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Advancing technology will soon make possible a new class of gravitation experiments: pure laboratory
experiments with laboratory sources of non-Newtonian gravity and laboratory detectors. This paper proposes
seven such experiments; and for each one it describes, briefly, the dominant sources of noise and the
technology required. Three experiments would utilize a high-Q torque balance as the detector. They include
(i) an “Ampére-type” experiment to measure the gravitational spin-spin coupling of two rotating bodies, (ii) a
search for time changes of the gravitation constant, and (iii) a measurement of the gravity produced
by magnetic stresses and energy. Three experiments would utilize a high-Q dielectric crystal as the
detector. They include (i) a “Faraday-type” experiment to measure the “electric-type” gravity produced by a
time-changing flux of “magnetic-type” gravity, (ii) a search for “preferred-frame” and “preferred-orientation”
effects in gravitational coupling, and (iii) a measurement of the gravitational field produced by protons moving
in a storage ring at nearly the speed of light. One experiment would use a high- Q toroidal microwave cavity

15 APRIL 1977

as detector to search for the dragging of inertial frames by a rotating body.

I. INTRODUCTION

Until now, almost all tests of relativistic gravity
in the solar system have involved probes of the
gravitational fields of the Sun, the Earth, or the
Moon.! Such probes have included light deflection
and quasar radio-wave deflection by the sun, the
Shapiro time delay of radio signals passing near
the Sun, perihelion shifts of planetary orbits,
laser ranging to the Moon in search of the Nordt-
vedt effect, searches for sidereal periodicities in
earth tides, gravitational red- shift in the earth’s
gravitational field, EGtvOs-Dicke experiments in
the fields of the Earth and Sun, and others.?

The purpose of this paper?® is to point out that
advancing technology will soon make possible a
new class of experiments: pure laboratory ex-
periments, with laboratory sources of post-New-
tonian gravity and laboratory detectors. The lab-
oratory may be earthbound, or it may be in an
earth-orbiting satellite where background noise
is much reduced. In either case, the experi-
menter’s control over the source of gravity is the
essential new feature in these experiments.

The key advance in technology that will make
possible these new experiments is the development
of sensing systems with very low levels of dis-

sipation. In Sec. II we describe three such systems

that could be used in gravitation experiments:
torque-balance systems made, for example, from
fused-quartz or sapphire fibers at temperatures
< 0.1°K, massive dielectric monocrystals cooled
to millidegree temperatures, and microwave
resonators with superconducting walls. In Sec.

III we briefly review the Nordtvedt-Will* param-
etrized-post-Newtonian (PPN) formalism for com-
paring gravitation experiments with theory, and
the types of phenomena which occur in post-
Newtonian gravity; we argue that because of
“noise” from Newtonian gravity, the only post-
Newtonian phenomena that look promising for
laboratory measurement are magnetic-type gravita-
tion and preferred-frame and preferred-orientation
effects; and we present a truncated version of the
PPN formalism specially suited to the analysis of
magnetic-type gravity. Section IV describes four
experiments which one might perform using a sen-
sitive torque balance: (i) a gravitational “Ampére”
experiment to measure the spin-spin gravitational
coupling of two laboratory bodies (“magnetic-type”
gravitational effect), (ii) a search for changes with
time of the gravitational constant (non-post-New-
tonian experiment), (iii) an improved-precision
EGtvds experiment (non-post-Newtonian experi-
ment), and (iv) a measurement of the gravity pro-
duced by magnetic stresses and energy (non-post-
Newtonian experiment). Section V describes the
use of a toroidal microwave resonator to measure
the dragging of inertial frames by a rotating body
(“magnetic-type” gravitational effect). Section VI
describes three experiments that would use cooled
dielectric monocrystals: (i) a gravitational “Fara-
day” experiment to measure the electric-type
gravity produced by a time-varying flux of magne-
tic-type gravity, (ii) experiments to test for the
existence of a preferred reference frame and pre-
ferred orientations in the universe, and (iii) an
experiment to measure the gravitational force pro-
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FIG. 1. A torsion oscillator with test masses m, on
one of which there acts a post-Newtonian force F at
right angles to the support bar. The suspension system
could be a support fiber or an electric or magnetic sup-
port system with very high @ and very small restoring
torque.

duced by particles moving at nearly the speed of
light (non-post-Newtonian experiment).

II. SYSTEMS WITH VERY LOW DISSIPATION

A. Torsion oscillator

The typical source of a laboratory post-New-
tonian gravitational field might be a mass M~10° g
with equatorial radius R~20 cm, rotating with
equatorial velocity »~5 x 10* cm/sec. Such a
generator would produce post-Newtonian gravita-
tional accelerations in its vicinity of magnitude

(F) ~< 16kT>1/2
M [Browmian  \mT*T

Apyn = (F/m)pn ~(G é M/R®*)(v/c)?
~1x10"' cm/sec?. (2.1)

Here F is the force that acts on a sensor, and m
is its mass.

One attractive type of sensor for such a small
force is a torque balance (torsion oscillator)
shown in idealized form in Fig. 1. In a post-New-
tonian experiment one would modulate the source
of gravity at the eigenperiod 7, of the oscillator,
thereby producing after a time > 7, (but T<*
= damping time of oscillator) a net change in the
oscillation amplitude of the masses

(Arg)py = E M en ToT mgrn To"

~4x10"° cm if 7,~10% sec, T~10° sec.
(2.2)

Such a displacement of a macroscopic mass

(m ~30 g) can be detected without serious difficulty
by a variety of techniques (see Sec. 2 of the book
by Braginsky and Manukin,® cited henceforth as
BM).

The three most serious problems for a torque-
balance sensor of post-Newtonian forces are
fluctuational forces (Brownian noise) in the sus-
pension system, time-varying gravity due to mo-
tion of nearby people, animals, and vehicles, and
seismic “noise” at the eigenfrequency of the torque
balance.

The fluctuational forces depend on the tempera-
ture T of the torque-producing suspension system,
the amplitude damping time 7* for torsion oscil-
lations, the duration 7 over which the forces act
(“measurement time”), and the mass m:

~1x% 10 cm/sec® if m=30g, T=0.1°K, 7=10° sec, =10 sec. (2.3)

[ Equation (2.3) is the Nyquist theorem in a form
valid for 7,<« 7<«7*.] The parameters suggested
here are all very reasonable from the viewpoint of
present technology except the damping time r*
=10'® sec, which corresponds to a mechanical @
of

Q=11'r*/-r°=3 x 10° for 7% =10"® sec, 7,=10% sec.
(2.4)

We expect that such damping times can be achieved
within the next 2 to 5 years. Our reasons are
these: (1) The present state-of-the-art result is
7%~ 10' sec. An electrostatic suspension system

r

constructed by Everitt, Fairbank, and their co-
workers for use on board an Earth-orbiting space-
craft has its dominant damping produced by resi-
dual gas and is estimated to have 7% =1 x 10%°
sec,® and the tungsten-wire suspension system
used by Braginsky and Panov’ in their 1971 room-
temperature EGtv0s experiment is believed to
have had 7+~ 3 x 10° sec (though no attempt was
made to measure it beyond setting the limit

7%>6 X 107 sec). (2) The suspension might be a
fiber of fused quartz, for which losses decrease
rapidly with decreasing temperature below

T ~10°K, so that it is not unreasonable to expect
7F =~ 10" sec at 0.1 °K. (3) One could use a
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thin support fiber cut from a monocrystal of
sapphire, for which (a) fundamental-mode oscilla-
tions of a 1 kg cylinder at w,~10° rad sec™ show
Q ~5x10° at 4.3 °K,® (b) losses again decrease
rapidly with decreasing temperature, (c) losses
decrease with decreasing frequency, (d) losses
are lower for torsion oscillations than for the mea-
sured compressional oscillations, but (e) losses
will be larger for a thin fiber than for a cylinder
because of larger surface-area-to-volume ratio.
(4) One could use a Meissner-effect suspension

(T 1233y
“\2urT/) 218

—

system for which the attainable @ should be rough-
ly comparable to that in a superconducting micro-
wave cavity at a given frequency w, (@ ~10*° to
102 for present state of the art®), and for which
the @ should increase with decreasing w,. (5)
Damping due to residual gas in the vacuum cham-
ber can readily be kept under control; the damping
time for two spherical test masses m with a total
projected area S being buffeted by gas molecules
of mass u, number density », and temperature T
would be

~1x10" sec for m=30g, S=20 cm®, u=7Tx10%" g, T=1°K, n=1X10" cm™ (pressure=10"'? torr).

(2.5)

Time-dependent gravity gradients due to the motion of nearby people, animals, and vehicles can be kept
below the post-Newtonian signal by (i) using a torsion pendulum whose quadrupole and octupole coupling
to gravity gradients is small, and (ii) performing the experiment in a well-isolated place, e.g.,
in a sealed, animal-free mine. With modest effort one could construct a torsion pendulum with the
relevant quadrupole and octupole moments reduced from their usual values of ~mb? and ~mb2, to ~10"*mb?
and ~10"*mb3, where m is the mass on each arm and b is the length of the arms. The torque-producing
acceleration due to an object of mass M will be less than 10 percent of the post-Newtonian acceleration if

the object is kept more distant than

GMb T \'3 (GMbB® T, \'/® M \V® M ”5]
-4 0 0 ~ = .
72 max [(10 -————) , <——————) J—max [(100 m)<Wk—g> , (40 m) m) for b=10 cm

0.1apy 0.1apy

The first and second terms represent the quadru-
pole and hexadecapole couplings, respectively,
and the factor 7,/7 is a bandwidth correction.
Thus, for M <1000 kg, an isolation radius of a
few hundred meters is adequate.

Seismic “noise” (earth vibrations) at angular
frequency w,~27/7, in the bandwidth Aw,~1/%
will produce accelerations of the torsion oscillator
that could mask the post-Newtonian signal. Be-
cause of the low frequency of the torsion oscilla-
tor, these seismic accelerations cannot be re-
moved by a passive filtering system. The seismic
motions can be resolved into floor tilt, floor rota-
tion, horizontal motion, and vertical motion. Tilt
is a problem in the case of a fiber suspension sys-
tem because it displaces the test masses relative
to external, spatially varying force fields (elec-
tric, magnetic, gravitational), and thereby leads
to time-varying torques. Floor rotation will cause
angular accelerations of the experimental appara-
tus that directly mimic the post-Newtonian signal.
In a perfect torsion oscillator with vanishing ini-

|

JoT~4x 107 sec(w/107 sec™)? for 6x 107°< w =< 6x 107 sec™

J et~ 6 x 10712 sec(cm/sec?)?(w/10%3 sec™!)™? for 6 X105 w< 6 x 1072 sec™t.

