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ABSTRACT

The European Space Agency (ESA) is developing aependent system for Space Situational Awareness
(SSA). One component of the draft architecture teé system foresees a network of optical telescdpes
observations in the MEO/HEO/GEO region. The telpsaoetwork will survey and track all objects abaveertain
diameter and will deliver data to allow the collent of accurate orbits and possibly information the object
properties. Major design drivers are the requirdsmen the limiting object size, the timeliness farticular events
such as fragmentations or maneuvers, and the admtracy for cataloguing. For the optical senstmsse
requirements translate into wide FOV's and largertapes. In this work, different design options fbe optical
telescope assembly are evaluated and a trade-alffsasin terms of capability and costs is giveheTdentification
of key telescope parameters according to the redsensitivity and tracking requirements is diseds&mong the
various design aspects, especially the tradedoéte/een aperture and focal ratio, FOV and detesiza, as well as
pixel size and readout time are treated. As a reduthe analysis a possible telescope designhierSSA optical
network is presented.

INTRODUCTION aperture diameter of the telescope determines the
In this article the optimal telescope desi nIimiting object detection size, the limiting sigrtat
P P I oise ratio (SNR), and the exposure time. The Space

parameters for the optical part of a future Europeas .
S . urveillance Network (SSN) telescope preferably
Space Situational Awareness (SSA) system, in tefms (fl:ou'd have a very large FOV and a large aperhure,

; . [
system performance, requirements compliance, al . . . N
Y p q P Yese two requirements are in conflict and it isyve

costs are evaluated. The key te_lescope parameters ifficult to have a reasonable compromise between
identified and assessed against the given SS

requirements. Based on this analysis a prelimitiaty em. One of the constraints limiting the SNR ig th
of design requirements is consolidated. Differezgign background light. The contributions to the backgrbu

i ith diff t k i d are the sky background, stray light, dark curreamf
options with dilierent k€y parameters are COnsiaere ., sensor, and various noise contributions in the
some design might be better for certain purposes o

. i ) .~ dmplified detector output.
whereas other might have interesting features like In the choice of the camera different factors nieed
sim_plicity and low developme_nt cost. It is imp_o_rltao be considered. Charge-Coupled Devices (CCD’s) are
estimate the.se values for a W'de. range of Fie3|gnnm known technology and produce good image quality wit
so that during a later phase it is possible to csele ; . L

. . ; very low readout noise and high sensitivity. For
designs which best fit the overall performance lod t . : . -
svstem astronomical imaging applications they are usutiky
y : . : referred sensors. However the readout time iserath

For the proposed surveillance system, depending gng which doesn't fit well to the current applica
the number and size of the search fields, diffefietd ’ .

and longer gaps between the exposures or higher

of vigw (FOV) valges might be required to ensure Geadout noise have to be accepted. The data tramsfe
certain re-observation frequency. On the other htrel from sensor produces a bottle neck, where low noise
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requires reasonable integration time for each pi®el « Sloan Digital Sky Survey (SDSS) telescope
the other hand if the device is a mosaic or hasemor  (Apache Point Ob., NM) [RD-9],
readout channels, better readout times can bewathie « Télescope a Action Rapide pour les Objets

Additional to the sensor, control electronics isaed, Transitoires (TAROT, Plateau de Calern, FR, and
together with low noise levels, which are requifed La Silla Ob., CL) [RD-10],

high quality astronomical cameras. Since the dark  Ppassive Imaging Metric Sensor  (PIMS)
current in all above sensors is significant, inesrtb be (Herstmonceux, UK, Gibraltar, and Cyprus) [RD-
able to take several seconds exposures from faint 7171),

objects, the sensor has to be cooled. Zimmerwald Laser and Astrometric Telescope

The mechanical design of the telescope is another (ZIMLAT, Zimmerwald, CH) [RD-12],
important component: the telescope should be able { ggp Space Debris Telescope (ESASDT, Tenerife,
quickly change its pointing direction and to stedeilin ES) [RD-13]
order to take the next exposure. During this time t ,  graqtord robotic telescope (Tenerife, ES) [RD-14].
image is read out from the camera. In principlés itot
impossible to turn the telescope by few degreekimvit
few seconds, but the final pointing has to be redch

within an accuracy of arcseconds, which is a very Name Dimj| PO} fiml | FOVIY Type
demanding requirement. Short tube length and PanSTARRS 19| 43 8 s RC
lightweight structures improves the stabilizatiome, LssT 84 | 125 105 3 P
yet making the design more complex and more csss 068 19 13 2.8 s
expensive. SSs's 052| 34 175 2.05 s
ANALYSIS OF TELESCOPE COMPONENTS S8 40-inch L] 8 8 0% Re

MLS C 1.5 2 3 1.1 C

Optical telescope assembly ROSACE 05 | 38 19 04 N
The first telescope component to analyze is the  MODEST 06 | 35| 21 1.3 s

Optical Telescope Assembly (OTA) which is defined t SDSS 25| 5| 125 3 RC
include the primary mirror, secondary mirror andith

