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ABSTRACT

We have investigated the design of a small astrometric and photometric survey instrument in the Hipparcos tradition. Such a
mission will support arich and diverse ensemble of scientific investigations. The design objectives, which have been met in
this study, are to be able to measure 107 stars over the full sky, with an accuracy of 0.05 mas for mag < 9 and 20 mas for mag
15. A scanning survey instrument that uses CCD detectors is able to measure many stars simultaneously. As compared to a
pointed astrometric instrument of comparable size, the survey instrument generally has much higher measurement throughput
(sum over targets of the inverse variance), but on average, less scientific interest per target. An instrument for astrometry,
unlike those for imaging, can be compact and yet scientifically productive.

We report on a study of a Fast Astrometric Mapping Explorer (FAME-98) and an examination of standard
approaches for scanning astrometric missions. We find some of these standard approaches wanting. We have concluded that
a scanning astrometric instrument performs better if it spins faster, precesses faster, and has a shorter focal length thanis
conventionally expected. Further, we have shown that the use of solar radiation pressure instead of gas jets, as a means of
precessing the spacecraft, yields a stronger astrometric solution, because the rotation is not broken into disjoint segments.
Finally, we have shown that an elongated primary mirror is not advantageous, and that the central portion of the primary
mirror contributes little to the astrometric accuracy of the instrument.

A first look at the pivotal issue of systematic error has uncovered no serious problems, although careful engineering
will be essential. Because the spacecraft is equipped with a solar shield, which keepsit in shadow, the temperatures of critical
instrument components are stable at the mK level on the time scal e of the spacecraft rotation period. The analysis has
underscored three instrumental differences between a survey astrometric mission and a pointed astrometric mission. For a
survey mission, the aperture shape does not matter, alarge-area detector enhances the scientific throughput, and there is no
advantage to an interferometer over atelescope.
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1. INTRODUCTION AND MISSION OBJECTIVES

Following the successful ESA mission Hipparcos,*? there has been interest in a follow-on astrometric survey mission that is

even more capable. Several proposed missions have been studied, including ROEMER,® DIVA,* FAME,® and GAIA.® Here

we report on the results of a 1% year study of such an instrument to be known as the Fast Astrometric Mapping Explorer
(hereafter, FAME-98 ), which has been a collaboration between the Smithsonian Astrophysical Observatory and the US Naval
Observatory. The nominal requirement for FAME-98, established at the start of the study, is to measure at least 10 stars with
an astrometric accuracy of 0.05 mas for mag < 9 and 20 mas for mag 15, and to perform color photometry with an

uncertainty of under 0.25 mag for most targets. This paper describes a snapshot of an ongoing process intended to culminate

“Further author information
RDR: phone, 617-495-7108 (FAX ’7109), reasenberg@cfa.harvard.edu
JDP: phone, 617-495-7360 (FAX ' 7109), jphillips@cfaharvard.edu

2 FAME-98 should not be confused with the Fizeau Astrometric Mapping Explorer (FAME), which was the subject of
an unsuccessful MIDEX proposal in 1995. For clarity, we will refer to it as FAME-95 hereafter.
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inaMIDEX-classflight mission. At present, we have an initial instrument design in which many of the defining parameters
have been set approximately, based on the studies described below. However, a global optimization has yet to be performed.
FAME-98 takes from Hipparcos its two essential geometric characteristics, (@) the use of two widely separated ook directions
with the corresponding fields combined on a single detection plane, and (b) a scan pattern that involves both a nominal spin
axis orthogonal to the ook directions and the precession of that spin axis around the Sun direction. Asthe spin axis
precesses, its angular separation from the Sun direction, &, remains approximately constant.

FAME-98 is a full-sky astrometric survey instrument with a calculated mission accuracy of better than 50 pas
(naslyear) for bright stars (;nm,, 11 < g < 10), based on the nominal mission length of 2.5 years. The astrometric
parameters for most stars surveyed should be determined to an accuracy of better than 1 mas (mas/year). For a given star, the
mission precision is derived from three factors: (a) the single measurement precision, (b) the number of measurements over
the mission, and (c) the observing geometry. Optimizing the mission design includes trades between the first and second of
these. The last of these may figure importantly, by way of parameter correlations and the condition number of the normal
equations, when the astrometric parameters of the stars are estimated. However, we have not investigated this aspect of the
design. The more subtle and highly significant issue of systematic error is briefly discussed at the end of the paper.

The instrument would support a mission that would survey the sky to determine the astrometric parameters of
between 10 and £0 stars to a limiting magnitude at least as faint as 15. The five astrometric parameters of interest are
position (2), proper motion (2), and parallax (1). In addition, the instrument would estimate the brightness (stellaejnagnitud
and temperature of the brighter stars. For a mag 9 star, the statistical uncertainties would be under 1 milli-magritude and 1
K, respectively, but the systematic aspects of these uncertainties have not been addressed. The determination of brightness
and temperature by the instrument will not be further addressed here, but are addressed briefly in the companion paper on the
optical systemi. The FAME catalog is projected to be larger by 2 orders and more accurate by 1.5 orders than the Hipparcos
catalog, which was a major advance in the art.