(2.6)

-

tial amplitude, horizontal and vertical motions
would produce no torques; but in any real system
such motions will couple to the oscillator through
imperfections and through nonlinearities such as
Coriolis and centrifugal forces.

The frequency region of interest, w,~10"% rad/
sec, lies above the frequencies of tides and below
the frequencies of the Earth’s normal modes. The
data on Earth motions in this regime are not very
reliable, and presumably the amplitude of the mo-
tions varies greatly from one location to another.
If we characterize the stochastic component of the
rotational, horizontal, and vertical motions by
mean-square angular, strain, and acceleration
amplitudes per unit angular bandwidth

J It =((a9)?)/(radsec™) , (2.72)
Jhr=((al/1)%)/(rad sec™) (2.70)
Jt = ((Ag)?)/(rad secl) , (2.7¢)

then the observational data suggest, for quiet loca-
tions 1o 1!

(2.8a)
(2.8b)
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There are no data on JI°, but it may be reasonable to assume

rot ~ rhor
J ot~ Jhor

(2.8c)

For the torsion oscillator of Fig. 1 the seismic rotations have the same effect as a sinusoidal force F

acting on one of the masses m with amplitude

(F/mM) op = 26w 2 (21 £°/1)1/2~ 1 x 1076 cm/sec? for b ~10 cm, 7~10° sec, w,~10" sec™.

(2.9a)

If o is the dimensionless coupling parameter between horizontal accelerations at frequency w, and
torque accelerations F/m, then horizontal seismic motions produce the same effect as a sinusoidal torque

acceleration

(F/m)yn= tnor(Mo/2m)w 2 (2nT BT /5)1/ 2~ 5 x 10710, cm/sec® for A,=~6000 km, #=~10° sec, w,~10"% sec™.
hor hor\”*0 0 w hor 0 0o

(2.9b)

Here ), is a characteristic wavelength, and \,/27 is a characteristic coherence length for the horizontal
strains of Eq. (2.7b). Clearly X, cannot be much larger than the radius of the Earth (the value chosen
above) and it might be much smaller. If we similarly characterize the coupling to vertical seismic motions

by a parameter U, then

(F/M) gopt = lhyept (2T 178 /$)1/ 2~ 6 X 1071, cm/sS€C? for #=~10° sec, w,=~10"% sec™.

These seismic effects appear to be huge com-
pared to the tiny signal (F/m)py ~10""" cm/sec?
that one wishes to measure. However, one might
be able to circumvent them by very careful con-
struction of the apparatus to achieve fpo,™ Hyert
~107%, together with construction of an active anti-
seismic platform that reduces rotational, hori-
zontal, and vertical motions by at least one, two,
and three orders of magnitude, respectively.
Tilt-induced torques might be circumvented by a
combination of antiseismic platform, shielding of
the torsion pendulum from external electric and
magnetic fields, and adjustment of the distribution
of gravitating mass in the nearby laboratory.

This discussion of seismic-induced torques is
very incomplete. Any real torsion oscillator has
a large number of mechanical degrees of freedom
which can be excited by seismic noise, and which
are coupled by nonlinearities, imperfections, and
external force fields. To keep seismic-induced
torques below the post-Newtonian signal, one must
understand thoroughly the coupling of these degrees
of freedom and bring it under control experiment-
ally.

That one can circumvent seismic “noise” in
principle follows from the fact that it is not a true
noise, i.e., it is not a stochastically fluctuating
force originating in a key element of the apparatus.
However, its circumvention on Earth may prove so
difficult in practice that one will seek the quieter
environment of an Earth-orbiting laboratory.

B. Eigenvibrations of dielectric monocrystals

Accelerations at the laboratory post- Newtonian
level, (F/m)py=~1x10"" cm/sec?, should also be

(2.9c¢)

measurable with massive (m ~10° to 10° g) dielec-
tric monocrystals. Monocrystals of sapphire are
particularly attractive, but quartz and others
might also be suitable. In a post-Newtonian ex-
periment one would modulate the source of gravity
at an eigenperiod 7, of the crystal’s vibrations,
thereby producing after a time #> 7, (but # << 7*
=damping time) a net change in the oscillation am-
plitude of the crystal

(Axg)py = (F/Wfl):NTO?

~5x10"® cm for 7,~6 X 10™ sec,
7~10° sec.
(2.10)

This amplitude change is far larger than that
which will be measured (10°'7 ¢cm) in the second-
generation gravitational-wave antennas of the
Fairbank- Hamilton group!? and of the Braginsky
group.'® Moreover, the eigenfrequencies in the
two experiments (post-Newtonian and gravitational-
wave) are the same, but in the post-Newtonian ex-
periment one can use a much longer time (7py
~10° sec) to measure the amplitude change than in
the gravitational-wave experiments (75, <1 sec).
Thus, the measurement of the post-Newtonian am-
plitude changes should present no serious prob-
lems. For example, an electromagnetic- resonator
sensor for displacements in which the inductance
or capacitance is modulated by the crystal vibra-
tions, would produce a fluctuational ‘“back-action”
force on the crystal itself of only (BM,® Sec. 5)
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~4x10"'° em/sec? for T,~4°K, w,~6X10' sec™, w,~10% sec™!, m ~10* g, +~10° sec.

(2.11)

Here T, is the temperature of the electromagnetic sensor, w, is its angular frequency of oscillation, w,
is the angular eigenfrequency of the crystal, m is the mass of the crystal, and % is the measurement time.
This back-action force is far smaller than the post-Newtonian force (F/m)py=~1x10"" cm/sec?.

Internal fluctuational forces in the crystal (Brownian-motion feeding of energy back and forth between
various eigenmodes) have a magnitude governed by the crystal temperature T,, the damping time 7*
=7,Q/m for crystal vibrations, the time of measurement 7, and the mass of the crystal m:

(F) ~<8kT0 )1/2
m Brownian m?‘r*

~2x107'® cm/sec? if T,~10"°°K, 7% ~2x 10" sec, m ~10% g, T=~10° sec. (2.12)

This fluctuating force of 2 x 107! cm/sec? is ade-
quately below the post-Newtonian level of 1 x 1077
cm/sec®. To achieve such a small fluctuating
force we envision a 10 kg monocrystal of sapphire
with an eigenperiod 7,6 x 10™* sec, cooled to a
temperature T,~ 1073 °K where its @ is 21 x 10!,
and a measurement time of #~10° sec. Such an
installation should be achievable within the next 2
or 3 years: (1) Monocrystals of sapphire with
mass as large as 25 kg are now available com-
mercially*?; (2) Bagdasarov, Braginsky, and
Mitrofanov® have achieved a @ of 5 X 10° for a 1-kg
sapphire with w;=2.1x10° sec™ at 7,=4.3°K; (3)
the @ of this same sapphire (with no improve-
ments in polishing or suspension) should rise
rapidly with decreasing temperature (the mea-
sured increase between 77°K and 4.3 °K was

Q< T,"*%); (4) more massive sapphires should
have higher @’s (one expects @ < w ™ roughly);

(5) the theoretical @ for a pure, dislocation-free,
impurity-free, perfectly polished, free-floating
sapphire crystal is

Q =~ (4C,*0)/KT 0 w,
~3 x 105(T,/°K)"4(w,/10% sec™)? at T< 10°K,
2.13)

where p is the density, C, is the specific heat at
constant pressure, « is the thermal conductivity,
and « is the thermal-expansion coefficient [BM,?
Eq. (9.7)]; (6) cooling to millidegree temperatures
can be achieved by adiabatic demagnetization of
paramagnetic salts (the Fairbank- Hamilton group'®
plan to use this technique to cool a metal gravita-
tional-wave antenna with mass m~5 X% 10% g to
millidegree temperatures).

Seismic “noise” presents no serious problem
for such a detector of gravitational forces. At its
operating frequency (w,=10* sec™!) and bandwidth

r

(Aw,=~107¢ sec™) one can filter out the seismic
noise. This feature makes such a detector much
more attractive than the low-frequency (w,=~103
sec™!) torsion oscillators of Sec. IIA.

C. Microwave resonator with superconducting mirrors

A third type of detector for post-Newtonian
gravitational fields is a microwave resonator with
superconducting mirrors, i.e., a superconducting
cavity in which one excites electromagnetic trav-
eling waves or standing waves. In such a detector
the gravitational forces act on the electromagnetic
waves, pushing them relative to the fixed walls of
the cavity.

Because electromagnetic waves are not slow-
motion entities (they do not have v << ¢), the “post-
Newtonian acceleration” a, =~ (GiM/R?)(v/c)?
~1x10"'" cm/sec? is not a relevant concept in
analyzing their response to gravity. In forth-
coming papers, Caves'® analyzes in detail the in-
teraction of a microwave resonator with gravity,
and in Sec. V of this paper we shall describe an
experiment which one might hope to perform using
a microwave resonator.!”

The key features of superconducting microwave
resonators, which make them attractive for gravi-
tation experiments, are these: (i) the very low
surface resistances of their walls, R,~ 107 to
10°° ohms,*!® which leads to near-perfect reflec-
tion of electromagnetic waves,

1- ®=R,/94 ohms

~107'° to 10™** for normal incidence,
(2.14)

where ® is the reflection coefficient; (ii) the re-
sulting very high @’s of the resonators, @~ 10 to
10'2 for cavities excited in low modes® (e.g.,
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Q=5 X 10" for a TE,, mode with eigenfrequency
10.5 GHz, in a cylindrical niobium cavity with
length and diameter 1.5 in. and temperature

1.3 °K)'?; (iii) their high frequency stability, which
has enabled Stein and Turneaure®® to construct
superconducting- cavity—stabilized-oscillator
clocks (SCSO) with short-term stabilities Aw/w
~6 x 10716,

II1. POST-NEWTONIAN GRAVITY IN THE LABORATORY
A. General remarks

In the theoretical discussion of many of our ex-
periments (Secs. IV-VI) we shall use the
Nordtvedt-Will parametrized-post-Newtonian
(PPN) formalism.? In this formalism gravity is
described by a general-relativistic-type metric
accurate to post-Newtonian order. The metric
contains eleven unknown, dimensionless constants
called “PPN parameters” and denoted v, 8, @, a,,
g, &1y 8oy &35 &4y Lyym- Each “metric theory of
gravity” (theory obeying the Einstein equivalence
principle), when specialized to the post-Newtonian
limit (low velocities and small stresses) is a spe-
cial case of the PPN formalism corresponding to

eral relativity y=38=1 and all other parameters
vanish.

