OSIRIS - THE SCIENTIFIC CAMERA SYSTEM ONBOARD ROSETTA
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Abstract. The Optical, Spectroscopic, and Infrared Remote Imaging System OSIRIS is the sci-
entific camera system onboard the Rosetta spacecraft (Figure 1). The advanced high perfor-
mance imaging system will be pivotal for the success of the Rosetta mission. OSIRIS will detect



67P/Churyumov-Gerasimenko from a distance of more than 10° km, characterise the comet shape
and volume, its rotational state and find a suitable landing spot for Philae, the Rosetta lander. OSIRIS
will observe the nucleus, its activity and surroundings down to a scale of ~2cm prl. The observa-
tions will begin well before the onset of cometary activity and will extend over months until the comet
reaches perihelion. During the rendezvous episode of the Rosetta mission, OSIRIS will provide key
information about the nature of cometary nuclei and reveal the physics of cometary activity that leads
to the gas and dust coma.

OSIRIS comprises a high resolution Narrow Angle Camera (NAC) unit and a Wide Angle Camera
(WAC) unit accompanied by three electronics boxes. The NAC is designed to obtain high resolution
images of the surface of comet 67P/Churyumov-Gerasimenko through 12 discrete filters over the
wavelength range 250—1000 nm at an angular resolution of 18.6 prad prl. The WAC is optimised
to provide images of the near-nucleus environment in 14 discrete filters at an angular resolution of
101 prad px— L. The two units use identical shutter, filter wheel, front door, and detector systems. They
are operated by a common Data Processing Unit. The OSIRIS instrument has a total mass of 35 kg
and is provided by institutes from six European countries.

Keywords: Rosetta, OSIRIS, camera, imaging system, spectroscopic, cometary activity, 67P/
Churyumov-Gerasimenko, Narrow Angle Camera, Wide Angle Camera

1. Introduction

1.1. HISTORY OF THE INSTRUMENT

On March 14th 1986 at 00:03 Universal Time, the European Space Agency’s (ESA)
spacecraft Giotto made its closest approach to comet 1P/Halley. The only remote
sensing instrument onboard the spacecraft was the Halley Multicolour Camera
(HMC), which was designed to image the nucleus and innermost coma of the
comet from the spinning spacecraft. The instrument development was led by the
Max-Planck-Institut fiir Aeronomie (now Max-Planck-Institut fiir Sonnensystem-
forschung, MPS) with the participation of several other major institutes in Europe
(Keller et al., 1995).

HMC was by far the most complex instrument onboard Giotto and a remarkable
success (Figure 2). After the International Rosetta Mission (hereafter ‘Rosetta’)
was selected as the 3rd Comerstone Mission of ESA’s Horizon 2000 programme,
it was natural for a significant part of the HMC team to come together again to
build the imaging system for the main spacecraft. Groups from MPS, the Labo-
ratoire d’Astronomie Spatiale in Marseille (now Laboratoire d’ Astrophysique de
Marseille, LAM), the Osservatorio Astronomico di Padova (UPD), the Belgian In-
stitute for Space Aeronomy (BISA), the Rutherford Appleton Laboratory (RAL)
and the Deutsches Zentrum fiir Luft- und Raumfahrt (DLR) started working to-
gether in 1995 to study a modern imaging system that would be powertul enough
to maintain Europe’s lead in the remote sensing of cometary nuclei. The result-
ing proposal for the Optical, Spectroscopic, and Infrared Remote Imaging System
OSIRIS was the only experiment proposed to ESA as the main imaging system on
the Rosetta spacecraft in response to ESA’s Announcement of Opportunity (AO).



Figure 1. Thetwo OSIRIS cameras units (fop left, with white radiators) with VIRTIS and the Philae
lander mounted on the —x panel of Rosetta.

The proposal included two cameras units (one narrow angle, one wide angle) with
aninfrared imager incorporated into the narrow angle system (Thomas ef a/., 1998).
There was.also the possibility to include a UV spectrometer to cover the wavelength
range from 200 to 400 nm. The insttument was extremely ambitious.

The Rosetta mission definition study, or ‘Red Report’, which outlined the goals
and implementation of the mission, included a dedicated scientific imaging system
as part of the strawman payload. However, funding problems led to considerable
uncertainty as to whether the ESA Member States could fund such an ambitious
imaging system. These problems were tresolved about one year after the selection
of the rest.of the payload when a descoped version of OSIRIS was finally approved.
The descoped version eliminated the IR imaging element of the cameras (the main
interest of the Belgian and UK partners, BISA and RAL). However, additional
support was offered by a group of Spanish laboratories led by the Instituto de As-
trofisica de Andalucia (IAA), by ESA’s Space Science Department (now Research
and Scientific Support Department, RSSD) and by the Astronomical Observatory
of Uppsala (now Department of Astronomy and Space Physics, DASP) in Sweden.
The contributions from the different institutes finally invelved in the OSIRIS in-
strument development are listed in Table 1.

OSIRIS was delivered to ESA and integrated on the Rosetta spacecraft in
2002. The launch of Rosetta, originally foreseen for Janmary 2003, was deferred



Figure 2. The nucleus of comet 1P/Halley as observed on March 14th, 1986, by the Halley Multi-
colour Camera onboard the Giotto spacecraft.

to early 2004, changing the target comet from 46P/Wirtanen to 67P/Churyumov-
Gerasimenko. OSIRIS was successfully commissioned in-flight during the months
after the exciting launch on March 2nd 2004 and in the meantime has been used for
scientific measurements of comet 9P/Tempel 1 in the course of the Deep Impact
mission (Keller er al., 2005; Kiippers et al., 2005).

1.2. Tue OSIRIS NAME AND SYMBOL

The name, OSIRIS, standing for Optical, Spectroscopic, and Infrared Remote Imag-
ing System, was selected at the time of the first instrument proposal, which included
infrared imaging capability and the possibility of an ultraviolet spectrometer, Al-
though several aspects .of the original instrument were descoped, the name was
retained.

Osiris was the Egyptian god of the underworld and of vegetation. He was the
brother and husband of Tsis who gave birth to their son, Horus, after his death. He
was killed by the rival god, Seth. As legendary ruler of predynastic Egypt and god
of the underworld, he symbolised the creative forces of nature and the indestruc-
tibility of lite. The name was selected for the imaging system because Osiris 18



TABLE 1
Tasks of the OSIRIS consortium.