. .o TAROT 0.25 3.5 0.9 1.9 N
related support structure. Different existing tetgses
were examined to appraise the technology conssraint PIMS 04 | 10 41 06 ¢
the current optical systems. A representative efrtiost ZIMLAT 1 |10 103 0.2 RC
interesting telescopes with wide-field capabilitiess ESASDT 1 | 44| 45 0.7 RC
shown in Table 1. Some of the professional telessop Bradford 036| 11| 40 0.4 sc

come close to serious amateur telescopes in regard

some parameters (TAROT, ROSACE) and the analysisTable 1. Primary mirror diameter (D), focal ratf) (

of interesting projects, like e.g. the Bradforcesglope,  focal length (f), and FOV of different telescop&he

gives indications about the potential of totally types are: Newton (N), Schmidt (S), Cassegrain (C),

Commercial Off-The-Shelf (COTS) constructed systemsSchmidt-Cassegrain (SC), Ritchey-Chretien (RC)] Pau

with essentially smaller related costs. The follogyi (P).

telescopes are considered: The data show that most of the telescopes hardly

+ Panoramic Survey Telescope and Rapid Responseach wide FOV for large apertures. The CSS and SSS
System (Pan-STARRS, under construction) [RD-1]telescopes reach more than 2 deg FOV, both with a

* Large Synoptic Survey Telescope (LSST, undeSchmidt design and relative small apertures of ®r68

construction) [RD-2], and 0.52 m. Without a Schmidt corrector the covered
e Catalina Sky Survey Schmidt (CSS S) telescop&OV and the aperture diameter are even smalléigras
(Mt. Bigelow, AZ) [RD-3], the TAROT telescope, with 1.9 deg FOV but an
» Siding Spring Uppsala Schmidt (SSS S) telescopaperture of only 0.25 m. Very few big and expensive
(Siding Spring Ob., AU) [RD-4], projects like the Pan-STARRS, LSST, and SDSS
« Siding Spring 40-inch telescope (SS 40-inchtelescopes attain 3 deg FOV with impressive large
Siding Spring Ob., AU) [RD-5], apertures. S _
«  Mount Lemmon Survey (MLS C) telescope (Mt. In general, the limitation in FOV and usable image
Lemmon, AZ) [RD-6], plane width is set by vignetting and aberrationsctvh

. Restitution d’Orbite par Systéme Autonome CCDaré always present in real telescope systems.

d’Ecartométrie (ROSACE, Meudon, FR) [RD-7], Aberrations tend to increase moving away from the
«  Michigan Orbital Debris Survey Telescope ' optical axis, thus there is a certain limit in thgable
(MODEST, Cerro Tololo, CL) [RD-8], image plane without additional correction optics.
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Additional optics tends to increase other imagdn silicon changes from 10 nm to 0.1 mm at
distortions, like chromatic aberration, and to Idigt  wavelengths from 350 nm to 950 nm. Because of the
due to reflections at surfaces and absorptionénlehs  effective absorption, silicon detectors are notl weited
material. The field curvature of the image planedseto for UV measurements. Any structure in front of the
be corrected with specific field flatteners. Thedetector or dead layer in back of the detector will
manufacture of large aspherical optical componénts prevent photon detection. The contrary takes piesse
an additional challenge. Novel polishing techniquesIR. Red photons travel deep into the silicon before
like Magneto-Rheological Finishing (MRF) or ion-lm@ea absorption. Thick active layers are needed neaaried,
polishing can produce very complex aspherical s@fa and at 1100 nm silicon becomes nearly transpafém.
with large aspherical deviations. The limiting fastare CCDs for astronomy are generally back-side
the extent of the surface variations and the sizth® illuminated. Quantum efficiency (QE), the charge
elements that the machine can process. MRF machinpsoduced by one photon, of the back illuminatedkhi
can handle objects which are less than half a meter CCDs can be high outperforming most other detectors
diameter, ion beam polishers need vacuum chambe8pecial antireflective coatings can be used for
with a maximal size of about two meters at the mume improving the detector performance at certain
The working contact area with MRF is in the wavelengths. Modern CCD chips are manufactured in
submillimeter and with ion-beam polishers in themany formats: there is a large selection of diffiere
millimeter range. With classical lapping machinkég t pixel formats, and several other options to chdoz®,
minimum tool width is in the centimeter range. Tdes including focussing micro-lenses, special coatiags
factors set the limit for the aspherical shape gharon advanced packaging. Very large chips, with >4k x 4k
the surface. The shape can not change too much ungexels, are emerging from the chip foundries to
the tool contact, otherwise the latter does notkwora commercial market. Typical features can include tMul
controllable manner. The surface shape under tbe toPhased Pinned (MPP), or inverted operation for
footprint must be close to spherical. reduction of the dark current. Antiblooming (pixel
To reach large FOVs are usually complicatedcharge overflow) circuitry can be also includedtlie
designs necessary. Multi-mirror designs are comsitle detector structure, but is typically not part ofeth
to be suitable only for very large telescopes, whbe detectors used in astronomy.
loss of light due to the additional mirror surfades Cooling the CCD reduces dark current to negligible
tolerated. Although the gravity does not affect adevels, allowing exposure times of up to hours in
strongly the Schmidt corrector as large lensesduration. To achieve the highest possible sensifivi
generally, the Schmidt telescopes, with a longcstine  astronomers cool the CCD usually with liquid nitag
and high rotational inertia, are inconvenient foace MPP or inverted operation reduces the rate of dark
observations which need short exposures and swifiurrent generation by a factor of 20 or more angsth
repositioning, as in the frame of SSA. relaxes CCD cooling requirements to the level wteere
An analysis of different optical design conceptsthermoelectric cooler is sufficient for most apptions.
shows that the topic has still potential for furthe Closed cycle cooling systems are becoming more and
development. New technologies allow better mirror omore popular and they allow operations without ydail
lens manufacturing and computers allow mordilling of nitrogen. There are different types o€O’s:
sophisticated ray-trace simulations for more complees Front Illuminated: used mainly in commercial
optical systems. Wide FOV’s can be obtained with  photography. Peak quantum efficiency as high as

