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VORWORT

Astrometrie, nach Prof. Jean Kovalevsky die Vermessung der Position der Gestirne einschliesslich
ihrer Ausdehnung und Form, hat sich in den letzten 30 Jahren grundlegend gewandelt. In der
optischen Himmelsbeobachtung wurde die Photographie abgelost durch die CCD-Technik
(Charge Coupled Devices). Zudem wurde die optische Astrometrie konkurrenziert von der
Radiointerferometrie, welche heute einen Quasar-Katalog unerhérter Priizision anbietet.

In der Satellitengeodisie wurde die Ara der optischen Beobachtung Mitte der 70-er Jahre abrupt
durch das Zeitalter der Laser-Distanzmessung zu geoditischen Satelliten und das der
Dopplermessung von Signalen aktiver Satelliten abgelost. Bedauerlich ist, dass mit diesem
Umbruch die Verankerung der Satellitengeodisie in das Referenzsystem der Fixsterne verloren
ging. Das Bezugssystem wird heute durch die Bewegungsgleichungen der Himmelsmechanik und
durch die Radioastronomie nur indirekt in die Satellitengeodisie eingebracht.

Die Realisierung des optischen Referenzsystems ist ein zentrales Motiv fiir die vorliegende Arbeit
von Herrn Thomas Schildknecht: Das optische Referenzsystems der Fixsterne kann nimlich mit
dem der Quasare mittelbar via optische und lasertelemetrische resp. Doppler- Beobachtungen zu
kiinstlichen Erdsatelliten verkniipft werden. Das Prinzip ist einfach: durch optische Beobachtung-
en wird die Bahn der Satelliten im optischen Referenzsystem, durch die anderen Beobachtungen
im quasarfesten System bestimmt.

Ein Vergleich der beiden Bahnen liefert -zum betreffenden Zeitpunkt- Elemente der Trans-
formation zwischen beiden Systemen. Es war schon vor Inangriffnahme dieser Arbeit -der
Inauguraldissertation von Herrn Schildknecht an der phil.-nat. Fakultit der Universitit Bern- klar,
dass diese die hochste Genauigkeit verlangende Aufgabe mit dem zur Verfiigung stehenden
Teleskop und den heutigen Sternkatalogen noch nicht in Angriff genommen werden konnte. Erst
mit dem neuen Zimmerwalder 1m-Teleskop und dem HIPPARCOS Sternkatalog wird sich Herr
Schildknecht mit seiner Gruppe mit dieser Problematik befassen konnen.

Die nétigen Voraussetzungen wurden indessen mit der vorliegenden Arbeit geschaffen: Herr
Schildknecht hat die Beobachtungsmethodik von Grund auf neu erarbeitet. Die sehr kurzen
Expositionen (Sekundenbruchteile und nicht zehn oder mehr Minuten wie in der photo-
graphischen Astrometrie oder bei den CCD Anwendungen in der Astrophysik), das sehr kleine
nutzbare Gesichtsfeld (wenige Bogenminuten anstelle von fiinf oder mehr Grad) sowie die sehr
schnelle Bewegung der Messobjekte verlangen nach neuen und originellen Ansitzen fiir die
mathematische Beschreibung der Abbildung des Himmels auf den CCD-Array. Dies gilt auch fiir
die Erfassung kurzperiodischer Refraktionsanomalien.

Dass sich schon mit den bescheidenen, Herrn Schildknecht wihrend der Arbeit zur Verfiigung
stehenden Hilfsmitteln durchaus interessante Resultate erzielen lassen, entnimmt man Kapitel 6.
Die Vermessung geostationdrer Satelliten unterstreicht auch eindriicklich die Bedeutung der
neuen Technik fiir die Praxis: Viele Objekte dieser Art kdnnen nur mit optischen Hilfsmitteln mit
der fiir eine genaue Bahnbestimmung und Positionierung notwendigen Genauigkeit erfasst
werden.

Die vorliegende Abhandlung von Herm Thomas Schildknecht darf als wichtiger Meilenstein fiir
den Wiedereinstieg in die optische Astrometrie mit neuesten Methoden angesehen werden. Mit
dem ab 1996 zur Verfiigung stehenden neuen Teleskop der schweizerischen astronomisch-
geoditischen Fundamentalstation Zimmerwald werden sich auch anspruchsvollste Projekte der
optischen Fundamentalastronomie angehen lassen. Die Schweizerische Geoditische Kommission
(SGK) dankt daher Herrn Dr. Th. Schildknecht fiir seinen zukunftsweisenden Beitrag.

Die Schweizerische Akademie der Naturwissenschaften (SANW) hat die Druckkosten dieses
Bandes iibenommen, wofiir die SGK ihren Dank ausspricht.

Prof. Dr. G. Beutler Direktor F. Jeanrichard Prof. Dr. H.-G. Kahle
Direktor des Astronomischen Bundesamt fiir Landestopographie ETH-Ziirich
Instituts der Universitiit Bern  Vizeprisident der SGK Priisident der SGK



PREFACE

L'astrométrie, qui selon la définition du professeur Jean Kovalevsky est la détermination de la
position, de la dimension et de la forme des astres, a subi une transformation radicale durant les
trente derniéres années. La technique CCD (Charge coupled devices) a remplacé la photographie
dans le domaine de l'observation du ciel et l'astronomie optique a été concurrencée par la
radiointerférométrie qui permet aujourd'hui d'établir un catalogue des quasars d'une précision
inoute,

Dans le domaine de la géodésie par satellites, les observations optiques et les mesures DOPPLER
ont été remplacées brusquement au milieu des années septante par des mesures de distances au
LASER vers des satellites géodésiques. 11 est regrettable que, par ce changement, la relation entre
la géodésie par satellites et le systtme de référence formé par les étoiles fixes ait disparu. Le
systtme de référence ne peut étre réintroduit actuellement dans la géodésie par satellites
qu'indirectement par les équations de mouvements de la mécanique céleste et par la radio-
astronomie.

Le théme central du travail de Thomas Schildknecht est la réalisation d'un systéme optique de
référence: le systéme de référence des étoiles fixes peut étre relié 2 celui des quasars directement
par des observations optiques et télémétriques avec LASER ou encore A l'aide d'observations
DOPPLER sur satellites artificiels. Le principe est simple: 'orbite des satellites est déterminée dans
le premier systeéme de référence au moyen d'observations optiques et dans le systéme des quasars
au moyen des autres observations.

La comparaison des orbites dans les deux systémes permet, pour un moment donné, de calculer
les éléments de la transformation entre les deux systémes. Mais déja avant de commencer ce
travail - qui forme la the¢se de M. Schildknecht présentée a la faculté des sciences naturelles de
'Université de Berne-, il est apparu que la précision exigée ne serait pas atteinte avec le téléscope
et le catalogue d'étoiles actuels. Ce n'est qu'avec le nouveau téléscope 2 la focale d'un métre et le
catalogue d'étoiles HIPPARCOS que M. Schildknecht et son groupe pourront s'attaquer A ce
probleéme.

Mais en attendant, le présent travail contribue a créer les conditions nécessaires a la poursuite des
investigations: M. Schildknecht a réexaminé complétement la méthode d'observation. Les temps
d'exposition trés courts (des fractions de seconde et non plus dix minutes ou plus dans le cas
d'astrométrie photographique ou d'application des techniques CCD en astrophysique), le champ
visuel utilisable trés restreint (quelques minutes d'arc au lieu de cinq degrés ou plus), ainsi que le
mouvement trés rapide des objets observés exigent des idées nouvelles et originales pour la
description mathématique de la représentation du ciel sur des arrays CCD. Ceci vaut également
pour la détection d'anomalies & courtes périodes de la réfraction.