To conserve space we shall not write down the
full PPN metric here; instead, we refer the read-
er to equations (39.32)--(39.34) and Box 39.5 of the
book by Misner, Thorne, and Wheeler? (cited
henceforth as MTW), and to Eq. (4) of Will’s
paper? where the parameter ¢, is added to the
formalism.

Table I contains, for future reference, a brief
list of post-Newtonian gravitational phenomena and
the PPN parameters which describe them. (For
details see, e.g., Refs. 4 and 21.)

Consider a source of gravity with mass M, size
L, internal density p ~M/L?, internal energy den-
sity pIl, internal stresses p, internal strains s,
velocity v of rotation or motion relative to center
of mass, and velocity w of motion of center of
mass relative to mean rest frame of the universe.
For such a source the dimensionless magnitudes
of post-Newtonian effects (fractional amounts by
which post-Newtonian effects differ from New-
tonian effects) are

GM/Lc?, 1/c?, p/pc?, v?/c?, vw/c?, w?/c?.

specific values of the PPN parameters.

For gen-

When the source of gravity is the Sun

TABLE 1. Some post-Newtonian phenomena and their PPN parameters. For details see, e.g., Refs. 4 and 21.

Description of phenomenon

Parameters

1. Spatial curvature generated by rest mass, Agj,> 20'27U6jk

2. Nonlinearities in superposition of Newtonian gravitational
potentials, A gy=—2c72pU°

3. Newtonian-type gravity (A gy) generated by gravitational
energy (48,p0U)

4. Newtonian-type gravity (A gg) generated by kinetic energy
@B1pgw?)

5. The effect of anisotropies in kinetic energy (pov2 with ¥

directed toward observer rather than transverse)
on Newtonian-type gravity (A gg)

6. Newtonian-type gravity (Aggo) generated by internal energy
(28311 pg)
7. Newtonian-type gravity (A g, generated by isotropic part
of stresses (684p)
8. The effect of anisotropies in stresses (stresses directed
toward the observer vs transverse stresses) on Newtonian-
type gravity (Agg)
2. Magnetic-type gravity (gy;) generated by momentum (A;p V)
10. The dependence of strength of momentum-generated gravity (g;)
on direction of momentum (toward observer vs transverse)
11. “Preferred-frame effects,” i.e., the influence of matter’s
motion relative to universe on the gravity the matter generates
12. “Preferred-orientation effects,” i.e., the gravitational influence

13.

of the orientation of the experimental apparatus relative to the
external universe

Breakdowns in global conservation laws for energy, momentum,
and/or angular momentum

Y
B
B2=%(§z+3y—23+1)

Bl=%(a3+§1+2y+2)

&

By=&3+1

Ba=84+Y

n
A1=%(a1—(¥2+§1+47+3)
Ng=ay - +1

ay, Oy, and ag

ay, Ey

1+ 20y Cy— Ly b0 Lyt 2y 0y gy g
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GM/Lc®~T/c?~p/pc?~2%x107°,
v?/c?~5 x 10"
vw/c?~5x%x10"7,

0?/c? ~5 %1077,

(3.1a)

By contrast, a reasonable laboratory source of
gravity has p~10 g/cm?®, L <50 cm, M<10%g,
v<10% cm/sec, (p/p)’/2<10° cm/sec, s <1072,
w<2x%10" cm/sec, so that at best

GM/Lc*~1x1072*
p/pct~v?/c?~1x 1071 |
IM/c? >~ @?/c?)s ~1 %1073
vw/c?~2%x107°

w?/c?~5x1077,

(3.1b)

A comparison of the numbers in Egs. (3.1b) and
(3.1a) shows that laboratory experiments to probe
nonlinear features of the gravitational field (di-
mensionless magnitude GM/Lc?, PPN parameters
B and B,, items 2 and 3 of Table I) are hopeless.
Similarly, laboratory measurements of the gravity
produced by internal energy (dimensionless mag-
nitude I1/c?, PPN parameter 3,, item 6 of Table
I) will be exceedingly difficult and perhaps im-
possible. However, there is hope for laboratory
experiments which probe the gravitational in-
fluences of velocity and stress (dimensionless
magnitudes v?/c?, vw/c?, w?/c?, and p/pc?, all
PPN parameters except v, 8, 8,, 8;, items 4, 5,
and 7-13 of Table I). Whether one can invent a
laboratory experiment to measure spatial curva-
ture (PPN parameter y, item 1 of Table I) is not
evident to us (see Sec. V B).

In any experiment one must separate cleanly the
post-Newtonian effects from all influences of New-
tonian gravitational fields. To achieve this one
obviously must modulate the post-Newtonian grav-
itational fields in time, and guarantee that at the
resulting frequency wyy of the post-Newtonian
forces all Newtonian forces are negligible. This
will be extremely difficult in general because, a
priovi , the Newtonian forces are larger than the
post-Newtonian forces by ~c?/v%~10''; and special
positioning of detectors (accuracy ~1 um out of
~100 cm) and special orientations (accuracy ~0.3
arcsec) can typically reduce the Newtonian signal
by only factors of ~1 um/100 ¢m ~ 0.3 arcsec/90°
~107%, Clearly one must guarantee that Newtonian
forces with the frequency wyy are sensitive only
at second order or higher to errors in positions
and orientations.

Two types of post-Newtonian effects are espe-
cially attractive from this “Newtonian-noise”
viewpoint:

(1) Preferred-frame and preferved-ovientation
effects. They can be modulated by rotations of the
entire laboratory apparatus relative to inertial
space, i.e., relative to the locally preferred di-
rections, induced by solar-system motion through
the universe or by the mass distribution of the
universe. In such rotations (produced either arti-
fically or by rotation of the Earth) one can main-
tain with accuracy <1076 the relative positions and
orientations of various pieces of the experimental
apparatus. Moreover, such rotations performed
perfectly will selectively modulate the preferred-
frame and preferred-orientation effects without
modulating Newtonian effects. Examples of this
will be given in Sec. VIB. Such experiments can
measure the PPN parameters «,, «,, o,, and &.

(2) Magnetic-type gravitational effects, i.e.,
effects associated with the g,; metric components.
These effects include the dragging of inertial
frames by rotating bodies, Lens-Thirring gyro-
scope precession, gravitational accelerations
produced by spin-spin interactions of rotating
bodies, and gravitational accelerations due to
spin-orbit coupling. The key property which dis-
tinguishes magnetic-type effects from all others
is their sensitivity to the divection of rotation or
motion of a laboratory source or detector. As
source one could use a rapidly rotating, axially
symmetric body and one could slowly modulate its
angular velocity

Q=Q,cos(wp.df) -

Magnetic-type gravitational effects are sensitive
to the sign of 2 and therefore are modulated with
angular frequency w4 and its harmonics

(2Wmod) 3Wpmoas - - - )- Newtonian gravitational ef-
fects, and all the other “nonmagnetic” effects,

are sensitive to Q2 (centrifugal distortions of ro-
tating source; etc.) and therefore are modulated
with angular frequency 2w_ 4 and its harmonics

(4w o4 6Wmoas - - - )- In an ideal experiment there

is no Newtonian “noise” at the post-Newtonian
frequency w, ., Examples of this will be given in
Secs. IVA, V, and VIA. Such experiments are
sensitive only to the parameter 34, + 34,

=3(a, + 4y +4).%?

For other post-Newtonian effects Newtonian
noise might remain insurmountable in the near
future. However, there are gravitational effects
not encompassed by the post-Newtonian approxi-
mation which should be measurable by the tech-
nology described in this paper. These include (i)
the equality of inertial and passive gravitational
mass (EStvSs experiment, Sec. IV B), (ii) the time
rate of change of the gravitation constant (Sec.

IV C), (iii) the gravity produced by electromagnetic
stresses (Sec. IVD), and (iv) the gravity produced
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by particles that move with nearly the speed of
light (Sec. VIC).

B. Formalism for analyzing magnetic-type gravity

In our discussion of experiments to analyze
magnetic-type gravity we shall utilize a truncated
and rewritten version of the PPN formalism. Our
truncation consists of two steps: First, we delete
from the formalism a number of phenomena that
are already absent in general relativity, namely
preferred-frame effects (set w,=0 in Chap. 39 of
MTW), preferred-orientation effects (set &,=0),
and anomalies in g, produced by anisotropies of
stress and kinetic energy (set {=7n=0). Second,
we delete from the formalism all gravitational
nonlinearities (set B=p3,=0), since there is no
hope of measuring them in laboratory experiments,
and we treat the Newtonian potential U formally
as having magnitude

U/c2~ w/c)*~(p/pc?)?~ (I1/c?)?«< 1 (3.2)

[cf. Eq. (3.1b)]. In rewriting the PPN formalism
we replace the gravitational potentials U, ¥, v,
and W of Chap. 39 of MTW by scalar and vector
potentials

d=_(U+2¥), A=-1AV-34,W, (3.3)

and we define an “electric-type” gravitational
field g and a “magnetic-type” gravitational field
H by

+ = 10K o+ o

g=-Vo-——7, H=VXA. (3.4)
Here the notation is that of flat-space 3-dimen-
sional vector analysis, the coordinates (t,x,v,z2)
are those of the PPN coordinate frame of Chap.
39 of MTW, and we use cgs units rather than geo-
metrized units.

In terms of the new notation <I>,K, g, H the metric

of spacetime, accurate to post-Newtonian order,
becomes

Loo=—-C3(1+28/c?),
gos=4A,/c, (8.5)
gn=0,(1-298/c?)

