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ABSTRACT

The Gravity Probe B Relativity Mission uses a fused-quartz optical star tracking telescope as the sensor for the
control system which points the spacecraft towards its guide star. The telescope is cooled to < 5 K while the
readout which uses photodiodes and JFET preamps operates at 72 K. It is mounted on the front end of the
telescope with a thermal standoff. Analysis indicates that the telescope is capable of providing sub-milli-arc- P
second (marcs) pointing stability information with an angular pointing noise of < 21 marcs / Vv Hz for the guide |
star IM Pegasi. We describe the design of the telescope and test results under nominal operating conditions. }
Analysis of the expected performance of the telescope in flight, based on the test results, is also presented. |

Keywords: GP-B, Relativity Mission, optical telescope, fused quartz, low temperature, silicon JFET, star
tracker

1. INTRODUCTION

The purpose of the Gravity Probe B (GP-B) Relativity Mission is to measure two effects in general relativity by
using low drift gyroscopes. The main science objective of GP-B is to measure the so-called geodetic effect to 1
part in 10% and the associated frame dragging effect to 1%.! These phenomena are described in some detail in
the book by Misner et al 2 The London moment® generated by a spinning superconductor provides the basic
mechanism for readout of the gyroscope spin axis. This magnetic moment is measured by readout loops, which
provide information on the direction of the gyro spin axis. The change of the spin direction with time provides |
the relativity signal. To achieve a precision measurement of the gyro spin direction with respect to an inertial |
reference frame over a period of more than a year, a stable reference is provided by a star tracking telescope,
which is referenced to the gyro readout loop by a rigid mechanical structure. The effects of long term drift in
this structure are attenuated by rolling the spacecraft about the line of sight to the star.

In this paper, we describe the telescope hardware, its specifications and how they are related to the science
objectives of the mission through test results and analysis.

2. HARDWARE DESCRIPTION

The main optical system of the telescope is a variation of the Cassegrain-Schmidt design with the addition of a
tertiary mirror. The purpose of the tertiary mirror is to bring the image to the entrance pupil of the telescope,
simplifying the construction of the readout optics. All optical components are made from fused quartz (Herasil
1-top) produced by Heraeus-Amersil*. The components were pre-cut by Speedring' and fine cut and polished by
General Opticst. The primary mirror was first cut to a concave spherical shape with a radius of curvature of 1.206
m. Unlike conventional Cassegrain-Schmidt telescopes with a corrector plate, the spherical aberration in our
design is corrected by figuring the primary mirror with an aspheric correction. This figuring was done by Tucson
Optical Research®. The secondary and tertiary mirrors are both spherical convex mirrors with radii of curvature
of 2.317 m and 0.190 m, respectively. The selection of the curvature of the secondary and tertiary mirrors is such
that a large effective focal length can be obtained with a small physical length allowing a mechanical design with
a high structural strength. At the same time, the values of the radii of curvature are chosen to be within reach
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Figure 1. Light Path for the image divider and detectors.

of conventional fabrication processes while still meeting the accuracy requirements for the optical components.
Instead of the usual corrector plate, an optically flat window called the forward plate is placed at the entrance
to the telescope. Both the primary and tertiary mirrors are mounted on the base plate. The secondary mirror is
mounted on the forward plate, which also supports the image processing components as well as thermometers.
The base plate and the forward plate are joined via a simple tube with a nominal length of 0.349 m. The
final length of this tube is adjusted until the focal point of the telescope is located 2.98 £ 0.05 cm above the
forward plate. The adjustment of the tube length is a very slow process since the end surfaces need to be parallel
within 1 arcs and a unit length change in the tube causes about 60 times the change in focal position. The final
adjustment of the focal position is achieved by changing the thickness of a fused quartz shim placed between
the image divider assembly and the forward plate. The clear aperture is defined by a narrow ring of aluminum
mirror coating on the forward plate. The central obscuration is determined by a reticle mirror mounted on top
of the forward plate and used both for testing the telescope and for coordinate transfer of the gyro readout loops
to the spacecraft coordinate system.

