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AB STRACT

Rosetta is a cornerstone mission of ESA to have a roundez-vous with a periodic comet, namely Wirtanen P/1991
XVI. A basic instrument of its payload is an imaging system to observe this object both with a Narrow and a Wide
Angle Camera: during the approach phase, Rosetta will orbit around the comet and the two cameras wifi map the
surface of the comet nucleus and the jets. In this paper a possible design for the Wide Angle Camera is described:
this solution adopts an all-reflecting, unobstructed three mirror configuration that permits to have a 17° x 17°
Field of View with a F/3.2 aperture, with an optical quality of better than 80% Geometrical Encircled Energy inside
150 microradians. The detector is a 2048 x 2048, 12 x 12jtm2 pixel CCD, possibily coated with a suitable fluorescent
layer to be sensitive also in the ultraviolet spectral region (above 120 nm). We also describe a possible option, namely
to have an add-on spectroscopic channel for obtaining spectral information in the IJV region from 120 nm to 240 nm,
along a slit keeping a spectral resolution of R 500 over at least two degrees.

1. INTRODUCTION

Rosetta' is a cornerstone mission of ESA for the extended study of a cometary body to be launched in 2003.
After an interplanetary flight, gravitationally assisted by three swing—by (Mars in 2005, Earth twice in 2005 and
2007) where two fly—by with the asteroids Mimistrobell in 2006 and Shipka in 2008 are planned, it will reach the
P/Wirtanen comet with a very low relative velocity in 2011. In this way it will be possible to navigate around the
comet nucleus with the closest distance as small as a few Km up to the perihelion of the comet in 2013. A careful
mapping of the cometary body will allow, apart the exceptional scientific value of such observations, to establish a
feasible site to launch two surface package landers (named Champollion and Roland) that should reach the comet
and perform in—situ analysis. The mapping and the observation of interesting features is a task demanded to the
Rosetta Imaging System (RIS) mainly composed of two cameras: the Narrow Angle Camera (NAC) that should allow
a resolution of some cm on the comet surface, and the Wide Angle Camera (WAC) that should monitor most of the
surface of the comet for the detection of transient phenomena like jets and dust ejection.

In the framework of this project, an European consortium has been settled and in the following the contribution
of the Italian side2 , mainly in the field of the WAC optics and detector, is described.

2. WAC OPTICAL DESIGN

The adopted specifications for the WAC are collected in Tab. 1. One ofthe main goals ofthe WAC is to exploit its
fast F/ ratio in order to detect faint gaseous features close to the nucleus of the comet. This requirement translates
into an edge—furtciiom that drops to values as low as i0 in the very neighbourhood of the comet terminator. The
edge—function is the results on the focal plane of an illuminated sharp edge, normalizing the flux of the plateau at
the unity level.

The upper limits for the attainable edge—function (that is, the contrast at a given distance from the comet body)
is given by diffraction theory, and for a circular pupil depends in a substantial manner from the linear obstruction
ratio e. Such a simple analysis leads to an e value substantially lower than e = 0.3. Because of the incompatibility of
very low obstruction ratios with large Field of View (FoV) such a statement translates, in practice, into the need for
an unobstructed e = 0 optical configuration.
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Focal length 80 mm
Effective F/ 3.2
Spectral range 115—1000 nm (all—reflective solution)
Detector size 2048 x 2048 pixels
Pixel size 12jm x 12pm
Mechanical clearance � 50mm
Geometrical Encircled Energy 80% in one pixel
Stray light rejection � 2 bounces
Pupil input shape Circular & Unobstructed

Table 1: Specifications for the WAC camera.

The nominal spectral range has been selected mainly for technical reasons (UV enhanced optical glasses, suitable
for years—long flight in space environments, are, or can become, substantially opaque at very low wavelengths). It is
worthwhile to point out that the 1 15—200 nm region is essentially unexplored for cometary nuclei and that Rosetta
is an unprecedent opportunity for this type of observation. For this reason it appears mandatory an all—reflective
approach to the WAC optical design.