The principal objectives of the FAME-98 mission are to perform astrometric and photometric measurements of over
10’ stars to determine their motion, parallax, and absolute brightness. The mission will support a rich and diverse ensemble
of specific scientific investigations. Among the subjects to be addressed are: calibration of the standard candles (Cepheids
and RR Lyrae), leading to a better cosmic distance scale; determination of parallax and thus absolute stellar magnitudes for a
wide variety of stellar types, including both population | and population Il stars; measurement of the space velocities of star
in the solar neighborhood; investigation of the dynamics of open clusters and OB associations; detection and characterization
of companions, including stars, brown dwarfs, and planets; determination of the masses of stars in binary systems for a wide
class of stars; improvement of the ephemerides of the outer planets and some of their brighter satellites; improvement of the
ephemerides of the minor planets and the determination of the masses of some by means of mutual perturbations; and a light-
deflection test of general relativity. From the star data will come: a better understanding of the internal structyrehef stars
ages of clusters; an estimate of the density of dark matter in the Galaxy; and constraints on the mechanism responsible for the
spiral arms. In addition, the mission will meet the needs of the USNO to provide a high-precision star catalog for the use of
the DoD. For further discussion of the scientific applications of missions of this class, see ref. 5.

In Section 2, we describe the mission and present its nominal parameters, particularly in Tables A, B, and C. We
also discuss the preliminary plan for the data reduction, which serves as a background for some of the studies and analyses
discussed in Section 3. Some concluding comments are offered in Section 4, where we briefly address systematic error.

2. MISSION DESCRIPTION AND PRESENT NOMINAL

The FAME-98 mission has four principal elements: the instrument, mission operations, data analysis, and scientific
interpretation. In the present instrument design, there is an Hipparcos-type field combiner (complex mirror), a three-mirror
telescope with a square primary 0.56 m on a side, and a set of (nominally 22) CCD detectors. The two fields of view are
separated by 64 deg, although our studies indicate that this separation is not critical. As the instrument rotategiand the tar
images move across the surface of a detector array, the charge packet in the CCD is synchronously shifted. With this time-
delay integration (TDI), the astrometric observable is the epoch at which the star centroid passes over the edge of the last ro
of the CCD.

The wide separation of the two fields of view makes FAME-98 a “global astrometric mission,” of which Hipparcos
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has been the only flight example. Being a global astrometric mission yields three principal advantages: (a) the data contain
360° closure information, which results in a relative freedom from regional bias in the astrometric results; (b) the instrument
measures absolute parallax, and there is no need to rely on so-called zero parallax objects (which is particularly important in
directions of heavy obscuration); and (c) the analysis naturally yields a global reference frame, which supports comparison
with other (e.g., radio) frames. Because it has a short focal length and uses many CCD chips in the detector plane, FAME-98
is able to measure many stars simultaneously. As compared to a pointed astrometric instrument of comparable size,
FAME-98 (like other proposed survey instruments) has much higher scientifigtimat (sum over targets of the inverse

variance of position at the end of the mission), but on average, less scientific interest per target.

The parameters of the nominal FAME-98 instrument and spacecraft are shown in Tables A and B, respectively; a
cartoon of the spacecraft is shown in Fig. 1. The large disc at the Sun-lit end of the cylindrical spacecraft is a stilat shield
serves both to keep direct solar radiation from reaching the spacecraft and to provide the torque, by means of radiation
pressure, to precess the spin axis as required for observing the full sky. Mission specifications are shown in Table C.

To understand the potential of any astrometric mission, one needs to consider the complete package that includes the
instrument, the mission (i.e., data-taking particulars), and the analysis. All three will affect not only the nominahtyncertai
in the positions of the observed stars, but also the systematic errors and the more subtle matter of the connection of the
measurements to a coordinate frarAdortiori, it
is essential to consider the complete package when

Table A. FAME-98 Specifications -- Instrument attempting to optimize an astrometric mission.
However, the process is iterative, and it is not yet
angle between spin axis and 45 deg possible for us to do a global optimization of the
Sun direction () present instrument. Rather, some aspects of the
mission have been establish@d tempore and
observation type Time-Delayed Integration used as the framework for developing other
(TDI) -- yields “event times” aspects. In particular, we have used some of the

spacecraft nominals from the FAME-95 mission
(e.g., mass and moment of inertia), pending the
resources to refine these quantities.

optical passband 0.4 to 0.9 um, defined by thg
sensitivity of Si detectors

17

effective focal length 75m . )

The intended data analysis method
number of pixels across the 1.2 provides a context for some of the studies
diffraction pattern (n) discussed in the next section. The Hipparcos

Mission provided examples of data processing
basic angle (between observing64 deg schemes that we used as the starting point for our
directions) {) present approach for FAME-98. The present
focal plane 22 CCD arrays (preliminary) FAME-98 data analysis approach

has three stages starting from the determination of

CCD size 2k by 4k with 15um sq. pixeld e everft parameters:
0.4 arc sec / pixel

CCD noise level 5%eor better (Stage A) The “observing-spiral”
reduction (Hipparcos: great-circle

aperture 2@05x0.25m reduction) would address the target events

(size of primary) (0.56 x 0.56 m) collected during a “batch interval” of

from half a day to a few days and would
yield a rotation model for the instrument
during that period. In our studies, we
assumed the analysis would use all stars
from mag 8 to mag 10, about three per sqg.

field of view O otr = 2.2 Lijpe = 1.7°
Area = 2.59 sq,deg.