Responsible

Task institute
Overall responsibility and project management, system engineering, interfaces, MPS

Focal Plane Assemblies, CCDs and Readout Boards, HK Boards, integration

& qualification of E-Boxes, harnesses, system integration, high-level

software, NAC & WAC system calibration, QA, mission operations
NAC telescope, camera integration and qualification LAM
WAC optical bench, camera integration and qualification, shutter mechanisms UPD

and shutter electronics, Front Door Mechanisms (mechanisms for NAC and
WAC)

Mechanism Controller Board IAA

Filter Wheel Mechanisms, E-Box Power Converter Module, NAC & WAC CRB  INTA
Power Converter Modules

Data Processing Unit RSSD
Mass memory, low-level software and data compression IDA
NAC & WAC Filters DASP
Thermal and structural analysis, NAC MLI, WAC FPA MLI UPM

MPS - Max-Planck-Institut fiir Sonnensystemforschung (Germany), LAM - Laboratoire
d’Astrophysique de Marseille (France), UPD — University of Padova (Italy), IAA — Instituto de
Astrofisica de Andalucia (Spain), INTA — Instituto Nacional de Técnica Aeroespacia (Spain), RSSD
— Research and Scientific Support Department (The Netherlands), IDA — Institut fiir Datentech-
nik und Kommunikationsnetze (Germany), — DASP Department of Astronomy and Space Physics
(Sweden), UPM — Universidad Politécnica de Madrid (Spain).

identified with the ‘all-seeing eye’ that is depicted in the hieroglyph of his name
(Figure 3).

1.3. FORTHCOMING SECTIONS

In Section 2, an overview of the key questions in cometary physics is presented. This
is followed by a short section that describes the dual camera concept under which
OSIRIS was developed. In Section 4, the detailed scientific rationale and objectives
of the instrument are described. The subsequent sections describe the hardware in
detail. We begin with the optical active elements (Sections 5-7), followed by the
filter wheel mechanisms (Section 8), the shutter systems (Section 9) and the front
door mechanism (Section 10). In Section 11 we deal with the image acquisition
system. In Sections 12 to 16, we describe the overall control electronics, the dig-
ital interfaces, the onboard software, the EGSE and the telemetry. The calibration
and operations are described in Sections 17 and 18. A conclusion completes the

paper.
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Figure 3. The hieroglyph of Osiris from the tomb of Nefertari, Thebes, nineteenth dynasty.

2. The Origin of Comets and Solar System Formation

Cometary missions such as Rosetta derive their greatest intellectual excitement
from their potential to address questions about the origin of the Solar System. In
order to apply data acquired by spacecraft missions to our understanding of these
questions, 1t1s necessary tounderstand in detail the physical and chemical processes
that might occur in, on, and near the nucleus.

Some of the key problems of the cosmogony of comets and the Solar System
include the nature of the aceretion process in the protoplanetary disc, the physical
and chemical conditions {(temperature, pressure, molecular composition) that pre-
vailed there, the relationship between the original interstellar composition (both
gaseous.and solid) and the disk composition, and the variation.of its properties with
both time and heliocentric distance. To derive the maximum scientific return, the
camera system on Rosetta was designed to address as many of these questions as
possible.

The size distribution of planetesimals and the degree to which they come from
different parts of the protoplanctary disc can be studied directly by images from
which the heterogeneity of -a cometary nucleus at all scales can be determined.
Images can show the chemical heterogeneity both on the surface and in the material
released from the interior, the structural heterogeneity as seen in activity and in
topography and its changes with erosion, and porosity and its variations as seen
in the bulk density and moments of inertia. Heterogeneity at the largest scales,
from comet to comet, is then studied by comparison of the results from Rosetta
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Figure 4. Conceptual models of the structure of the cometary nucleus: (a) Whipple’s icy conglom-
erate, (b) fluffy aggregate, (c) primordial rubble pile, (d)icy-glue (Weissman, 1986; Donn, 1991).

with results for other comets (such as 1P/Halley, Borelly, Wild 2, and Tempel 1).
This comparison will show whether or not phenomena such as resonances and
instabilities in the :protoplanetary disc are important in creating a characteristic
size for planetesimals rather than a broad distribution of sizes characteristic of
agglomeration and collisional phenomena. Our lack of knowledge of the structure
of cometary nuelei is illustrated by the competing models shown in Figure 4, Note
particularly the differences in the scales of the inhomogeneities. These models
are further distinguished by the way in which the building blocks adhere to -one
another. This can be studied by determining the relationship between outgassing
and structural inhomogeneities and by analysing the changes in topography and
structure as the comet goes from a nearly inert state to a very active state. It can
also be addressed both by measuring the degree of mixing between refractories and
solids on the surface of the nucleus and by analysing the material released from
the nucleus. Species could be mixed at the microscopic level, at macroscopic levels
that are still small compared to the size of the nucleus, or at scales comparable to
the size of the nucleus. We need to know the scale of mixing in-a cometary nucleus
as this can tell us, for example, whether large sub-nuclei with different histories
were brought together in the nucleus.

The physical and chemical composition of the protoplanetary disc can be stud-
ied with calibrated images that provide abundances of species that are sensitive
to those conditions (such as the OH/NH ratio and various mineralogical ratios).
Questions of the nature of physical and chemical vatiations within the disc can be
addressed by comparisons, both among the components-of comet 67P/Churyumov-
Gerasimenko nucleus and among comets formed in ditferent parts of the disc (e.g.
by comparing the properties of a Jupiter-family comet from the Kuiper belt, like



67P/Churyumov-Gerasimenko, with the properties of a Halley-family comet, like
1P/Halley itself, originally from the Uranus-Neptune region).

It is also necessary to understand the evolution of comets, since the changes
that have occurred over a comet’s active lifetime will have affected the observable
properties of the nucleus. Do comets disappear by gradually shrinking in size as the
ices sublime, do they disintegrate because of the activity, or do they become inert
by choking off the sublimation? Are the intrinsic changes important compared to
the extrinsic changes (collisions, perturbations that dramatically change the orbit,
etc.)? How do comets contribute to the population of interplanetary dust, and how
do they contribute to the population of near-Earth objects? The Rosetta mission and
OSIRIS, in particular, are well suited to study the evolution over a large fraction of
an orbit and to determine the actual contribution per orbital period to interplanetary
dust. They are also well suited to study the evolution of the surface or mantle of
the comet in order to address, for example, the question whether devolatilisation
is more or less important than simple loss of the surface layers. Data obtained by
Rosetta will be compared to those of missions to Near-Earth Asteroids.

Our understanding of the nature and origin of comets, and our use of them as
probes of the early Solar System, is critically dependent upon understanding the
cometary sublimation processes, because this knowledge is needed before we can
relate results from Earth bound remote sensing to the nature of cometary nuclei.
Although many processes in the outer coma, beyond about 100 km, are well under-
stood already, the processes at the surface of the nucleus and in the near-nucleus
portion of the coma, closer than a few cometary radii, are poorly understood and
in some cases simply unknown. We need to understand the process by which ma-
terial leaves the nucleus. Are observed variations in the ‘dust-to-gas’ ratio caused
by intrinsic difterences in the bulk ratio of refractories to ice, or are the variations
dominated by properties and processes near the surface such as gas flow and struc-
tural strength? Does the size distribution of the particles change in the near-nucleus
region because of either vaporisation or fragmentation or both? What fraction of
the volatiles is released directly from the nucleus and what fraction is released sub-
sequently from particles in the inner coma? Is the gas released from vaporisation
at the surface or at some depth below the surface? Do periodic variations in the
properties of the mantle occur and do they lead to variations in the coma that are,
in fact, unrelated to the bulk properties of the nucleus?