Using the given detector size and focal length, the FoV covered by this camera is ofthe order of Such a task
has to be accomplished with a minimum number of reflections and with a configuration as compact as possible. Two
mirror solutions belonging to the Schwarzschild—type are well known and it is easy to show that they are unfeasible
with the given specifications, owing to the very large FoV required.

Off—axis sections of a two—mirror solution could have, in principle, the required capabilities. Adopting a convex
primary mirror and placing the stop in an intermediate position between the two mirrors, a configuration can be
obtained that gives a large FoV. At the first order approximation, in fact, the first convex mirror, conveniently
coupled with an input stop pupil located at one of its foci transforms a large FoV in a narrower one. A second
concave mirror can hopefully concentrate the light onto the detector (see Fig. 1)

Folding the obtained optical design at the stop location improves the compactness of the design and allow, via
some deformation of this folding mirror, to correct for the FoV un—dependent pupil aberrations. While the last mirror
can act essentially on the defocus term, the primary mirror is mainly responsible of (and can corrected in order to
aim for) the FoV dependent aberrations.

A further optimization process can give very good results. Care should be taken during this phase to keep the focal
length at the correct value and to control the off—axis angle of the incoming light. Very large off—axis angles translate
into poorer optical performances, while low off—axis angles produce problems in baffling and mutual interferences
between the first and the third reflection. Some help can be introduced shifting the input pupil toward the entrance
aperture, but care has to be given during the optimization process in order to avoid configurations that are unfeasible
from the practical point of view.

2.2 Optical configuration

The configuration obtained applying the previous considerations is shown in Fig.2. It consists of an off—axis section
of a three mirror concentric system: all the mirrors are conical and the relative parameters are summarized in Tab.2.
The input pupil, placed at the secondary mirror, is slightly displaced with respect to the common optical axis, in
order to improve the baffling capability of the camera.

The adopted optical surfaces are moderately aspheric ones. In spite of the very large conical constant of the
secondary mirror, being the vertex curvature radius very large, the departure from the best fitting sphere is of the
order of only a few wavelengths.

In Fig.3 the spot diagrams are shown for the center, edges and corners of the FoV. As it can be seen by the sizes
of the superimposed box, the energy is well concentrate within a single pixel for most of the covered FoV; moreover,
the requirement of having the 80% of the Geometrical Encircled Energy within one pixel is well satisfied.

Geometrical baffling (especially from light reflected by the primary mirror directly on the detector) can be easily
avoided by proper shielding around the light cones flowing from the primary to the secondary mirror and from the
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Figure 1: a): A two—mirror solution with the stop located between the first convex and the second concave mirror;
b): a folded version where the folding mirror can act as a pupil corrector.

Surface Vertex radii
of curvature

Conical constant Distance Size Offset

Ml —520.8 mm 2.020 210.0 mm 66 x 66 mm (squared) 80 mm
M2 1308.4 mm 172.4 221.9 mm V = 46 mm 11.8 mmmi
M3 342.5 mm 0.252 261.7 mm V = 124 mm -52.0 mm

Table 2: Optical parameters of the proposed WAC design
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latter to the tertiary.

2.3 Tolerances

The optical quality of the WAC must be assured up to the completion of the mission. In order to simplify the
mechanics and to avoid as much as possible the failure of the imaging system, no refocussing mechanism is foreseen.
Under these assumption tolerances can become very tight. Care has to be given during the optimization process to
the capability of the optics to maintain excellent optical quality with somewhat relaxed tolerances.

Tolerances are subdivided into two sections for the pre— and in—flight cases. In the first (also said alignment
tolerances) some tolerances are imposed to the mirror manufacturer in order to retain the required optical quality,
taking into account the possibility to compensate for manufacturing errors with a slightly modified assembly. In the
second case, no compensation is possible at all and the optical performances must be retained for some small amount
of misalignment induced by thermal or mechanical stress. In this last case, an unavoidable tolerance is given by
defocussing error, namely the distance from the last optical element to the detector. In our optical configuration this
tolerance is by far the most sensitive.

Pre—flight tolerances

Radius of curvature and conical constant variations are quoted in Tab.3 for a degradation less than 30% over
the whole FoV. Because of the assumption of rotationally symmetric manufacturing errors, only mutual distances
between the optics have been considered as compensating parameters.