® |n an astrometric system using TDI, the observable is the epoch of an event, which is the passage over the edge of the
CCD detector of the centroid of the star image. This epoch isfound by centroiding the image extracted from the CCD and using
the resulting position estimate to interpol ate the clock timing record.
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Table B. FAME-98 Specifications -- Spacecraft Table C. FAME-98 Specifications -- Mission

size and shape of spacecraft  cylinder,2mby 2m nominal mission life 2.5 years
mass 325 kg orbit circular at about 100,000 km
o radius
moment of inertia 200 kg m?
, rotation period 20 min (w, = 5.24 103 /s)

solar shield

reflectivity of central 0.8 (assumes partial precession
circle(r=1m) population by solar cells) period 10 days

reflectivity of annulus (1 0.9 (assumes Al on plastic preferred method  radiation pressure torque
m<r<3m) film)

deg, asthe spiral-tie stars. The Stage-A analyses could be performed as soon as the target events are available from
the first observing spiral. (Even a partial set could be used as part of the instrument check out.)

(Stage B) The global fit (Hipparcos. sphere solution) would interconnect the observing-spiral rotation modelsto

yield a “global net” over the celestial sphere. It would be sufficient to have no more than 1000 global-tie stars,
which would naturally be a subset of the spiral-tie stars, chosen for their even distribution over the sphere, their
presence in the Hipparcos catalog, and their stable astrometric properties. The global fit could first be performed
well (although probably for position only) after six to eight months of data-taking, about the time that full sky
coverage is first available. After about a year, the analysis could be extended to include proper motion and parallax.

(Stage C) The application of the models and parameters determined during the first two stages (Hipparcos:
astrometric parameter determination) to the determination of the astrometric parameters of the program stars would

create the catalog.

Note that during Stages A and B, the objective is to develop a rotation model for the instrument, not to estimate the

astrometric parameters of the target stars. Itis only in Stage C that stellar

astrometric parameters are estimated and presérved. At all stages, the

analysis must include the identification and modeling of non-point targets.

(This modeling is not addressed here.) Most of the global-tie stars would
be mag 9 or brighter. By virtue of the selection process, they would be
well measured by Hipparcos; there would be reasonably gpodri

values for their astrometric parameters, except in some interesting case
peculiar motion not identified during the short Hipparcos mission.

[

To iteratively clean up the solution, the Stage-C procedure would
be applied to the combined set of spiral- and global-tie stars only. With

improved estimates of positions, proper motions, and parallaxes for thege
tie stars, the observing-spiral reductions and global fit would be repeated.

Unless this iteration uncovers and precipitates the removal of bad data

(blunders) or shows some of the tie stars to be unsuitable, it is unlikely

reFigure 1. Cartoon of spacecraft
ing the solar shield (disc) and body

it would need to be repeated, although the convergence rate remains to ?@ylinder). The view of the shidd is of the

investigated. However, to improve the catalog that forms the basis for

; . . ) _unilluminated side.
various near-real-time analyses, we would likely perform such an iteration a

¢ There would be no harm in changing global-tie stars after the analysis had started.

9 During Stages A and B, stellar astrometric parameters could be estimated but not saved. However, according to the
present (preliminary) plans, anumerical technique for speeding up the analysis will bypass the estimates of the star positions.
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number of times, beginning as early as possible in the mission. The first such iteration could be after about six (or eight)
months of data taking, when we first have full sky coverage. These additional analyses would serve to detect problems early
in the mission.

For many purposes, the orientation of the reference frame is not important. However, intercomparisons of the
FAME-98 star catalog with other data would be facilitated by providing a standard orientation, which is connected to the
Earth ecliptic and equator. The ecliptic has only alittle meaning in a spaceborne astrometric study, where it enters through
aberration, and the equator has none. However, a reasonable frame orientation can be assured by using standard catalog
positions for the a priori position estimates for the spiral- and global-tie stars.  Even if these were given modest
uncertainties, say 10 mas, they would anchor the frame well.

3. SEVEN KEY RESULTSOF THE STUDY

The present instrument design is based on seven results from recent studies plus the conclusions that have followed from the
optical analyses described by Phillips and Reasenberg (in these proceedings, Ref. 7). It is supported by a preliminary thermal
analysis, which is summarized in Section 3.5. The seven results are listed below and discussed in the following sections.

a) Central obscuration of telescope does not matter (much).
b) The aspect ratio of the primary mirror (or pupil) does not affect “information rate.”