Just prior to coming into focus, the optical beam passes through a beam splitter inside the image divider
assembly mounted on the forward plate. The two beams fall onto roof prisms having very sharp edges at the
focal point. The roof prisms are oriented so that they bisect the images in orthogonal directions. Each pair
of bisected images is folded and fed through a pair of adjacent field lenses and relayed into a detector package
assembly (DPA). The DPA has a focusing lens at its entrance. The pair of converging light beams passes through
a second beam splitter and falls onto primary and redundant detectors respectively. Fig. 1 shows a schematic of
the light path for one of the axes. For clarity, the lenses and beam splitters for the bisected beams are not shown.
Also not shown are the beams crossing at the entrance of the DPA. The field lenses for the bisected beams are
designed so that the image size on the photodiode is comparable with the sensor area. Also, the movement of
the image on the photodiode sensor is such that the entire image remains on the sensor over the complete field
of view of the telescope.

All the mirror coatings are enhanced aluminum films with a silicon dioxide overcoat. The typical reflection
coefficient of these coatings at visible wavelengths is about 90%.

Fig. 2 shows the mechanical design of the telescope. The base plate was designed with a hollow tubular section
as an extra precaution to minimize the cryogenic focal shift due to the potential mismatch of the coeflicient
of thermal expansion between the base and the gyroscope assembly.* All the fused quartz components were
bonded together with either sodium hydroxide or potassium hydroxide,® ensuring a high mechanical strength
and reliability.
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Figure 2. Telescope Assembly. The outside diameter of the telescope is 0.184 m and the overall length is about 0.48 m.
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Figure 3. Telescope detector assembly. Not shown are the patterned conducting film electrical wires on the Kapton film
support structure. The diameter of the sapphire platform is about 1.2 cm.

Each of the DPA’s contains two detector assemblies comprising primary and redundant readouts. The
detector assemblies contain a matched pair of blue-enhanced silicon photodiodes and silicon JFET amplifier
circuits operating in a charge-locked loop mode to keep the potential across the photodiode at a constant reverse
bias of about 4 V, optimizing the linearity. The photodiodes and JFET circuits are mounted on a sapphire
thermal platform and maintained near 72 K for optimal noise performance.®” Thermal isolation is achieved
using a Kapton support structure with thin film electrical connections. Fig. 3 shows a diagram of the detector
assembly. Fig. 4 shows the circuit diagram with the cold electronics to the left side of the vertical dashed line.
The charge-locked loop is reset at a 10 Hz rate. At this reset rate, the voltage ramp due to the charge integrator
reaches a reasonable value, well below saturation. At the same time, the charge reset frequency is high enough
that the signal is not dominated by 1/f noise. ;

An important part of the optical system, which is not physically attached to the telescope, is a set of cryogenic
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Figure 4. Simplified telescope readout circuit. The circuit shown is for one diode. A second identical circuit is mounted
on the same sapphire substrate. The input points marked by the bold vertical line are common to both low temperatu.re
circuits receive signals from a single room temperature driving circuit to minimize the number of connector contacts in
the assembly.

windows. The outer window, which serves as a vacuum seal for the gyroscope enclosure, is .made of single grystal
sapphire with its a-axis parallel to the optical axis. It has both an EMI shield and an antl—.reﬁectl.on (.:oatlng on
each side. For most of the visible optical band, the transmission coefficient of the coa.ted w1n§ow is higher Fhan
80%. The three inner windows are made of Herasil 1-top fused quartz with anti-reflection coatings on both sides.
During flight, the windows are expected to have operating temperatures of 238 K, 129 K, 72 K'and 2.8 K. The
fused quartz windows were tested for their wavefront quality in an assembly using the same relative orientations
as in the final installation.® The wavefront quality of the coated sapphire window was measured Onl}f at room
temperature. Its r.m.s. wavefront error was found to be < 0.016 \ at 633 nm. The wa\;elfgont quality of the
flight window assembly in the spacecraft was indirectly measured during the payload test.™

3. TELESCOPE PERFORMANCE AND SPECIFICATIONS

In this section, we discuss the specifications and the performance of the telescope. Since !:he telescope is use.d
only as a star tracker to provide the pointing information for the spacecraft, its emphasis on performance is
different from that of conventional telescopes used for imaging. The primary requirements on the telescope are
for high tracking sensitivity and pointing bias stability and low pointing noise.