OSIRIS will directly determine the outflow of gas and dust from different re-
gions of the nucleus and will compare those variations with variations in surface
mineralogy, in topography, and in local insolation. This will provide the context
in which to interpret the results from the Rosetta lander (Philae). The unique
strength of OSIRIS is the coverage of the whole nucleus and its immediate en-
vironment with excellent spatial and temporal resolution and spectral sensitivity
across the whole reflected solar contimuum up to the onset of thermal emission. In
the next section, we briefly describe the imaging concept of OSIRIS. In the subse-
quent sections, we will address the many, detailed observational programmes to be



carried out by OSIRIS and how they bear on the fundamental questions outlined
above.

3. NAC and WAC - a Complementary System

During the proposal phase, it was immediately obvious that the scientific objectives
of the camera system on Rosetta would best be served by a combination of a Narrow
Angle Camera (NAC) and a Wide Angle Camera (WAC). The NAC would be a
system with high spatial resolution that would allow an initial detection of the
nucleus, study its structure and rotation from relatively great distances (typically
10*km), investigate the mineralogy of the surface, and study the dust ejection
processes. The WAC would have much lower spatial resolution but, accordingly, a
much wider field of view. This would allow observations of the 3-dimensional flow-
field of dust and gas near the nucleus and, in addition, would provide a synoptic view
of the whole nucleus. In summary, the WAC would provide long-term monitoring of
the entire nucleus from close distances, while the NAC would study the details. The
two camera units have therefore been designed as a complementary pair, which,
on the one hand, addresses the study of the nucleus surface, and on the other,
investigates the dynamics of the sublimation process. The resulting cameras have
the basic parameters shown in Table II.

Optical designs with central obscuration are notorious for their stray light prob-
lems. Therefore, off-axis designs with no central obscuration were selected for both

TABLE 1I
Basic parameters of the NAC and WAC units.

NAC WAC
Optical design 3-mirror off-axis  2-mirror off-axis
Detector type 2k x 2k CCD 2k x 2k CCD
Angular resolution (prad prl) 18.6 101
Focal length (mm) 717.4 140 (sag)/131 (tan)
Mass (kg) 13.2 9.48
Field of view (%) 220 x 2.22 11.35 x 12.11
F-number 8 5.6
Spatial scale from 1 km (cm prl) 1.86 10.1
Typical filter bandpass (nm) 40 5
Wavelength range (nm) 250-1000 240-720
Number of filters 12 14
Estimated detection threshold (my) 21-22 18




systems. These provide maximum contrast between the nucleus and the dust. The
internal baffle of the cameras was optimised for stray light suppression.

The NAC angular resolution was chosen as a compromise between requests for a
high resolution required for investigation of unknown scale lengths on the nucleus
surface, the need to maintain the nucleus in the FOV of the WAC when only a
few nucleus radii above the surface, and the mass requirements for a longer focal
length system. A spatial resolution of ~2 cm px~! was favoured, corresponding to
an angular resolution of ~20 urad px~! at a distance of 1km. This value is also
well adjusted to the limited data volume that can be transmitted back to Earth.

The NAC focal ratio (F-number) was set at 8, which is a compromise between
speed (required at high heliocentric distance, ) and mass. Extensive calculations
were performed to compute the motion of the image footprint over the surface during
the mapping phase taking into account the orbit of the spacecratt and the rotation
of the target, which would produce image smear. The calculations indicate that
exposure times shorter than 50 ms are probably not required, given the resolution of
the NAC. The WAC observations of the dust and gas environment require narrower
filter bandwidths. Therefore the WAC exposure times are significantly longer.

The major considerations for the CCDs were:

¢ ‘tull well’ signal-to-noise ratio (in order to optimise the dynamic range of the
instrument)

¢ UV response (to give good signal-to-noise ratio for gas species)

¢ high Quantum Efficiency (QE) in the range 800 to 1000 nm (information on
olivine and pyroxene bands).

A 2k x 2k backside illuminated detector with a UV optimised anti-reflection
coating was selected. This type of device has high QE over an extended wavelength
range. Full-well dynamic range for these devices is of the order of 2 x 10*. Over-
exposure control is needed to allow saturation on the nucleus while acquiring high
signal-to-noise information on the dust and gas. Custom CCDs with lateral anti-
blooming were developed for OSIRIS. For cost reasons, identical devices are used
in the two cameras.

While the two cameras have different scientific objectives, the similar nature of
the instruments naturally led to our seeking cost reduction through development of
identical subsystems. Hence, the mechanical design was adjusted so that identical
Focal Plane Assemblies (FPA) could be used. The large format CCD necessitated
the use of amechanical shuttering of the exposure. Here again, identical subsystems
were designed.

The requirement to determine the chemical and physical structure of the nucleus
and the inner coma suggested the use of an extensive filter set. Identical filter wheels
were used in the two cameras although each camera had its own filter complement
adapted specifically for its own science goals.

Both cameras need protection from dust impacts whennot operating. Hence, they
have doors which can be opened and closed on command. Although the apertures
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Figure 5. Block diagram of the OSIRIS functional blocks (M: main, R: redundant).

(and therefore the doors themselves) are different, the drive mechanism is the same
in both cases. In addition, the doors can be used to reflect light from calibration
lamps mounted inside the baffles. The lamps in the NAC and the WAC are identical.
The modular concept of OSIRIS functional blocks, mechanisms, and electronics
subsystems can be seen in Figure 5.

The selection of identical subsystems in both cameras reduced the management
effort, cost, and overall complexity considerably, although interface definition and
specification to-accommodate these subsystems was more difficult throughout the
project and required additional spaceeraft resources{mass). The flight OSIRIS in-
strument consists of two camera units and 3 electronics boxes with related hamesses,
atotal of 22 subsystems, with.a total mass of 35 kg and an average operational power
consumption of 34 W.

4, Scientific Objectives
4.1. Tue CoMETARY NUCLEUS

The imaging systems on the Giotto, Vega, DS-1, Stardust, and Deep Impact space-
crafts were remarkably successful in providing our first glimpses of cometary nuclei
and their immediate environments. Reviews of the results of these investigations
can be found, ¢.g. in Keller et af. (1995, 2004), Tsou et al. {2004), and A’Hearn



et al. (2005). Despite this success, the imaging results were limited and many ques-
tions were left unanswered, and additional questions arose, many of which will be
addressed by OSIRIS. We describe here the goals of our nucleus observations.

4.1.1. Position and Size of the Nucleus

The first goal of OSIRIS will be to localise the cometary nucleus and to estimate
its size and shape as quickly as possible for mission planning purposes. These
properties must be coarsely known well before the mapping phase commences.
This determination should be performed near the end of the approach phase when
the spacecraft is between 10 and 10* km from the nucleus. Determination of the
radius to an accuracy of 10% from 10* km can be performed with the NAC and will
immediately yield an estimate of the nucleus volume (and mass for an assumed
density) accurate to about a factor of 2.