¢) Smooth rotation of the instrument is highly desirable; mission accuracy is impaired if attitude correction events are as
frequent as one per rotation. (Hipparcos corrections occurred about 12 times per rotation.)

d) Solar radiation pressure (instead of gas) can be used to precess the spacecraft.
e) The basic angley] is not critical, as long as a few bad angles are avoideg anchosen not far from 90 deg.

f) For a focal plane of fixed size, and over accessible values of the effective focal lerigéhinformation rate” varies
slowly with I, and favors small".

g) The Hipparcos-type scanning pattern gives good sky coverage, indeperident of
3.1 Central obscuration

Lindegrerd has investigated the astrometric accuracy of an instrument with an aperture of arbitrary shape. He showed that in
the case of noise due to photon counting statistics

B )
2nL_ /N @)

o

where N is the number of detected photons gpd L s the effective aperture width. Consider a rectangular aperture of length
S (in the sensitive or scan direction) and width C (in the cross-scan direction) with a central obscurations lemdthull
width. It is easily shown by direct evaluation of the Fraunhofer integral that the information rate is

B=02xS3C(1-«%)/A2 @)

For a generous central obscuratiors 0.4, there is only a 6.4% loss of information. However, it is apparent that there is an
incentive to make an astrometric instrument as big as possible in order to maximize its accuracy. For faint stars, Eq. 1 must
be generalized to include detector noise. It remains to be shown that Eq. 2 applies in the faint-star case.

3.2 Mirror aspect ratio

Equation 2 tells us that, for an astrometric instrument, it is advantageous to deploy the mirror area over an extended distance
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in the direction of the intended astrometric measurement. Further, for fixed area, it is advantageous to separate the primary
into two parts at considerable distance, again along the intended direction of measurement. These conclusions are correct for
apointed instrument. However, for a survey instrument, the total information rate, |, is proportional aso to the region of sky,
Q = PQ, that can be seen at a given time, where P and Q are the field of view in the scan and cross-scan directions,
respectively. For asingle CCD chip, P and Q depend on the number of pixels (N, and N,), the pixel size, w, and the focal
length.

We start the analysis with the case of unlimited anamorphism: the focal lengths, f, and f., are independent quantities.

P=— Q-— ®

For arepresentative wavelength (A = 0.6 um), let n (n) be the number of pixels across the full width at first null of the
diffraction pattern of the primary, excluding the effect of the central obscuration. Zhé8=nw/f, 24/C=nw/f, , and
using the above, we find

P 2N A o 2N A
) nS ) n.C @)
Combining Eqgs. 2 and 4, we obtain
N.N
Iu<><BPQ<><S2 s ¢ (5)
S C

This is a surprising result: With unlimited anamorphism, the information rate is independent of the width of the mirror. This
result arose because we required that the number of pixels across the image be fixed, presumably at a small value. This woulc
be required in the actual mission so as to preserve some cross-scan information for determining the spacecraft orientation.

We next consider the more realizable case of fixed anamorphismf f where we will later require = 1. Egs. 3
take the form
N w N, aw
P=— Q=— (6)

S S

and only the left of Egs. 4 will apply. Again, combining expressions, we obtain

Nch
|a°<BPQ<XSCOC n2 (7)

S

which is also a surprising result: The information rate depends on the mirror area and is independent of its shape. We are
thus free to select a mirror aspect ratio that is convenient to manufacture and mount, and that will be mechanically (and
thermally) stable. For a rectangular mirror, the obvious choice is approximately square. This conclusion should apply to
GAIA as well as FAME-98.
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3.3 Smooth rotation and the basic angle

Hipparcos scanned the sky by means of a series a attitude correction events (ACE) using gas jets. These events occurred on
average at intervals of about 12 minutes. We have investigated the first stage of ground-based data reduction for FAME-98,
the observing-spiral reduction, corresponding to the great-circle reduction in the Hipparcos analysis. For this purpose, we
simulated mission data using the same set of Monte Carlo starsfor all cases. These stars had a mean density of 3 per square
deg, consistent with using all stars from mag 8 to mag 10. Over abatch interval, we introduced a series of ACE. The spans
between successive ACE were drawn from a Gaussian distribution, typically with a variance equal to 0.25 of the mean. The
simulated data were analyzed by the wei ghted-least-squares (WL S) method in which we assigned uncertainties of 0.35 and 3.5
mas to the measurement components in the scan and cross-scan directions, respectively, and assumed an a priori knowledge
of the star coordinates with uncertainty of 10 masin each direction. The data were fit to amodel including two position
parameters for each star, some instrument parameters, including vy, and a set of spacecraft rotation model parameters. For
each of the spans, the rotation model included the precession phase and rate, § and its rate, and a series for the rotation phase,

Q=0 * E AnPn(t) (8

where P,(t) are Legendre polynomials and the time, t, is normalized to be zero at the center of the span and £1 at the ends.
Of primary concern in these studies was the degree to which the observing spiral was tied together by the

observations. To investigate this, we introduced a series of pseudo-observations of the rotatitf)n phase , and used standard
error propagation to determingl;), wherel, is a spacecraft rotation by an angle proportional to

O(A]) = AVG(n:lv max) [0((?)n+j - ('bn)]

Log,,0 = AVG(]. - range) [Logloo(A].)]