The telescope response function for each detector can be expressed by:

Ry(6:) = % /e ” do, /_ ~ db, /O ” 1(8, A, ®)F(0)Q+ (W) T4 (A) P(A)dA (1)

and
R_(8,) = % / " db,, / ~ de, / - 1(0, ), ®)F(9)Q_ (NT-(A)P(N)dA (2)
—o0 —o0 0

respectively where subscripts “4” and “” indicate quantities for detectors on the positive and negative direction
of the same axis, and 6, and 6, are incident angles along the x and y directions,

N= /_ K2 /_ Z df, /0 " 1(6, 1, ®) F(6)Q\T (N P(V)dA 3)
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is the normalization factor, where § = /62 + 62 is the light incident angle relative to the optical axis of the

telescope, A is the wavelength of the star light and @ is the wavefront error of all the optical components up to
the roof prism in units of Ao, the measurement wavelength. I(6, A, @) is the light intensity distribution function
at the roof edge, F'(6) is the telescope field stop function, Q()) is the quantum efficiency of the photodiodes,
T(\) is the optical transmission coefficient from the entrance of the windows to the photodiode sensor, and P())
is the guide star spectrum.

The tracking sensitivity is defined as
5 _ dAR) 4
T~ "ae (4)

where

For a ground test, we cannot simulate the star spectrum very effectively, therefore the response functions
given in Egs (1) and (2) cannot be measured directly. Since the star spectrum is part of the integrand, we need
to measure or simulate each part of it to obtain an estimate of the actual response function.

The Strehl ratio is defined as the ratio of the peak intensity of the diffraction spot of a real optical system
to the intensity of the Airy disk in a corresponding ideal system. For a random wavefront error of rms value @,
the Strehl ratio is given by!!

R, = e~ (2m®)’ (6)

For the telescope system including the windows, neither the Strehl ratio nor the intensity distribution function
can be measured directly. Instead the response function as described by Eq. (1) is measured at a single wavelength
near the center of the optical band. The analysis methodology we adopted was to assume that the wavefront
error was equivalent to a focal error, to then calculate the response function for a given Strehl ratio, and to fit the
calculation to the measurement. The intensity distribution function corresponding to that focal error was then
used for the telescope system analysis. The advantage of this method is that the required intensity distribution
functions can be obtained numerically from a formula given by Born and Wolf.!?

Table 1 lists the final specifications related to the science telescope along with our present estimates. The
specifications were derived so that the telescope would achieve the science objectives within the known constraints.
In the subsequent sections, we discuss these items.

Table 1. Specifications for GP-B Science Telescope

PARAMETER REQUIREMENT ESTIMATE
Central Obscuration (m) 0.070 0.070

| Clear Aperture (m) 0.144 0.144
Focal Length (m) 3.81 3.81
Field of View at 10% Peak Intensity (arcs) | > 60 > 66
Range of Monotonic Response (arcs) > 1 > 1.9
Linear Bias Drift (marcs/yr) < 0.1 < 0.058
Perpendicularity of Readout Axes (degree) | < 1 0.4+ 0.2
Optical Transmission > 10% (400 nm - 1000 nm) | > 13%
Tracking Sensitivity (1/arcs) 1.4 > dAR/dO > 0.4 1.27 > dAR/d8 > 0.44
Pointing Noise (marcs/vHz @ 10 Hz) <100 <21
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3.1. Clear Aperture

The clear aperture is chosen so that the first minimum of the Airy disk is about 1 arcs from the center of the
image. For such an Airy disk size, we will be able to resolve about 0.1 marcs if the noise is at the level of 0.01 %
of the maximum signal. This is conveniently achievable in most of the test setups with signal averaging. At
the same time it allows enough dynamic range for the tracking system. Other concerns for the clear aperture
selection include keeping the thermal radiation low and keeping the entering light energy high. For a clear
aperture of 0.144 m diameter, the black body radiation power at 300 K is about 7 W. The cryogenic windows
block most of the thermal radiation and the actual radiation power reaching the instrument is about 10 pW
which is negligible compared with other heat leaks. In section 3.7, we will see that this aperture provides enough
transmission of visible light to meet the tracking noise requirement.