optical correctors producing higher quality imagéth 80% can be reached. One of the problems with
lower distortions. Ackermann et al. [RD-15] reféosa these devices is the weak fields. Some of the
five lens, spherical refractive corrector able tdead photoelectrons generated in the bulk will be lost,

the FOV of a telescope with Ritchey-Chrétien design  some drift to the neighbouring pixels.
and 1.25 m aperture up to 4.25 deg. McGraw and
Ackermann [RD-16] analyze different designs witleon °
, two-, three-, and four-mirror approaches andediffit
optical correctors. The most promising designs lmase
field-corrected RC or super-RC systems, but alse- on
mirror solutions with 6 spherical lenses are pres#n . pFyjly Depleted Back llluminated: the normal
All the designs reach 4 deg FOV or more with 1.2 m  starting material is replaced by high resistantai

Thinned Back Illuminated: if the starting material
is etched, the active layer reaches the back of the
detector, and the detector can be back illuminated,
improving the collection of the released electrons.

aperture diameter. and the detector is thinned but left thicker. The
relative large depleted thickness results in good
Camera near-infrared response.

CCDs are the choice of most astronomers in the
near-UV to near-IR band. The absorption lengthgittl
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« Frame Transfer and Interline Devices the better than 0.2 arcsec sampling. The image suiface
normal imaging area is divided in the imaging andlat with a diameter of approximately 64 cm. The
the storage area. The image is first quickly movedletector format will be a mosaic of 16 Mpixel silic
to the storage by continuous row transfers, and thedetectors providing a total of approximately 3.2
clocked out in normal fashion. The first row Gpixels. The camera includes a filter changing
transfer is fast, taking typically only millisecandr ~mechanism and shutter. It is positioned in the teidd
less. In interline devices each of the active @idel the telescope where cross sectional area is coredra
accompanied with a passive storage pixelby optical vignetting and heat dissipation must be
Collected charges are first shifted to the storageontrolled to limit thermal gradients in the optibaam.
columns or lines, which are then clocked outThe camera will produce data of extremely high iyal
separately. with minimal downtime and maintenance. CCDs are the

. i baseline science sensors but also hybrid CMOS

* Orthogonal Transfer Devices in normal CCDS  yetectors are pursued as an option for the guidsose

the charge is clocked down along columns, withyh 150 connections per sensor and a total of 3024
channel stops creating potential barriers prevgn'unOutput ports only 2 s will be needed for the readou
charge transport in the orthogonal direction. The{RD_ﬂ]_

idea in Orthogonal Transfer CCDs (OTCCD) is 0" prom the analysis of the existing cameras, it tesul

replace channel stops with gates. Charge could Rgat the choice of the astronomers is the backside
transported in either direction by clocking theegat jjyminated CCD detector, even for very innovative
In certain fashion. Since the charge in .OTCCD,S Calrojects like the LSST telescope. The ‘standarzk sif

be shifted freely around the detector, it is eaBer o' getectors is 2kx2k or 4kx4k. The tendency ngda
chain detectors of OTCCDs (mosaics) and US§ogsaic projects is to build modules of two or four
sophisticated amplifier configurations for the CCDs, with common electronics and mechanical
readout. support. Electronic connections in mosaics are ftioen

« L3Vision Devices E2V CCD’s with special shift ‘back’ of the modules. Sophisticated packaging with
registers for electron multiplication. The readoutvery high filling factor exists (98%). Cooling céare
noise is very low and the detector can be rea@@ssive or thermoelectric. Read times vary conaller
relatively fast. because there are different arrangements for réadou

different number of readout channels and amplifa@rs
 Hybrid Visible Silicon Imagers (HyViSi): these the chip. Typical data rates for astronomy imaging
detectors combine the best of matrix photodiodeok-1.5M pixels/s. The noise level depends agaithen
detectors with the matrix of CMOS amplifiers. readout speed, but is in the range 3-10 e-/px. edtirr
Both are processed separately. The contact betwe@fid near future astronomy projects do not use
the pixels and CMOS readout amplifiers is done bynonolithic CMOS-detectors or HyViSI hybrids in
bump bonding (pixel to pixel). The photodiode canscientific experiments where quantum efficiency and
be optimised for the wanted light frequency andow noise are important. Hybrid CMOS circuits and
manufactured with a fill factor of ~100%. Special CMOS APS detectors are challenging CCDs in low-end
coatings can be used for reduced light scatteringand in professional imaging. However, the best ahoi
Additional benefits are that each of the pixelfor astronomy applications is still the back-illurated
amplifiers can be optimised much more freely tharccp. It is nearly perfected, with high quantum
in the case of CMOS imagers, because obscuringfficiency, lowest noise, and by far, lowest dawkrent.
the path of light to the sensitive volume of theThe CCD-detector is also the unanimous choice ef th
silicon is not an issue. These hybrld detectorsigan instrument groups deve|0ping new devices for thmalfo
principle have the best of both: the SenSitiVityhﬁ p|ane te]escopes in space and on Earth. Compact
CCDs and the ease of use of the CMOS detectorglectronics, sophisticated mechanics, and effective
Currently the problem could be the dark current an@ooling systems for these CCDs will be available.
the cooling system needed to compete with CCDndditional benefits include, that the CCD chips dige
detectors. these large projects, will be characterized exttgme