©)

where in the second equation, the rangei®thosen such that the average is approximately over the first 2.5 spacecraft

rotations following the first half rotation. (One can well imagine other useful measures.) In general,@(m‘]s)m AJ.

show a lobate structure with dips at multiples of the rotation period. Plotggf vsy show a broad minimum centered at

abouty = 100 deg, with spikes at “bad angles” such as 180, 120, and 90 deg. Within the range from 70 tod30 deg, <1.1
times the besto , except at the spikes. When the mean length of the spans between successive ACE was increased from 1/6
of the rotation period to the rotation period, we found that was lowered by a factor of 4.4. When the span length was made
equal to the batch length of the observing spiral (6 rotation periods), was lowered by a factor of 11 from the original value.
We conclude that it is highly desirable to avoid ACE, and that decreasing their frequency is of great importance. (Details of
this study will be published elsewhere: Chandler and Reasenberg, in preparation.)

Based on the broad minimum centered at alpoutl00 deg in plots ofog,,0 vsy, we were free to consider other
factors in selecting. In order for the light from the target stars to clear the primary mirror on the way to the complex mirror,
vy must be greater than 58 deg. When baffling is added, this increasestbdeg. The construction of the complex mirror
is simplified, and its structure is made most stable, by kegpémgall. We have therefore tentatively selected 64 deg for the
basic angle.
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3.4 Precession by means of solar radiation pressure

Figure 1 is a cartoon of the FAME-98 spacecraft showing alarge flat solar shield, perpendicular to the nominal spin axis.
Light specularly reflected by this shield produces a force parallel to the spin axis and through the center of figure, which we
assume lines up with the center of mass. Light that is absorbed produces an additional force in the plane of the shield and thus
atorque that tends to increase &, the angle between the spin axis and the Sun direction. For a spinning spacecraft, this torque
causes a precession around the Sun direction.

Tables B and C contain the nominal spacecraft and mission specifications. Based on these, we find: angular
momentum, J = lw, = 1.05 kg m? /s; torque from radiation pressure, N = 7.13 10° Nm; and precession rate due to the torque,
Q =N /J=0.47 deg per spacecraft rotation. Thisisat about the limit, Q ., = 0.5 deg per spacecraft rotation, set by the
requirement that a star image spread across only afew columns of the CCD detector chip as that image traverses the chip in
the scan direction. Too great a deviation from the desired image path would result in an unacceptable |oss of cross-scan
information.

A small adjustment to the shape of the solar shield causes a significant change in the solar torque. In particular, for
the nominal parameters, (1/N) dN/de. = - 0.6 per deg of shield tilt. (See Fig. 2 for adefinition of «.) There are myriad reasons
to want to change the torque. Fortunately, the sensitivity of N to « provides for alarge range of adjustment of N without
making the shield excessively non-flat (in the sense discussed in the next section).

Asdiscussed in the previous section, the use of radiation pressure to precess the spacecraft significantly increases the
mission accuracy by eliminating most of the gas-jet firings needed for attitude correction. Further, since the gas will not be
essential after the initial set-up of the spacecraft, the risk presented by relying on the gas-jet thrusters will be eliminated. This
enhanced reliability can help extend the mission beyond the nominal life, although the return on that extension has not yet
been investigated.

3.5 Thermal consider ations

Our design philosophy for FAME-98 has been to achieve high astrometric accuracy with a minimum of complexity. In
keeping with this philosophy, we use thermal control but not laser gauges to maintain the configuration of the instrument. The
prime requirement of the thermal control is stability. We are particularly concerned with temperature variation at the
spacecraft rotation frequency and its harmonics, since these would map into repeatable measurement biases related to sky
position. The first stage of the thermal control is provided by the round Sun-facing solar shield, whichis shownin Fig. 1.

The shield prevents sunlight from directly reaching the surface of the spacecraft.

In the absence of the shield, the spacecraft would experience “rotisserie heating” and there would likely be a
corresponding instrument bias varying at the rotation frequefticthe shield isflat, and ignoring heat from the spacecraft
and Earth, the shield will be isothermal, and there wilhbeotisserie effect. The spacecraft will preferentially heat the
shield near it, causing a temperature distribution on the shield that rotates with the spacecraft, which is benign. Below, we
look at the thermal input along the cylindrical spacecraft wall, at the effect of a non-flat shield, and at the thermaifinput f
Earth, which sets the scale for useful solar shielding.

In the calculation of thermal radiative
/To Sun transfer, the analysis is normally broken into two
Spin Vector T

stages: geometric and thermal. The first stage
yields the “coupling factors” between the
elements of the problem, the radiating surfaces.

% Shield The second stage is the iterative solution of a set
Y of non-linear heat equations. The Geometric
\’\/\\ Configuration Factor (GCF, see Siegel and
Spacecraft Possible Howell? especially chapter 6) is the quantity
Support Strut Sﬁ:l‘(‘idary calculated during the first stage, ,F is a GCF
\/ defined as the fraction of the energy leaving

surface #1 that arrives at surface #2. It can be

FigureFigure 2. Spacecraft with secondary shield, which is now not ! ) )
shown that E, is also the fraction of the weighted

believed to be necessary.
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solid angle through which surface #1 receives energy from surface #2, where the weighting factor is cos(0) and 0 isthe angle
between the normal to surface #1 and the look direction to surface #2. For a point on the spacecraft wall next to the shield, it
is easy to show that the shield has F = 1/2. The following factors yield the input to the spacecraft wall next to the shield: (1)
solar flux, S= 1360 W/m?; (2) cos(€) = 0.7; (3) (1 - R,) = 0.1, where R, isthe reflectivity of the shield, which we take as 0.9;
(4) 0.5, because the shield radiates equally from both sides (the shield is assumed isothermal -- non-insulating -- and the
emissivity isassumed equal on both sides of shield); and (5) F = 1/2, because the shield fills half of the (weighted) solid
angle. When combined, these yield 24 W/m?® A calculation of the GCF shows that at a point on the spacecraft wall about 1.4
m from the shield, where the instrument is expected to be, F is lower by afactor of 3, yielding a heat input of 8 W/m?.

