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ABSTRACT

The status of the Imaging Camera for the Spectrum IJV space telescope (a 170 cm UV telescope to be build by Space
Agencies of Canada, Germany, Italy, Russia and Ukraina) is briefly reported.

The concept of this camera is to have a double focal length choice on the same detector. This is accomplished
via a single flat mirror for the low—resolution (F/b), wide—field channel and by an optical relay located in the filter
wheel for the long focal length (F/lOO), high resolution channel10"1. The detailed shape and position of the detector
and the flat mirror have been fixed on the basis of mechanical and focal plane occupation constraints.

In the framework of providing a tool for the simulation and planning of astronomical observations with such a
space—facility, the expected average PSF has been computed, using Fourier techniques, at different positions in the
field of view and at various wavelength bands. Due to the uncertainty on many parameters of the Spectrum UV
telescope, care has been taken to ensure the modularity of the adopted procedure.
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1. INTRODUCTION

The Spectrum-UV (SUV) mission is an observatory type mission whose primary instrument is a 170—cm aperture,
Ritchey—Chrétien telescope (T—170) for imaging and spectroscopy in the 912 to 4000 A range3.

The T—170 focal plane complement consists of a high dispersion dual echelle spectrograph, a medium dispersion
Rowland spectrograph and a direct camera for wide and narrow band imaging.

An advanced feasibility study of the mission is being carried on by an international team which includes scientists
from Canada, Germany, Italy, Russia and Ukraine. The Italian side, responsible for the tracking cameras, the Rowland
spectrograph and the ground segment, is also performing a study for the definition of an imaging camera. A status
report on this work is presented in this paper.

2. CAMERA DESIGN

Preliminary studies11 have demonstrated that, taking into account both optical performances and mechanical/optical
constraints, imposed by other instrumentation on the focal plane, the best solution for the optical design of the
imaging camera is achieved by inserting a flat folding mirror, slightly off axis, in the incoming light beam. A sketch
of this design is given in Fig. 1.

In the current focal plane accomodation the entrance slits of the T—170 spectrographs are placed in the center of
each Fine Guidance Sensors field of view (FGS FoVs hereafter). The FGS FoV are individuated by two squares of
6'—8' in diameter, located in opposite directions with respect to the main optical axis, with the centers at a distance
of 10' from it.

We have assumed as mandatory the absence of vignetting for the F/10 channel of the camera, the spectrographs
entrance slits and the probes of the FGSs. This statement poses limitations on the position and shape of the folding
mirror.

Once the detector size, position and orientation are fixed along with the position of the flat mirror, a straightforward
geometry allows to calculate the required shape of the mirror and the shadowed area on the focal plane.

A number of points must however be considered:
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Figure 1: Pictorial view of the focal plane accomodation for the T—170 telescope.

1. The calculation has to be performed taking into account that points on the mirror surface lie at different
distances from the focal plane. This implies a slight deformation of the mirror's shape.

2. Non—telecentricity is not negligible and reaches values of the order of more than 0.5 degrees and must be
accounted for in order to avoid vignetting. This implies a deformation of the mirror's shape in the same
direction of the preceding point.

3. Tolerances in the manufacturing and positioning of the mirror need to be accounted for. This translates into a
larger shadowed area on the focal plane.

4. The best detector tilt and position with respect to the (folded) main optical axis, depend upon a number of
parameters (detector size, aberrations and so on). The best positioning of the detector can be reached via slight
inclination of the detector, slight inclination of the folding mirror or, eventually, both.

Part of these considerations are now discussed in some details.

2.1 Best detector tilt and position evaluation

Once the detector is placed off—axis, the revolution simmetry of the optical system is lost. The best position for the
detector depends on two new free parameters: the inclination of the detector around an axis lying in the nominal
focal surface and orthogonal to the main optical axis and its height above the nominal focal plane. This statement
can be derived from pure geometrical reasons.

In order to find such a best position a merit function can be defined. Its detailed derivation is discussed in Baruffolo
and Ragazzoni': here we will discuss only those parameters which are relevant in its definition.
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Detector Size 25mm 5'
Pixel Size 25gm 0.25"
Jitter . O.1"©1o
Mirror Tolerances 5mm
Diameter of the FGS 35mm 7'
FGSOffAxIs 50mm 1O'
FGS Tolerances 0mm
Max Clearance 350mm
Clearance Tolerance 5mm

Table 1: Parameters adopted in the optimization procedures.