Le chapitre 6 montre que M. Schildknecht a déja atteint des résultats intéressants malgré les
moyens modestes a disposition actuellement. La détermination de la position de satellites
géostationaires souligne également de fagon impressionnante l'importance de la nouvelle
technique pour la pratique: de nombreux objets de ce genre ne peuvent étre détectés qu'avec des
moyens optiques qui seuls permettent d'obtenir une détermination d'orbite et un positionnement
d'une précision suffisante.

Le présent ouvrage de M. Schildknecht représente une étappe importante pour la réhabilitation de
l'astrométrie optique au moyen de méthodes les plus modernes. Le nouveau téléscope de la station
fondamentale astro-géodésique de Zimmerwald, qui sera & disposition dés 1996, permettra de
mettre en oeuvre des projets importants en astronomie optique fondamentale. La Commission
géodésique suisse remercie sincérement M. Thomas Schildknecht de sa précieuse contribution au
développement futur de I'astronomie.

La Commission géodésique suisse exprime sa gratitude a I'Académie suisse des sciences naturelles
(ASSN) pour la prise en charge des frais d'impression de ce volume.

Prof. Dr. G. Beutler F. Jeanrichard, Directeur Prof. Dr. H.-G. Kahle
Directeur de I' Institut d'astronomie de 1' Office fédéral de topographie ETH Zurich
de I' Université de Berne Vice-président de la CGS Président de la CGS



PREFACE

Astrometry, according to Prof. Jean Kovalewsky the science of measuring position, velocity and
shape of objects in the sky, underwent a profound change over the last 30 years. In the optical
domain the photoghraphic plate was replaced by the CCD array (Charce Coupled Devices). In
addition, radiointerferometry became a powerful competitor in astrometry: today a quasar
catalogue of an unprecedented inner consistency and accuracy is available.

In satellite geodesy the optical era came to an abrupt end with the development of laser telemetry
and with the use of the Doppler measurements of active satellites. Unfortunately satellite geodesy
lost its direct observational relation to the celestial reference frame through this revolution. Today
the reference frame is defined by radioastronomy and it enters only through the equations of
motion into satellite geodesy.

The realization of a celestial reference frame was a central motivation for Thomas Schildknecht's
PhD thesis: The optical reference frame, materialized by the stars, may be related to the quasar
system using optical and laser (or Doppler) observations to artificial earth satellites. The principle
is simple: the orbit of a satellite is established in the reference frame of the fixed stars through
astrometrical observations, through laser and/or Doppler measurements in the quasar-fixed
system.

A comparison of the two orbits gives us -as a function of time- the elements of the transformation
between the two systems. It was clear at the outset that this task, asking for highest observational
accuracy, could not be dealt with using the equipment and the star catalogues available to Thomas
Schildknecht for his thesis. The situation will become more favourable in the near future when the
new 1m astrometry telescope in Zimmerwald and the HIPPARCOS star catalogue will become
available.

However, in this PhD thesis the tools for future more ambitious projects were prepared: the
peculiarities of earth-bound CCD astrometry, namely short exposure times, a small field of view,
and short period refraction anomalies, led to a completely new observational concept. In
particular, the mapping of the sky to the CCD array had to be carefully analyzed before an
operational concept could be developed.

Although the instruments available to Thomas Schildknecht were rather modest, the results are
interesting and encouraging (see chapter 6). The results achieved with geostationary satellites
underline the impact of the CCD technology for applied problems of orbital mechanics: many
objects in the geostationary belt may only be observed with CCD detectors with an accuracy
sufficient for precise orbit determination and (active) positioning.

This volume may be considered as a milestone for the comeback of optical astrometry in
fundamental astronomy. With the new telescope, to become operational at the Swiss fundamental
station Zimmerwald in 1996, it will be possible to contribute to the most demanding projects in
optical astrometry of the future.

The Swiss Geodetic Commission (SGC) wishes to thank Dr. Thomas Schildknecht for his valuable
contribution. The SGC gratefully acknowledges that the printing costs of this volume were
covered by the Swiss Academy of Sciences (SANW).

Prof. Dr. G. Beutler Director F. Jeanrichard Prof. Dr. H.-G. Kahle

Director of the Astronomical Federal Office of Topography ETH Zurich
Institute, University of Berne Vice president SGC President SGC
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Chapter 1

Introduction

This work has to be seen in the context of a development which was essentially
triggered by an idea of Bauersima (1984) to use optical observations of arti- -
ficial satellites in order to establish a link between different celestial reference
frames. This project, called the “Coupled Quasar, Satellite, and Star Positioning
(CQSSP)”, proposes a new technique in an effort to tie the conventional inertial
coordinate reference frames defined by the very long baseline (radio) interferom-
etry (VLBI) positions of selected extragalactic radio sources, primarily quasars,
to the reference frames established by optical observations of stars. All classical
techniques proposed in recent years use a direct approach in the sense that certain
objects are observed with both, the VLBI as well as optical techniques. This may
be done by either observing the optical positions of radio emitting extragalactic
objects or the positions of the radio centers of radio stars.

The principal difficulties in these approaches stem from several facts. The
first is that there are relatively few compact extragalactic radio emitting objects
which are strong enough to be accurately positioned by VLBI observations and
are sufficiently bright in the visible part of the electromagnetic spectrum to pro-
vide good optical images. The second is that most stars emit only a small fraction
of energy in the radio region of the spectrum. The third is that one must assume
that the radio and the optical photocenters of the objects are coincident. The
small number of suitable objects (a few tens up to one hundred) thus leads to
large angular distances between these optically faint objects and the reference
stars defining the optical frame. Consequently these distances have to be bridged
using relative astrometric observations of many intermediate stars (absolute as-
trometric methods are ruled out due to the faintness of the objects). This method
is, however, severely hampered by the propagating errors of the optical refraction.

The CQSSP proposes an alternative technique, namely the use of artificial
satellites as transfer objects: Because the orbits of certain artificial satellites are
known in an earth fixed reference frame -with an accuracy of a few decimeters




and because the transfer between the terrestrial and the celestial reference frame
may be established using the VLBI based set of earth orientation parameters we
may express the topocentric directions of these objects in the VLBI extragalactic
reference frame to within a few milliarcseconds. The link between the radio and
the optical reference frame may now be established through optical astrometric
(more precisely astrographic) observations of these satellites relative to known
reference stars. We may use geodynamics satellites like Lageos I and Lageos 11
which are very accurately tracked by satellite laser ranging (SLR) or the system of
the (currently) 26 Global Positioning System (GPS) satellites as transfer objects.
The orbits of the latter satellites are determined by radio-interferometric tech-
niques and precise ephemerides made available through the International GPS
Service for Geodynamics (IGS) (Beutler et al. 1994). By selecting close encoun-
ters between the transfer objects and the reference stars the critical influence
of differential refraction may be reduced to a negligible amount. Furthermore
the effects of atmospheric turbulence (short periodic refraction anomalies) are
highly correlated for angular distances smaller than one arcminute and thus their
impact on the observed differential positions of the two objects is reduced signif-
icantly. In addition the CQSSP allows selection of a homogeneously distributed
set of reference stars and the problem of the coincidence of the optical and radio
photocenters of the extragalactic radio sources is avoided.

First optical test observations with the 0.6 m Cassegrain telescope in Zim-
merwald were performed in 1985. The detector consisted of a first generation
photoelectric image intensifier (of the so-called proximity focus type) installed
in front of photographic film. Although the intensifier showed a remarkable gain
of about 10%, the system had severe deficiencies. The output of the light inten-
sifier (a phosphor screen) was coupled to the photographic film by means of a
fiber optic bundle. The efficiency of this coupling tended to be smaller than 0.1.
Furthermore the passage through the fiber optics transforms the image in a very
complex way which rules out these devices for precise astrometry (the individ-
ual fibers in the bundle are not perfectly parallel to each other, the transmission
is not homogeneous, etc.). In addition the exposure epochs were defined by a
mechanical shutter allowing only insufficient temporal accuracy of a few millisec-
onds (see also section 4.2). Also due to the mechanical transportation of the film
and the manual positioning of the telescope, fast series of exposures during close
encounters were virtually impossible.