If the cylindrical wall surface were black and at 300 K, it would radiate 460 W/m? To radiate an additional 8 W/m?,
the temperature must increase by 1.3 K. Without the shield, the flux would be S sin(€) @, where @ = {cos(v), 0: depending
on whether the patch is sunlight or in shadow} and v is the Sun’s azimuth with respect to the point of interest on the wall. The
average flux would be smaller lythan the peak value of S dijp( Thus, in the vacinity of the instrument, the shield
provides a 40 fold reduction from the average flux and, far more importantly, it provides a constant flux.

The shield may need to be tilted away from the Sun by a small angle (a few degrees). The sweep back will change
the shield temperature. The primary effect is the change in thelangtereen the shield normal and the direction to the Sun.
This results in a shield temperature that depends tire rotation phase. In particular, the power input to the shield is
proportional to cog)):

cos(¢) = cos(a) cos(§) + sin(er) sin(€) cos(v) (10)

Of the two terms on the right hand side, the first yields an uninterestingly small shift in temperature for reasonablexvalues o
(say | < 10 deg). The second results in a time variation of the shield temperature with spacecraft rotatien2 &eg,

the 8 W/m received from the shield at the instrument has a periodic component of about (.25 W/m amplitude that could
cause a corresponding temperature variation of 0.04 deg.

In considering the heat input from the Earth, we make the simplifying assumption that it is a black body at 300 K,
and we initially ignore both the extra heat that comes from reflected sunlight on the day side, and the difference between the
thermal IR and reflected light received by the spacecraft when it is over the pole and when it is over the equator. For a
spacecraft at 16 R from the Earth (15 R above the surface, where R is the radius of Earth), the GCF is easily shown to be F
= 0.004 for a surface facing Earth. The corresponding heat absorbed by a black surface is 41.84 W/m . Note that the input on
this surface will vary at the spacecraft rotation rate and be modulated by the spacecraft orientation with respect to the nadir
In the worst case, when the spacecraft spin axis is perpendicular to the Earth direction, the rms variation i$ 0.27 W/m . To
radiate an extra 1.84 W#m , a black surface at 300 K must warm by 0.3 K. The factors ignored above increase the complexity
of the temporal signature of the thermal input. Note that the phase-dependent heat input from Earth is several times the phase
dependent heat input from the Sun, eveniff large. Thus, further reduction by the shield of the solar heating would not be
helpful.

3.6 Telescope effective focal length

In Section 3.2, we found that the optimal shape of the aperture is not long and thin when one includes the effect of sky
coverage in the calculation of the total information return. Here we apply the same concept to the question of the, plate scale
i.e., the number of pixels to cover the diffraction pattern. In particular, for the nominal wavelerddt6(um), o (n) is

defined as the number of pixels across the full width at first null of the diffraction pattern of the primary, excludifegthe ef

of the central obscuration. It is easily shown that, neglecting detector noise, the single-object informatios rate

monotonic with p. But, for a survey instrument, the quantity of inter@g}, ithe rate of information collection by the entire
detector. As we found in Eq. 5, there is an extra factdr ofn, . In the absence of anamorphism

R, R/l (11)

This is the quantity that is shown in Frggure 3 for the two cases discussed below.
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To calculate 9t,, we simulated the photon counts in the pixels covering several fringes near the center of the
diffraction pattern. We then performed a WL Sfit to one of two models. In the first, there was only one free parameter, p, the
position of the star in the scan direction. In the second, there were two additional free parameters, the brightness of the star,
and its temperature, assuming it to be ablack body. In both cases, for small valuesof n,, o(p) was found to depend on the
phase of the star, i.e., its position with respect to the pixel boundary. Each quantity shown in Fig.Figure 3 reflects an average
of information over that phase.

Inspection of Fig.Figure 3 shows that, over alarge range of n,, the total information rate increases as n, gets smaller.
Thisis so even though the information from a single measurement of a star increases with n,. Fig.Figure 3 suggests that we
should use n, = 0.6. However, the present optical system does not work well at the required short focal length of 3.75m. In
the companion paper (seeref. 7) on the optical system, we discuss the options. For now, we use afocal length of 7.5 mand n,
= 1.2. Further, asn, - 0, the information about a particular star comes increasingly from a small subset of the observations of
that star which fall on the pixel boundary. Although the number of strong observations increases with decreasing n,, for small
n, theincreaseis slowed.