4.1.2. Rotational State

Another goal of OSIRIS is to determine the rotational properties of the comet
including the periods of rotation about three principal axes, the total angular mo-
mentum vector L, the changing total spin vector and the characteristics of any
precessional behaviour. Measurements of these quantities will constrain the range
of possible inhomogeneities of the nucleus and will also permit the development
of time-dependent templates over which other data sets may be laid. The sec-
ondary, more ambitious goal is to use OSIRIS to monitor the rotational properties
throughout the entire mission to search for secular evolution in response to the
torques acting on the nucleus caused by the onset of jet activity as the comet ap-
proaches perihelion. Model calculations indicate that for a small nucleus, such
as 67P/Churyumov-Gerasimenko, torques could force re-analysis of the rotational
properties of the nucleus on timescales of days (Gutiérrez et al., 2005). The mea-
sured precession rate, along with an estimate of the average reaction force (from the
non-gravitational acceleration of the nucleus) and an estimate of the torque caused
by outgassing, may allow an estimate of the absolute value of the nucleus moment
of inertia. This, in turn, would give clues to the internal density distribution, espe-
cially when combined with the gravity field determination (see Pétzold et al., this
volume), allowing us to distinguish between a lumpy, a smoothly varying, and a
homogeneous nucleus (see also Kofman et al., this volume). The structural inho-
mogeneity would provide an important clue for the size distribution of the forming
planetesimals.

4.1.3. Shape, Volume, and Density

The concept of comets as uniformly shrinking spherical ice balls was shattered
by the Giotto results. The nucleus is expected to be highly irregular on all scales
as a consequence of cratering, outgassing, and non-uniform sublimation (Keller
et al., 1988). However, it is not clear whether these irregular-shaped bodies reflect



the shape of the nuclei at their formation, or are the result of splitting during their
evolution, or are caused by non-uniform sublimation.

To accurately model such a craggy shape, techniques developed at Cornell Uni-
versity (Simonelli et al., 1993) can be used. Although OSIRIS has no stereo capa-
bility per se, the motion of Rosetta relative to the nucleus can be used to produce
stereo pairs. The shape model will be based upon these stereogrammetric mea-
surements in addition to limb and terminator observations. Once the shape model
is available, it can be used to determine the surface gravity field and moments of
inertia and will also be used to reproject and mosaic digital images, as well as to
develop surface maps. This technique has yielded accurate shapes for the Martian
moons and Galileo’s asteroid targets, 951 Gaspra and 243 Ida (Thomas et al., 1995,
1994).

To look for interal inhomogeneities of say 30% implies that differences in the
geometrical and dynamical moments of inertia need to be known to better than
10%. We therefore need to measure both to better than 1%. Thus, the topography
must be characterised over the entire nucleus to an accuracy of £20m.

4.1.4. Nucleus Formation and Surface Topography

On the smallest scales, the building blocks comprising the cometary nucleus may
be a heterogeneous mixture of interstellar and interplanctary dusts and ices, with a
structure and composition reflecting the physical conditions and chemistry of the
protoplanetary disc. The different accretion processes leading to the production of
first, grains, then, building blocks and, finally, cometary nuclei, are all expected
to have left their mark on a nucleus which has remained largely unaltered since
its formation. OSIRIS will therefore perform a detailed investigation of the entire
cometary surface over a range of spatial scales as wide as possible to identify the
hierarchy of cometary building blocks.

In addition to its implications for nucleus formation, the topography of the
surface determines the heat flow in the uppermost layers of the nucleus (Gutiérrez
et al., 2000; Colwell, 1997). High resolution imaging will determine the normal to
the surface and hence provide input to surface heat flow calculations.

The Vega 2 TVS observations of jets were interpreted as showing a fan generated
from a few, kilometre-long, quasi-linear cracks (Smith ef al., 1986; Sagdeev et al.,
1987). If fresh cracks appear on the surface during the aphelion passage, then
OSIRIS will be able to probe the inner layers of the nucleus where some stratification
is expected from the loss of volatiles near the surface.

4.1.5. Colour, Mineralogy, and Inhomogeneity

Inhomogeneity of mineral composition and colour could provide the most obvious
clues to the size of building blocks. The Vega and Giotto cameras were able to
determine only rough estimates of the broad-band (A/AX = 5) colour of the nucleus
of 1P/Halley. OSIRIS will allow a much more sophisticated study of the mineralogy



of the nucleus surface by recording images that span the entire wavelength range
from 250 to 1000 nm.

OSIRIS also has the opportunity to search for specific absorption bands associ-
ated with possible mineral constituents. The wavelengths of pyroxene absorptions
are highly dependent upon their exact structure (Adams, 1974). Hence, filters giv-
ing complete coverage of the 750nm to 1 pm regions at 60nm resolution were
incorporated. Vilas (1994) suggested that the 3.0 pm water of hydration absorption
feature of many low albedo (including C-class) asteroids strongly correlates with
the 700 nm Fe?* — Fe3* oxidised iron absorption feature. Given the spectral sim-
ilarity between C-class asteroids and 1P/Halley and the high water ice content in
comets, a search for the water of hydration feature at 700 nm will be made.

4.1.6. Surface Photometry

Due to the limited information from high-velocity fly-bys, little was learned of the
photometric properties of the surface of comet 1P/Halley. The correct determina-
tion of the phase function for comet 67P/Churyumov-Gerasimenko will provide
information on the surface roughness through application of, for example, Hapke’s
scattering laws (Hapke, 1993). The Philae observations will provide the parameters
necessary to validate the surface roughness models used to interpret global data
provided by OSIRIS.

4.1.77. Polarization Measurements

The properties that can be addressed by polarization measurements can be obtained
more accurately by observations of the surface from the Philae or by in situ analysis.
Implementation of polarization measurements in OSIRIS was thought costly in
terms of resources and calibration, and they were therefore not included.

4.1.8. Active and Inactive Regions

Modelling (Kiihrt and Keller, 1994) suggests that debris from active regions will
not choke the gas and dust production in view of the highly variable terrain, the
extremely low gravity, and the lack of bonding between particles forming the debris.
Inactive regions can only arise if either the material comprising the regions formed
in the absence of volatiles or, alternatively, if the regions have become depleted in
volatiles without disrupting the surface.

To verify this picture, a comparison of active and inactive regions on comet
67P/Churyumov-Gerasimenko must be of high priority. If inactive regions are
merely volatile-depleted with respect to active regions, high signal-to-noise ob-
servations at several wavelengths may be required to differentiate between the two.
Imaging of the interface between active and inactive regions may provide evidence
of surface structures and tensile strength present in one type of region, but not in
the other.

As the observations of ‘filaments’ indicate (Thomas and Keller, 1987), there
is no reason to suppose that active regions are homogeneous. Activity may be



restricted within an active region (see for example the theoretical calculations of
Keller et al., 1994). For this reason, OSIRIS will identity the active fraction within
what we call an active region. Achieving this goal may lead to understanding how
cometary activity ceases, leaving an inert comet. Do inactive spots within active
regions spread to reduce cometary activity or does the infall of material from the
edge of the sublimation crater choke emission?