[cf. Eq. (39.32¢) of MTW]. The source equation
for the scalar field ® is

V2d = 4nGpy(1 + 28,72 /c?+ BI1/c? + 3B, p/p,c?)

(3.6)
[Egs. (39.34a,d) of MTW combined with Eq. (3.3)
above]. The vector potential in the chosen PPN
gauge has nonzero divergence

198%

$'K=('%A1 2A2) "ot

(3.7a)

[Egs. (3.3) above, and (39.27, (39.34b), and
(39.15a) of MTW]. The Laplacian of the vector
potential is

-

- v 1 9 =
VEA=(18,+ 184160, + A, o5 VB (3.7)

[Egs. (3.3) above, and (39.27), (39.34b) of MTW].
By combining Egs. (3.6) and (3.7) with definitions
(3.4) of £ and H, and by making use of standard
vector-analysis identities, one can derive the fol-
lowing Maxwell-type equations for the electric-
type and magnetic-type gravitational fields:

i
§'§=*4”Gpo( +231—+33 2 +3B4 pc2>

1 9
+ (% Al_ % AZ)?- 3[2- @ Py (3.83.)
= . 10H
ng=—?a—t, (3.8b)
?-ﬁ:O, (3.80)

= PV 108
vXH-(%A1+;-'A2)(—41IG_CL- +Ea_ g)
(3.8d)

Throughout these equations y, B,, B,;, B,, 4,, and
A, are PPN parameters, p, is the density of rest
mass in the local rest frame of the matter, ¥ is
the ordinary (coordinate) velocity of the rest mass
relative to the PPN coordinate frame, II is specific
internal energy, and p is pressure (see Chap. 39
of MTW).

When combined with the standard mathematics of
general relativity truncated to post-Newtonian
order, Eqgs. (3.4)-(3.8) are a complete set of tools
for analyzing the “near-zone” region of systems
satisfying Eq. (3.2). For example a test mass,
with 4-velocity u*=dx®/d7 and ordinary velocity
V=d%x/dt=1/u’, experiences a gravitational force
F which one can derive from the geodesic equation.
After some algebra that geodesic force reduces
to the Lorentz-type expression

Esﬂl=_ (u°%) = u(+va —'y;v@).

3.9)
[In deriving this experssion one must make the ap-
proximation e?"®/°*(d/dt )(e~2"®/u°%) = (d/dt) V),
an approximation which is valid for all conceivable
laboratory-type experiments.] In this paper at-
tention will focus on experiments where the de-
tectors, like the sources, have velocities I? |
S1x10° em/sec «<c. Under these circumstances
the gravitational force acting on a unit mass re-
duces to

TxH

= (3.10)

= [1-4— 22y + 1)]222
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Equations (3.4)-(3.10) express the law of lab-
oratory, post-Newtonian physics in Maxwell-type
language. Ah analogous formalism for weak-field
general relativity has been used previously by
Forward® in a discussion of conceivable gravita-
tion experiments.

IV. EXPERIMENTS USING TORQUE BALANCES

In this section we describe several laboratory
gravitation experiments which one might perform
using a torque-balance detection system. Through-
out we assume that the laboratory is earthbound,
though one may prefer to perform the experiments
in space to circumvent seismic “noise” (see Sec.
IIA).

A. Gravitational Ampére experiment

One post-Newtonian experiment that may be
feasible in the next few years is a gravitational
analog of Ampére’s experiment,?* which demon-
strated magnetic forces between current-carrying
spiral-shaped wires. Such an experiment is of
great theoretical interest because it detects mag-
netic-type gravitational forces. Magnetic-type
gravity must exist according to general relativity
and most (but not all) other relativistic theories of
gravity, but nobody has ever detected such a
force. Before describing our proposal for an
Ampére-type experiment, we shall review pre-
vious ideas and efforts to search for magnetic-
type gravity.

The Everitt- Fairbank gyroscope experiment®
is designed to detect the magnetic-type gravita-
tional torque produced on a gyroscope by the ro-
tation of the Earth. Van Patten and Everitt*® have
proposed an experiment to measure the magnetic-
type gravitational force which the Earth’s rotation
exerts on a satellite orbit. Chapman®® has pro-
posed an experiment to detect the magnetic-type
force of the Earth’s electric-type gravity acting
on the orbital motion of spinning hoops (force pro-
portional to orbital velocity ¥ and angular mo-
mentum of hoop § , spin-orbit coupling). None of
these experiments (Everitt- Fairbank, Van Patten-
Everitt, or Chapman) is of a “laboratory type”
since they all rely on the Earth as the source of
gravity. Also, all three experiments require ex-
pensive Earth-orbiting facilities.

Laboratory-type experiments to detect magnetic-
type gravity have been suggested by a number of
people,?” but in all cases either the originator of
the ideal or his critics®® have concluded that with
state-of-the-art technology the experiment was
not feasible.?® The spin-spin coupling experiment
described below looks more favorable thanks, pri-
marily, to the high-@ technology of near-future

r

Rs

misof [

Symmetry

Suspension _

System

FIG. 2. Experimental configuration for a gravitational
Ampére experiment (measurement of spin-spin coupling),
as viewed from above. The source mass M, and detector
mass m, both rotate about the source’s axis of symmetry
(z axis).

torsion oscillators.

The experimental setup which we envision in-
volves as source an axially symmetric body of
mass M,, density p,, and outermost radius R,
which rotates rigidly about its axis of symmetry
(z axis of Fig. 2). The rotational angular velocity
Q, is modulated at a frequency w,~ 10" sec™

Q,=Q,coswyt . (4.1)

The detector is a small sphere of mass m, and
radius R, which is located on the z axis and ro-
tates about that axis with constant angular velocity
Q,. This detecting sphere is one mass of a torque-
balance system of the type discussed in Sec. ITA
(see Fig. 2). The frequency w, of source modula-
tion is chosen to coincide with the eigenfrequency
of the torque balance. When the source is rotating
in the same direction as the detector (i.e., when
cosw,t>0), its magnetic-type gravitational force
repels the detector; when the source rotates in
the opposite direction, its magnetic-type force
attacts the detector. This oscillating force on the
detector [F/m, = (¥/c) x & with H produced by the
source and ¥ integrated over the detector] is given
by

F -
" (3 8+ 3 8,) aGp Ry (QR) (R, )C™? coswil ;
(4.2)

[ef. Eqgs. (3.8c), (3.8d) with 8¢/t negligibly small].
Here « is a dimensionless constant which de-
pends on the precise shape of the source and lo-
cation of the detector, but which is of order unity
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if M;~psR®, Ry<<R,, and (source-detector sepa-
ration)=»~R,. One can compute & for any given
source-detector configuration by applying the
standard techniques of magnetostatics to Egs.
(3.8¢), (3.8d). If the source is a sphere, then
a(r/Ry)*=96m/75 ~4.

The amplitude of the oscillating acceleration
(4.2) is the quantity which enters into the torque-
balance discussion of Sec. IIA. In general rela-
tivity (4, =4,=1) it is

(F/my) ~1x 107" cm/sec?
for p,=8 g/cm®, R,=2 cm, (4.3)
Q,R,=Q,R,=5x10* cm/sec, a=4.

These parameters are reasonable for steel. The
types of ceramics and fibers being developed for
use on superflywheels®® would have lower densities
but higher maximum angular velocities, thereby
yielding similar values of F/m; the chief advantage
of such materials is that, because of their lower
density, the Newtonian acceleration produced by
the source is smaller than for steel, so that both
types of Newtonian noise discussed below are re-

J

(F/m)g=+% (£ V)gy~3 (£/R,)*(GM,/R )

duced.

The considerations of Sec. IIA suggest that a
torque system to detect the force (4.3) can be built,
but that in an earthbound laboratory seismic noise
will not be overcome easily.

Noise from Newtonian (electric-type) gravity
should not be an insurmountable problem in the
above experiment. The Newtonian gravitational
field will be constant in time, except for small-
amplitude modulations due to time-changing centri-
fugal deformation of the source sphere, and jitter
in the source location.

The jittering displacement () of the source’s
center of mass produces a jitter

(F/m)y==[(E-9) = L(E- V)24 ]gy (4.4)

in the Newtonian acceleration of the detector.

Here g is the longitudinal component (z compo-
nent) of the acceleration at the center of mass of
the detector in the absence of jitter. Since the de-
tector sits on the axis of symmetry of the source,
9,8y = 9,8y =0. By appropriately shaping the source
and positioning the detector one can also guarantee
that 8,g,=0. This is approximately so for the con-
figuration of Fig. 1. In this case

~1x10™® cm/sec® for £=1x10" cm, R,=30 cm, M ;=3 x10°g.

If a horizontal stability of £ ~10"° ¢cm seems ex-
cessive, one can shape the source so that 8,%g
<« gy/R,? and then relax the constraint on &.

In an ideal experiment, with ,=Q coswyf, the
centrifugal deformation of the source would oscil-
late with frequency 2w, and would produce no New-
tonian force whatsoever on the detector at fre-
quency w, Butin any real experiment small de-
viations 6Q, between amplitude of “positive” ro-
tation and of “negative” rotation will produce a
Newtonian signal at frequency w,:

F o8
— ~ A 0
<m )N Ex Q ’

where Ag), is twice the amplitude of centrifugal-flat-
tening-induced oscillation of gyat frequency 2w,. If
one designs the source shape sothatnotonlyisa, gy
=0, but also Ag,s 10°°GM, /RS for Q,R,~5 x 10*
cm/sec,® then

(£), = e w1038
m)y R 2

~2X 1078 cm/sec? for 6Q,/Q,~1x10"7.
(4.5)

Thus, a modulation precision of 6Q,/Q,~10"7 is
then adequate to keep the Newtonian signal well
below the post-Newtonian signal. However, it
may not be easy to design a source which has
9,8y and Agy as small as desired while still keep-
ing the spin-spin coupling coefficient @ reasonably
large.

B. Improved Eotvos experiment

A torque-balance system and antiseismic plat-
form of the type needed in the above experiment
could also be used in three other gravitational ex-
periments: a new high-precision EGtvis experi-
ment, an experiment to search for time changes in
the gravitation constant, and an experiment to
measure the gravity produced by magnetic
stresses.