3.7 Scanning pattern

It isintended that FAME-98 will use a version of the Hipparcos observing pattern in which the spacecraft spinsto
allow the observation of starsin two directions fixed in the (rotating) plane perpendicular to the nominal spacecraft spin axis,
and the spin axis slowly precesses around the Sun direction. The angle between the spacecraft spin axis and the Sun
direction, &, is bounded at the high end by the Sun avoidance requirement and at the low end by the need to observe each star
from avariety of angles, which reduces estimator degeneracy. The first objective of the scanning-pattern study was to address
thevalue of €. Arethere values of £ that are especially good (or bad)? Isit important that £ be held constant, or that it is
allowed to change over the mission? The second objective was to determine as a function of the ecliptic latitude (b) the
(local) azimuthal uniformity of the star-position information, which bears on the shape (aspect ratio) of the error ellipse of
measured star positions (i.e., the relative uncertainties in estimates of b and ¢ cos(b), where ¢ isthe ecliptic longitude).

In principle, a complete and definitive answer to these questions would come from full mission simulations,
including a covariance analysis of the simulated data. This has not been possible. Instead, we have taken afirst look by
investigating the density of observationsin b, based on a single spacecraft look direction. The independent variable is taken
as cos (b) because, for auniform distribution over the sphere, the density in cos (b) isflat. No consideration is given to the
density in ¢, and the results may be considered an average over (. To address the second objective, we examined the range
and distribution of observing directions of stars as a function of b.

The required density of observations can be obtained analytically in terms of the Incomplete Elliptic Integral of the
First Kind. Instead, we used a direct numerical approach, which has the advantage of being able to accommodate additional
complexities asthey arise. There are two
independent variables over which integrations
are required: the precession angle of the
spacecraft spin axis around the Sun direction,
and the rotation phase of the spacecraft. Two
approaches were taken to the numerical
integration, direct and Monte Carlo. Theresults
were essentially the same, and the former was
used for the analysis shown here. Figure 4 shows

w

detector angle info, R,
N

1 the observation density for three values of &: 35,
: 45, and 55 deg. The curves are normalized to an
0 ‘ i & average of 1, and the fine irregularities are
0 6 8 artifacts of the integration method. It iseasily
N shown that the peaks seen in each case are at 90°

FigureFigure 3. Full-detector information rate %, (arbitrary units) vs - €. For the case of 5_: 45, the lowest point is at
n,, which is proportional to effective focal length. Calculation was at b=0, and hasadensity of 0.75. Thus, athough
My = 9, With no read noise. Note that %, was calculated at intervalsof ~ the distributioniis far from flat, thereislittleoss
0.2; finer steps might round the turnover at ny= 0.6. of accuracy of star position estimates. Further,
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FigureFigure 4. Density of observations for three values of &, the angle between the Sun direction and the rotation axis.

the exact value and stability of £ do not seem to matter.

The second objective was addressed by using the same software to produce atwo-D histogram of observation density
as afunction of cos (b) and the angle between the local meridian and the spacecraft observation direction. The histogram
shows a non-uniform distribution (different for all three values of £), but the non-uniformity is unlikely to produce a
substantial elongation of the error ellipses.

4. DISCUSSION

We have investigated several aspects of a MIDEX-class astrometric survey mission. For many non-critical aspects of the
mission, we have used the nominals from the FAME-95 mission proposal. For critical aspects of the instrument, we have
developed a new set of nominal designs and parameter values. Some important questions remain open. Among theseis the
telecommunication system design and downlink rate. The present instrument design yields a massive set of data.
Considerable reduction in the download requirement (3 to 10 fold) may be possible by means of on-board processing (e.g.,
centroiding) of the CCD output. But this approach is not without a potential loss of astrometric information.

While the nominal parameters of the mission have not been globally optimized, we believe that they are close to
correct. It istherefore worth making a comparison with the corresponding aspects of FAME-95. Asshownin Table D,
compared to FAME-95, FAME-98 has a more compact aperture, larger field of view, shorter focal length, faster spin and
precession, and longer uninterrupted observing spans between attitude control events. Further derived mission characteristics
are shownin Table E.

The analysis has underscored three differences between a survey astrometric mission and a pointed astrometric
mission. For a survey mission, the aperture shape does not matter; for a pointed mission, it is better to have an elongated
aperture. For asurvey mission, alarge-area detector enhances the scientific throughput because it catches more targets per
unit time; for a pointed mission, once there are enough detector cells to work with a single target, additional detector cells will
not, in general, help except to facilitate acquisition. For a survey mission, we find no advantage to an interferometer over a
telescope; for a pointed mission, it iswell known that an interferometer offers considerable advantage (for fixed aperture
area). We speculate that this observation can be generalized to atheorem. For spaceborne astrometric instruments, a
telescope is appropriate for a survey mission, and an interferometer is appropriate for a selected-target (i.e., pointed) mission.