After these first experiences a new observation technique, a CCD camera sys-
tem mounted on the 0.5 m SLR Telescope in Zimmerwald, was installed in 1990.
Although this telescope has a smaller aperture and an inferior optical quality than
the 0.6 m Cassegrain its computer controlled mount capable of high tracking rates
(up to several degrees per second) was the main reason to use the SLR telescope
for our first CCD tests. A big effort was the development of the data acquisition
and processing software. The big angular velocities of the objects with respect
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to the reference stars or with respect to an earth fixed direction complicates the
observations considerably compared to classical astrography: Predictions for the
satellite orbits of interest are required to provide tracking data for the telescope
but also for the selection of the reference stars (with close encounters). The series
of observations during the encounters have to be accurately timed, the epochs
of the exposure should be registered with an accuracy better than 1 ms with re-
spect to UTC. Special techniques for the determination of the mapping function
between the sky and the CCD are necessary due to the lack of an ensemble of

reference stars on each individual exposure (caused by the small field of view),
etc.

The CQSSP project is extremely ambitious in terms of the necessary accuracy
as well as in terms of the amount of individual optical observations. It was thus
obvious that the development of an appropriate observing technique would be a
long-term project and that even the feasibility tests would take a considerable
time span. The scope of the new observing technique was subsequently broad-
ened considerably. At present the project includes astrometric observation of fast
moving objects (predominantly satellites) for a wide variety of applications with
a broad spectrum of accuracy demands. It turned out that astrometric observa-
tions of moving objects are in many cases of interest even if only a moderate
accuracy of 05 to 1" can be provided. Let us give the following list:

e Study of the long-term evolution of the orbits of uncontrolled (dead) geosta-
tionary satellites (and apogee boost motors). The scientific goal of these in-
vestigations is e.g. the detection of time variations of those low degree/order
terms of the geopotential which are resonant with the orbits of geosyn-
chronous satellites. Data is contributed (in a lose collaboration) to the
international COGEOS project (International Campaign for Optical Ob-
servations of Geosynchronous Satellites; for a description of the project
see Nobili (1987); for astrometric results see section 6.2). The goal can be

achieved through astrometric observations with an accuracy of only 1" to
2"

¢ Determination of earth rotation parameters by combining optical direction
observations of artificial satellites with precise range (or range rate) mea-
surements. The latter may either be laser ranging or interferometric range
difference data as for the GPS. This application is in fact identical with one
part of the CQSSP namely the “Coupled Satellite, and Star Positioning”
(CSSP). The idea is strikingly simple. The orbits of geodetic laser satellites
or of the system of GPS satellites are very accurately determined (on the
0.1 m or few milliarcsecond level) in an earth fixed reference frame. By ob-
serving the orientation of the orbital planes of these satellites with respect
to reference stars an independent method to determine the earth rotation
parameters in the fundamental stellar reference frame (e.g. the FK5 frame)
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is provided. Two aspects have to be emphasized in this context: a) Modern
satellite geodetic techniques based on range and range rate measurements
have no access to the inertial frame i.e. they need the direction informa-
tion to be provided by an independent technique. Today only the VLBI
technique is providing inertial directions with a comparable accuracy. b) It
is not necessary for the optical technique to provide milliarcsecond accu-
racy at the single observation level. Many observations may be combined
to estimate a few parameters only. We recommend conducting a detailed
feasibility study for this combination of techniques in the near future.

e Orbit improvement using optical direction observations in support of sci-
entific space missions. Geostationary satellites are in most cases controlled
from a single ground station. Consequently the orbits determined from the
range measurements of this station have a moderate accuracy of 1 to 5 km.
The requirements of some scientific missions like e.g. the Hipparcos space
astrometry project (see section 6.2.3) are more stringent.

‘e Co-location of geostationary satellites. In order to allow the co-location of
several satellites in the same 0.1° slot, optimized station keeping strategies
and a precise knowledge of the actual positions of the objects are indispens-

able.

With the introduction of a digital image acquisition system and the increas-
ing amount of observation data it was necessary to automate the data processing
to the fullest extent possible. A crucial part of the data reduction is the auto-
matic recognition of the moving objects as well as of the reference star(s). The
experience gained in this field allowed expansion of the area of application of the
technique to search and survey tasks. In the context of an ESA study we are
currently developing algorithms for the detection and recognition of space debris

in the geostationary ring and in geostationary transfer orbits (Schildknecht et al.
1994).

In the following chapters the observation technique is discussed in detail.
Results will be presented in Chapter 6 but we will not focus on an individual
application. Special attention is paid to all kinds of error sources. Unfortunately
a comparison of the technique and the results with the contributions from other
research workers in the field is almost impossible due to the following reasons: a)
Optical astrometric observations of artificial satellites were abandoned by the as-
tronomers in the late 60s. b) essential progress in the field (including the applica-
tion of modern seirsors) was achieved exclusively in the context of military surveil-
lance projects. There is little or no information available from such projects. For
a very comprehensive review of modern optical astrometric techniques for the
observation of “static” objects we mention the review paper by Monet (1988).
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An overview over the relevant characteristics of moving objects for optical
observations is given in Chapter 2. In particular the impact on the selection of
the optical sensor will be discussed.

Chapter 3 is devoted to the observation technique. In a first part the gen-
eral concepts are introduced and the main aspects of the classical astrographic
reduction technique are reviewed. Atmospheric refraction and turbulence and
their significance for optical observations are discussed in a second part. Finally
the chapter concludes with an overall error budget listing statistical errors and
possible biases for different sources.

Technical aspects like object recognition and centroiding or the shuttering
and epoch registration technique are covered in Chapter 4.

A description of the current experimental setup is given in Chapter 5. In
particular the CCD camera system and the Zimmerwald 0.5 m SLR telescope are
discussed. In addition the specifications of the planned 1 m combined SLR and
astrometry telescope will be presented. A first design study has been completed
and the detailed design phase has been initiated. Installation of this instrument
is planned for mid 1995. A brief overview over the software system (including
real time components), the hardware platforms, and the data links may also be
found in this chapter.

Real observations are analyzed in Chapter 6. In a first part different types of
calibration observations are discussed. Then, a selection of observations of objects
near the geostationary ring and in geostationary transfer orbits for a variety of
applications are presented. Finally some photometric results from observations
of GPS satellites are included.
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Chapter 2

Fast Moving Ob jeéts —
Characteristics and Impacts on
the Selection of the Sensor

The expression “fast moving object” may generate a variety of associations. Even
in astronomy there is an extreme bandwidth for the terms “fast moving” and
“object”. It is therefore necessary to define these terms precisely.

In the field of “astrometry ” or “astronomy of positions”, a movement (ve-

locity) always means a relative angular displacement measured in arcseconds per
second or radians per second. As “fast” we understand every observed object
with a topocentric angular velocity essentially exceeding a few arcseconds per
second (it may also be the velocity with respect to reference objects (e.g. cata-
logue stars)). In our case an “object” can be every optically visible source as long
as it is observed as a point source.

2.1 Order of magnitudes, implications on the
observing technique

From the observational point of view, the two most important characteristics of
moving objects are the object’s apparent magnitude and angular velocity relative
to reference stars. Values for typical representative satellites in four different orbit
categories are listed in Table 2.1. The categories were selected according to the
orbital altitude and thus to the relative angular velocity.

The table includes values for the 0.5 m SLR telescope at the Zimmerwald
observatory (which is by far not optimized for this task) and for the planned
1 m combined Zimmerwald Laser Ranging and Astrometric Telescope (ZIMLAT)
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which should be operational in late 1995. We currently use a 512 x 512 pixel
CCD camera (see section 5.1.2) in the f/2 prime focus of the SLR telescope
which results in a pixel size of 41 and a field of view diameter of about 35". The
pixel size of the f/4 focus of the ZIMLAT telescope will be about 1” and the
maximum field of view diameter (given by the telescope design) about 50°. For
further details concerning the telescopes and the CCD camera see Chapter 5.