The obtained tolerances lay in the range 1—2% of the nominal values, which correspond to relatively relaxed
tolerances during the manufacturing process.

In—flight tolerances
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Figure 2: A tridimensional view of the proposed WAC optics.
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Figure 3: Spot diagrams for the described WAC configuration.

DBr øøB8@ EG

ThA: MM

0BJ: 88.R EG

IMA: -I23S7'6:S8 MM

Surface Radius of curvature Conical constant
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Table 3: The pre—flight (alignment) tolerances for the three mirrors
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Distances Ml
Ml to M2 mm XTilt

YTilt
X Decentering
Y Decentering
M2

mm
mm

M2toM3 XTilt
YTilt
X Decentering
Y Decentering
M3

mm
mm

M3 to Detector mm X Tilt
YTilt
X Decentering
Y Decentering

mm
mm

Table 4: The in—flight tolerances

Also in this case it is assumed as acceptable a degradation of the image quality on the whole FoV of 30% of the
nominal quality. While defocussing is considered as a true full degradation, tilt effects are ruled out.

The quoted values (see Tab.4) refer to a single perturbation to the optical train. A more complex and detailed
treatment is to be performed in order to firmly assess the required mechanical tolerances.

3. SPECTROSCOPIC ADD-ON MODE

The spectroscopic mode here considered is strictly an add-on mode to the imaging camera and it does not interfere
or compromise the performances of the latter. In particular it does not require a separate detector, nor a separate
structure. This possibility is particularly tailored for the all reflecting camera design and allows observations in the
vacuum ultraviolet spectral range down to 115 nm.

3.1 Spectroscopic mode concept

The concept of this add-on spectroscopic mode is to deviate the focusing radiation beam outgoing from the third
mirror of the WAC and to send it on the spectrograph. This can be done by means of a folding mirror, located on
the filter wheel, which collects the beam before it is focused on the detector, and sends it to focus on a slit which
permits to select a small portion of the FoV. The beam enters a one element reflection spectrograph and finally the
diffracted beam is focused on the same camera detector by means of another folding mirror located again on the filter
wheel. To implement this capability on the WAC, some different optical solutions have been considered, which can be
divided in two categories: in one case only two folding mirrors are used in addition to the dispersive element, while
in the other a third folding mirror is present.

In both the cases, the adopted optical concept for the spectrograph is based on the use of a concave toroidal
grating to obtain a quasi—stigmatic spectrum3 . The proposed designs with two or three folding mirrors permit to
have some flexibility on the entrance and exit arms of the grating (p and q respectively): in this way it is possible
to make the grating to work either in on- or off-Rowland configuration4'5. Generally speaking, in the three-mirror
case it is possible to work on-Rowland (p = Rcos c and q = Rcos ,8, where R is the equatorial radius of the concave
grating and a and /3 are the incidence and diffraction angles respectively, which must be as small as possible to keep
the aberrations small) , while in the two-mirror one only the off-Rowland configuration is possible (p R cos and
q Rcos/3). Since the Rowland mounting is the optimal one for the reduction of aberrations, the three-mirror case
permits to have the best optical performances at the expenses of a somewhat reduced radiation flux; on the contrary,
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the two-mirror case offers a better throughput but a reduced optical performances. In effect, this is strictly true only
if the same grating shape type is adopted in the two cases: but if the grating surface is furtherly made aspherical
with corrective terms of the y (coma) and yz2 (astigmatic coma) type (y being the coordinate on the grating surface
perpendicular to the ruling and z the one parallel to it) and also of higher order type (spherical aberration corrective
terms), the optical performances of the three-mirror on-Rowland and of the two-mirror off-Rowland mountings are
comparable.

Another possible solution to reduce the amount of the residual aberrations is to holographically record on the
(toroidal) grating surface a ruling pattern produced by the interference of a pair of properly aberrated wavefronts
which permits to compensate the aberrations themselves. The optical performances in this case are similar to the
ones obtainable by the just described optics, even if probably it is possible to get a flattened spectrum.