An E&tvds experiment of the Dicke®® type would
search for periodic torques in the torsion balance
due to rotation of the Earth relative to the Sun’s
gravitational field. The frequency of modulation,
w,=27m/(24 h)~10"* sec™ is a factor 10 lower than
that contemplated for the Amp@re experiment (see
above and see Sec. IIA). As a result, seismic
noise will present more serious difficulties here
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M

FIG. 3. Experimental configuration for measuring a
time change of the gravitation constant.

than there, and we think it reasonable to aim for
an acceleration sensitivity of F/m~10"** or 107!5
cm/sec? rather than 10°", However, this sen-
sitivity would yield a test of the weak-equivalence
principle at the level

%2_a-a
g a

where a, is the acceleration of one material to-
ward the Sun, a, is the acceleration of another ma-
terial towardthe Sun, and a is the mean acceleration
toward the Sun. This is an improvement by a fac-
tor 100 to 1000 over the best present experiment,’
but it is a factor 100 to 1000 worse than the 1077
precision which one might expect for E6tvds ex-
periments performed in Earth-orbiting laborator-
ies.’® At present, however, there is no strong
theoretical motivation for performing an EStvds
experiment with precision 10", 10"**, or even
10"'". The current accuracy” of 1072 is adequate
to check the gravitational coupling of all nongravi-
tational forms of energy, including even weak-
interaction energy,** and 1077 is ten orders of
magnitude too poor for checking the gravitational
coupling of gravitational energy.®* (The self-
gravitational energy of a 10 g laboratory test mass
is only ~ 10?7 of its rest mass-energy.)

~107* or 1015, (4.6)

C. Time dependence of the gravitation constant

A search for time changes of the gravitation
constant could be performed using the same type
of installation as E6tvds®® used for measuring the
absolute value of the gravitation constant (see Fig.
3). The two large masses M produce, by their
Newtonian gravity, a restoring torque that greatly
exceeds the intrinsic torque of the torsion balance.
The result is small-amplitude torsional oscilla-
tions with angular frequency

w=(W2+ w2~ w [1+3 (0/w,)?], (4.7a)
w,S1x10™sec™, (4.7b)

where w, is the intrinsic eigenfrequency of the
gravity-free torque balance,

~1x10"3 sec™
for M ~10°g, »~50 cm, b ~25 cm.
(4.7c)

If the gravitation constant changes with time there
will be a corresponding time change of the oscil-
lation frequency

d/w=~%6/G. (4.8)

Changes in the dimensions #» and b of the ap-
paratus and in the intrinsic eigenfrequency w, will
also produce changes in w (“noise”):

w/w=-2.6047r)+1.1(0/b) + (Wo/w)*(@y/w,)
for r=2b. (4.9)

Such changes can be induced by temperature fluctu-
ations or material aging. One can probably keep
them negligibly small by making the entire ap-
paratus, including the torque-balance support sys-
tem, out of monocrystal sapphire, by cooling the
apparatus to T~2 °K where sapphire has a ther-
mal-expansion coefficient a, =~ (5 X 1072/°K)

X (T/2°K)™, and by maintaining the temperature
constant to within A7 ~0.01 °K so that thermal-
expansion effects produce

Aw/w=~3a, AT~1x10713, (4.10)

Whether such an installation would have negligible
aging effects one cannot be sure; direct measure-
ments of sapphire aging are needed. However,
aging is likely to be far less than the 5/b~10"%/yr
of quartz, since quartz has a far lower Debye
temperature than sapphire (470 °K vs 1040 °K).
With such an installation it seems reasonable
to measure w to a precision Aw/w ~1x 1072 by
data collection for one week (=~ 100 oscillation
periods), and to thereby obtain during one month
of measurements a limit on (or value for) é/G at
the level ~ 1x 107'2/month ~ 1 x 10" /yr. With
greater effort one might even achieve 1 x 1072/yr.
For comparison, Shapiro’s monitoring of planetary
orbits (the best current method of measuring é)
has given a limit of 1x 10™%/yr (Ref. 37) and may
well achieve 1% 107! /yr before the end of this
decade. Most theories of gravity, but not general
relativity, predict ¢/G inthe range 10™2/yr to
10°1%/yr.

D. Experiment to measure the gravity produced by
magnetic fields

Although general relativity predicts that gravity
should be produced by stress as well asby mass-
energy (item 7 of Table I), at present there is no
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experimental proof that this is so (the PPN param-
eter g, could be zero). Such a proof is particularly
important for astrophysics because, according to
general relativity, stress-produced gravity plays
an important, perhaps crucial role in the maximum
mass of neutron stars.3®

A promising way to test whether and how much
stress gravitates is to measure the gravity pro-
duced by a magnetic field. A magnetic field has the
advantage that its stresses are equal to its energy
density. In this section we describe briefly an ex-
periment to measure magnetically-generated
gravity.

Our experiment would make use of a DC mag-
netic field which is slowly turned on and off at the
eigenfrequency w, of a torque-balance detector.
For example, one could set up a magnetic field of
strength B,~2 X 10° G (the current state of the
art) in a long cylindrical or toroidal pipe (inner
diameter » ~10 cm); and one could set up a torsion
oscillator with one of its masses near the pipe.
One would turn the magnetic field on an off at the
eigenfrequency of the torsion oscillator, w,=~10"3
sec™!, and watch to see whether gravity due to the
oscillating magnetic stress energy produces a
change in the amplitude and phase of the oscilla-
tor.

If only the energy of the magnetic field, and not
its stress, were to gravitate, then the amplitude
of the oscillating force would be

(F/m) ~2(G/c?)(B,2/8m)mb ~Tx 10™'® cm/sec?,
(4.11)

which is measurable with the techniques of Sec.
IIA providing seismic noise can be controlled. On
the other hand, in general-relativity theory the
gravitational acceleration is produced by the en-
ergy density plus the trace of the stress tensor,
which means that for the idealized case of an in-
finitely long pipe

(F/m) =2(G/c?)b [ f (T4 %), 2wrdr

+ f T 217 drjl .
walls of pipe

The last term is the gravity produced by stresses
that build up in the walls to counteract the mag-
netic pressure. Total stress balance, T%*,=0,
enables one to re-express this as

(F/m)=2(G/c?)b™* fb (T + T7% )y 217 dr =0,
0

(4.12)

where T**=_B?/87r=-T% is the longitudinal com-
ponent of the stress. Thus, in general relativity

there is no oscillating force, except the Newtonian
“noise” associated with stress-induced changes 6p
in the mass density p of the walls. Although

(F/m)y=205" [ (4.13)

walls

dp2mrdr=0

for idealized case of an infinitely long pipe, for
any real solenoid the Newtonian “noise” will be
nonzero.

The toughest part of this experiment would prob-
ably be designing and monitoring the pipe walls and
the other laboratory-mass distributions, so as to
keep the Newtonian noise negligible. It would prob-
ably help to rotate the pipe about its central axis
with an angular velocity Q> w,,.

V. EXPERIMENTS USING MICROWAVE RESONATORS

A. The Davies frame-dragging experiment

Davies® has proposed an experiment, which
might be performed in the 1980’s or later, to mea-
sure the post-Newtonian “dragging of inertial
frames” by the rotation of the Sun, and to thereby
determine the Sun’s total angular momentum. The
technique is to send two electromagnetic signals
around the Sun along the same path, but in opposite
directions, and to measure the excess travel time
for the signal which travels “against” the rotation
compared with that which travels “with” the rota-
tion. In this section we propose a laboratory vari-
ant of the Davies experiment.

The dragging of inertial frames, like spin-spin
coupling, is a magnetic-type gravitational effect.

It is most easily analyzed in terms of the vector
potential A produced by the rotation of a gravitating
body. Consider an axially symmetric body rotating
rigidly about the z axis of a cylindrical coordinate
system (¢,7,z,¢). The body’s velocity ¥ is entirely
in the ¢ direction,

v°® =Qg = (angular velocity of rotation),
N (5.1)
v® = Q47 = (physical component of velocity) .

In this case symmetry dictates that the vector po-
tential A have only a ¢ component. The new nota-
tion

Q,=-c'A® = —(rc)tA? (5.2)
enables one to express in a simple form the in-

fluence of the vector potential A® on the metric
[Eq. (3.5)]:

ds®=— c?di? +r*(dd — Qpdt)? + dz2 + dr?. (5.3)

Equations (3.7b) with 8®/38¢=0, (5.1), and (5.2)
give us the following expression for
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(5.4)

Qp(r,2) = (34, +54,)

The quantity £, is called “the angular velocity of
dragging of inertial frames,” or, sometimes, “the
angular velocity of a locally nonrotating observ-
er.”®® The reason for this name is evident from
Eq. (5.3): Place two ideal light beams of infinites-
imal wavelength in a thin toroidal waveguide (reso-
nator) centered on the rotation axis of the source
(Fig. 4). Adjust the angular velocity of rotation of
the waveguide until the two beams require identi-
cally the same time for travel once around the
guide. Equation (5.3), with ds®=0 for the photon
world lines, then guarantees that the waveguide
must be rotating, relative to the coordinate sys-
tem, and hence relative to inertial frames far
from the gravitating source, with angular velocity
do/dt=Q p- If instead the waveguide is kept at rest
relative to distant inertial frames, the standing-
wave pattern made by the two traveling waves in
the guide will move relative to the guide with angu-
lar velocity Q,,

Although the above conclusions are deduced as-
suming waves that travel with the speed of light
(geometric optics limit, wavelength of waves in-
finitesimal compared with circumference of wave-
guide), one can show!® that they remain true for
any standing-wave modes of any perfectly smooth,
perfectly reflecting toroidal microwave resonator
which surrounds the source and is at rest relative
to distant inertial frames. The standing-wave pat-
tern will always move relative to the resonator
(waveguide) with angular velocity

Qy=8p, (5.5)

where & is an appropriate average'® of Q, over

$ direction

Standing-Wave
Pattern

FIG. 4. Experimental configuration for measuring the
dragging of inertial frames.

49 (G/c?)p, (v’ ,2")r'? cosprdr'd¢’dz’
7 Jsource [7'24‘7"2 - 2rr' cosd’ + (z - z')2]l/2 .

r

the interior of the resonator.