Fast moving objects
observational characteristics
ECS4! GPS  LAGEOS ERS1
Altitude [km] 36000 20000 6000 750
Size [mxm] | 2x14 3x5 0.6x0.6 3x12
Max. Motion [arcss™] 15 30 240 2000
Magnitude [m,] 11 8-14 14 <6
Pixel Crossing Time [ms]
SLR 273 138 17 2
ZIMLAT 66 33 4 0.5
FOV Crossing Time [s]
SLR 140 70 9 1
ZIMLAT 200 100 13 1.5
[luminance [phs™1]
SLR 70800 > 4470 4470 >7-10°
ZIMLAT 346000 >21800 21800 > 3-107
1Satellites:
ECS4 European Communication Satellite
GPS Global Positioning System (Navstar) Satellite

LAGEOS Laser Geodynamics Satellite
ERS1 European Remote Sensing Satellite

Table 2.1: Observational characteristics of fast moving objects. Values for the
SLR telescope are based on an aperture of 0.52 m, 4"1 pixel size and a combined
atmosphere and telescope transmittance of 0.45. The corresponding values for
the ZIMLAT instrument are 1.0 m, 1" and 0.55 respectively. For the computation
of the illuminance a solar spectral distribution of the source radiation and the
spectral sensitivity function of the PM512 CCD (see Figure 2.2) were used.

Approximate mean values for the angular velocities may be derived from sim-
ple geometrical considerations assuming circular orbits with a given height and
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considering all ranges of inclination. In the case of geostationary satellites their
velocity in a topocentric frame is zero. Consequently it is constant if measured
with respect to the stars (about 15 arcss™, depending on the observers geo-
graphic coordinates).

Visual magnitudes on the other hand are more difficult to estimate. In prin-
ciple any magnitude/velocity combination may occur. For a given distance (orbit
height) the observed topocentric magnitude depends on the characteristics of
the object’s surface (geometric albedo, scattering function, etc.), the illuminat-
ing source (spectral distribution), the illumination angle, and on the intervening
atmosphere. For the values listed in Table 2.1 we assumed sun illuminated spher-
ical Lambertian scatterers with a bond albedo of 0.3 and reasonable values for
the remaining parameters.

In order to answer the central question of signal strength seen by the detector
we have to specify the telescope characteristics and the tracking scheme. For the
following considerations let us assume a 1 m telescope with a 1" detector pixel size.
By “pixel” we do not necessarily mean a picture element of a two-dimensional
array, but we just denote in general the smallest spatial element which can be
resolved simultaneously by the detector. So we leave the question of the detector
type (integrating array or photon counter) open for the discussion in section 2.2.
We could in principle either track the moving object or the reference stars or we
may even use a general tracking velocity (which also might include the case of a
fixed telescope). The selection of the tracking scheme must be guided by the goal
of achieving the best possible position measurements. There will be a tradeoff
between the best signal to noise ratio (S/N) for the faint objects which calls for
tracking them as long as possible, and the capabilities to model the telescope
movement (see section 3.1.2). For the remainder of this section we are interested
in the relative angular speed of the object images with respect to the detector
and we assume the telescope to be fixed (drive off).

For an object in a 500 km orbit we have an angular velocity v = 2900"s™! and
the object will spend only 350 us within one pixel. Even geostationary satellites
stay just 66 ms within one pixel. For the remainder of the exposure time the
pixel will accumulate noise from both the sky background and the detector itself.
In other words, the integration time should not be much longer than the pixel
crossing time which for integrating detectors in most practical cases is synony-
mous with “as short as possible”. On the other hand many sensors (apart from
the photon counting devices) are limited to the very short integration ranges.
Astronomical CCD cameras, for example, use mechanical shutters in front of the
detector. They allow, at best, a minimum integration time of 10 ms (depending
on the shutter aperture). An additional characteristic of CCD cameras is their
low readout rate (e.g. 5 s to read out a 512 x 512 pixel frame) leading to long
“dead times” (5 s vs. 10 ms).




High angular velocities do not only ask for short but also for well defined
exposure intervals. If we aim at position accuracies of about 0.1 pixel which is
a reasonable value as will be shown in section 4.1.3, we need the observation
epochs to be defined with an accuracy of 35 ps for a 500 km orbit! This has
two consequences: a) the need for a station clock synchronized to UTC with the
required accuracy, b) the shuttering process must be controllable (calibratable)
with the same accuracy. The latter requirement poses no problems when using
photon counting systems, but can definitely not be achieved by mechanical means
in the case of integrating detectors.
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2.2 Selecting the optical sensor

The considerations of the previous section show that the light detector or optical
sensor is one of the crucial components of the instrumentation of the experiment.
It was obvious that photographic material would not be the best choice. Apart
from that the proper choice among the electro-optical devices available is not
trivial at all. A set of system specifications is indispensable. The first subsec-
tion is therefore devoted to a brief review of the system requirements. In a next
step we shall discuss the fundamental properties of the detection processes. The
necessary quantities and some basic equations are derived in this second subsec-
tion. An overview of the most important detectors, their operation principles,
characteristics, and limitations is given in the third subsection. We conclude this
section with a critical discussion and a comparison of the two principal techniques
“photon counting” versus “integration”.

2.2.1 Brief discussion of detection system requirements

The faintness and high angular velocities of the objects of interest lead to the
following stringent requirements for the detector and the entire system:

o High quantum efficiency of the detector as well as small system and detector
readout noise. Both are necessary because of the small photon flux from
the sources but, and this is more important, also due to the very limited
integration times. The latter are limited by the movement of the source
with respect to the detector (pointing direction of the telescope).

o Iigh temporal resolution. Temporal resolution in the sub-millisecond range

is a “must” to achieve astrometric positions of fast moving objects with
accuracies below 1%

o IHigh geometric stability of the detector. This is a primary requirement for
astrographic applications not allowing a calibration of the geometry of the
detector for every single exposure (see also section 3.2.1). In classical as-
trography transformation parameters for every photographic plate have to
be determined using reference stars in the field of view. An alternative ap-
proach for the calibration of the geometry, based on the geometric stability
of the detector, is a key feature of our observing technique.

o Iligh repetition rate. This may often also be described as “short readout
time”. The dead time between exposures reduces the total amount of infor-
mation which can be acquired during a given time interval. When working
with very fast moving objects the integration times are strongly limited (a
few milliseconds) and hence the information in a single exposure (number
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of photons) is modest. We may cure this by increasing the number of ex-
posures. However, if the total observation time interval is small (as in the
case when the object passes a reference star) the total information will be
proportional to the exposure to dead time ratio. This requirement is rather
unusual for detectors in astronomy. In most astronomical applications read-
out dead times may be neglected, because they are small compared to the
integration times (in the range of minutes to hours).

o High linearity. A good linear response of the detector to the incident light
improves (and simplifies) the centroiding process. Every centroiding algo-
rithm explicitly or implicitly assumes a certain shape of the resultant image
of a point source. This so-called point spread function (PSF) is usually in-
dependent of the detected intensities or, in other words, perfect linearity
of the detector is assumed. If the latter premise does not hold the detec-
tor response must be calibrated and this additional dependency has to be
incorporated into the centroiding algorithm. In general there is a strong cor-
relation between the centroiding process and the estimation of photometric

parameters (where detector linearity is an important issue) (see Verdun
(1993)).

o High dynamical range. The ability to record sources with a broad intensity
range simultaneously has several distinct advantages. Bright objects do not
saturate the sensor as quickly as in photographic observations. This char-
acteristic is particularly important given the fact that the catalogue stars
may be several orders of magnitude brighter than the objects of interest.

