1x10_2) and to the symmetry of the shield and
gyroscope (3x10—2). The superconducting gyro rotor also serves to shield the
pickup loop against external fields by an amount depending on the average
distance between the rotor and pickup loop. The current deslgn is expected to

yield an attenuation factor of 1x10_1. Additional shielding from external



fields is achleved by a combination of a superconducting ground plane under
the pickup loop and of a single counterwound loop which is placed further from
the gyroscope rotor than the main portion of the pickup loop. This
combination, which is dlscussed in more detail by LockhartSB, is expected to
yield an attenuation factor of from 1~3x10_1 depending on the some design
tradeoffs yet to be made.

Of the shielding elements, the superconducting lead bag yields the greatest
engineering challenges. This technology, originally developed for GP-B by
B. Cabrerasu, involves a cyclic process in which several folded
superconducting lead bags are sequentially expanded. A folded lead bag is
slowly cooled through its superconducting transition temperature in a glass
cooling tube with the cooling rate controlled by helium exchange gas. When
the folded lead bag becomes superconducting, it traps the ambient magnetic
field. The lead bag is then expanded with a plunger with the result that the
magnetic field inside the bag is decreased because the trapped flux is now
distributed over a greatly increased volume. The process is repeated after
placing a second folded lead bag inside the expanded lead bag. Although this
expansion process can be repeated many times, the residual field is eventually
limited by trapped flux produced by thermoelectric currents in the lead bag.

This lead bag technology has recently gone through a significant
engineering advance under the direction of L.ockhart53 with the participation
of personnel from Lockheed which has the responsibility of providing the
Superconducting lead bag for FIST. The manufacturing methods for producing
the folded lead bags (particularly the seam welding and folding of the bags)
and the various equipment to support the expansion process have been improved.
To demonstrate these improvements a series of lead bags were expanded in the
existing "Low Temperature Gyro Test Facility" dewar culminating in the
expansion of an 8 inch (0.20 m) diameter by 44 inch (1.12 m) long lead bag,
which is close to the size needed for the Science Mission and FIST (10 inch
diameter by 60 inch long). -

Figure 11, which is a plot of the residual magnetic field as a function of
the number of expansions, illustrates the Success of this lead bag development
effort. All but the last lead bag have a 4 inch diameter after expanslon.

The smaller diameter bags are advantageous for two reasons: they reduce the
leakage at the open end of the lead bag and are easier to manufacture and
handle. An initlal residual field of 3 mG is provided by a ferromagnetic
shield. As can be observed in the figure, a de residual field of 8x10—8 G is
achieved after five expansions if one ignores expansion 1A, The only abnormal

behavior during the entire expansion process was due to failure of the helium



recovery system. The helium recovery system is unnecessary for the lead bag
expansion process and can be disconnected in future expansion work., The
remaining lead bag development tasks for FIST are to extend this technology to
the modest 25% larger size needed for the Sclence Mlssion and to design a
means to keep the lead bag below its superconducting transition temperature

when the dewar well is under vacuum.
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FIGURE 11

Residual magnetic field in superconducting lead bag
as a function of expansion number

5.3. Shuttle test and iis relation to Science Mission

The design, manufacture, integration and test of the full size,
prototypical hardware for the First Integrated System Test will provide the
engineering heritage to proceed rapidly and with confidence to the Shuttle
test. The hardware for the Shuttle test, which must be designed, built and
qualified to the rigorous demands of safety and launch and landing loads,
includes the reflyable instrument shown in Fig. 2 of this paper plus the
support needed to operate it. When in orbit as a captured payload on-board
Shuttle, the instrument will go through an operational rehearsal for the
Science Mission. The sequence of operations over about a 7 day period are as
follows: electrical suspension of the gyro rotor including testing of the
multi-level suspension system, gyro spinup while the Shuttle is rolling about
an inertially fixed axis parallel to the gyro axis, and observation of the
gyro precessions for several days (about once per day the Shuttle will perform
the roll maneuver for about 2 hr to simulate the Science Mission), Although

the telescope is included in the instrument it is not currently feasible to



test it using the Shuttle as a platform, and thus it will be separately
characterized in pre- and post-flight ground experiments. We expect the
Shuttle test to take place in 1991,