This motion of the standing-wave pattern can be
regarded as due to a feeding of electromagnetic
quanta from one normal mode, which has azimuth-
al dependence “cosm¢,” to another normal mode
with dependence “sinm@.” In an ideal resonator
these two modes are degenerate and lossless, so
the feeding proceeds smoothly. However, in any
real resonator, wall imperfections split the de-
generacy and induce losses, thereby producing
normal modes which respond in a complicated
manner to frame dragging. One of us (C.M.C.)
analyzes that complicated response in another
paper.!® From his analysis it appears that the
cleanest frame-dragging experiment might be one
in which (i) one of the two (nearly degenerate) nor-
mal modes of the resonator is driven into steady-
state excitation at its eigenfrequency w, ~10'?
sec™, (ii) the angular velocity £ of the rotating
source of gravity, and hence also the frame-drag-
ging angular velocity £, is modulated with fre-
quency w,4=w, - w,= (frequency split between res-
onator’s normal modes) = 107° sec™:

Q=800 cos(Wpod) , (5.6)

(iii) the modulation of ©, pumps electromagnetic
quanta from the driven mode to the undriven mode,
producing an angular oscillation of the standing-
wave pattern in the resonator with frequency w4
and amplitude

AP =0 T*/2, (5.7)

where 7* is the damping time of the normal modes.
[Formula (5.7) can be derived either classically or
quantum mechanically. ]

If the rotating source of gravity has mass M
~5 X 10° g and equatorial radius R ~50 cm, and if
it rotates with equatorial velocity Q¢,R ~10°
cm/sec, then Eq. (5.4) gives

Qpo ~0.5(GM/Rc?)Qg, ~6 X 10°2 rad/sec.
(5.8a)

It is conceivable that a damping time 7* ~10° sec
can be achieved with some years of technological
effort (see below). If so, then the amplitude of
standing-wave oscillation will be

AP ~3x1078 rad. (5.8b)

One way to measure the oscillation effect would
be this: Place a small “porthole” in the wall of
the resonator at a location where the standing-wave
intensity has its steepest gradient, and extract
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signal from that hole at just such a rate as to mods
estly degrade the @ of the resonator (50% of pho-
tons extracted in one resonator damping time 7*
~10° sec). Then “VN” fluctuations in the signal
extracted will lead to an uncertainty in the intensity
oscillation amplitude of

(AI/D) 60 = (30.59F/7%)71/2 | (5.9)

where N is the total number of quanta in the reso-
nator and # = 7* is the measurement time. For
comparison, the frame-dragging-induced intensity
oscillation is

N =~ (272a2R)(B,2/8m) (hc/2,)™
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(AI/D) gy gnar =I™A1/A D) AP = (4TR/2,)AD
(5.10)

where R ~50 cm is the radius of the cavity and A,
is the azimuthal wavelength of the standing-wave
pattern (\,=27R/m). Clearly we want A, as small
as possible and N as large as possible. The mini-
mum 2, and maximum magnetic field strength B,
that one can put into a resonator without breaking
the superconductivity of its walls are x,=~0.2 cm,
B,~1000 G. If the resonator has large radius R
and small radius a, then the number of quanta is

~4x10** for a~10 cm, R~50 cm, A,~0.2 cm, B,~1000 G (4 X 10° erg of excitation energy).

For these parameters the standing-wave oscilla-
tion (5.8b) corresponds to the transfer of approxi-
mately one quantum from the driven mode to the
undriven mode during each damping time; and the
measured signal and noise at the steepest gradient
of the standing-wave pattern [Egs. (5.10) and (5.9)]
are

(AI/I)slgnal =~ 1 X 10-12 ’ (AI/I)nolse ES X 10-13

(5.12)

for A¢ ~3 x 1076 rad, #=~10° sec, 7 ~10° sec.
Thus, the signal is detectable in one experiment of
duration 10° sec ~2 weeks. Of course, one can
strengthen the signal by measuring for a longer
time or performing a number of 2-week experi-
ments.

The above parameters for the resonator (B,
~1000 G, »,~0.2 cm, R~50 cm, a~10 cm, 7*
~10° sec) are rather extreme, but might be
achievable with some years of developmental work.
The main problem is the very long damping time
T*, corresponding to a @ of

Q=mcT*/x, ~5x 10, (5.13)

One can make a very rough estimate of the achiev-
able @ in terms of the reflection coefficient ® for
microwaves normally incident on the mirror walls:

~’;R/(’;;u5x1016 f1-@~2x1074,

Q (5.14)

Reflection coefficients of 1 - ®~ 10"!! are the state
of the art for the best superconducting cavities
with x,~1 cm, excited in very low modes (R~2,)
(see Sec. IIC). Thus a @ as high as 5 x 10 is not
totally out of the question, but it will require ma-
jor advances in superconducting technology.

(5.11)

—

Rather than using a closed toroidal cavity, it
may be better to use an open electromagnetic
resonator with several, e.g., six carefully shaped
mirrors that bounce the beam from one to another
to another around the rotating source of gravity.
With appropriate mirror shapes and a sufficiently
large Fresnel parameter, it should be possible to
keep diffraction losses negligibly small.*

To keep the signal clean and big one needs very
high relative-frequency stability between the driv-
ing oscillator (frequency w,) and the eigenfrequen-
cies of the resonator (w, and wz). Their relative
phases must not drift substantially during the res-
onator damping time 7*; i.e., their relative fre-
quencies must remain stable to a precision

Aw/w~1/w, T*~1Xx 107, (5.15)

For comparison, absolute-frequency stability of
6 x 10°'® has been achieved by Turneaure,?® except
for an extrapolatable drift which he is now trying
to get rid of. Thus, the necessary oscillator sta-
bility might be achievable. However, unless one
can devise a monitoring and feedback scheme to
stabilize the eigenfrequencies of the resonator,
the experiment will be impossible to perform.
Seismic noise would also be a very serious prob-
lem for this experiment. Any rotation of the cavi-
ty relative to nearby intertial frames will produce
a counter-rotation of the standing-wave pattern re-
lative to the cavity walls. The 24-h rotation of the
Earth can be, and must be, counteracted by a ro-
tation of the cavity relative to the laboratory.
However, seismic-induced rotations will remain.
At the eigenfrequency of the experiment w_ ., and
in its bandwidth 1/%, these rotations will drive an
oscillation of the standing-wave pattern with am-
plitude
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(Ad)):elsmlc = medT*(zﬂJ:ot/?)l/z

ot

~ (5 X 100 rad)(w,,e/10°® sec™?)*/2 for 7% ~10° sec, #=10° sec (5.16)

[cf. Egs. (2.7), (2.8), and (5.7)]. This amplitude
is so large that it willlswa.mp the signal (3 x 107*¢
rad) unless some way is found to monitor and sub-
tract it with high accuracy. Perhaps the best
monitor technique would be to construct two
toroidal resonators and attach them to each other
rigidly, with one encircling the 1-m-diameter ro-
tating mass and the other perhaps 1 m above that
mass. The frame-dragging effect falls off roughly
as 1/7% [Eq. (5.4)], so in the upper resonator it
would be roughly % as large as in the lower reso-
nator; whereas the rotation-induced effects should
be the same in the two resonators. By subtracting
the signals from the two resonators one should
obtain the frame-dragging effect; and, as a check,
one can verify that the signal’s phase has the cor-
rect relationship to the modulation phase of the
rotating mass.

Because of the need for a long damping time
(7%~ 10° sec), enormous relative-frequency stabil-
ity (Aw/w~10"'"), and huge antiseismic compensa-
tion (~10°), this experiment may well be the most
difficult one described in our paper. Nevertheless,
it may be worth pursuing for reasons of technologi-
cal spinoff; the toroidal cavity needed for the ex-
periment is essentially an electromagnetic gyro-
scope, and even if the desired precision of 107'®
rad/10° sec ~107%° rad/sec is never achieved, the
more modest gyroscope produced by the effort
could have technological uses.

B. ‘“‘Light-deflection” experiment

At first sight it looks attractive to attempt a
measurement of “light” deflection, and thereby of
the PPN parameter y, using a microwave reso-
nator: Let an idealized beam of electromagnetic
waves bounce back and forth inside an idealized,
perfect, cylindrical microwave cavity of radius b.
Place the cavity in a quadrupole gravitational field
generated by masses M, as shown in Fig. 5. The
gravitational force (light-deflection effect) will
cause the orientation of the beam to oscillate with
angular frequency

Q~(1+ .y)l/2(GM/b3)1/2
~10 sec™ for M=~10°¢g, b ~50 cm. (5.17)

As indicated above [Eq. (5.14) and associated dis-
cussion], one can hope to maintain the beam in the
cavity for a time #> 1073 sec, so the experiment
looks promising.

Unfortunately, it is not. The simple light-de-

r

flection description is valid only so long as geo-
metric optics is valid, i.e., only so long as the
beam does not spread over the interior of the cavi-
ty, i.e., only for a time

b b 2mb?
T eA/2mb ex

max
v spread

~3x10™® sec for b ~50 cm, A ~0.2 cm.
(5.18)

Over this period of time, no measurable effect can
be built up. Over longer periods the only effect of
the static quadrupole gravitational field is to pro-
duce a frequency splitting

Aw/w =~ (1+y)(GM/bc?) ~107%* (5.19)

between various otherwise degenerate normal
modes of the cavity, a splitting so small that it is
hopeless to measure. [Note: the pendulum effect
of Eq. (5.17) can be described in terms of mode
splitting. For T_,.=2mb%/cA = 1/Q =~ (b3/GM)'/?, the
pendulum angular frequency satisfies Q/w SGM/bc?;
and therefore, it can be produced by superpositions
of many normal modes with the gravitational split-
tings (5.19).]

Taking account of wave-packet spreading, i.e.,
using normal-mode analyses of the resonator, we
have not been able to invent a viable erperimental
configuration which uses a microwave resonator to
measure the PPN parameter .

FIG. 5. Experimental configuration for an impossible
measurement of the deflection of light.
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VI. EXPERIMENTS USING MASSIVE DIELECTRIC
CRYSTALS

The authors have previously suggested® that one
might perform post-Newtonian experiments of the
following type: Rapidly varying post-Newtonian
and Newtonian accelerations are produced by a
massive (M ~1x10° g), rotating or vibrating, non-
symmetrical body, e.g., a prolate spheroid of iron
rotating end-over-end. The linear velocity of ro-
tation would be v ~10° cm/sec and the angular
velocity w ~5 x 10° sec™; and the Newtonian and
post-Newtonian fields would vary with w,=2w and
its harmonics, i.e., with a period 7,~6 x 10™ sec.
At typical locations near the source the Newtonian
and post- Newtonian accelerations would have am-
plitudes

(F/m)g=~10"° em/sec®, (F/m)py=~10"" cm/sec?.