To illustrate the current limits of the technolomy well.
this branch, the camera of the future Largest Syoop
Survey Telescope (LSST) is considered. The LssMount
camera will be the largest digital camera ever The telescope mounts are analyzed with respect to
constructed. Its size of 1.6 meters by 3 metersughly  the following factors (Table 2):
equal to that of a small car and it will weigh 2800,  gjewing speed
kilograms. It is a large-aperture, wide-field opti¢0.3- Pointing accuracy
1 um) imager designed to provide a 3.5 deg FOV with
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» Tracking accuracy In general, the length of the telescope tube varies
» Encoder resolution from the half of the aperture diameter (e.g. exgem
The table includes amateur equipment, which doés n&assegrain for space applications) to five timesore
satisfy the quality required for SSA, but they hedgill  the diameter (e.g. classical Schmidt), dependinghen
the otherwise very scarce dataset: there is nothmudocal ratio of the telescope. For Cassegrain opities
price information about professional telescope ntwun typical length from secondary to focal plane is dfghe
because they are all built with the custom telescop €ffective focal length of the telescope. The opttoae
Therefore, the additional low-end data give exwanfs length contributes to the rotational inertia of the
used to extrapolate cost estimates. Following mouriglescope, which in turn affects the slewing speed.
models are considered: Gaiax (Vixen Optics)Another effect is the deformation of the tube doe t
Paramount ME Robotic Telescope System (Softwargravitation, which takes effect more strongly imdo
Bisque), different RCOS models (RC Optical Systems)tubes. The rotational inertia of the telescope ddpen
and the mount used for the Sloan Digital Sky Surveyhe mass distribution of its components. The main

(SDSS) telescope. masses of the telescope tube are usually situatdtba
main mirror box and at the secondary mirror support
Name | Type| Tracki | Pointing| Slewing | Enc. resol.| oo e Modern wide field tele§copes can have significant
ng[1 | [ [°fs] [ amount of mass also behind the main mirror duarigel
Vixen corrector lenses and needed rigid support syst&mes.
Gaiax | ¢4 © 10 2 ) 11000 secondary mirror support mass has a strong effett®
L R 5 03 10300 rotational inertia. Due to balancing requirements t
nt ME center of mass of the telescope tube is in general
RCOS situated at the rotation axis.
3600 | g.eq.] 05 <60 3 0.05 18 900
GTO From the above considerations it results that the
RCOS optical tube should possibly be relative short aimel
PorQ|feal 3 | 1520 8 : : suitable mount for the envisaged aperture range and
purpose is an Alt/Az mount. The dynamical tresses i
ES,?ZS altaz | 11 17 17 0.002 ) the mount are then more symmetrical and thus the
gimbal azimuth structure can be lighter. In the frame 8AS
SDSS | atazl  0.165 2 3 0.0072 20100d0  the telescopes could have an identical mount agid li

telescopes could be transferred from site to site o
Table 2. Accuracy and cost of different mount medel positioned more freely. The pointing accuracy 1" is

The types are: German equatorial (g. eq.), fork  reached only in specific cases, whereas mass pedduc

equatorial (f. eq.) and Alt/Az (altaz). mounts have pointing precision around 0.5’. Thedli

There are of course much more mechanical parametepsinting accuracy relies on the accuracy of theodars
for the telescope mounts which usually can not b@nd on the stability of the encoder setting poattshe
analyzed from the reported parameters, like mechhni mount. Incremental encoder without gearing can have
flexibility of the mount, absolute accuracy of taegle divisions of 36°000 per revolution (0.1") with aceey
encoders or periodic errors of the tracking. Thesef +0.4", while absolute encoder without gearingn ca
values, however, are included in the values offpugn  have accuracy of +1". A mount similar to the RCOS
and tracking accuracy that also describe th&L/AZ Gimbal Fork Alt/Az model seems to be suitable
performance of the telescope control software anip this task, even though it needs some upscating t
especially the quality of the used telescope paminti aperture ranges around 1 m.

mode_l. Even though the fu_II seven parameter set, as TELESCOPE COSTS
described by standard pointing model, enables the
calculation of pointing simulations, it is quitertato There are several cost versus telescope aperture

predict the final telescope performance from thesdiameter approximations. The traditional cost sicali
values [RD-18]. The accuracy of the angle encodars law is [RD-21][RD-22]:

be as fine as 0.3" but the final pointing inaccyratthe cost] D?’

