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Abstract:  A minor modification to an autocollimator can transform it into a high precision
instrument to detect the translation of a reflecting sphere.  A two color version of this instru-
ment can be used to measure the positions of two free-floating concentric spheres in an
equivalence-principle experiment in a drag-free satellite.

One obvious design for a high precision equivalence-principle (EP) experiment would be a
drag-free satellite [1] with two free-floating concentric spherical proof masses, a solid
sphere inside of a transparent spherical shell.  Until now this design has not been practical
because no way was known to measure the positions of the two proof masses
independently, the EP response grows less rapidly than the main disturbance, and because
a violation of the equivalence principle and a radial bias error are not separately observable.

The measurement problem can be solved with a two-color transcollimator, and solutions to
the other two problems will be discussed in companion papers in this volume [2, 3].  A
transcollimator is a device for optically measuring the translation of a sphere.  It is an
autocollimator with the output beam focused to a point instead of being collimated.  If the
focal point of the output beam is chosen to coincide with the center of a reflecting sphere, a
translation of the sphere perpendicular to the beam becomes equivalent to a rotation of an
autocollimator mirror equal to the translation divided by the radius of the sphere.  Figure 1
shows this principle and one possible design for a two-color transcollimator.  If W is the
light-beam power in µwatts, a design based on the Jones-Pfund reticule [4] would typically
have a noise equivalent translation as low as 10-12 meters/Hz1/2 × (1 µwatt / W )1/2 for a
5-cm diameter sphere [5].  Since the noise equivalent angle is proportional to W -1/2, the
beam power could be greatly reduced if needed without seriously affecting the
performance.  For example, 0.0001 µwatt would still give a noise equivalent translation of
10-10 meters/Hz1/2.

If the light source of a transcollimator consists of two monochromatic colors in a wave-
length ratio of two to one; and if the spherical shell is transparent with a quarter-wavelength
coatings for the longer wavelength in the beam, separate high accuracy position measure-
ments of the sphere and the shell can be made.  This device has the additional advantage
that all of the existing technology for autocollimator design can be immediately transferred
to the design of the transcollimator so that very little additional development is necessary to
realize the instrument.

The instrument noise is very low; but if the sphere is not accurately polished, this can lead
to large systematic errors which are of the order of the polishing errors.  Since the surfaces
of high quality spheres can typically be polished to about 10-8 meters, there could be
systematic errors 104 times as large as the noise after one second of averaging.  This could



potentially create dynamic range problems for the electronics, but the problem can be
solved by spinning the sphere.  Spin separates the systematic errors in frequency from the
very low frequency EP response; and in addition, it can be used to measure the polishing
errors.  This is done by commanding a large polhode motion using an active damper [6].
The surface of the sphere can be completely scanned by the polhodes, and the mea-
surements fitted to a spherical-harmonic model.

The specific force error due to the light pressure from the beam power is not a serious
problem since it can be reduced below 10-24 g's for a 10-8-Watt beam by roll averaging.  In
addition, the light pressure from opposing instruments can be balanced to a few percent.

Using a two-color transcollimator an equivalence-principle experiment can be designed
which can detect an equivalence-principle violation between 10-20 and 10-24 g [2, 3].
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TWO-COLOR TRANSCOLLIMATOR DESIGN
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Figure 1.  Two-Color Transcollimator Design and Principle of Operation