2.2.2 Detection limits
Incoherent detection

At optical wavelengths up to several hundred microns, photons have enough en-
ergy to be detected coherently. This is done by exploring the particle nature of the
radiation mainly using the photoelectric effect in which single photons excite elec-
trons. This method allows detection either of individual photons or integration
of the incident photons on the detector and recording of the cumulative effect.
The first technique is used in the class of the so-called “photon counting detec-
tors” where the photomultiplier is the classical representative. These devices are
mostly single channeled. The output signal is a voltage or charge proportional
to the number of incident photons and their gain is sufficient to detect single
photons. Detectors using the second technique form the class of integrating de-
tectors. Usually multi channeled they are mainly used to record images at the
focus of a telescope. The classical photographic materials and charge coupled de-
vices (CCD) are the most widely used devices of this class. Their internal gain as
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well as the readout rate are insufficient for single photon event detection. After
the exposure the accumulated, photon generated, charge is either transformed
into a permanent record e.g. a developed photographic grain or may be sensed
as a voltage after an electronic readout process.

Photon statistics

At optical wavelengths the radiation from a steady source can be described as a
continuous flux of photons with some random variations. The variations may be
described by a Poisson distribution. If p(n,t) is the probability that »n photons
cross a given area during the time interval ¢ we have

p(n,t) = e, (2.1)
where $ is the average flux from the source crossing a given area. The distribution
has two important properties: a) the standard deviation ¢ of the mean flux $ sim-
ply is ¢ = V/3, this is the so-called photon noise or “shot noise”, and b) for large
st the distribution may be approximated by a normal or Gaussian distribution.

This noise is of great importance because it will be dominant in most of our
applications. More generally modern optical detectors are almost always shot
noise limited when operated at short exposure times.

It is important to emphasize that the shot noise is proportional to the square
root of the number of photons and not to the energy. When discussing detector
performance it is therefore useful to express any spectral energy distribution of a
source in terms of photon flux. The relation between photon flux § and energy flux

F depends on frequency where $(v) = F(v)/hv or, expressed with the wavelength
as argument $(A) = AF(A)/he.

Signal and noise components

The ability to detect an astronomical source is limited by the signal from the
source, the efficiency (aperture, transmission and optical quality) of the telescope
and detector system, and of the sum of the noise stemming from many different
sources. The signal at the output of the detection system is a superposition of

1. the flux from the source of interest,
2. the sky and atmospheric background, and

3. signals produced inside the detector.
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As examples of signals produced inside the detector we mention the so-called dark
current of optoelectronic devices (this is actually a current from thermally exited
electrons and therefore proportional to the integration time). Multichanneled
devices may also contain defective zones like “dead” and “hot” pixels or, in the
case of photographic material, any kind of defect in the emulsion. These “internal”
sources are either well known and can thus be calibrated and eliminated during
the data reduction process or they are spurious in the sense that they are unique
for each exposure (e.g. emulsion defects).

The noise which compromises every observation may be separated into the
following components:

1.

(@]

Shot noise associated with the source but also with all background signal
components. This noise is proportional to the square root of the number of

detected photons and hence to the square root of the integration time (see
equation 2.1).

Noise from atmospheric seeing and scintillation effects. The characteristics
of these components are complex and vary significantly with time.

Noise associated with the dark current generated inside the detector. Dark
current has the same characteristics as any photon flux and the noise thus
is described by a Poisson distribution.

. Noise added during the detector readout and signal amplification process.

Although not stemming from charge inside the detector this noise is prefer-
ably expressed in terms of the equivalent number of (photo-)electrons in
order to make it comparable with the other noise components. Readout
noise is constant and adds up once per exposure and image pixel.

Digitization noise due to the conversion of the analogue signal into discrete
(digital) units. The origin of this noise resides in rounding effects which
take place when electrons (or more precisely the amplified signal from the
electrons) are converted into smaller digital units (often called analogue
to digital conversion units or ADU). The rounding errors are equally dis-
tributed and depend on the overall system gain. Digitization noise is in
most cases negligible compared to other noise constituents provided that
the system gain is sufficiently high (a few electrons per ADU).

Processing noise accumulated during the image processing steps. Digital
manipulations of the images like addition or subtraction of frames always
increase the noise. In particular, all calibration steps have to be taken into
account in the overall noise budget. A second kind of processing noise stems
from rounding effects. They are encountered in cases where integer opera-
tions are preferred due to data storage (memory) or speed optimization.
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Often additional (unwanted) signal components are denoted as noise although
they are in many cases not strictly noise in the sense that they can be described
by a stochastic model. As an example, we mention the so-called “pattern noise”
which is actually a fixed pattern generated by dark current or due to an inhomo-
geneous sensitivity in a multichannel detector and thus has a signal as well as a
noise part (it may be regarded as noise with respect to its position relative to an
arbitrary object position).

There are also cases where the characteristics of the noise are unknown or
very hard to model. Unstable interference patterns from the electronics, spurious
signals, etc. pertain to this category.

For the following discussions it is necessary to define a few general terms more
precisely:

Sky background The unavoidable dominant background components are sum--
marized in this term. The contributions to the sky brightness may be divided into:

atmospheric airglow, scattered natural and artificial light, zodiacal light, emis-

sions from unresolved stars and from diffuse galactic and extragalactic sources.

A typical night sky brightness at a good astronomical site is in the order of

22 myarcs™? in the visual and increases by about 0.5 m,arcs™? in the near in- -
frared part of the spectrum. This quantity may, however, vary significantly for

different sites and from night to night given the strong dependence on atmospheric

conditions and on artificial light pollution. The mean measured sky brightness

at Zimmerwald is e.g. about 19 m, arcs™2 in the visible. An important property

from the observational point of view is the fact that the sky brightness is actually

a surface brightness which allows the “dilution” of this background by increasing

the telescope’s focal length or, in other words, the magnification. This aspect will

be considered in the discussion of the optimum image scale.

Dark current By using the term “dark current” for the detector generated
background signal we restrict the discussion to optoelectric devices (the coun-
terpart for photographic material would be the so-called “fog”). Fortunately for
most detectors this effect may be reduced significantly by cooling. Depending on
the actual detector a great part of the dark current is produced thermally e.g.
through electron-hole pairs in silicon diodes or thermally exited electrons in the
photocathode or dynodes of a photomultiplier. A great benefit from cooling the
detector (thermoelectrically or with liquid nitrogen) may result due to the almost
exponential dependence of the processes on temperature.

Signal to noise ratio The term “signal” has to be understood in the narrow
sense as the signal of the source of interest whereas “noise” means the overall

15




noise including the noise from the object of interest. For a detailed discussion,
derivation of equations for static and moving point sources as well as for quanti-
tative results for the SLR and ZIMLAT telescopes see Appendix A.

2.2.3 Detectors

We restrict this overview on detectors to a small selection of promising devices
for our application. In particular we will discuss only electro-optical position sen-
sitive (either multi- or single-channeled) sensors. The primary decision has to be
made between integrating and photon counting systems. The CCD is the only
integrating device in our comparison because there is no doubt concerning the su-
periority of CCD’s in this class of sensors unless a very large focal plane area has
to be covered (wide field applications), where we still have to use photographic
material. The larger part of this section is devoted to the CCD simply because
it will finally be the selected device for our application. When cross-checking the
detector characteristics with the specifications listed in section 2.2.1 we should
keep in mind the general goal of our investigation: the precise position determina-
tion of fast moving objects. It is therefore primarily the geometric stability which
has to guide us. This criterion also determined the particular selection of photon
counting devices.

Charge Coupled Devices (CCD)

These solid state detectors make use of the photoelectric effect in silicon. The
detectors consist essentially of an array of MOS (metal oxide switch) capaci-
tors which are biased in order to generate potential wells. The photo-generated
electrons are then collected and stored in these wells. After the exposure the
charge packets which have accumulated in each sensing element (called “pixel”)
are transferred along the columns of the CCD detector (called “parallel regis-
ters”) towards the top row (also called “serial register”) (see Figure 2.1). The
serial register is then shifted, pixel by pixel, towards the output node where the
charge packets are amplified (on the chip). After having read all pixels from the
serial register the next row can be transferred and the process repeats until the
entire array has been read out. The charge transfer itself is performed by appro-
priately changing the potentials at the gate electrodes (there may be a set of 3 to
4 electrodes per row) in such a way that the potential well is moving along the
columns from pixel to pixel. The individual columns are perfectly isolated from
each other (burried channels) and thus there is no charge transfer possible along
the rows.