telescope can rise due to mechanical and physical e

sources to 10"-30" [RD-19]. In the Sloan DigitalySk Approximations for older telescopes with heavy
Survey (SDSS) telescope, the incremental angledmmco monolithic mirrors and heavy equatorial mounts ipt@
accuracy is +1" and the read accuracy of the ensodethe 1980's yield:

0.18” before the 25:1 gear reduction, whereas itted f cost[] D?®

pointing accuracy of the telescope is 2" [RD-20].
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The cost approximation for newer telescopes with Purchase Secondary blank: 40 k$
lighter monolithic mirrors and ALT-AZ mounts has Polish Primary: 1'015 k$
dropped slightly, scaling to: Polish Secondary: 620 k$
cost D*° Purchase Correctors: 286 k$

In the models proposed for the telescope costs, the Mount: 2417 k$
OTA, the camera, the mount, and the observatorly wit Design: 588 k$
the instrumentation and the building are usually ~ Mount Fabrication: 1'286 k$
considered. Other models taking only into accohet t Mount Installation: 41 k$
OTA costs support other scaling laws with powers  Controls: 183 k$
smaller than 2. In general the models indicate that External Wind/Light Baffles: 146 k$
telescope components related to surface area @sich Misc./Unalloc. hardware: 173 k$
polishing mirrors) increase cost as diameter sglare
while structures such as the mount or dome (reladed Other: 496 k$
volume) increase cost as diameter cubed. Thuseif th Mirror Supports: 60 k$
cost of the whole observatory is estimated, values Internal Light Baffles: 280 k$
between 2 and 3 are obtained [RD-23]. Furtherntbee, Thermal Control Primary: 156 k$
contribution of radius of curvature to the OTA cist
not as significant when compared to that of the Total: 5469 k$
diameter, since the primary mirror diameter isrargjer
cost driver. Note that the radius of curvature rhaye a The costs for the camera depend on the actual
different effect in the OTA cost than it would for detector (e.g. CCD device), on the controller
telescope or observatory. This is because a shortetectronics, the cooling system, and related sirest
curvature radius means that the telescope mounthend Costs data were taken from different sources, dioty
observatory can be smaller, and hence, this coulhe costs for the camera of the ZIMLAT telescope in
substantially decrease the overall telescope cost. Zimmerwald, the ESASDT telescope on Tenerife, and
the CCD MOSAIC cameras at the Kitt Peak National

Factors to consider for additional cost savings ar%)bservatory (Arizona) [RD-24]. The cost of a CCD
segmented primary mirrors and arrays of telescdpes. device only can be estimated to be around 20'008 EU

instance, the Keck telescopes (Mauna.Kea, HI) 65€ Jor a size of 3 cm x 3 cm. The cost increases With
hgxagonal segments to. form' 10 m dameter Iorlmar¥quare of the size, i.e. a 6 cm x 6 cm detectasdosir
][nlrtr(;rhs.tThe (|:|05t rgductlon mlgP:t be att{.lfl?uta}[hdahe times more. This value is essentially characterizgd

act that smaller mirror segments are stiffer thange etshe manufacturing costs. For large sensors theingpol
- e ystem tends to play a marginal role, whereas a big
but this is balanced by the need to cr'eate stiéiveith fraction of the camera price is taken by the cdlaro

the support structure. T_he comple_x mterp_lay b_etwee-l-he controller electronics costs at least as muctha
segment size and learning curve is explained In'[RDdetector itself. Depending on the size of the deteand

23]. In an array of telescopes (frequently refen@as on the characteristics, like e.g. number of reagaouts,

an |r_1terferometer or a phased array)_ IMages  alge controller needs to be ad hoc configured, wiag|
combined to create the effect of having a large

) lEjevelopment costs in addition to the hardware
telescope. For example, the Center for High A.ngma{:omponents. For certain cameras almost at prototype
Resolution As_tronomy (CHARA_) array (Mt. Wilson level the development expense can rise up to tiress
Ob., CA) consists of six 1 m duplicate telescopes. the cost of the only detector. For mosaic detectbese

Telescope mount costs approximately as much as th& a constant initial cost due to a more complex
telescope tube and optics because the costs scafgghitecture and a slight linear dependence on the
according to needed rigidity and according to insgel number of mosaic pieces. For the analyzed cambeas t
pointing accuracy which both increase with incregsi constant amount is about 300’000 EUR plus on aeerag
telescope aperture diameter. The angle encoderthand about 25’000 EUR development cost per mosaic piece.
read electronics are the most expensive electyuanits  This means that a camera with a mosaic of 8 square
of the mount: the high-end versions for a singleumo detectors with 4 cm x 4 cm would cost about 1 Mio
cost about 20'000 EUR. EUR. The mosaic segments alone would cost around

. 400’000 EUR and the controller 500'000 EUR. The

As an example, hereinafter the costs of OTA andemaining 100°000 EUR could be the fraction duéht®
mount for the SDSS telescope are indicated: cooling circuit and supporting structures. The sast