The merit function will depend on:

1. defocus due to the distance from the detector plane (assumed to be flat) to the curved nominal focal plane;

2. astigmatism, depending only on the off—axis of each detector point;

3. blurring due to jitter (this effect is, on a statistical basis, spatial independent; spurious rotation fields are
assumed to be randomly distribuited);

4. loss of spatial frequency resolution due to finite pixel size.

The first two effects depend only on the optical configuration of the telescope and their characteristics are therefore
already fixed. Jitter blurring and the pixel size effects have been estimated, respectively, as the expected 0.1" blurring
(1 oP), which corresponds to 0.24" FWHM (FWHM=2./ii .o), and as one half of the expected pixel size. It is to
be noted that any spatial independent blurring leads to a damping effect in the merit function. If it dominates then
a null tilt angle will be obtained for the detector.

Computation of the merit function for various detector sizes and off axis distances' shows that when a very small
detector size is considered (the comparison parameter being the focal plane curvature radius) then its position and
inclination follow quite closely the curved focal surface and the inclination of its tangent plane.

When a substantially non zero detector size is considered, a significant departure from the focal surface is obtained.
For a 25 mm detector, the difference in height is about 0.04 mm (with respect to a small detector) and is nearly
independent from the off—axis distance, while the difference in inc]ination increases from zero on axis to 0.04 degrees
at 50 mm off-axis.

2.2 The optimization process

The final choice for the optical design depends essentially on two considerations:

1. the off—axis of the camera detector must be as small as possible to provide better optical performances. Prelim-
inary ray—tracing9 has shown that, allowing for a proper choice of the detector tilt, a 6' off—axis is acceptable
in the current budget (which is dominated by the expected jitter errors);

2. the volume from the folding mirror to the detector should be as large as possible in order to: (i) favour mechanical
arrangement of filter wheels, shutter, calibration lamps, wavefront sensors and so on; (ii) improve the F/100
channel optical performances (which significantly depends on the distance between its two spherical mirrors11).

From simple geometrical considerations it is easy to demonstrate that the best detector orientation is the one
having the detector's diagonal aligned with a line passing for the main optical axis.

The two driving parameters are the height of the mirror above the focal plane and the camera off—axis.
The optimization process is performed in an iterative way, starting with two guesses for these parameters and

adjusting them alternatively until their variations are within an assigned numerical tolerances (in our case fixed to
0.0 1mm). The adopted values for the run are shown in Tab. 1.

The optimization of the detector position and inclination is performed by minimizing the merit function with
respect to these parameters. The method is described fully in Baruffolo and Ragazzoni'.
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i=450 i=38°
Folding Mirror Height 305.5 mm 295.1 mm
Detector Off—Axis 36.9 mm 36.1 mm
Detector Inclination 1.63° 1.600
Detector Height 0.58 mm 0.55 mm
Mm. Blur 16.25pm 16.lOpm
Max. Blur 34.81tm 33.94,rni
Avg. Blur 22.04tm 21.56jm

Table 2: Optimal parameters and resulting blurring for mirror inclinations of 45° and 38°.

The resulting values are given in Tab. 2, for mirror inclinations of 45° and 38° , this last angle was estimated as
the minumum inclination that allows to place the detector and filter wheels as high as possible above the focal plane
while leaving enough space for their accomodation. In the same table, besides the optimal optical design parameters,
the optimal values for the detector position and inclination are also shown. Note that if the detector is placed in the
nominal focal plane (i.e. with zero height and inclination) than the average blur over the detector surface will be
65.37gm, which is 'S.- 3 times larger than the optimized value.

In Fig. 2 the optimal position and the shape ofthe folding mirror shadow on the focal plane and the two dimensional
map of the blurring over the detector's surface in its optimal position are shown, for a folding mirror inclination of
38°.

3. A SUV CAMERA SIMULATOR.

The scientific capability of the SUV imaging camera can be assessed through simulation experiments. This can be
accomplished up to a given degree of accuracy, depending upon the scientific objectives of the simulation itself. Just
to give a simple example, the description of the halo of the PSF cannot be neglected if high dynamic range images
are to be examinated. In the case of a complex, low dynamic range, imaging, on the other hand, the crucial factor
becomes the full width half maximum (FWHM) of the PSF. The Field of View (FoV) of the SUV imaging camera
is (in the current baseline) very large, if compared, for example, to that of the WF-PC II on the Hubble Space
Telescope, and the dependence of the PSF on the position within the FoV cannot be ignored.