The completion of the Shuttle test, which includes the central portion of
the Sclence Mission hardware, and the related integration and operation
experience, should provide a firm foundation for the final effort toward the
Science Mission. The reflyable Shuttle test instrument will be refurbished
and recalibrated, and the high reliability electronics needed for the
instrument will be built and tested. The various spacecraft functions such as
solar panels; drag-free, attitude and roll control; and telemetry will be
wrapped around the central instrument to complete the Gravity Probe B

spacecraft for launch in 1994,

6. CONCLUSION

In this paper an account is given of the current state of the Gravity Probe
B Relativity Gyroscope Experiment and of its emergence from a laboratory
development program to a flight program. In the current phase of the program,
called the Shuttle Test of the Relativity Experiment, we are concentrating our
efforts on a ground-based engineering test of a full size, prototypical
instrument, the First Integrated System Test. At the next Marcel Grossmann
meeting, we expact to report the initial test results coming from this full
size instrument, as well as reporting advances in gyroscope development and in

the design of the flight instrument for the on-board Shuttle test.

ACKNOWLEDGEMENT

This program was supported by NASA Contract NAS8-36125 from the NASA George
C. Marshall Space Flight Center. We gratefully acknowledge support from the
following persons: NASA Headquarters: C. Hartman, C. Pellerin, S. Keller,
J. Rosendhal, B.I. Edelson, F. McDonald. From NASA Marshall Center:
A.K. Neighbors (Program Manager), R. Potter, L. Breazeale, R. Decher, P. Eby,
E. Urban, P.L. Peters. From the University of Alabama, Huntsville: G. Karr,
W. Angele. From Lockheed Missiles and Space Company, Inc.: C. Everson,
R. Pelzman. We are very grateful for the support of Professor Robert H.
Cannon, Jr., Chairman of the Aeronautics and Astronautics Department at
Stanford. He participated in the conception and early years of the Relativity
Gyroscope Experiment. More recently he has chaired the Stanford Advisory

Committee on GP-B for the University.



REFERENCES

1) L.I. Schiff, Proc. Nat. Acad. Sci. 46, 871 (1960); Phys. Rev. Lett. y, 215
(1960).

2) W. de Sitter, Mon. Not. Roy. Astron. Soc. 77, 172 (1916).

3) J.V. Breakwell, The Stanford Relativity Gyroscope Experiment (F): Earth |
oblateness correction, in: Near Zero: New Frontiers of Physics, eds. B.S.
Deaver, C.W.F. Everitt, J. Fairbank, P. Michelson (W.H. Freeman, New York,
1986) in print.

4) R.F. O'Connell and G.L. Surmelian. Phys. Rev. D Y4, 286 (1971).

5) T.G. Duhamel, Contributions to the error analysis in the Relativity
Gyroscope Experiment, Ph.D. Dissertation, Stanford University, 1984,

6) C.W.F, Everitt, to be submitted to Phys. Rev. D.

7) C.W.F. Everitt, Gravitation, relativity and precise experimentation, in:
Proceedings of the First Marcel Grossmann Meeting on General Relativity,
ed. R. Ruffini (North-Holland, Amsterdam, 1978) pp. 548-615.

8) J.T. Anderson, B. Cabrera, C.W.F. Everitt, B.C. Leslie and J.A. Lipa,
Progress on the Relativity Gyroscope Experiment since 1976, in: Proceedings
of the Second Marcel Grossmann Meeting on General Relativity, ed.

R. Ruffini (North-Holland, Amsterdam, 1982) pp. 939-957.

9) R.A. Van Patten, Flight suspension for the relativity gyro, in: Proceedings
of the Third Marcel Grossmann Meeting on General Relativity, ed. Hu Ning
(North-Holland, Amsterdam, 1983) pp. 1455-1461,

10)Gravity Probe B Phase B Final Report, NASA Marshall Space Flight Center,
Huntsville, AL, February 1983.

11)C.W.F. Everitt, A superconducting gyroscope to test Einstein's General
Theory of Relativity, in: SPIE Proceedings 157 (SPIE, Bellingham, WA, 1978)
pp. 175-187.