3.2 Analysis of the performances

A pair of schematics of possible solutions for the two- and three-mirror spectroscopic channel are shown in Fig.s 4
and 5. For clarity, in this figures only the last mirror of the WAC, with the outgoing radiation beam, is shown. It is
easy to see that in the two-mirror case, the entrance and the exit arms on the grating are very different (off-Rowland
configuration), while in the three-mirror case they can be almost equal (on-Rowland).

In order to have an idea about the optical capabilities of the different mountings, for the analysis of these con-
figurations only plane folding mirrors have been considered: this means that they have no influence on the optical
performances of the instrument, so that in practice the spectroscopic channel can be considered as a single element
(the grating) spectrograph.

The geometrical parameters of the two-mirror configuration are the following:
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Figure 4: Optical layout of the two-mirror solution for the spectroscopic channel.
&

Downloaded From: http://proceedings.spiedigitallibrary.org/ on 07/14/2015 Terms of Use: http://spiedl.org/terms



264 / SPIE Vol. 2478

&

Figure 5: Optical layout of the three-mirror solution for the spectroscopic channel.
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Wavelength
(nm)

Entranc
position

z

e slit
(mm)

B

spec.
lurs (rm
x spat.

F/3.2

s)
(pm2)

B

spec.
lurs (rm
x spat.
F/4.5

s)
(pm2)

120 0 12x8 7x3
160 0 3x10 2x4
200 0 4x13 2x6
240 0 18x14 12x7
120 1 20x19 13x12
160 1 15x18 lOxil
200 1 13x18 9x11
240 1 21x20 14x10

Table 5: Values of the aberrations in the focal plane for a two-mirror configuration.

. p = 150 mm, q = 250 mm (magnification ratio = 1.667 = 20 pm squared effective pixel)

. Stigmatic wavelength: = 160 nm

S Subtended angle on the grating: c + /3 = 6°

S grating ruling frequency: l/d = 520 1/mm

. spectral range: 115 - 240 nm

. toroidal grating + coma, astigmatic coma and spherical aberrations corrective terms

. F/3.2 or F/4.5 aperture

The optical performances of this case are summarized in Tab. 5; they have been obtained simulating the configu-
rations by means of a suitable ray-tracing code. The spectral range 120-240 nm has been analysed, and the spectral
x spatial aberrations (rms values) are reported for a point source with uniform rays distribution located at the center
of the slit (z = 0) and at 1 mm height (z = 1 mm): in order to understand the effective influence of these aberrations
on the spectra, it is necessary to convolve them with the slit element projection on the focal plane. So, for example, if
the slit element here considered is 12 x 12 pm2, its projection on the focal plane is 20 x 20 pm2; in the case of160 nm
at z = 0 and F/4.5 aperture, this value has to be convoluted with 6 x 12 pm2 (3 times the rms value), obtaining
approximately 21 x 23 pm2. Two different apertures have been considered: the full F/3.2 camera aperture and also a
F/4.5 aperture which corresponds to collect half of the full throughput: this option has been also considered because
it permits to have better optical performances, even if a portion of the radiation flux is lost.

The optical performances of the same case when using a toroidal grating having only the coma and the astigmatic
coma corrective terms are shown in Tab. 6. Only the F/4.5 aperture has been considered.

Two other different configurations have been studied for the three-mirror on-Rowland case: in the first, p q =
150 mm; in the second, p q = 250 mm.

The geometrical parameters of these three-mirror configuration are the following:

. p q = 150 mm, or p q = 250 mm (magnification ratio = 1)

. Stigmatic wavelength: A = 160 nm

. Subtended angle on the grating: a + 6 = 8° or 6° , respectively

. grating ruling frequency: 1/d = 870 1/mm or 520 1/mm, respectively

S spectral range: 115 - 240 nm

. toroidal grating
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Wavelength Entrance slit Blurs (rms)
(nm) position (mm) spec. x spat. (jim2)

z F/4.5
120 0 10x3
160 0 5x5
200 0 6x7
240 0 14x8
120 1 15x12
160 1 11x12
200 1 11x12
240 1 17x11

Table 6: Values of the aberrations in the focal plane for a two-mirror configuration (grating with only two corrective

terms).