There are several types of CCD detectors used in astronomical applications.
They differ in architecture (the configuration of the electrodes; there may e.g. be
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two regions which can be controlled independently), in size, in number of sensing
elements, and in thickness. In front side illuminated or thick devices the photons
have to pass through the (more or less transparent) electrodes first before reaching
the silicon. Backside illuminated devices are thinned to about 10 pm allowing the
photons to reach the silicon directly. The advantage of the latter (also more
expensive!) design is an improved overall quantum efficiency and a significant
improvement of the blue sensitivity (the spectral response function of uncoated
thick devices has a sharp cutoff at about 450 nm!). The thin foil like sensitive area
of backside illuminated devices makes themn unsuitable for astrometric purposes
due to a possible bending of the detector under the influence of gravity or thermal
stress.
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Figure 2.1: CCD readout scheme. (a): During the exposure charge is accumulated
in the individual pixels. Before starting the readout process the serial register is
cleared (by reading it several times). (b): All rows are shifted in parallel and the
top row shifted into the serial register. (c): The serial register is shifted pixel by
pixel towards the output node where the charge packets are amplified (on the
chip). After all pixels have been read out from the serial register (and the register
possibly cleared from residual charge) the next row can be transferred (and the
process repeats until the entire array has been read).

In the following paragraphs we will briefly summarize the main characteristics
of scientific grade astronomical CCD detectors (there is a wide range of literature
for more detailed discussions).
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Dimensions (spatial resolution) The majority of current CCDs used in as-
tronomy have pixel sizes of about 15 to 20 um. Smaller pixels tend to have a
reduced quantum efficiency due to the relative increase of the insensitive intra-
pixel and electrode covered areas. Arrays of 1000 x 1000 pixels are standard (area
about 4 cm?) whereas 2000 x 2000 pixel chips with areas of about 8 to 25 cm?
are available but still expensive (35 to 50 ksFr, factor 2 if back side illuminated).
If we define the spatial resolution as the dimension of the sensing elements with
respect to the total detector size we end up with linear resolutions of 1 /500 to
1/2000. (The resolution in lines per mm (in the order of 50 to 100) is of minor
interest because the magnification of the optical system may always be adapted
to the detector.)

Quantum efficiency The peak quantum efliciency of CCDs varies from about
0.5 for thick to 0.8 for thin specially treated backside illuminated devices. Figure
2.2 shows the spectral sensitivity of our current front side illuminated Photomet-
rics PM512 CCD.
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Figure 2.2: Spectral sensitivity curve for the Photometrics PM512 CCD (solid
line). For comparison the spectral characteristics of the V-band (UBV photom-
etry, dotted line) as well as the spectral energy distribution for the sun (dashed
line) are shown. (The peak of the V-band curve was normalized to 1.)

18



Dark current and readout noise If appropriately cooled the dark current
rates are completely negligible (0.2 e~s~!pixel™! for -45° C to 0.0002 e~s™ ! pixel ™!
for -120° C; depending on the actual operation mode these numbers may be up
to a factor of 10 higher). The so-called readout noise, however, which is the noise
added to every individual pixel during the readout process is typically in the
order of 5 e~ pixel™! and thus the dominating noise component when observing
very faint sources.

Repetition rate (dead time) and temporal resolution Due to the slow
readout rates (typically 50 kHz) needed to maintain a good charge transfer effi-
ciency and an acceptable readout noise the repetition rate is in the order of one
(full) frame every few seconds. The dead time is thus essentially given by the
readout time (e.g. about 5 s for a 512 x 512 pixel full frame). If only a limited
fraction of the frame is of interest the use of the so-called “subframe technique”
(see section 3.1.3) may reduce the dead time significantly.

Geometric stability The geometric stability of solid state devices is intrin-
sically very good. Apart from the homogeneous thermal expansion there are no
other distortion effects to be expected.

Photometric linearity The individual pixels show a high linearity in the re-
sponse to incident light. Deviations over the whole dynamical range do not exceed
a few percent. Pixel to pixel sensitivity variations (in the order of 5%) may be
calibrated using so-called “flat fields” (see section 4.1.1).

Dynamical range At the lower end, the sensor is limited by the readout noise
whereas the upper limit is given by the saturation level. The amount of charge
which can be stored by a single pixel (without overflowing into adjacent pixels),
the so-called “full well capacity”, ranges from 100 to 700 ke~ depending on the

CCD type and the operation mode. Consequently the dynamic range lies between
2-10* and 1-105.

Imaging photon counters

There is a multitude of different position sensitive photon counting detector sys-
tems used in astronomy. A common feature of all these devices is an intensifier
stage where single photons are amplified by a factor of 10* to 10°. The position
sensitivity may be achieved by different techniques. One method is to use a grid
like device (e.g. a Ronchi ruling) in front of a position insensitive light intensifier
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like a photomultiplier or an image dissector tube. The latter consists of a photo-
multiplier combined with a special first acceleration stage which allows selection
(electronically) of electrons from a small area of the cathode (which makes the de-
vice in fact position sensitive). A second approach uses imaging light intensifiers
(electromagnetically or proximity focussed) in front of TV tubes (e.g. vidicons)
or solid state detectors like CCDs. We now briefly list the characteristics of these
detectors using the same keywords as for the CCDs. (We do not include “exotic”
1.e. very expensive or not commercially available devices like the MAMA (Morgan
and Timothy 1988).)

Spatial resolution For systems using TV tubes the resolution is in the order
of 1/400. It is difficult to come up with a specific number if the position sensor is
a CCD because the resolution will be limited by the particular image intensifier
used. In the case of Ronchi rulings there seems to be virtually no limit in the
length of the ruling and hence in the resolution (the ruling of the MAP (Gatewood
1987) has a length of 12 in. and the lines and spaces between them are 200 pm
wide).

Quantum efficiency The peak quantum efficiency of commonly used semi-
transparent photocathode materials ranges in the visible light from 0.1 to 0.15
(e.g. 520 material). “Semitransparent” means that the photons enter the cathode
from one side and the electrons emerge from the other side. In contrary to the
CCD devices there is a steep descent of the sensitivity for most materials for
wavelengths longer than about 550 nmn whereas the cutoff at the blue end may
well be below 300 nm (the peak sensitivity lying at about 400 to 450 nm). In ad-
dition there are materials with an excellent efficiency in the UV region. The fact
that any pulse discriminator system looses a certain fraction of the incident pulses
further reduces the efficiency (not the quantum but the detective efficiency). The
detectors are therefore less sensitive in the visible by a factor of 4 to 6 compared

to CCDs.

Dark current and readout noise As the gain of photon counting detectors
lies between 10* and 10° the signal amplitude of each photon event exceeds the
level of almost all noise sources. The readout noise S, in equation (A.6) can
therefore be neglected for these devices. On the other hand dark current rates,
although they may be significantly reduced by cooling the detectors, are on the

order of 5 e"s~! or more.

Repetition rate (dead time) and temporal resolution All photon count-
ing systems have some intrinsic dead (or recovery) time given by the finite length
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of the photo-generated pulses. For photomultipliers this dead time is on the or-
der of 10 ns. As a result the actual number of detected photons is reduced by
the degree of overlapping of dead times. The effect is also called “pile-up error”.
Position sensitive photon counters, however, have a much lower temporal resolu-
tion because they are all multiplexing their individual channels (in fact a CCD
detector also may be regarded as a multiplexed device). Current readout rates
are on the order of 1 kHz.