Directions of jets and locations of active spots are influenced by topography. The
distribution and orientation of near-nucleus jets can be used to infer topographic
features (Thomas et al., 1988; Huebner et al., 1988). OSIRIS will investigate these
correlations.

4.1.9. Physics of the Sublimation Process

The physical processes characterising the sublimation and erosion processes in
or above active regions depend on the physical structure of the surface and the
distribution of refractory and volatile material within the nucleus. Dust particles
have usually been treated as impurities in the ice (icy conglomerate). Starting with
the interpretation of the images of 1P/Halley (Keller, 1989), it has become clear that
the topography requires a matrix dominated by refractory material (Kiippers et al.,
2005). The other extreme is the model of a friable sponge, where the refractory
material is intimately mixed with the ice and where the erosion process maintains a
balance between the ice and dust. How are dust particles lifted off the surface? The
excellent resolution of the OSIRIS NAC, which will be smaller than the mean free
path of the gas near the surface, will allow the detection and study of the relevant
macrophysical processes.

4.1.10. The Diurnal Cycle

OSIRIS will be able to monitor short-term changes in active regions very casily.
Changes are most likely when active regions cross the terminators. Cooling will lead
to decreased activity, but on what timescale? On the other hand, as the insolation
increases, will there be changes in the surface structure?

4.1.11. Outbursts

Outbursts (or rapid increases in the brightness of cometary comae) have frequently
been observed from the ground and recently also during the approach of the Deep
Impact spacecraft to comet 9P/Tempel 1. This implies some sudden increase or
even explosion of activity ripping the surface crust apart. OSIRIS, and in particular
the WAC, can be used to monitor autonomously the nucleus activity over many
months at various scales. The NAC can then be used to look in detail at the source
to determine how the site has altered topographically and spectrally.

4.1.12. Mass Loss Rate
The floor of the active regions will be lower by several metres on average after the
passage of comet 67P/Churyumov-Gerasimenko through its perihelion. It is clear



that if an active area can be monitored by OSIRIS at a resolution of ~30cm the
mass loss will be evident. If the density of the surface layer can be determined by
Philae or through joint OSIRIS/Radio Science investigations, this is potentially the
most accurate means to determine the total mass loss rate particularly if the mass
loss is dominated by infrequently emitted large particles.

4.1.13. Characterisation of the Landing Site

The NAC was designed to remain in focus down to 1 km above the nucleus surface.
Mapping at ~2 cm px ! will reveal inhomogeneities of the nucleus at scale lengths
comparable to the size of Philac. Homogeneous sites would provide no difficulties
in interpretation but heterogeneous sites may be scientifically more interesting. As
a result, OSIRIS needs to be able to characterise the landing site and to identify on
what types of terrain Philae has landed.

4.1.14. Observation of the Philae Touchdown
There is no guarantee that the orbiter will be able to observe Philae when it strikes the
surface. However, OSIRIS will provide valuable information on the impact velocity,
the result of the initial impact, and the final resting position and orientation.
Outgassing from the impacted site may also occur. If fresh ice is so close to
the surface that the lander can penetrate the crust, emission of gas and dust may
be tairly vigorous. If so, OSIRIS can quantify this emission with highest possible
spatial and temporal resolution.

4.2. NEAR-NUCLEUS DuUST

The near-nucleus dust environment of a comet is remarkably complex and remains
poorly understood. Understanding the near-nucleus environment is necessary to
understanding the nucleus itself. OSIRIS can investigate global dust dynamics.

4.2.1. Detection of Emission at Rendezvous

OSIRIS will be used to place constraints on distant activity of the nucleus. It
is evident, however, that detection of dust in the vicinity of the nucleus will be
extremely difficult at high heliocentric distances. The dust production may decrease
as steeply as r;, 29 (Schleicher ef al., 1998), with a corresponding decrease in flux
proportional to 7, +9 At13.25 AU, we estimate the ratio of the signal received from
the dust to that from the surface (I;/I,) =~ 4 x 10~* based on scaling of Giotto
measurements. Therefore, to quantify the total dust production rate, a dynamic
range of >2000 is required. Both the WAC and the NAC were designed with this
contrast requirement.

4.2.2. Temporal Evolution
4.2.2.1. Variation with Heliocentric Distance. HMC observations showed that
the dust production rate of comet 1P/Halley during the Giotto fly-by was remarkably



stable over the three hours of the encounter. Ground-based observations have shown,
however, that comets exhibit large and rapid changes in dust production. A key goal
of OSIRIS will be therefore to monitor the variation in the production rate and to
compare it to the rotational characteristics of the nucleus and the change in ;.

4.2.2.2. Variations with Rotation. The lack of significant variation in the dust
production rate with the rotation seen at comet 1P/Halley was not expected. How
does the production vary with the solar zenith angle? How long does an active region
take to switch on after sunrise? These phenomena are determined by the physical
properties (e.g. the thermal conductivity) of the surface layer. If sublimation occurs
below the surface then a period of warming may be required before dust emission
starts. The surface layer could act as a buffer to stabilise the activity. These questions
can be addressed using OSIRIS to monitor the active region during the first minutes
after it comes into sunlight.

4.2.2.3. Night Side Activity and Thermal Inertia. The inferred absence of night
side activity during the Giotto fly-by and the thermal map created from near-
infrared spectral scans of comet 9P/Tempel 1 during the recent Deep Impact mission
(A’Hearn et al., 2005) suggest that the thermal inertia must be low. Observations
of comet Hale—Bopp (C/1995 O1) also suggest that the thermal inertia of comets is
low (Kiihrt, 2002). The high porosity of the surface and the resulting low thermal
conductivity suggest that the activity should decrease rapidly and stop when the
energy source is removed. Monitoring the dust emission as an active region crosses
the evening terminator can confirm this hypothesis.

4.2.24. Short-Term Variability. The dust emission from the nucleus of comet
1P/Halley showed no evidence for short-term (order of minutes) temporal varia-
tions. Because of the nature of the active regions one might expect, however, that
the emission should occasionally show an enhanced or reduced rate on a timescale
of perhaps a few seconds. A sudden burst offers the possibility of following the
emitted dust and using it to derive streamlines and velocities in the flow. This obser-
vation would provide strong constraints on the hydrodynamics of the flow and lead
to increased understanding of the dust-gas interaction a few metres above active
regions. If large enough, outbursts could also modity the flow field itself allowing us
to use OSIRIS to monitor the reaction of the inner coma to changes in the emission
rate.