The wavelength dependence of the PSF becomes not trivial when the roughness of the optics is not negligible;
this point is especially true for the PSF's halo. The expected optical quality of the SUV primary mirror (/28 at
)I = 632.8 nm) requires a description of the PSF that takes into account the detailed wavelenght dependence of the
collected light.

Because of the large number of parameters and the dependence on the observed object (the spectral distribution on
the focal plane, for istance, is the product of the optics transmittance and celestial object spectrum) it is meaningless
to simply provide a collection of PSFs computed with some fixed configuration. This problem is solved via the
realization of a relatively fast procedure, described in the following, able to compute a detailed PSF for any desired
configuration.

3.1 Overview of the PSF evaluation

The optical process of the formation of the image at the focal plane (or at the detector plane) is a complex one.
Usually it is not possible to split the various effects which degrade the optical quality by operating at the level of the
image plane. This splitting is easier and, in a sense, natural, from the optical point of view, when it is performed at
the level of the incoming wavefront.

In fact it is known that the PSF of an optical system can be computed by squaring the Fourier transform its
Coinplez Pupil Function, given by the equation13:

'P(, 77) = P(., 77)ei2T'(1)
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Figure 2: J1 a) Graphical view of the position and shape of the folding mirror shadow on the focal plane (broken
line) for a mirror inclination of 38° . The inner dotted lines represent the projection of the mirror boundary on the
focal plane with and without tolerances. The position of the optical axis and the area covered by the FGS field of
view and the detector are also shown. b) Bidimensional map of the blurring over the detector in its optimal position,
as defined in text, for a folding mirror inclination of 38°. The direction of the optical axis is indicated by the arrow.

where , ii are coordinates on the exit pupil of the system. This function includes both the wavefroni error pupil
futi&cion W(, i) and the amplitude transmiUance pupil function P(E, ).

Thus diffraction effects due to finite aperture of the input pupil and the presence of the central obstruction and
the secondary mirror spiders can be taken into account by a proper construction of the amplitude transmittance
pupil function. Aberrations due to the optical design can be computed with great accuracy using the Optical Path
Difference (OPD) map13 and, finally, the mirror roughness can be added to the wavefront error pupil function.

It must be noted that other effects, like that produced by jitter and partial correction via secondary mirror
pivotting can be added in a later stage, and are not described here. Jitter effects, for example, can be introduced in
a straightforward manner through convolution of the PSF with the expected pointing wandering.

Some of the components of the complex pupil function that were considered in the computation of the PSF for
the ST.JV camera are now discussed in some details, a thorough discussion was given in a separate paper2.

3.2 Optical design
The geometry of the optical design of the SUV imaging camera has been described in details eIsewhere1', while the
T—170 optical parameters can be found in Popov8. Third order aberration theory does not give enough precision for
a detailed description of the off—axis and out of focus behaviour of the Ritchey—Chretienne telescope: 5thorder effects
being of the order of 1/100 of the 3T(1 order ones12. However a detailed calculation of the aberration coefficients up
to the 5Th order is a tedious task and thus we choose to evaluate the wavefront aberrations using ray—tracing. The
adopted ray—tracing procedure was taken from Zhang et al.15.

3.3 Mirror roughness

The true roughness of the mirrors is still unknown, thus we considered only the error map for the primary mirror which
gives the major contribution to the wavefront error. As a baseline it has been assumed an rms of )/28 (7t = 632.8 nm)
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for the low frequency surface errors (up to 0.01 cycles/mm), then the rms for the mid—frequency errors (between 0.01
and 0.25 cycles/mm) has been estimated by supposing that the surface errors scale in the same way as in the Rubble
Space Telescope5. In this way we obtained an rms of ./50 (A = 632.8 nm) for the mid—frequency surface errors.

The error map has been generated by inverse Fourier transformation of the expected power spectrum, assumed
to be flat in the various frequency range described above, with a randomly generated phase. Care has been taken
to ensure that the resulting error map is a real function (and thus its Fourier transform, that we generate, must be
a Herrniie function4) so that the rms is preserved in the reverse transformation (except for a normalization factor
depending on the particular algorithm used to perform the Fourier transform).