Geometric stability The geometric stability of all systems using an image
intensifier device is very critical. These devices are extremely sensitive to power
voltage variations and, what is even more important, to all kinds of environmental
variations (e.g. electromagnetic fields). The stability of Ronchi rulings on the
other hand is excellent.

Photometric linearity If the measurements are reduced correctly e.g. cor-
rected for pile up errors, discriminator losses etc. the photometric linearity of
most photon counters is excellent (deviations from linearity < 0.1%)!

Dynamical range Due to the maximum readout rate of about 1 kHz the
dynamical range is limited to 10° at maximum (at a 1 kHz photoelectron rate
the system is completely saturated).

2.2.4 Photon counting versus integration

When cross-checking the list of the previous subsections we identify two charac-
teristics where the photon counting imagers are better than the CCD systems:

(a) The virtually nonexistent readout noise and

(b) the higher temporal resolution.

It is not clear whether photon counting systems using Ronchi rulings have some
advantages in defining the geometry when compared to solid state arrays like
CCDs (see also the discussion of supercalibration of CCDs in section 3.2.2).

If we compare the systems for regimes where the sky (and/or the object) noise
is dominating the readout noise (see equation (A.14) and (A.16)) the important
advantage of the solid state detectors is the higher quantum efficiency and the
larger dynamic range. We may fully explore the advantages of the photon counters
only if the observations are readout noise dominated i.e. if the exposure time is
very short or a narrow filter passband is used.
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Let us illustrate these facts with an example for the ZIMLAT telescope as-
suming typical atmospheric conditions at Zimmerwald. Assuming a CCD readout
noise of 5 €™ and a sky background of 19 m, pixel 'arcs=? resulting in a flux of
about 250 photons pixel™'s™" (for the PM512 CCD without any filter) we are al-
most always sky background dominated except for integration times shorter than
20 ms or passbands smaller than about 20 nm! In addition a photon counter with
a maximum rate of about 1000 e~ will be saturated very quickly e.g. in about
0.25 s for m = 4, S,=16 m, and ¢ = 0.15 (where m is the number of sensing
elements over which the source is detected, S, is the signal from the source, and
q the quantum efficiency of the detector)!

Figure 2.3 shows the limiting magnitude as a function of integration time
for different S/N for a photon counting system (dashed lines) and for a CCD
(solid lines). The photon counting system saturates for m, < 16 (1 kHz; dotted
part of the lines). The computation is based on the ZIMLAT specifications, the
PM512 CCD (no filter!), and a sky background of 19 m, pixel~!arcs=2. The curves
for both systems are parallel for exposure times > 1 s i.e. in the background
dominated region (the offset is due to the difference in the quantum efliciency).
The steeper slopes at short integrations times are indicating the object dominated
regime. The difference in steepness between the CCD and the photon counter is
due to the finite readout noise (constant with time!) of the CCD. From Figure
2.3 we conclude (again) that photon counting systems have some advantages for
very low S/N and for integration times below 0.1 s only.

All the above considerations together with the fact that the only suitable imag-
ing photon counters for high precision astrometry are sophisticated prototypes of
the Ronchi ruling type, clearly favor the CCD detectors for our applications.
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Figure 2.3: Limiting magnitude as a function of integration time for different
S/N for a photon counting system (dashed lines) and a CCD (solid lines). The

dotted part of the lines are within the region where the photon counting system
is saturated (1 kHz).
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Chapter 3

Observation Techniques

3.1 Observation scenarios

The nature of the objects to be observed, the characteristics of the detector, and
the scientific objective results in rather unusual observation scenarios. Let us
compile the main characteristics:

e CCD detectors have a very limited number of sensing elements. Taking
into account the optimum scale introduced in section 4.1.3 we end up with
a small field of view. As an example we may take our 512 x 512 pixel CCD
and an optimum image scale of 1" per pixel which results in a field of view
of 8" x 8. Although CCDs with up to 2000 x 2000 pixels are available and
even mosaics of CCD arrays could be constructed the actual constraints are
given by the readout rates of these devices. The small 512 x 512 CCD needs
at least about 5 s to read out a full frame, where the delay is proportional
to the number of pixels! This implies the readout time for a 2000 x 2000
pixel array would be about 16 -5 s = 80 s! The rapid movement of the
objects of interest, on the other hand, may restrict the integration times
to a fraction of a second (see discussion below) which in combination with
the readout delays (dead time!) would result in unacceptable duty cycles.
There is, however, a technical solution to reduce the readout times to a
certain extent, namely by reading out only subframes (see section 4.2).

o When observing fast moving objects with a fixed (non tracking) telescope
pixel crossing times ranging from a few tenths of a second to a few millisec-
onds have to be expected. They are given by the angular velocity of the
object and the image scale of about 1" per pixel. The optimum integration
time will be of the same order of magnitude (or at maximum a factor of
10 longer) as the pixel crossing times mentioned. If we want to maximize
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the information during one field of view crossing of the object (lasting a
few seconds only!) we need a series of short exposures with minimum dead
times in between. What about tracking the objects? Tracking strategies are
dictated by S/N considerations (see subsection 3.1.2); they do not consider-
ably improve the situation concerning the short exposure times (the relative
velocity between the objects and the reference stars remains the samet).

o The final objective, the determination of positions, imposes additional re-
strictions. If we observe close encounters between the moving object and
the reference stars (or more general the reference objects) we can drastically
reduce the impact of the refraction, the most pertinent enemy of classical
astrometry. We are able to fully explore this advantage due to the fact that
we can choose the best suited reference stars along the object’s trajectory.
As opposed to the situation in classical astrography there will be generally
only one reference object in the field of view at a time. Therefore we will
have to develop a new approach for the determination of the geometry (see
section 3.2).

3.1.1 Expected number of close encounters

The number of close encounters between a moving object and a reference star
depends on:

e the spatial density of the star catalogue.

e the observable pass length or the angular velocity of the moving object,
depending on the quantity of interest either the number of encounters per
pass or per time interval. Observational limitations like maximum zenith
distance may further restrict the pass length.

e the accepted range of brightness (minimum and maximum magnitude) of
the catalogue stars.

¢ the maximum value for the minimum angular distance between the object
and the reference stars.

Although the real spatial density of catalogue stars varies significantly with
the actual location on the sky we assume a homogeneous spatial distribution of
the stars to simplify the following estimations.

Given

N1z the total number of stars within the magnitude interval (1, m;) in the
star catalogue considered;
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Ny, the mean number of stars per steradian within the magnitude interval
(m1, my) in the catalogue considered,

[ the moving object’s pass length in radians;
v the angular velocity in arcseconds per second of the moving object;
d the requested maximum value for the closest approach distance between

object and reference star in arcseconds.

The mean number n, 2 of stars per pass with m; < m < m; can be expressed
as

_ 2dINy 5
T 206265

and the mean number of stars encountered per second is

(3.1)

71112

_ 2(1‘01\71’2
206265

V1,2

(3.2)

Star densities for different catalogues are given in Table 3.1. As an example we

m; my | PPM preliminary | HIPPARCOS INCA
[mag] l\rl,g lVl,Q [deg‘2] j\rl’g Nl,g [deg_2]
- 6 1320 3 -.10"2 4200 12
6 - 7 7059 A7 8510 21
7 - 8| 21214 .01 22250 o4
8 - 9| 77491 1.9 41100 1.0
9 - 10| 132400 3.2 28410 .69
10 - 11| 64740 1.6 9330 23
11 - 12| 20727 .50 2930 7-1072
12 - 13 1387 3.1072 650 2.1072
13 - 14 20  5-107* - -
14 - - - - -

Table 3.1: Star densities for different catalogues. The total number of stars per
magnitude interval (N 2) and the number of stars per square degree (Ny,2) are
given for the PPM and the HIPPARCOS INCA catalogue. The PPM data are
extracted from the digital version of the preliminary catalogue as distributed by
the Astronomisches Rechen-Institut Heidelberg (Roser and Bastian 1991). Values
for the HIPPARCOS INCA catalogue are based on Turon et al. (1992).

calculate the expected number of encounters for two different types of objects and
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my  mz | PPM preliminary | HIPPARCOS INCA
[mag] ni2 12 [h7Y n1,2 vi2 [h7Y
- 6 45 8107 1.5 .26
6 -~ 7| 2.6 43 3.1 .02
7T - 8| 7.7 1.3 8.1 1.4
8 - 91]29. 4.8 15. 2.5
9 — 101 48. 8.0 11. 1.8
10 — 11 | 24. 4.0 3.4 Y
11 - 12| 7.5 1.3 1.1 18
12 - 13 45 8-1072 .24 4.1072
13 - 14(7-103] 1-102 - -
14 - - - - -

Table 3.2: Expected number of encounters for a geostationary satellite. The ex-
pected number of encounters within +5° are given. Numbers per pass are in
column ny 5 (pass length is 90° corresponding to a 6 hour interval) and numbers
per hour in column 1y ;. The values are based on the catalogue data given in

Table 3.1.