4.2.3. Large Particles in Bound Orbits

It was shown that gravitationally-bound orbits around cometary nuclei are possible,
in theory, for relatively small particles even in the presence of radiation pressure
(Richter and Keller, 1995). In addition, evidence from radar measurements suggests
that large clouds of centimetre-sized objects accompany comets in their orbits
(Campbell et al., 1989). The high resolving power of OSIRIS combined with our



proximity to the nucleus will allow us to place constraints on the number density
of objects with a particle radius of ¢ > 5 mm. Since it is now widely believed that
most of the mass lost by comets is in the form of large particles (McDonnell et al.,
1991), observations of this phenomenon could prove very important in determining
the dust to gas ratio. Clearly, it would be a major discovery to find an extremely
large chunk which might be termed ‘a satellite’ of the nucleus. Active chunks, as
seen in comet Hyakutake (Rodionov et al., 1998), may also be evident.

4.2.4. How Inactive are ‘Inactive’ Regions?

The observations by HMC and more recent fly-bys (A’Hearn et al., 2005) were not
good enough to place firm constraints on the activity of so-called inactive regions.
Dust emission from the illuminated but apparently inactive regions could have been
up to 10% of the emission from active regions and remained undetected. This clearly
has implications for the evolution of the nucleus and for the flow field of gas and
dust emission about the nucleus.

4.2.5. Optical Properties of the Dust

The orbit of Rosetta and the broad-band filters in OSIRIS will allow observations of
dust at many phase angles (0°—135°) over a wide wavelength range. The phase curve
and colour are sensitive to particle size, composition, and roughness. Deduction of
these properties and their variation with r, will be important for ground-based
observations of other comets since it will provide the single scattering albedo, the
phase function, and the characteristic particle size.

4.2.6. Eclipses

Eclipse measurements are extremely interesting for the innermost dust coma as they
would allow OSIRIS to determine the forward scattering peak of the dust phase
function, which provides the best information on the size distribution and nature of
the dust particles. The strong forward scattering peak also yields the most sensitive
measurement of the dust column density (e.g. Divine ef al., 1986).

4.2.7. Acceleration and Fragmentation

Complications with the determination of local dust production rates arise if the
observations cover the dust acceleration region, if fragmentation is significant, or
if optical depth effects become important. Measurements of the acceleration will
quantify the drag coefficient of the gas-particle interaction and characterise the
near-surface Knudsen layer. The fulffiness of the cometary dust can be derived
from these observations.

A complementary approach is to measure the radius and velocity of large es-
caping dust agglomerates in dependence of heliocentric distance. By knowing the
gravitational forces, this would also provide information on the physics of the gas-
dust interaction (drag coefficient) at and near the surface (Knudsen layer), on the
cohesive forces, and on the density of the agglomerates.



4.3. (GAs EMISSIONS

Our current understanding of the composition of the nucleus and variations within
the nucleus is severely limited by our lack of knowledge about the processes in
the innermost coma. We know little about the variations of the composition of the
outgassing on any scale, although there are indications from Earth-based measure-
ments of large-scale heterogeneity (e.g. in 2P/Encke and in 1P/Halley). There are
distributed sources in the coma which produce some of the species in the coma, in-
cluding H,CO, CO, and CN. Because we cannot separate completely the extended
coma source from the nuclear source, we cannot determine reliably the amount of
ice in the nucleus. We therefore plan to make observations of the gas in order to
address some of the most crucial questions in relating abundances in the coma to
abundances in the nucleus.

4.3.1. Selected Species

In order to constrain the heterogeneity of other parent molecules, we will map
the release of certain daughter species in the vicinity of the nucleus. Dissociation
products having short lifetimes and identifiable parents are ideal for this task. In
particular, NH at 336.5 nm and NH; at 570 nm will be measured to trace the hetero-
geneity of NHj3 (and thus the nitrogen chemistry in the nucleus), CS at 257 nm to
trace the heterogeneity of CS, (and thus the sulphur chemistry), and OH at 309 nm
and OI at 630 nm to trace H,O.

The heterogeneity of other fragments, such as CN (388 nm), will also be mea-
sured, even though we do not know the identity of the parent molecules, because
these species show evidence of an extended source. The recent interest in the dis-
tribution of Na has led us to introduce a sodium filter at 589 nm.

4.3.2. Sublimation Process and Inactive Areas

The results from 1P/Halley showed us that the release of dust is confined to discrete
active areas, comprising only a small fraction of the surface (15%). We have no
information, however, on whether the gas is similarly confined. One of the key
questions to be answered is whether gas is also released from the apparently inactive
arcas. The mapping capability of OSIRIS is ideally suited to answer this question
and thereby to assess the effects of an inert layer on the release of gas and dust.

4.4. SERENDIPITOUS OBSERVATIONS

4.4.1. Asteroid Fly-bys

The fly-bys of 2867 Steins and 21 Lutetia will provide interesting secondary targets
on the way to the comet. The main scientific goals of OSIRIS observations of the
asteroids are:

¢ Determination of physical parameters (size, volume, shape, pole orientation,
rotation period)



¢ Determination of surface morphology (crater abundance, crater size distribu-
tion, presence of features such as ridges, grooves, faults, boulders, search for
the presence of regolith)

¢ Determination of mineralogical composition (heterogeneity of the surface,
identification of local chemical zones, superficial texture)

¢ Scarch for possible gravitationally bound companions (detection of binary
systems).

4.4.2. Mars Fly-by

High-resolution images of Mars (>200px across the planet) can be taken within
two days of closest approach (cf. recent HST images). This will provide data on the
global meteorological conditions on Mars and allow us to follow weather patterns
over a period of about two days. Images around 12 h before closest approach would
be of sufficient resolution to allow us to resolve vertical structures in the atmosphere
atthe limb and to estimate the global atmospheric dust content. The solar occultation
during Mars fly-by would allow detection of the putative Martian dust rings.

4.4.3. Earth-Moon System Fly-bys

As with the space missions Galileo and Cassini/Huygens, the Rosetta remote sens-
ing instruments can perform testing and calibration during the fly-bys of the Earth-
Moon system. There are also several interesting possibilities for new science. For
example, the Moon is now known to have a tenuous sodium atmosphere (‘exo-
sphere’). The Na filter on the WAC can be used to acquire maps of Na near the
Moon. Similarly, OI emission from the Earth may be detectable at high altitudes.
Vertical profiles of OI in the atmosphere of the Earth can be derived by stellar
occultations.

5. The NAC Telescope

The Narrow Angle Camera is designed to obtain high-resolution images of the
comet at distances from more than 500,000 km down to 1 km, and of the asteroids
2867 Steins and 21 Lutetia during the interplanetary cruise. The cometary nucleus
is alow-albedo, low-contrast object; hence, good optical transmission and contrast-
transfer characteristics are required. The camera also should be able to detect small
ejected particles close to the comet nucleus (brightness ratio >1/1000), placing
strict tolerances upon stray light rejection.

The scientific requirements for the NAC translate into the following optical
requirements. A square field of view (FOV) of width 2.2° and an instantaneous
field of view (IFOV) of 18.6 urad (3.8 arcsec) per pixel, a spectral range from
250nm to 1 pm, and a moderately fast system (f/8) are needed. An unobstructed
pupil is required to minimise stray light. This is particularly important for the study
of gas and dust surrounding the bright nucleus. The requirements are fulfilled with



an all-reflecting system of 717 mm focal length and an off-axis field, using a 2048
x 2048 px, UV-enhanced CCD array. The high resolution over a large flat field
requires a system of three optical surfaces.