A central theme of astrometry is concern for systematic error. For FAME-98, we have identified three principal
potential sources of instrumental systematic error: thermally induced changesin the instrument geometry, response of the
optical system (including the detector), and spacecraft rotation. In addition, systematic error can come from improper
modeling of target structure, which is not addressed here. In each case, once the potential source of error isidentified, a
mitigating approach can be developed.
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A complete thermal analysis of the
Table D. Mission Comparison instrument has not yet been attempted, but will
be an important part of a Phase-A study. We
Aspect FAME-98 FAME-95 have shown that, on atime scale of the
Shape of Aperture Square Elongated instrument rotation, the variation of thermal
radiation reaching the instrument is about 0.35
Number of reflections 5 (inc. 2 flats) 8 (inc. 2 flats) W/m? rms, which would cause atemperature
change of 0.06 deg rms (on a one-sided black
Field of View* P oper = 2.2° ¢ ~ 0.66° Usable body at 300 K) if no corrective action were
L joner = 1.1° part~ 0.26° wide taken. However, it isintended that the external
(Areain sq. deg.) Area=2.59 Area= 0.122 surfaces be insulated and that the temperature of
. theinternal surfaces of the instrument be
Effective Focal Length 7:5m 36m regulated. That regulation should decrease the
Spin Period 20 minutes 2+ hours fluctuations at |east 30 fold. Most critical
components, with the exception of the complex
Precession Period 10 days 60 days mirror, will not receive radiation directly from
the outside, and will thus “average over” the
Precession Method Solar Radiation  Cold Gas Jets temperatures of the surfaces they see. These
Pressure components will be stable to better than 1 mK.
. . In some cases, the complex mirror will receive
Megn Time Betvyeen days ~20 minutes on its reflective surface brief direct exposures to
Attitude Correction Events Earth radiatiorf. Based on the worst-case

* Thefield of view of FAME-95 is a D-shaped region between the geometry and on = € = 0.1 for the exposed
circumference of the circle (of 0.66° diameter) and a chord about 0.26°  surface, we estimate that the complex mirror will
from the center of that circle. be temperature stable to better than 1 mK, and

that its thermal perturbation will not contribute
significantly to the error budget (of a mag 9 star). Crude arguments lead to a similar preliminary conclusion for the other
optical elements of the system.

The response of the optical system includes telescope distortion, which is addressed in the companion paper, ref. 7.
At the detector, the depth of penetration depends on color, and ranges from less thailgf4gum to tens of um fdr=
0.9 um. For the /13 beam at the detector, this results in a “chromatic blur.” Further, since the system is not tdtecentric,
is a lateral displacement associated with the depth of photon penetration, and thus a color dependence of the apparent positior
of the target. This chromatic effect can be corrected in the data analysis, given even a coarse spectrum of the target.

To lowest order, the spacecraft can be expected to rotate smoothly. However, at the sub-milliarcsecond level, there
will be significant deviations from smooth rotation. One traditional source of rotation irregularity, thruster leakingnshould
be a problem with the attitude-control gas jets not in use. Outgassing of volatiles should decay during the early neonths of th
mission. However, this needs to be addressed quantitatively. Radiation pressure will interact with deviations from spacecraft
axial symmetry to produce torque around the spin axis. For example, a patch of darker material on the Sun shield will cause
the spin rate to vary sinusoidally with rotation phase. If a square meter of the shield at 2 m from the center hasa reflectio
coefficient of 0.89 instead of 0.90, there will be a periodic rotation error of about 2 arcsecond. Of course, this tallide a s

or slowly changing feature that can be modeled well.

Similarly, the radiation from Earth entering the view
Table E. Mission Characteristics. ports will hit dark surfaces and produce rotational
. variations of arcsecond order. Based on our covariance

number of target stars about 410 studies, we believe that if these and similar effects can
average number of measurements per star 6000 be modeled phenomenologically, the corresponding

parameters can be estimated with little impact on the
transition magnitude (variance increased V 15.3 precision of the astrometric parameters.
two fold by read noise)

€It follows that other elements will receive some of the reflected radiation. Consideration should be given to a shutter
to protect both the detector and the optical elements.
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A further complication to the smooth rotation of the spacecraft is the solar wind. Although it contributes only about
0.1% as much pressure as sunlight, it is highly stochastic. Further, the spacecraft surfaces will be non-reflective to the win
and its apparent direction is shifted by virtue of the motion of the spacecraft with respect to the Sun. Some aspects of this
problem are being investigated by M.A. Murison (USNO, private communication, 1997, 1998).

The optical system has provision to extract the central portion of the field of view, about 1.1 deg square. This could
be relayed to a second instrument, which could have, for example, a long focal length, a dispersive element, and a separate se
of CCD detector chips. A second instrument of this kind would provide more detailed spectral information and some finer
spatial resolution for a large subset of the brighter targets. The cutoff for this instrument would be a few (say 4) mag highe
than for the main instrument because of the longer focal length and the dispersion, both of which spread the light onto a large
number of pixels. (With a long focal length, it would not be economically possible to fully populate the focal plane with
detector chips, nor would it be necessary in order to observe most of the brighter targets a few times during the nession.) Th
additional information from the second instrument could support target modeling and the reduction of biases associated with
source structure, which are particularly important for the brighter targets. That information could also support the scientifi
interpretation of the estimates of star temperatures, as discussed in Section 3.6. Should this calibration prove baoeessful, t
would be a new method of estimating star temperature, and it would require neither filters nor a dispersive element
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