Optics: 2’556 k$ the development part for the controller, i.e. afinn

Cast Primary: 635 k$ hardware costs, can be reduced, though not ned|dtte
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the same camera is produced again or several times: respectively. Figure 2 illustrates the dependerfcéhe®
assembly will always take some effort and for aams magnitude on the object diameter and phase angte wi
camera it will be even worse. Also a serious tgstin  a distance of 25000 km for the MEO region. For the
each phase is needed and sometimes problems aaculations a spherical shape and a Bond albedolof
discovered even if the design is just a copy. Pobba are assumed. From the diagram magnitudes around 17-
the same 1 Mio EUR prototype camera would cost th&8 mag, 16-17 mag, and 15-16 mag for the threddeve
second time about 600k EUR. However, if the camerare found. For the phase angle a reasonable lrouina
includes some COTS parts then the price could only0-80 deg is assumed. The magnitudes for GEO @bject
drop perhaps by 1/3 or 1/4. But this point is intpot  were calculated in a similar way. Table 3 summarize
especially for the Space Surveillance Network whereéhe object sizes and magnitudes for the differewntls.

the same sensor system could be used on more iigan o

telescope and on many sites.

Figure 1 shows the cost of the detector and th¢
camera as a function of the detector size. Thectigte
cost given at 12 cm considers a mosaic of fourgsec
As prototype are indicated the cameras where
considerable effort in the controller developmerdsw
put, in order to achieve better performances, ia.the
readout speed. For sizes bigger than 6-8 cm the tms
the detector only start to be high and the trerdector
prototype controllers almost prohibitive. For large
cameras the reasonable solution is adopting mosal
detectors. The price of a mosaic is elevated dua to
more complex architecture, but it scales approxamyat
as the detector costs.

Magnitude vs. phase angle and object diameter
Topocentric distance=25000km
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Figure 2. Magnitude as a function of phase angte an
diameter for objects in MEO.

1200

1000 4

g 800 Mag. Mag.

g :Ere;;ctlyzre Level GEO MEO GEO MEO

é 600 Camera

g o Mosaic Level 1 50 cm 30cm 17-18 17-18

o / Level2| 70cm | 50cm| 165175  16-17
, 7/,,'//’// - Level 3| 100cm| 80cm|  16-17 15-16

0 2 4 6 8 10 12 14

Detector Size [cm]

Table 3. Object sizes and magnitudes for the three
levels.

In Figure 3 the SNR as a function of the sky
background and the magnitude is shown for a 1.2 m
aperture. The assumed object velocity of 36"/s
represents objects on MEO orbits, with about 2.5
revolutions per day. The model used for the catmra

REQUIREMENTS is explained in [RD-25]. The following values are

According to the given requirements for the opticalassumed:

SSN network, three levels were defined, correspandi » Integration time: 2 s

to an Enhanced Phase (Level 1), a Full Programmed Optical transmission: 65%

Phase (Level 2), and a relaxed Phase (Level 3). The Quantum Efficiency: 80%

different levels apply to two design drivers of the. Readout noise: 10/px

system, namely the limiting size of the object ® b, park current: 0.2 Hs*px)

detected and the timeliness for detecting particula, Point Spread Function (PSF) size: i

events (e.g. fragmentations, maneuvers). The figiti  the calculations assume that an ideal detection

size for Level 1 is 50 cm in GEO and 30 cm in MEO. . : :
algorithm recognizes the object (streak) on theosupe
For Level 2, 70 cm (GEO) and 50 cm (MEO), and fory 2 has Then the indicated SNR threshold of 4, dase

Level 3, 100 cm and 80 cm for GEO and MEO,q, the results of simulations performed in the SSA

Figure 1. Cost of detector only (blue), low-endligw),
prototype (violet), and mosaic (light blue) camema
function of size.
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study [RD-26], is a reasonable value for detectiorielescope. However, the aperture is strictly relatethe
within the required accuracy. The model assumefocal ratio F = f/ D (also indicated f/#), wherésfthe
perfect visibility conditions and for the evaluatiof the focal length and D the diameter. From the previous
different aperture diameters a limiting sky backgrd analysis of the costs it results that for largéeseopes

of 18 mag/arcsécis taken into account. This implies the focal ratio is not the relevant factor. On tther
that no Milky Way appears in the pointed directammd  hand, it is preferable to have a small focal ratience a
that the effect of the moon light is negligible.ng® of  short focal length, for wide-field applications. the
the parameters assumed for the calculations arg onsubsequent analysis values of /1.5 — f/2 will be
provisional at this stage and need to be refinddrther assumed.

iterations. A focal ratio f/2 was used to compute t
diagram and it has to be noted that the detectiiey Minimum size \—»\ Aperture - f/# \ — \ Telescope cost \
of about 0.5 mag between /1 and f/2, which is sot l

elevant
FOV - CCD \
l CCD/Camera cost
Pos. accuracy, gap time | —) Pixel size - Readout /

Moving object (v=36arcs/s; int=2s)