5.1. OpTiCcAL CONCEPT AND DESIGN

A flat-field, three-mirror anastigmat system, TMA, is adopted for the NAC. Anas-
tigmatism (freedom from third-order spherical aberration, coma, and astigmatism)
is attained by appropriate aspheric shaping of the three mirror surfaces, and a flat
field (zero Petzval sum) is achieved by appropriately constraining the system ge-
ometry. Our solution (Dohlen et al., 1996) has an axial pupil physically placed at
the second mirror M2, an off-axis field of view, appropriate baffle performance
and a large back-focal clearance. The optics requires only two aspheric mirrors,
the tertiary remaining spherical. This considerably reduces fabrication cost and
alignment difficulty. The three mirror surfaces are rotationally symmetric about a
common optical axis, but the field of view is sufficiently removed from the axis to
ensure that all rays pass through the system without vignetting. Figure 6 shows a
ray tracing diagram of the optical system. The mirrors are made of Silicon Carbide
(SiC); details of their fabrication, polishing and alignment can be found in Calvel
et al. (1999).

The system is equipped with two filter wheels placed in front of the CCD. In
order to cope with the presence of ghost images (see Section 7.2.3), the filters are
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Figure 6. Ray paths through the NAC optical system.



tilted by 4° to the optical axis and wedged by 10'. In addition to the bandpass
filters, the filter wheels contain anti-reflection-coated focusing plates (Far Focus
Plate FFP and Near Focus Plate NFP, see Table V), which, when used with the
filters of the other wheel, allow two difterent focusing ranges: far focus (infinity
to 2 km, optimised at 4km) and near focus (2km to 1km, optimised at 1.3 km).
Nominal operation is defined as far focus imaging with an orange filter (centered
at 645 nm with a bandwidth of 94 nm). This filter has similar characteristics to that
of the orange filter in the Halley Multicolour Camera.

A plane-parallel, anti-reflection coated plate, referred to as Anti-Radiation Plate
(ARP), was added to the front of the CCD for radiation shielding. Its effect for
monochromatic light is negligible, but the shift of focus is considerable for the two
UV filters (Far-UV and Near-UV), and the Far-UV and focusing plates are aftected
by longitudinal chromatic aberration. Table III lists the construction parameters
for the optimised camera design, including filter, focusing plate and ARP. The
system includes an external baffle for stray light rejection and a front door for
protection.

5.2. OprTiCAL PERFORMANCE

Figure 7 shows spot diagrams and root-mean-square wave front errors (WFE) at six
points in the FOV located at the centre, the edges and the corners. Since the system
is symmetrical about the y—z plane (see footnote in Table III), the characteristics are
identical for positive and negative x co-ordinates. The wave front error is calculated
for the central wavelength of the orange filter (A = 0.645 pm). As seen in Figure 7,
the WFE is in the order of 0.04 A over the entire FOV. The performance is limited
primarily by a triangular-type (trifle) aberration which is present in varying degrees
over the entire FOV. Astigmatism and coma are close to zero at the centre but
become significant towards the edges.

5.3. STRAY LIGHT REJECTION

The observation of faint cometary physical and chemical phenomena, such as dust
and gas jets from localised vents on the nucleus, require good optical transmission
and high contrast with strict tolerances on stray light. There are two types of stray
light sources. One originates from the cometary nucleus itself (considered as an
extended object), the image of which is in the focal plane. The second source is
the sun, which is allowed to reach an elongation of 45° from the optical axis of the
instrument.

Rejection of stray light from the nucleus is insured by the TMA design whose
unobstructed pupil minimises diffraction phenomena and scattered light. A low
level of micro roughness of the optical surfaces (<2 nm rms) was specified to limit
the stray light contribution. The internal baffle of the instrument was optimised



TABLE III

Optical specifications for the NAC TMA; Far Focus Plate in wheel 1, Orange filter in wheel 2.

Radius Separation along  Conic constant Diameter or Centre y Tilt of normal wrt.
Component (mm) z axis? (mm) or glass type xx y(x z)* (mm) coordinate (mm) M2 axis (deg)
Entrance pupil Flat —690.0 89.4 —6.962
Primary —1103.162 —304.0 CC = —1.65727 136 85.2P 0
Secondary — 400.598 301.5 CC = —1.000 44.0 0 0
Tertiary —626.583 —354.5 CC = 0.000 92 —82.9P 0
Filter 1, surface 1 Flat —4.942° Fused silica n (645 nm) = 1.4567 40 x 40 (x 5.000) —86.00 —3.8333
Filter 1, surface 2 Flat —5.00° —4
Filter 2, surface 1 Flat —4.687¢ OGS550 n(645nm) = 1.5368 40 x 40 (x 4.746) —4
Filter 2, surface 2 Flat —25.724 —4.1667
ARP, surface 1 Flat —-12 Fused silica n (645 nm) = 1.4567 51.0 —86.15 0
ARP, surface 2 Flat —8.056 0
CCD Flat 27.7 x 27.7 —86.32 0

47 is along the M2 axis, v is in the plane containing z and the central object point, x is perpendicular to z and y.
PGeometrical centre of the mirrors. Impact of ‘central” ray is slightly offset (~0.5 mm).
“Distance along an axis tilted —4° to z-axis, perpendicular to filter wheel plane.
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Figure 7. Spot diagrams for six positions in the NAC FOV. The cross is 5 um wide. RMS wavefront
errors are given for the centre wavelength of the Orange filter.

by adding vanes and protective black tapes in critical areas. An internal black foil
envelops the whole instrument to prevent light leakage.

Rejection of stray light from the sun requires an external baffle, which can be
closed with the front door whenever the solar elongation is less than 45°. The
fraction of the power incident onto the detector surface to that entering the aperture
of the telescope baffle was required to be <107 at angular distances from the centre
of the FOV exceeding 45°. The external baffle comprises a two stage cylinder with
four vanes, which have a square aperture with rounded corners to fit around the
scientific beam. The baffle is made of aluminium alloy and all internal surfaces are
coated with a black paint. The vanes have a thickness of 0.5 mm with sharpened
edges in order to reduce the reflecting arca.

5.4. NAC STRUCTURE

The main function of the structure of the NAC is to carry the three mirrors of the
TMA, the dual filter wheel mechanism, shutter mechanism, focal plane assembly,
the external baffle, the front door mechanism (Figure 8), and to maintain them
in proper position during the long interplanetary cruise and the phases of nucleus
observations.

The basic concept is an athermal design, achieved by using the same ma-
terial for the mirrors and the supporting structure. Therefore the optical prop-
erties are maintained during temperature changes, as long as thermal gradients
arc limited. Silicon carbide, a very rigid ceramic material with good thermal



Figure 8. The NAC assembly (see also Figure 9). Focal plane and front door are -on.the upper left,
primary and tertiary mirrors on the lower right.

properties (low coefficient of thermal expansion, good thermal conductivity), is
used.