(6.1)

These oscillating accelerations would be detected
with a dielectric monocrystal (e.g., sapphire) in
the manner of Sec. IIB. It was our idea® to sepa-
rate the post-Newtonian accelerations from the
Newtonian “noise” by some suitable combination
of the following: (1) careful choice of shape and
orientation of source, and of location and orienta-
tion of detector so that the Newtonian acceleration
would not couple to the normal mode of the detec-
tor being used, (2) modulation of the orientation of
the detector with angular frequency w4 and with
amplitude designed to move the post-Newtonian
force on the normal mode to a frequency, e.g.,
W+ Wpo, at which there was no Newtonian force.

It seemed to us at first that with so many param-
eters free for adjustment it should be easy to in-
vent viable experimental configurations. However,
our expectations were naive: As noted in Sec.
IIT A, the necessity to reduce the Newtonian signal
by =10'? means that the Newtonian signal produced
by errors in typical parameters must be second
order in all the errors, e.g.,

(F/m)y  _ {error in location of detector\?
10°® cm/sec” size of apparatus

size of defects in source\?
( size of source ) *

(6.2)
This places so many constraints on the experi-
mental design that we have been able to invent only *
two apparently viable sets of post-Newtonian ex-
periments that use a crystal detector: (i) gravi-
tational “Faraday” experiments to detect the elec-
tric-type fields induced by time-changing magnetic-
type gravity, and (ii) experiments to detect pre-
ferred-frame and preferred-orientation effects.
These experiments are described below, along

Sapphire Z
j ‘Eb l

=

ES

-— —

;E cos wt

FIG. 6. Experimental configuration for detecting the
gravitational analog of Faraday’s law of induction.

with (iii) a (non-post-Newtonian) experiment to
measure the gravity of high-velocity particles
using a crystal detector.

A. Gravitational Faraday experiments

Equation (3.8b) implies that time-changing mag-
netic-type gravity H produces a gravitational “elec-
tromotive force” (EMF) in any ring of matter @:

ié-dT:-%%fsﬁ-dS’. 6.3)

Here 8 is any surface bounded by ¢. This is the
gravitational analog of Faraday’s* law of induction.
As a special application of this law, consider a

(nearly) nonrotating body at rest in a (nearly)
homogeneous magnetic-type gravitational field.
Let the field change by an amount AH. It is easy
to show from Eq. (6.3) that this change will induce
a change

A% = - 3¢ AR (6.4)

in the body’s angular velocity.

The following analog of one of Faraday’s original
experiments** would seek to detect this gravitation-
al Faraday effect: A cylinder of mass M, radius
R, and height # S R is set into uniform rotation
with angular velocity Q, (see Fig. 6). This rotating
cylinder is then moved up and down, along its ro-
tation axis, with amplitude ¢ and frequency w.
Coaxial with this source is an appropriately
shaped, axially symmetric sapphire crystal, which
is threaded by the source’s magnetic-type gravita-
tional field. The motion of the source produces an
oscillating gravitational EMF [Eq. (6.3)] in the
sapphire, and this EMF drives torsional oscilla-
tions of the crystal with eigenfrequency equal to
the frequency w of source motion. If the maximum
radius b and height I of the sapphire are less than
or of order the radius R of the source, then the
driving force in the sapphire is



15 LABORATORY EXPERIMENTS TO TEST RELATIVISTIC GRAVITY 2063

- ERHEIE

~1x10"'8 cm/sec? forb~l~R~h=~10cm, M~3X10%g, £~2 cm, w=~500 sec™, (6.5)

wt=~10° cm/sec, Q,R~5x10* cm/sec.

Brownian noise in the crystal can be kept well
below this level if the crystal has @ =10'3
[7* =10 sec, cf. Eq. (2.12)]. Seismic “noise” can
be filtered out at the high frequency (v =100 Hz) of
the crystal’s oscillations. “Noise” from Newtonian-
type gravity can be kept negligible if one can
achieve a 1077 perfection in the alignment and uni-
formity of crystal and generator. (Newtonian cou-
pling requires imperfections of both generator and
sensor, and it is proportional to the product of
those imperfections.) This required perfection
may be difficult to achieve, and it may also prove
difficult to construct a sensor that measures the
required amplitude change in the detector
(669 ~1x 1075 cm), without producing so much
asymmetry on the detector that the Newtonian cou-
pling of detector to generator becomes excessive.

In response to a preliminary version of this
paper which contained no mention of any Faraday-
type experiment, Ronald Drever (private communi-
cation) has suggested an experiment similar to this
one. The key difference is that his generator would
be a cylinder driven into torsional oscillations at
the eigenfrequency of the crystal. To prevent
breaking the generator one might have to keep its
oscillation amplitude low enough that the post-
Newtonian signal would be F/m ~10"'° cm/sec,
rather than F/m ~107'® cm/sec?.

It might prove feasible to measure the induction
effect [Eq. (6.4)] by a technique similar to the
Everitt- Fairbank-Schiff gyroscope experiment.®
One would place a nonrotating sphere in an Earth-
orbiting satellite with polar orbit and search for
an angular oscillation of the sphere about the
Earth’s polar axis. The oscillation would be rela-
tive to the distant stars, not relative to gyroscopes
located in the satellite. The oscillation frequency
would be twice the orbital frequency, and the am-
plitude would be

GM, Q
czRE (GME/REs)llz

Ad)u( ~4 %10 rad.

(6.6a)
Here My, Ry, and Qy are the mass, radius, and
angular velocity of the Earth. The amplitude A¢
could be increased by using a high-@ resonant de-
tector, e.g., a torsion oscillator of the type de-
scribed in Sec. II A with eigenfrequency twice the
orbital frequency. For such an oscillator the Fara-
day-induced change in amplitude after a time 7

r

<« 7% = (damping time) would be

1/GM
5(A0) >3 (#) Q1 ~5x%10"® rad for 7=~10° sec.
E

(6.6b)

It would be extremely difficult, but perhaps not
impossible, to decouple such an oscillator from
other sources of angular motion, e.g., aberration
of the positions of reference stars.

Some day one might find a binary pulsar in which
the induction effect is important. For a neutron
star in a polar orbit of radius » around a maxi-
mally rotating Kerr black hole of mass M, the
star’s rotational angular velocity would be modu-
lated with amplitude

AQ~ C—3<GM>3
~ GM\c*r

~1x%x10" sec™ if M ~3M, and »r ~1x 10" cm.
(6.7)

This is too small to measure at present in the
known binary pulsar,® but too small by only a fac-
tor 1000. In a binary pulsar with a 10'°-cm orbi-
tal radius the induction effect might be measurable,
but we have not attempted to determine whether one
could separate it cleanly from other effects.

B. Preferred-frame and preferred-orientation experiments

We turn now to experiments which would use
sapphire crystals to search for preferred-frame
and preferred-orientation effects (see Sec. III).
The experimental configuration is shown schemat-
ically in Fig. 7(a): The source, perhaps a prolate
spheroid of mass M and largest radius R, rotates
around its shortest principal axis, the z axis, with
angular velocity w ~6 x 107 sec™. The detector,

a cylindrical monocrystal of length b, is placed
near the source with its axis of symmetry on the
z axis (coincident with the rotation axis of the
source). The rotation of the Earth causes the en-
tire experiment to rotate with angular velocity

Q ~Tx105 sec™ relative to inertial space; and it
might prove desirable to produce a more rapid
rotation £ ~10"2 sec™ by mounting the entire ex-
periment on a rotating platform. Due to the motion
of the solar system and galaxy, the laboratory
moves with linear velocity W (|W|~2 % 107 cm/sec)
relative to the mean rest frame of the universe.
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The central regions of the galaxy, with mass M velocity
~1x10"M,, distance from Earth R;=~10 kpc, and

direction from Earth k, reach into the laboratory V= (velocity due to squrce rotation w)

gravitationally to produce preferred-orientation + (velocity due to platform rotation Q). (6.8)
effects.

Consider a particular element of mass pd®x’ At a point X inside the detector this mass element
inside the source at location X’. It moves relative produces the following accelerations due to pre-
to the center of mass of the detector with linear ferred-frame and preferred-orientation effects:

| =t

Gpd3x’
cr

( ) =(=T%8)pn= —0,(W BT+ [, — @) (F+B) = 0, (W ) W - 2£,(GM /R ) (K - B)K
m/pn

>

+[3a, (VR (W B + (za, — @, — @,)(F V)

+2(a) = @y — 0) WP+ 30, (W *1)%+ 28, (GM /R )+ 38,(GM ;/R ) (K - B)?Ja} (6.9)

[cf. Egs. (39.32b, c) of MTW? and Eq. (21) of Will’s paper*]. Here r is the distance and il is the direction
between source point and field point

r=|X-%|, #=EF-%)/r,
a,, a,,a, are preferred-frame PPN parameters, and ¢, is the Whitehead preferred-location PPN param-
eter. Simple geometric considerations show that the force (6.9), integrated over all parts of the source
and all parts of the detector, will couple to several different normal modes of the detector. By careful
selection of the rotational angular velocity of the source w, the experimenter can produce a resonant,
secular driving of any one of those normal modes, and can thereby measure, or place experimental limits
on, the combination of PPN parameters which couple to that mode.

As an example, consider the acceleration
(F/m)py=(Gpdx' /7°c?)[$ ay(W +R)2+ 3¢, (GM4/R 5 (k +H)?] 1. (6.10)

Geometric considerations show that it couples to the fundamental vibrational mode of the detector [Fig.
7(b)] with frequency

Wpy=2(w Q) (6.11a)
and with amplitude
(F/m)py= (3 GM/R®)(b/R)[a,w*/c®+2¢y,(GM /R c?)]