It must also be pointed out that, due to practical limitations in the calculations, we must restrict ourselves only
to a part of the spectrum. If we compute the spectrum as a N x N matrix then the maximum spatial frequency that
can be reproduced is given by (2 . N)/D cycles/mm, where D is the mirror diameter.

Finally it should be noted that our procedure underestimates the very low frequency errors (whose spatial scale
is greater than the mirror diameter), given the insufficient sampling in the Fourier domain, but such kind of errors
(ifpresent) can be accounted for in the ray—tracing procedure as figure errors in the optical surfaces, furthermore we
have assumed a flat power spectrum which automatically reduces this undersampling effect.

An example of the primary mirror error map generated in this way is shown in Figure 3.

3.4 Diffraction effects

Diffraction effects must also be properly taken into account: they depend on the transmittance of the input pupil.
The pupil was taken as a circle of unit transmittance with a central obstruction (e =0.47 for the T—1708) and four
spiders, that correspond to the secondary mirror supports.

As is well known12 the presence of the central obstruction has two effects: as e increases the full width half
maximum of the perfect image PSF (i.e. in the absence of any aberration and mirror surface errors) becomes smaller
(and thus the resolution is enhanced) while an increasing amount of energy is transferred from the central disk and
nearest bright rings into the wings of the PSF.

The effect of the presence of the secondary mirror supports (spiders) is to create some spikes in the PSF coaligned
with the spiders. The physical dimensions of the spiders (22 mm) and their geometry were taken from Nekhaev6.

As an example, an image of the pupil transmittance and the corresponding PSF are given in Figure 4.
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Figure 4: a) Pupil transmittance including obstruction and secondary mirror supports, the corresponding PSF
(on axis, without considering the primary mirror error map) is shown in b).

3.5 Polycliromatic evaluation

The algorithm adopted in the computation produces a monochromatic PSF whose scale is given in units of AiD: when
computing a polychromatic PSF it is thus necessary to resample each monochromatic PSF into a common spatial
scale. The computation of the polychromatic PSF is performed using a table of wavelengths A, and weights W, : the
monochromatic PSFs are then computed at the given wavelengths, resampled to a common spatial scale and then
added using the supplied weights. Each weight contains the combined effect of the optics transmittance, detector
efficiency and object spectrum. It should be noted that the effect of considering the polychromatism in the PSF
computation is essantially to smooth the finest details of the monochromatic PSFs, as can be seen in the simulation
shown in Figure 5b.

3.6 The adopted process

In Figure 6 a graphical sketch of the PSF generation procedure is given. The routine takes as input the position at
which the PSF is to be computed, plus a number of optional parameters (which are generally defaulted to reasonable
values): the size (in pixels) of the PSF, the primary mirror roughness map (the default is to compute the PSF without
considering it), the scale of the PSF (in arcsecond per pixel) and the wavelength (default 623.8 nm).

The program then computes the pupil transmittance, the OPD map and the mirror roughness which are then
combined to form the complex pupil function. At this point the PSF is simply obtained by squaring the inverse
Fourier transform of this function.

If a polychromatic PSF is to be computed, then a pair of additional vectors must be supplied to the routine:
one containing the wavelengths within the chosen bandpass and one containing the weights to be assigned to each
monochromatic PSF. The individual PSFs are then scaled and combined to produce the polychromatic PSF as
described in the previous section.
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Figure 5: a) Monochromatic PSF computed at = 632.8 nm, 35 mm off—axis position, on the minimum
wavefront error surface14, including the primary mirror roughness; b) Polychromatic PSF computed in the same
position as in a) but for a wavelenght bandpass of 100 nm, centered at A = 550 nm, with a wavelength increment

= 2 nm, assuming unit transmittance within the bandpass. This particular PSF is thus the combination of fifty
monochromatic PSFs.

4. CONCLUSIONS

The shape, position and relative orientation of the fiat pick—up mirror for the Spectrum UV camera have been fixed.
A thorough discussion about the various constraints that have played a role in this task have been outlined. A code for
the generation of simulated images has been written and tested. Its integration with popular astronomical packages
of image processing will allow a detailed prediction of the camera's performances.
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