12)A. Nordsieck as quoted by H.W. Knoebel, Control Engineering 11, 70 (1964).

13)G.E. Pugh, Proposal for a satellite test of the coriolis prediction of
General Relativity, WSEG Research Memorandum No. 11, Weapons Systems
Evaluation Group, The Pentagon, Wash., D.C., November 12, 1959,

14)B.0. Lange, Am. Inst. Aero. Astro. J. 2, 1590 (1964); The control and use
of drag-free satellites, Ph.D. Dissertation, Stanford University (1964),

15)The Staffs of the Space Dept. of the Johns Hopkins University Applied
Physics Laboratory and the Guidance and Control Laboratory of Stanford, J.
Spacecraft 11, 637 (1974).

16)C.W.F. Everitt, D.E. Davidson and R.A. Van Patten, Cryogenic star-tracking
telescope for Gravity Probe B, in: SPIE Proceedings 619 (SPIE, Bellingham,
WA, 1986) in print.

17)R.A. Van Patten, R. DiEsposti, J.V. Breakwell, Ultra high resolution
science data extraction for the Gravity Probe-B gyro and telescope, in:
SPIE Proceedings 619 (SPIE, Bellingham, WA, 1986) in print.



18)R.J. Milliken and C.J. Zoller, Navigation 25, 95 (1978); B.W. Parkinson and
S.W. Gilvert, Proc. IEEE 71, 1177 (1983).

19)R. Vassar, Error analysis for the Stanford Relativity Gyroscope Experiment,
Ph.D. Dissertation, Stanford University, 1982.

20)C.W.F. Everitt, The Stanford Relativity Gyroscope Experiment (A): History
and overview, in: Near Zero: New Frontiers of Physics, eds. B.S. Deaver,
C.W.F. Everitt, J. Fairbank, P. Michelson (W.H. Freeman, New York, 1986) in
print.

21)D.H, Frisch and J.F. Kasper, Jr., J. Appl. Phys. 40, 3376 (1969).

22)L.S. Young, Systems engineering for the Gravity Probe-B program, in: SPIE
Proceedings 619 (SPIE, Bellingham, WA, 1986) in print.

23)Report on a program to develop a gyro test of general relativity in a
satellite and associated control technology, ed. C.W.F. Everitt, GP-B
Document No. S0018 (W.W. Hansen Laboratories of Physics, Stanford
University, June 1980).

24)W.M. Fairbank, Physica 109 & 110B, 1404 (1982).
25)C.M. Marcus, Rev. Sci. Instrum. 55, 1475 (1984).

26)W. Fricke and A. Kopff in collabonation with W. Gliese, F. Gordolatsch, T.
Lederle, H. Nowacki, W. Strobel and P, Strumpft, Fourth Fundamental
Catalogue (FKU4), Veroft. Astron. Rechen-Institut, Heldelberg No.10, 1963.

27)J.T. Anderson and C.W.F. Everitt, Limits on the measurement of proper
motion and the implications for the relativity gyroscope experiment, GP-B
Document No. S0020 (W.W. Hansen Laboratories of Physics, Stanford
University, 1979).

28)R.H. Dicke, private communication.
29)H.A. Hill, private communication.

30)Mission definition study for Stanford Relativity Satellite, Final Report
F71-07, Ball Brothers Research Corporation, Boulder, CO, December 1971.

31)Dewar technology study, Final Report F75-20, Ball Brothers Research
Coloration, Boulder, CO, October 1975.

32)Gravity Probe B Phase A Report: A conceptual design by program development,
Study Manager: R.A. Potter, NASA Marshall Space Flight Center, Huntsville,
AL, March 1980. ’

33)Committee on Gravitational Physics, Space Sclence Board, Strategy for space
research in gravitational physics in the 1980's (National Academy of
Sciences, Washington, D.C., 1981).

34)Memorandum to Al Cameron, Space Science Board from Committee on
Gravitational Physics, Subject: Gyroscope Experiment (Gravity Probe-B),
Dated: May 28, 1982.