3.2. Focal Length

The focal length determines the linear dimension of the diffraction limited image size. For our selection of the
aperture and focal length, the image size is about 30 um in diameter. This image size can be accurately divided
by a high quality roof prism.

3.3. Field of View at 10% Peak Signal

The telescope needs to have a wide enough field so that during the initial star acquisition phase, it will take
relatively short time to find the guide star. With a one arc-minute (arcm) field of view, for a initial scan range
of 1 x 1 degree, it will take 3600 scan points to do the scan in a few hours, which is reasonable compared to the
mission duration. The aperture stop sets the full intensity aperture to about 43 arcs. Since the stop is located
in the primary converging beam, the signal on the detector does not drop sharply when the incident light moves
out of the field of view. Instead, near the field edge, the detector sees a gradual change in signal over about 30
arcs. The net field of view to the 10% intensity level is then 66 arcs.

3.4. Range of Monotonic Response

This specification can be interpreted in terms of the quality of the sharpness of the roof prism edges and the
uniformity in reflectivity of the associated coatings. It assures that the spacecraft pointing control receives an
unambiguous signal when the pointing drifts away from the guide star. Crossing into this range from the outside,
the control system transitions from a slew-rate control to a proportional-integral-differential control. This range
is measured by inspecting the tracking sensitivity data and finding the range in which the tracking sensitivity
does not have a sign change within the measurement error. '

3.5. Linear Bias Drift

With a non-rolling spacecraft, the linearity bias drift can mimic the science signal. Therefore, it must be
consistent with the GP-B science objective of 0.1 marcs/yr.! measurement accuracy. With a rolling spacecraft,
the main issue is the introduction of angle bias at the roll frequency due to any non-linearity. The rolling of the
spacecraft is an important concept that eliminates the body-fixed biases from the science signal. In effect, any
signal which is not at the roll rate is filtered out from the science signal.

3.6. Perpendicularity between Readout Axes

This requirement is needed to limit the cross-correlation between nominally orthogonal readout axes. The one
degree requirement limits the cross-correlation to about 1% level. The impact of this on the science signal is
that when the roll axis of the spacecraft is not exactly on the optical axis, the angle between the two needs to
be calculated based on the orientations of the readout axes. A lack of perpendicularity between the telescope
readout axes would introduce bias into such a calculation. But since the roll axis is controlled to be within 100
marcs of the optical axis, such corrections are typically small. The perpendicularity is measured by checking
cross-coupling between orthogonal readout outputs with respect to orthogonal incident light scans.
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Figure 5. Optical transmission or reflection coefficients for typical samples used for telescope components as a function
of wavelength.

3.7. Optical Transmission

The optical transmission is specified over the Si photodiode operating bandwidth of 400 nm to 1000 nm. The
optical transmission, the Strehl ratio, the quantum efficiency and the readout noise combine to determine the
tracking sensitivity as shown in Eq. (4).

The transmission is measured at a single wavelength for the optical system. The spectral response of the
system is assumed to be the same as observed at room temperature. The spectral response which needs to be
considered includes the transmission through the fused quartz and sapphire windows, the transmission through
the window coatings, the reflections from the mirror coatings and the reflection and transmission from the beam
splitter coatings. Fig. 5 shows these spectral responses from typical samples fabricated at the same time as the
flight parts.

3.8. Quantum Efficiency

The spectral response of the blue-enhanced photodiodes was provided by the vendor (Centronic LtdY). The
cryogenic response was assumed to be the same as that at room temperature in the present analysis. It was
recently found that there might be a drop in quantum efficiency above 800 nm at low temperatures. This is
currently under investigation. Fig. 6 shows the quantum efficiency as a function of the wavelength. The symbols
represent data provided by the vendor and the line is a Legendre polynomial fit to the data.