- 2
o~ (1 x 10712 SZTZ){%@ - 10,“;m/sec> + ng] for M~ 10° g and R~b ~20 cm . (6.11b)

In the experiment feedback would be used on the source to keep wpy equal to the measured eigenfrequency
w, of the detector’s fundamental mode, i.e., to keep the phase relations between the fundamental mode and
the acceleration (6.10) constant to within 6¢ < 10° over the time 7=10° sec of the measurement. The tech-
niques of Sec. II B would be used to measure the influence of this post-Newtonian force on the amplitude of
the detector’s vibrations.

As a second example, consider the acceleration

(F/m)py = (God®’ /7%c?) (3 o) - @y — @) (7 + WA (6.12)

Geometric considerations show that it couples to the m =1 (dipole) normal mode of the detector shown in
Fig. 7(c) with frequency

Wpy=2w (6.13a)
and with amplitude
(F/m)py~ L (% @, - @, - @)(GM/Rc?)(b/R)w [w |
~ (3% 107 em/sec?)(} @, - @, ;) | W [/(2 X107 em/sec)

for M ~10° g, R ~b~20 ¢cm, Rw~10° cm/sec. (6.13b)
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(c)

FIG. 7. (a) Experimental configuration for a set of
preferred-frame experiments. (b) Motions of the de-
tector excited in its fundamental mode; the type of exci-
tation produced by the preferred-frame forces of Eq.
(6.10). (c) Motions of the detector excited in a dipole
mode; the type of excitation produced by the preferred-
frame force of Eq. (6.12).

Newtonian “noise” is not a serious problem for
these experiments. If the apparatus were per-
fectly constructed and aligned, there would be no
Newtonian coupling whatsoever to either the fun-
damental mode or the dipole mode [Figs. 7(b),
T(c)] of the detector. Imperfections will lead to
a coupling with amplitude and frequency

(F/m)y= 10712 cm/sec?, wy=2w. (6.14)

If the Q rotation is produced by the Earth’s ro-
tation, there is no way to get any remotely sig-
nificant Newtonian signal at the post-Newtonian
frequencies (6.11a), (6.13a). If the apparatus is
placed on a rotating platform, there will be some
Newtonian signal at wpy, owing to deformations of
the source caused by gravitational fields of objects
in the external, non-Q-rotating laboratory. How-
ever, simple estimates show that this Newtonian
signal is far below the accuracy F/m ~3 X 107®
cm/sec? that one might hope to achieve in the ex-
periment.

From such experiments, performed with various
orientations of the apparatus, one could hope to
achieve limits of

-

w 2
< -6
"‘2(200 Sec) +2¢, | s3x10°¢,
Iw | _ _
2oy - ;- o, | 500 km/sec - X107
or, conceivably, positive measurements in viola-

tion of general relativity. It is worth noting that
@, o,, a,, and ¢, are known from previous ex-

(6.15)

periments* to lie in the ranges
|e, | <0.07, |a,]|=0.002,
|ag | s 2x10°%, |¢,|=0.001,

(6.16)

assuming that |# | ~ 200 km/sec. Consequently,
the above two variants of the experiment can be
regarded as new, improved measurements of a,
a,, and &, .

The “magnetic-type” experiments described in
Secs. IVA and VA are aimed at measuring

% A1+§ A,=4y+4+a,. (6.17)

y is known to be unity to within ~2 percent* and
will likely be determined to within ~0.3 percent

by time-delay measurements on the Viking space-
craft. Consequently, the magnetic-type experi-
ments, like one of the above preferred-frame ex-
periments, are attempts to measure ;. The
preferred-frame experiment should be much easier
to perform than the magnetic-type experiments,
and can place a much tighter limit on o, (S 0.001 vs
<0.3). Thus, if one believed that the PPN formal-
ism embodied all possibilities for post-Newtonian
gravity (which we do not), then one would put one’s
efforts into the preferred-frame experiment. On
the other hand, if one wants to “see” magnetic-type
gravitational forces for the first time in history,
one will prefer the more difficult magnetic-type
experiments.

C. Gravity at high velocities

Consider a point particle of mass m, which flies
past a stationaryobserver with velocity v and im-
pact parameter b. If gravity is a spin-two class-
ical field as described by general relativity, the
particle’s gravity will give the observer an im-
pulse

_ [*™/F\, 26m, 2/
JZ_L (77>dt— R (Le2y/et), (6.18)

where y=(1 - v%/c?)"1/2, If gravity were an at-
tractive spin-one field (analog of electromagnet-
ism, Exercise 7.2 of MTW?), the impulse would
be

_[*(F\, _26m,
Jl—[w (ﬁ>dt— ey (6.19)

and if gravity were a spin-zero field (scalar field,
Exercise 7.1 of MTW2), the impulse would be

**/F 2Gm
= —\dt= 9 . .
e (B 2 o
Atlow velocities the impulses are indistinguishable,
but for y>> 1 they are very different—dJ ,:J,:J;

=2+%:y: 1. There may be other ways of theorizing
about the y dependence of the impulse, but these
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elementary considerations already show that it
is of some interest.

It may be possible to test the y dependence using
as a source protons that circulate around a stor-
age ring, and as a detector a monocrystal of
sapphire sitting.just outside the beam pipe. In
such an experiment one would bunch the protons
so they all fly past the crystal during a time in-
terval Af short compared to the crystal’s eigen-
period 7,; and one would adjust 7, to equal the pro-
ton circuit time in the storage ring,

(F/m) 4y = (l/ro)]od0 (F/mydt = (I /e)J

2G(m,/e)l

T,=C/c=(3 X107 sec)(€/1 km) , (6.21)

where C =ring circumference. Then the gravita-
tional acceleration would occur over and over again
at the same phase of the crystal oscillation and
(hopefully) would produce a measurable change in
the crystal’s amplitude and phase.

If I is the total beam current in the ring, e is
the proton charge, and b is the distance from the
center of the beam pipe to the crystal, then the
time-averaged gravitational acceleration is

= (1+2y20%/c?) for general relativity

yvb

~ 1x107*° cm/sec?® for ym,c?~1000 GeV, I ~10 A, b=~10 cm. (6.22)

This time-averaged acceleration, hitting impuls-
ively at fixed phase, will produce the same long-
term amplitude change in the crystal as a sinus-
oidal acceleration of amplitude

(F/m)qgq =2(F/m),pg=2%10""° cm/sec® (6.23)

for above parameters. For comparison, the in-
tersecting storage rings now operating at CERN
have ym,c?~30 GeV, I ~20 A, €~1km, the
POPAE storage rings proposed for Fermilab would
have ym,c? ~1000 GeV, I ~5 A,€~5,5 km, and

the ISABELLE storage rings proposed for Brook-
haven would have ym,c?~200 GeV, I ~10 A, €
=~2.7 km. Thus, an experiment with (F/m),,
~1x10™'° ¢m/sec® does not seem unreasonable;
and it may be possible to operate the storage rings
at somewhat higher beam currents, thereby
strengthening the signal.

This experiment would face serious, but per-
haps surmountable problems from fluctuational
forces in the crystal [Eq. (2.12)] and back-action
forces of the sensor on the crystal [Eq. (2.11)].
For the POPAE design parameters with a 10-A
current rather than 5 A, the signal strength and
crystal eigenfrequency are (F/m)yq ~2 %107 cm/
sec?, w,=2mc/C~3.4x10° sec™*. A sapphire
crystal with this w, would have length b ~10 cm,
and with a radius @ ~10 cm, its mass would be
m ~10* g. To keep the internal fluctuational forces
below 5 X 1072° ¢m/sec? during a measurement time
7~ 3x10° sec at a crystal temperature T, ~1
x 1073 °K, one must achieve a crystal damping time
of 7 ~1x10" sec [Eq. (2.12)]. This corresponds
to @=m7*/7,~2x10%, Sucha Q is easily com-
patible with theoretical limits on sapphire crys-
tals [cf. Eq. 2.13]; however, several years of

r

crystal development and experimentation are
needed before one can know how hard it will be to
achieve such a @ in practice.

For the above parameters and for the sensor de-
scribed by Eq. (2.11), the fluctuational back-
action force of the sensor on the crystal would be
F/m=17x10"° cm/sec®. This is a factor 3 larger
than the signal. Thus, unless a substantial im-
povement in beam current were achieved, thereby
raising the signal substantially, one would have
to devise a sensor better than that of Eq. (2.11).
That one can do so, at least in principle (but just
barely), without resorting to “quantum nondemo-
lition techniques,”*® is evident from the following:
The signal (F/m)g;, ~2 X 107*° cm/sec? produces an
amplitude change in the crystal

Axy=7 (F/M) oy T /wy =9 X 1071° cm (6.24)

which satisfies the constraint for “quantum-
demolition” sensors*’

s m(wAx )2/ (Fwy) ~1.3>1. (6.25)

These stringent requirements on the @ of the
crystal and the performance of the sensor would
be much alleviated (i) if there existed storage rings
of circumference C>5 km (thus permitting lower
w, and larger m for the crystal), or (ii) if a ring
with €~5 km could achieve a beam current
>10 A.

It appears to us that this experiment need not
encounter serious problems with Newtonian grav-
itational noise due to flexing of the beam tube as
the protons pass and other motions of macro-
scopic masses. Nor should electromagnetic forces
of the passing protons be a problem if the crystal
is reasonably shielded.
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However, a very serious problem is the bom-
bardment of the crystal by particles produced in
collisions of the proton beam with residual gas
in the beam tube. The most serious effect of such
particles might be heating of the crystal with con-
sequent degradation of the @ of its fundamental
mode. To circumvent this one would have to con-
tinually remove thermal energy from the crystal,
perhaps through a wire by which it is suspended.
Also serious might be the damage of the crystal
by particles passing through it, and direct ex-
citation of its fundamental mode. It is impossible
to assess these effects reliably without experimen-
tal tests. Our crude estimates suggest that with
reasonable amounts of shielding one might prevent
them from seriously degrading the experiment;
but we would not be surprised if they were so
serious as to make this experiment even more
difficult than the Davies frame-dragging experi-

ment (Sec. VA).

VII. CONCLUSIONS

None of the experiments described in this paper
would be easy to perform. They all stretch the
limits of current technology. However, most of
them are close to those limits, and may turn out
to be within those limits if the experimenter is
sufficiently clever and dedicated. We suggest that
now is the time for experimenters to begin work
on detailed feasibility studies and design studies
for these experiments, and for others that use
similar technology.
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