100
o ——6 l
x WS :?o —_ ‘ Strategies ‘ — ‘#Telescopes cogt‘
14 ——12
E 10 ((A/(r ——14 Figure 4. Approach for the definition of the telege
8 PO et I et parameters (blue) with the requirements (green)tiaad
? ﬁ *g costs (brown).
——19
117 N S o M |2 In the second step of Figure 4 to determine the siz
S Backaround [mufarcena ——SNR=4 of the camera, the FOV, related to detector size s
y Background [mviarcs"2) through FOV = s / f, needs to be analyzed. For SSA

applications it is desirable to have a large FOM, this
Figure 3. SNR as a function of sky background and implies larger cameras with higher costs. In Figuthe
magnitude for 1.2 m aperture diameter cost dependence on the FOV is displayed for diffiere
telescope apertures, assuming a focal ratio f/Ite
In a similary way the SNR for other apertureFQV is related to the detector size s by the foemul
diameters and for GEO objects was calculatedslilite  FOV =s / (F*D).
that the apertures needed for Level 1, 2, and GEO
are 0.9 m, 0.7 m, and 0.5 m, while for MEO, 1.20n8, 100
m, and 0.4 m, respectively. This means the follgwin
requirements for a common GEO-MEO telescope:
* Level 1: 1.2 m aperture
* Level 2: 0.8 m aperture
* Level 3: 0.5 m aperture

=
o

——05m

—=—1m

2m
/ —%—#0.5m 1°
: : —e—#0.25m 1°

Mio. EUR (2009)

N

PRELIMINARY DESIGN

Starting from the given apertures, different trade-
offs in terms of requirements, telescope capaddljtand

costs need to be examined. The problem can be g re 5 Cost as a function of FOV for different
approached in a pragmatic way by prioritizing thesm  56r1res and focal ratio f/1.5. In brown and vidhe

relevant dependences. The scheme shown in Figure 4rqy is covered by multiple 1 deg FOV telescopes.
proposes a possible approach, starting with thiifign

object size. On the left (green) are the requirdmen
the center (blue) the telescope parameters, omighe
(brown) the costs, and at every level of the scheme
possible trade-off needs to be examined.

0.1

FoV [1

For the camera, the costs of monolithic detectdth w

aforementioned prototype controllers are adoptdte T
brown and violet plots refer to telescopes with ey d

FOV value: the cost is calculated taking multiple
As seen previously the limiting size, in first identical telescopes with this value in order toezoan

approximation, determines the aperture diametehef equivalent total FOV. Up to 2 deg FOV the
configuration of 0.25 m and 0.5 m telescopes i sti
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cheaper than the 1 m telescope. Above 2 deg FOV tlanbitious version is proposed for Level 1 with o@ly
single 1 m telescope starts to be more conveniendeg FOV. For the less demanding Level 2 and Level 3
However, at same telescope sensitivity (same ag@rtu the following values are proposed together with a
the single telescope is always less expensive. Thiheaper version: 0.8 m/ 4.5 deg, 0.8 m /2.5 @égm /
means that it is preferable to strive for largerMO 5 deg, and 0.5 m / 3 deg. The 0.5 m / 3 deg ddsign
given a certain aperture, with the drawback of moralready close to the COTS available telescopes. The
complex optical designs. cost estimate for the 1.2 m / 4 deg, based on the
The third step takes as input the accuracy in thprevious results, foresees about 1.5 Mio EUR foAOT
position determination of the observed object dmel t and mount, and 1-1.5 Mio EUR for the camera. Is thi
gap time between two exposures. These two parasneterase the camera cost is really an additional cost n
are strictly related to the capability of the cameFhe included in the aforementioned cost models, sitecé6
detection accuracy depends on the pixel scale,hwihic cm size makes it extraordinary. Further costs caulkk
turn depends on aperture and pixel size. Figudeovs from the development of corrector designs, wheee th
this dependence using a reasonable pixel size @ii5 research effort can be almost arbitrarily prolonged
and a focal ratio f/1.5. According to [RD-26] the reach an optimum. The latter costs are also diffitmu
centroiding accuracy for similar telescope paransee estimate because relative new wide-field correctwes
about 1/10 of the pixel size. Taking into accountscarce documented. As an example of costs witm@ lo
additional errors in the astrometric determinatiam, design period, the Skymapper telescope [RD-27hat t
upper limit of 0.5 pixels in the position accuraman be  Siding Spring Observatory with 1.3 m diameter, &/4.
relied on. This results in about 1" accuracy foml and 2.37 deg FOV will cost about 6.2 Mio EUR plus 1
aperture and 2"/px pixel scale. Smaller pixels da n Mio EUR for the camera.
bring additional accuracy since usually the PSF is
already in the order of 1Am. The gap time b_etween Lev. | Aper.| FOV| Detec] Pix. Sd. EUR
two exposures depends on the slew velocity of the
mount and on the readout time of the camera. Ia thi L1 | 1.2m 4° 16 cm 1"/px 3-4 Mio
case, as for the pixel size, the trade-off is clemre = - .
needs the fastestppossible readout, although thgetm LI* 11.2m 2 8 cm 1Ipx 1.5 Mio
slightly increase the readout noise. Technology for 2 | 0.8 m| 4.5° 10 cm 2"Ipx 1-1.5 Mid
readout time of about 3 s is today available arstea
time smaller than 3 s per step is feasible. L2x 10.8m| 25°| 6cm 2"lpx | 700-800K

L3 | 0.5m 5° 8 cm 2°/px | 500-700

4'2 L3* | 0.5m 3° 4cm 2"[px 200 k
0\
4
= Table 4. Telescope parameters and costs for the thr
Z 2; levels (L1, L2, L3). The symbol * denotes the clerap
i, N version.
% l'i \
05 ., CONCLUSIONS
%y 05 1 15 2 25 : a5 The analysis of the existing telescopes showsithat
Aperture [m] general it is hard to reach wide FOV for large &pes.