Table 3.3:

my  my | PPM preliminary | HIPPARCOS INCA
[mag] 1,2 V1,2 [min‘l] N2 V12 [min"l]
- 6 .64 A1 2.0 35
6 - 7| 34 .59 4.1 it
7 - 8]10. 1.7 10.8 1.9
§ - 9138 6.6 20. 3.4
9 - 10 62. 11. 14. 2.5
10 - 11 32. 5.9 4.5 .78
11 - 12 10. 1.7 1.4 .50
12 - 13 .64 A1 .32 51072
13 - 14}1-10°2 1-1073 - -
14 - - - - -

Expected number of encounters for a low earth orbiting satellite at

750 km altitude. The expected number of encounters within 4:5” are given. Num-
bers per pass are in column n,,2 (topocentric pass length is 120° corresponding to
about 5 minutes) and numbers per minute in column v, 3. The values are based
on the catalogue data given in Table 3.1.
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a number of star catalogues. Table 3.2 lists values for a geostationary satellite with
v = 15 arcssec™! and | = 7/2 (corresponding to a 6 hour observation interval
or about one night). A low orbiting satellite at 750 km altitude with a mean
velocity v = 1200mbozx arcssec™! and a pass length of I = /3 (corresponding to
about 6 minutes) was used as an example to produce Table 3.3. In both cases the
maximum value d for the closest approach distance between object and reference
star was set to 5.

Thanks to the big number of reference stars available we may optimize the
selection of close encounters to meet the objectives of the particular experiment
(e.g. by optimizing the spatial homogeneity of the selected reference stars).

3.1.2 Tracking strategies and optimum integration times

The first steps of the reduction process, after having exposed the frame, consist of
(a) recognizing the object and the star(s) and (b) determining their positions with
respect to the coordinate system defined by the detector (i.e. the grid of pixels).
The actual object recognition and centroiding algorithms will not be discussed in
this section (see section 4.1.3) but we have to consider a few general aspects:

¢ In order to be recognized as a part of an object, each individual object pixel
must exceed a value of the order of 1 to 4 in S/N depending strongly on
the actual algorithm used.

e The accuracy of the determined positions improves with the S/N of the
objects.

e The modeling of the images of the moving sources (moving with respect to
the telescope’s looking direction) is a critical issue. We emphasize that not
only do we have to find the best centroid e.g. of a trailed image but also
we should be able to interpret the determined position. In particular we
have to specify the observation epoch. This is not a trivial task especially
in view of tracking errors and seeing effects!

By tracking the moving objects we obviously improve the S/N of an individual
object pixel for a given integration time. The object stays for a longer time and, in
the case of “perfect tracking”, during the entire exposure time on the same pixels.
The S/N gain of the individual pixels is either proportional to the ratio of the
integration to pixel crossing time or to the square root of this ratio depending
on the detector noise (see equations (A.13),..., (A.15)). There is not only an
enhancement of the S/N of single pixels but also of the entire object. Because
the object is spread out over a smaller area, fewer pixels are contributing to the
readout and background noise. This fact can be seen in equation (A.6) where
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tracking just reduces the number of object pixels m. Perfect tracking of the
object, however, harms the reference stars (their images will be trailed). The
relative velocity of the objects with respect to the reference stars can not be
reduced by the observation process. Optimum tracking should therefore aim at
comparable image quality (with respect to the centroiding) of the object and
the reference star. One possibility consists of adjusting the tracking velocity and
direction in such a way that the resulting S/N per pixel is equal for both sources:

If v; and v, are the angular topocentric velocities of the object and the
reference star respectively the optimum topocentric tracking velocity is

vy + v 2
Virack — _——"3_31_1 (33)
1+ ;f

where sy, 8,9, are the signals from the two sources. If the apparent brightness is
expressed in stellar magnitudes my, my, we get

Vg +,v110—0.4(m2—m1) 3 l
1 + 10-0-A(ma=my) ( o )

Virack =

Tracking is always mandatory if, due to the object’s faintness and/or high
velocity the S/N of the individual object pixels fail to reach the detection thresh-
old.

Optimum integration time calls for a tradeoff between maximum S/N (which
in turn calls for a long integration time of the non-moving (tracked) source) and
the ability to model the moving object’s image. For a “static” object it is obvious
that the best S/N is achieved through integrating the object as long as possible.
Every readout process would compromise the observation by adding noise and
preventing the detector from accumulating information during the so-called dead
time. On the other hand, the situation is quite different if the source is moving
across the pixels during the exposure. The number of pixels within the image is
growing with time. After each pixel crossing time new pixels (which already filled
with background noise) are added to the object’s image and the same number of
pixels (which accumulate noise only from then onwards) are left behind. Therefore
the overall S/N soon reaches a maximum after a few pixel crossing times (at least
if the signal to background ratio is small). A detailed discussion of the S/N for
moving objects (including examples for the SLR and the ZIMLAT telescopes)
may be found in Appendix A.

In order to model the object images correctly we have additional reasons to
limit the trail length of a moving object and hence the exposure time:

o Tracking is never perfect: Although a wrong tracking velocity is not catas-
trophic, it tends to elongate the images somewhat but leaves them homoge-
neous. Any acceleration on the other hand will compromise the centroiding.
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The error of an unknown acceleration is, of course, increasing with exposure
time (the actual dependency being defined by the particular centroiding al-
gorithm used).

e Temporal changes of the atmospheric refraction (even if common for all
objects in the field of view) have the same effect as tracking errors. Again,
only the non-linear terms are critical.

o Distortions and aberrations (e.g. coma) in the field may be calibrated for
point sources (even taking into account a possible dependency on the ob-
ject’s brightness). Intrinsically very elongated images (due to the movement

of the source) may be difficult or impossible to model in the centroiding pro-
cess.

The first two items need additional comments. In both cases the effects are
common to all objects in the field. Both effects are also present in classical as-
trography but the influence on the results is much less pronounced due to the
fact that all stellar images have the same shape and thus the centroiding pro-
cess reacts in the same way for all stars (depending on the centroiding algorithm
there may, however, also exist a more or less distinct magnitude dependency). To
a certain extent the much longer integration times randomize the tracking and
(common) refraction errors somewhat. Let us summarize the discussion in this
section by the following:

Conclusions

Tracking Whether or not tracking is feasible at all depends entirely on the
mechanical performance of the telescope and its mount.

e Tracking is possible if the thereby imposed maximum integration interval
(given by the tracking errors) is longer than a few pixel crossing times of
the moving object (without tracking).

e Optimum tracking as described above should be applied.

Integration time A frame should be exposed until one of the following condi-
tions is met:

o A few pixel crossing times of the fainter source have elapsed.

e The S/N per pixel of the fainter source’s image reaches the same value as
for the brighter source image (when optimum tracking is used this condition
is met right from the beginning and is thus not applicable).
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