The structure is U-shaped with two walls cemented on a connecting tube, see
Figure 9. The main wall carries the external baffle, the secondary mirror and a
magnesium interface plate (I/F plate), which receives the mechanisms and the focal
plane. The second wall carries the primary and the tertiary mirrors, which are bolted
directly on it. "The thickness of the two 'walls is reduced to the minimum feasible in
order to minimise mass. The NAC structure is kinematically mounted on the main
spacecraft structure via three titanium bipods, decoupling it from panel distortion
and reducing thermal flows.

5.5. THERMAL DESIGN

The athermal concept requires that thermal gradients be minimised. A thermal
decoupling is necessary between the SiC parts constituting the telescope and the
subsystems, which have to be maintained within their temperature ranges. The I/F
plate is connected to the main SiC wall via three flexible titanium blades and in-
sulator washers. The entrance baffle and the Front Door Mechanism (FDM) are
connected to the main SiC wall via three insulator washers, In order to min-
imise thermal losses, the instrument is wrapped in a thermal blanket made of
Multi-Layer Insulation. (MLI). The strong limitation on available power during
the cruise phase required a carcful optimization of the thermal design. With a



Figure 9. NAC Flight Model during integration and in flight configuration.

non-operational power of 7.5 W, the subsystems are maintained in their allowed
temperature ranges, while the SiC telescope can float to a minimum temperature of
—70°C.

5.6. INTERNAL CALIBRATION

The internal calibration of the NAC is achieved by illuminating the rear side of
the lid of the front door, which acts as a diffusing sereen. The illumination system
is composed of two redundant sets of two small lamps placed inside the external
batfle, between two vanes. The four lamps form a rectangle but only two lamps on
one side are 1it at a time. The colour temperature of the tungsten lamps is 2,410:K;
they have a quartz envelope and are mechanically mounted with a glass diftuser.
The in-flight calibration system provides a reference illumination to the camera



in cruise for comparison to the ground calibration flat fields. Deviations allow the
determination of long-term degradation in flight.

6. The WAC Telescope

The prime objective of the Wide Angle Camera is the study of the weak gas and
dust features near the bright nucleus of the comet. For this purpose, the WAC has
to satisfy a number of scientific requirements. The WAC needs a rather large field
of view, 12° x 12°, to observe both the nucleus and the features of emitted gas and
dust. It has to cover a relatively wide spectral range, from UV to visible, and it has
to provide a high contrast ratio, of the order of 107%, to be able to observe the bright
nucleus and the weak coma simultancously.

6.1. OpticAL CONCEPT AND DESIGN

To obtain the required camera performance, an unobstructed all-reflective, off-axis
optical configuration using two aspherical mirrors was adopted. With this system,
best performance over the entire field of view is obtained, providing a spatial
resolution of about 20 arcsec. The all-reflective solution, unlike a lens design, allows
observation in the ultraviolet spectral range. The unobstructed solution provides
the optimal contrast ratio. With the 20° off-axis design, the whole field of view
can be covered without significant aberrations. Moreover, a fast /5.6 ratio was
adopted to allow detection of the cometary nucleus and of the asteroids from a
distance of 10°km in 1 s exposure time. The characteristics of the optical solution
are summarised in Table I'V.

6.2. Two-MIRROR OFF-AXIS SYSTEM

The concept of the WAC optical design is shown in Figure 10; it is described in more
detailed in Naletto et a/l. (2002). The primary mirror (M1) collects the light from
the object at an angle of 20° with respect to the camera axis and reflects it towards
the secondary mirror (M2), which focuses the light onto the focal plane assembly.
In contrast to the majority of all-reflective cameras, in which the instrument stop is
located on the primary mirror, the WAC stop coincides with M2. Figure 11 shows
the flight mirrors prior to their assembly. To assure a good reflectivity over the
whole spectral range, the mirrors were aluminized and protected with MgF,.

The instrument design includes a set of 14 wedged filters. The filters are mounted
ontwo wheels. The filter set comprises narrow and wide bandpasses for observations
of emission bands and lines, and of the continuum. A 4 mm thick Suprasil Anti-
Radiation Plate (ARP) was installed directly above the CCD.



TABLE IV
Characteristics of the WAC design.

All reflective, two-mirror 20° off-axis design,

Optical concept unobstructed, unvignetted; axis of off-axis: y
FOV 11.35° (y) x 12.11° (x)
Encircled energy >80% inside a pixel of 13.5 um sq.
FL at centre of FOV Tangential: 131 mm, sagittal: 140 mm
Average image scale at the centre of FOV 7.4 mrad mm~! equiv. 101 prad px~!
Distortion of the field Barrel type
FL in x 128.0-133.4 mm
FLiny 139.2-140.0 mm
Residual geometric distortion <2.5% along the tangential direction <1% along the

sagittal direction
Refocusing No refocusing necessary for distance range 500 m to

infinity
Nominal F-number F/5.6
Wavelength range 240-720 nm
Overall reflectivity 52% at . = 245 nm to 88% at A = 500 nm

y xe
1
i
optical

axis.

M1

CCD\H .

Figure 10. WAC optical concept with the two mirrors, the filter and the anti-radiation plate in front
of the CCD detector.

The sun angle is greatly variable when in orbit around the comet nucleus. To
protect the system from direct sun light, a movable front door is positioned at the in-
strument entrance aperture. Moreover, to reduce the stray light into the instrument, a
rather complex baffle system was realised (Debei et al., 2001; Brunello et al., 2000).



Figuyre 11. 'WAC mirror blanks M1 (leff) and M2 (right).

6.3. OpTicAL PERFORMANCE

Figure 12 shows the spot diagrams at the centre, the edges, and the corners of the
FOV. The. square boxes correspond to the pixel size. The geometrical performarnce
of the camera is-optimised with residual aberrations essentially lower than the pixel
size. The diffraction effect is negligible, with more than 90% of the energy falling
into a single pixel. The optical performance is maintained essentially unchanged
from infinity down to almost 500 m, so that no refocusing system is required.
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Figure 12. WAC spot diagram. The spots refer to the centre, the edges and the corners.of the 12° x
12° FOV. The boxes correspond to the pixel size of the detector.



The off-axis design produces slightly different scales in the image plane: the scale
in y is almost constant, 19.9 arcsec px~!, while the scale in x direction varies from
20.9 arcsec px~! to 21.8 arcsec px~!. The acquired field width seen by the CCD
is subsequently about 11.35° in y and between 12.09° and 12.16° in x direction
(coordinate system see Figure 10).

The nominal photometric aperture, that is the projection of the M2 stop onto the
primary mirror, is circular with a radius of 12.5 mm. However, the distortion causes
the aperture to be slightly elliptical and position dependent. The corresponding
photometric distortion can be removed during calibration of the images.

6.4. STRUCTURE OF THE CAMERA

The lightweight, stiff structure is based 