35)An assessment of the technological status of the Stanford Gyrorelativity
Experiment, chaired by J. Rosendhal, NASA Headquarters, Wash., D.C.,
September 1980,

36)A.R. Urbach, The Infrared Astronomy Satellite (IRAS) hardware flight
program, in: SPIE Proceedings 509 (SPIE, Bellingham, WA, 1984) pp. 200-206.

37)Ball Aerospace Systems Division, private communication; S.H. Castles,
Design and status of the COBE dewar, in: Proc. of 1982 Space Helium Dewar
Conference, eds. J.B. Hendricks and G.R. Karr (University of Alabama in
Huntsville, Huntsville, AL, 1984) pp. 5-13,

38)Account of the restructuring of the GP-B Relativity Gyroscope Program, ed.
C.W.F. Everitt, GP-B Document No. S0021 (W.W. Hansen Laboratories of
Physics, Stanford University, 1983).

39)G.J. Siddall, Refractive index and density relationships for fused quartz,
GP-B Document No. S0017 (W.W. Hansen Laboratories of Physics, Stanford
University, 1979); T. Frank, A measurement of optical homogeneity, M.Sc.
Thesis, University of Aberdeen, Scotland, 1985, pp. 8-14,

40)The work at the University of Aberdeen is being performed under a NASA sub-

tier contract through Stanford University whose prime NASA contract is
NAS8-36125.

41)T. Frank, A measurement of optical homogeneity, M.Sc. Thesis, University of
Aberdeen, Scotland, 1979; G. Dunbar, Measurement of optical homogeneity of
fused silica, M.Sc. Thesis, University of Aberdeen, Scotland, 1985,

42)L.V. de Sa, Tomographic methods for refractive index measurements, M,Sc.
Thesis, University of Aberdeen, Scotland, 1981.

43)W. Angele, Prec. Eng. 2, 119 (1980).

44)R.C. Spragg and D.J. Whitehouse, Proc. Inst. Mech. E. 182, 397 (1968); D.J.
Whitehouse, J. Phys. E. Sei. Instrum. 9, 531 (1976); R.R. Donaldson, CIRP
Annals 21, 125 (1972); D.G. Chetwynd and G.J. Siddall, Phys. E: Sci.
Instrum. 9, 537 (1976).

45)J.A. Lipa and G.J. Siddall, Prec. Eng. 2, 123 (1980); J.A, Lipa and
J. Bourg, Prec. Eng. 5, 101 (1983).

46)Reference 23 above, pp. 141-142,

47)P. Peters, private communlcation.

48)J. Siebert, private communication.

49)D, Bardas, W.S. Cheung, D. Gill, R. Hacker, G.M. Kelser, J.A. Lipa, M.
Macgirvin, T. Saldinger, J.P, Turneaure, M.S. Wooding and J.M. Lockhart,
Hardware development for Gravity Probe-B, in: SPIE Proceedings 619 (SPIE,
Bellingham, WA, 1986) in print.

50)W.S. Cheung, Development quartz housing internal design review report, GP-B

Document No. S0002 (W.W. Hansen Laboratories of Physics, Stanford
University, 1986).



51)R.T. Parmley, J. Goodman, M. Regelbrugge and S. Yuan, Gravity Probe B
dewar/probe concept, in: SPIE Proceedings 619 (SPIE, Bellingham, WA, 1986)
in print.

52)R.T. Parmley and P. Kittel, Passive orbital disconnect strut, in: Advances
in Cryogenic Engineering Vol. 29, ed. R.W, Fast (Plenum Press, New York,
1984) pp. 715-721; R.T. Parmley and P. Kittel, System structural test
results: 6 PODS III supports, in: Advances in Cryogenic Engineering Vol. 31
(Plenum Press, New York, in print).

53)J.M. Lockhart, SQUID readout and ultra-low magnetic flelds for Gravity
Probe-B, in: SPIE Proceedings 619 (SPIE, Bellingham, WA, 1986) in print.

54)B. Cabrera, The use of superconducting shields for generating ultra-low
magnetic field regions and several related experiments, Ph.D. Pissertation,
Stanford University, 1975; B. Cabrera and F. van Kann, Acta Astronautica 5,
125 (1978).