The difficulties are either complicated necessary
Figure 6. Pixel scale as a function of the apertaieel designs, or manufacture limitations to reach ddsire
size 15um and focal ratio f/1.5. aperture range over 1 m. The most promising designs
base on field-corrected RC or super-RC systems,
The last point concerns the timeliness for specifi¢geaching 4 deg FOV or more with 1.2 m aperture
events. Once the potential FOV is defined, thisasjs diameter. Regarding the cameras, it results that th
independent from the characteristic of the opticathoice of the astronomers is the backside illuneidat
assembly and depends only on the observation gjtate CCD detector, even for very innovative projectg ltke
According to the strategy the number of necessarlySST telescope. The ‘standard’ size of the deted®r
telescopes with a given FOV is determined. 2kx2k or 4kx4k. The tendency in large mosaic prigec
Based on the previous considerations the telescopéssto build modules of two or four CCDs, with commo
grid in Table 4 is proposed. For the Level 1 tebpsg electronics and mechanical support. Read times vary
with 1.2 m diameter, a FOV of 4 deg sounds aonsiderably, because there are different arrangesme
reasonable choice. Alternatively, a second, chedges for readout, different number of readout channeld a
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amplifiers on the chip. Typical data rates for @stimy

scale, which in turn depends on aperture and izel.

imaging are 50k-1.5M pixels/s. The noise level dejse Calculations indicate 1” accuracy for 1 m apertanel
again on the readout speed, but is in the range &1 2"/px pixel scale. The gap time between two expesur
The suitable mount for the envisaged aperture range depends on the slew velocity of the mount and @n th
purpose is an Alt/Az mount. The dynamical tresses ireadout time of the camera. Technology for readout
the mount are then more symmetrical and thus théme of about 3 s is today available and a slewetim
azimuth structure can be lighter. The blind poigtin smaller than 3 s per step is feasible.

accuracy relies on the accuracy of the encodersoand
the stability of the encoder setting points at ti@unt.
Incremental encoder without gearing can have divisi
of 36’000 per revolution (0.1") with accuracy of.40,

For the Level 1 telescope, with 1.2 m diameter, a
FOV of 4 deg sounds a reasonable choice. Alteralgtiv
a second, cheaper, less ambitious version is peopos
for Level 1 with only 2 deg FOV. For the less

while absolute encoder without gearing can havelemanding Level 2 and Level 3 the following valaes

accuracy of +1".

proposed together with a cheaper version: 0.8 nb/ 4

In the models proposed for the telescope costs, ttdeg, 0.8 m / 2.5 deg, 0.5 m / 5 deg, and 0.5 nué@

OTA, the mount,

and the observatory with theThe cost estimate for the 1.2 m / 4 deg, basechen t

instrumentation and the building are considered thprevious results, foresees about 1.5 Mio EUR foAOT
dependence indicates a power law with an exponemind mount, and 1-1.5 Mio EUR for the camera. Furthe

between 2 and 3. The contribution of radius of atuxe

costs could arise from the development of corrector
to the OTA cost is not as significant when compamed designs,

where the research effort can be almost

that of the diameter. The telescope mount costarbitrarily prolonged to reach an optimum.

approximately as much as the telescope tube ancsopt
because the costs scales according to neededtyigidi
and pointing accuracy. The costs for the cameralynos
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depend on the actual detector and on the CO“”°"?2738/09/D/HK

electronics. The detector cost increases with thaue
of the size and is essentially characterized by the
manufacturing process. The controller electronzst

at least as much as the detector itself. Deperalingpe  [RD-1]
size of the detector and on the characteristics,
development costs in addition to the hardware[RD_z]
components are involved. For mosaic detectorsettser
a constant initial cost due to a more complex[RD'S]
architecture and a slight linear dependence on th&D-4]
number of mosaic pieces. The costs of the develapme[RD-5]
part for the controller, i.e. all non-hardware spstan
be substantially reduced if the same camera isuymext!

> - [RD-6]
again or several times.

According to the SSA requirements three differen{RD-7]
levels were defined with the following aperture2 fn,
0.8 m, 0.5 m. The aperture is strictly relatedhte focal
ratio and from the analysis of the costs it restliéd for
larger telescopes the focal ratio is not the releva

[RD-8]

factor. However, it is preferable to have a smadaf [RD-9]
ratio for wide-field applications: values of f/1=-5/2 are

assumed. For SSA applications it is desirable tetm [RD-10]
large FOV, but this implies larger cameras withhieig [RD-11]

costs. The analysis shows that at same telescope
sensitivity (same aperture) the single telescopdéways [RD-12]
less expensive than multiple telescopes with alemal
FOV. It is preferable to strive for larger FOV’'svgh a
certain aperture, with the drawback of more compleiRD'B]
optical designs.

The accuracy in the position determination of the
observed object and the gap time between twfRD-14]
exposures are strictly related to the capabilityttod
camera. The detection accuracy depends on the pixel
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