3.9. Star Spectrum

The baseline guide star for GP-B is IM Pegasi (HR 8703). Its optical and near infrared spectra were measured!3
with the FAST spectrograph on the Mt. Hopkins 1.5 m telescope. Fig. 7 shows the resulting spectral irradiance
of the star. Since the measurement was performed on a ground-based telescope, various atmospheric infrared
absorption bands exist in the data. For our analysis, a Lengendre polynomial fit to the data was used.

3.10. End-to-end Responsivity

Due to variations in the optical coatings, especially in the beam splitters, the end-to-end responsivity for the 8
detectors span a wide range. Table 2 lists the end-to-end responsivity for each detector at a wavelength of 668
nm. The responsivity values are for the off axis but full transmission situation (for incident angles in the range
of 4 to 30 arcs). At null pointing, these values are nominally 1/2 of those listed. :

YCentronic Ltd, Centronic House, King Henry’s Drive, New Addington, Surrey, U.K.
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Table 2. End-to-end responsivity for each detector at 668 nm

Detector | Responsivity (mA/W)
8.41

8.44

22.71

20.54

12.88

12.68

12.14

10.60

DN || T W]~

Figure 8. Telescope detector output vs. pointing angle. A monochromatic light of wavelength 685 nm is used for the
test.

4. TEST AND ANALYSIS RESULTS

The telescope both as a subsystem and when integrated into the payload was tested with artificial star facilities.
In both artificial star facilities (AS#2 and AS#3), the light source was the output of an optical fiber coupled to a
laser diode of single wavelength. The wavelength used for AS#2 was 685 nm while for AS#3 it was 668 nm. Fig.
8 shows the detector response as a function of pointing angle for one pair of detectors. For this measurement,
the incident angle is raster scanned over a 200 x 200 arcs range centered around the optical axis. The data
displayed are the output from a pair of detectors sensitive to the x-axis motion of the star image. When the
light beam is scanned from negative side of the x-axis to the positive side, the image goes from one side of the
corresponding roof prism to the other side and therefore the light changes from the detector on the negative side
to the detector on the positive side. From this measurement, we can easily obtain the field stop function F(8)
as defined in Eq. (1). The differences in the height of the signals from the two channels is most likely due to the
differences in the transmission and reflection coefficients along the optical paths of the two beams after bisection
at the roof prism.
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4.1. Tracking Sensitivity

From information similar to that described in the previous sections, the tracking sensitivity, Sy, of the telescope
on orbit was calculated to be hetween 0.44 to 1.27 per arcs using an end-to-end model of the optics. The
lower value was obtained by assuming a most conservative estimate of the errors which degrade the tracking
sensitivity. The largest error included was the uncertainty in the on-orbit focal position due to thermal effects on
the windows. The upper value corresponds to an estimate for a telescope and windows system with diffraction
limited optics.

4.2. Pointing Noise

Since the amplifier noise exceeds the photon noise in the telescope readout system, the pointing noise can be
directly measured by blocking all light entering the telescope. Based on the payload test results, the estimated
pointing noise is < 21 marcs/VvHz.

4.3. Linear Bias Drift

The linear bias drift was calculated based on an end-to-end analysis of the entire system, including the effects
of variations of material properties and environmental conditions on the optical and electronic performance
of all the subsystems. A TMMathematica model was set up for this calculation. In the model, the optical
and electronic properties were based on test results while the material properties were based on the published
literature or conservative estimates. The estimated linear bias drift is such that its effect on the science signal is
< 0.058 marcs/yr.

5. SUMMARY

The science telescope for Gravity Probe B has been tested in various phases of the integration prior to launch.
It was tested as a subsystem in the AS#2 facility, and then tested at the payload level with the AS#3 facility.
Recently it was retested for electronic noise using the flight telemetry system. For the guide star IM Pegasi, the
expected tracking sensitivity of the telescope is 0.44/arcs at worst and 1.27/arcs at best, the pointing noise is
estimated to be < 21 marcs/v/Hz and the estimated linear bias drift effect is < 0.058 marcs/yr.
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