Wavelength
(nm)

Entranc
position

z

e slit
(mm)

B
spec.

lurs (rm
x spat.
F/3.2

s)
(jim2)

B
spec.

lurs (rm
x spat.
F/4.5

s)
(jim2)

120 0 14x1 llxl
160 0 3x1 2x1
200 0 13x1 llxl
240 0 60x1 43x1
120 1 19x15 15x10
160 1 12x12 8x8
200 1 16x9 12x6
240 1 60x6 44x4

Table 7: Values of the aberrations in the focal plane for a three-mirror configuration having p q = 150 mm.

S F/3.2 or F/4.5 aperture

The optical performances of these cases are summarized in Tab.s 7 and 8, similarly to the previous cases. For the
case with p q = 250 mm, only the F/4.5 case has been considered.

From an analysis of the obtained results, some preliminary comments are possible. The first is that all the
configurations with F/4.5 aperture give a very small amount of aberrations, both spectral and spatial, at the center of
the slit, while a small degradation is present for a 1 mm off-plane source. Taking in account the different effective pixel
size on the detector, both the two- and three-mirror configurations give practically the same amount of aberrations for
off-plane source, with some better results for the two-mirror case at the edge of the analysed spectral range. Finally,
the full F/3.2 aperture seems not to be very good in the studied cases.

As already said, the optical performances of all the described configurations are relative to a single element
spectrograph: but, in the hypothesis that the folding mirrors after the slit are aspherical, it is possible to furtherly
reduce the residual aberrations. For example, with this option also an on-Rowland configuration in the two-mirrors
case could be possible: in fact, the grating could focus the spectrum before the second folding mirror, and if the latter
has an effiptical shape it could image the spectrum on the detector. Moreover, all the analysed configurations have
not been optimized yet, both for the stigmatic range and the focus position.

Another possible configuration to be studied, is the one recently proposed by Harada et a. In this case, the stig-
matic spectrum is obtained by means of a spherical grating with a variable line spacing: the geometrical arrangement
of the optical elements is almost the same of the Rowland mounting, but the spectral and spatial focal curves are
practically coincident for a rather wide region and are almost fiat. This configuration should permit to have better

266 I SPIE Vol. 2478

Downloaded From: http://proceedings.spiedigitallibrary.org/ on 07/14/2015 Terms of Use: http://spiedl.org/terms



Wavelength Entrance slit Blurs (rms)
(nm) position (mm) spec. x spat. (jim2)

z F/4.5
120 0 10x3
160 0 lxi
200 0 3x3
240 0 i8x7
120 1 12x8
160 1 6x6
200 1 6x6
240 1 20x8

Table 8: Values of the aberrations in the focal plane for a three-mirror configuration having p q =250 mm.

performances in terms of stigmaticity of the spectrum with respect to the Rowland one.
In all the analysed cases, the spectral region between i20 nm and 240 nm has been considered, but different

spectral ranges can be chosen simply by changing the grating ruling frequency. However, it is important to observe
that with the proposed spectral region the problem of second diffraction orders is entirely avoided since the mirror
reflectivity at shorter wavelengths is extremely small.

4. DETECTOR

In the present design it is foreseen to use the same CCD detector of the camera. In this concept, the CCD will
be coated with a fluorescent layer in order to be sensitive to the near and vacuum UV: for example, a metachrome
coating will give a quantum efficiency (QE) of about 30% for wavelengths down to 250 nm7 and recent results by
Photometrics8 show that the response of this coating is good still down 115 nm. To confirm these data, these CCDs
and layers are presently under study in our laboratories, with the purpose to evaluate their performances in the
vacuum UV spectral region also below i 10 nm. As alternative, the use of thinned, back-illuminated, ion-implanted
and laser-annealed CCD appears promising9 . In recent experiments they have shown QE of the order of 10% around
120 nm10. The advantage of the last solution is that there is not the problem of having to guarantee stability of the
scintillator coating for very long period in vacuum.

5. CONCLUSIONS

An all—reflective, unobstructed, wide field of view camera, with an UV spectroscopic option on the same detector,
has been described. This design has been produced specifically for the Rosetta mission of Esa but, at least as a first
guess, it can be regarded as a general purpose camera for planetary exploration. Such a camera becomes competitive
with an all refractive camera, also due to its relative compactness.
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