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ABSTRACT

In this paper, we discuss the performance matrth@SST-GATE telescope developed to allow us tttjmen and
allocate the important characteristics to the wezisubsystems as well as to describe the procesden to verify that
the current design will deliver the required peniance. Due to the integrated nature of the telesafarge number of
parameters have to be controlled and effectiveutation tools must be developed such as an autompatformance
budget. Its main advantages consist in alleviatiegwork of the system engineer when changes aodhe design, in
avoiding errors during any re-allocation process mtalculate automatically the scientific perfonoa of the
instrument. We explain in this paper the methodaivert the ensquared energy (EE) and the sigradbits®e ratio
(SNR) required by the science cases into the “agyded” instrument. To ensure successful desigegmtion and
verification of the next generation instrumentss ibf the utmost importance to have methods taroband manage the
instrument’s critical performance characteristicgésavery early design steps to limit technicadl @ost risks in the
project development. Such a performance budgetaslaowards this goal.

Keywords: Performance budget, Small Size Telescope, Cheve8EI-GATE, system engineering, CTA, Cherenkov,
Gamma-ray astronomy, Very High Energy

1. INTRODUCTION

Astronomy has really moved forwards when instrureentived to improve the eyes performance. Thisysbegan in
1609 when Galileo used a Lipperhey’s discoveryhe twith two lenses that magnified the imagesHbjnting this new
instrument to the sky, Galileo reported the presasfcmountains on the moon and the existence ofdh@n satellites
[3], unexpected facts at this time.
During the four following centuries, instrumentatibas always improved its capabilities to see értind fainter in
order to fulfil the very demanding scientific retpments that point toward a better angular resmiytan enhanced
signal-to-noise ratio (SNR), a longer lifetime amdre versatility. These improvements rendered itiseuments more
complex and more expensive during the last decadedever the wavelength domain. In the radio, SISguare
Kilometre Array) represents the next generatiortedéscope array while in the visible, the ELT (Extely Large
Telescope) announces a new generation of vergadiieiments with complex adaptive optics systentake advantage
of the large diameter of the telescopes and thigh Angular resolution. The VHE (Very High Energigmain follows
the same way by preparing CTA (Cherenkov Telescdspay) [3]. Such a large array of telescopes is daaory to
detect the atmospheric air showers generated bymgaray arriving at Earth from the most powerful masray
sources, and will certainly open the last unexglaeergy domain in the astronomy (E > 10 TeV).
To successfully realise this next-generation adtebpes and instruments, it is of the utmost inamee to control the
cost of the development, the complexity of the esyst and the duration of the project. Tools, sucthasautomatic
performance budget, are mandatory to reach thess.dghey allow a system engineer:

- To shorten the development phases by optimiziregféed back loop between the engineers in chdrgeeo

design and the achieved specifications.

- To allocate automatically the budget errors witttie overall instrument with the help of generdes that

depend on the behaviour of the system (telescopestwument).

- To have an update of the expected scientificquerance rapidly each time a change occurs in thigyde



- To avoid human errors when changes are madeeialtbcation. This is very important for complexjacts
(e.g. including adaptive optics systems) in whiolwfng down a change can rapidly become very cormple

Moreover, building an automatic performance budgjees a better understanding of the instrumentht gystem

engineering during the earliest phase becausesiirea to detect all the links between the diffeqgatameters that
influence the systems. It is also a driver to detee technological stoppers.

In this paper, we will focus on the automatic perfance budget created for SST-GATE, a prototypestelpe under
construction for CTA. We will first explain what$chwarzschild-Couder telescope is (section 2) amivel it in major

technical specifications (section 3). In sectionvé,describe the SST-GATE telescope before explgihow to build an
automatic performance budget (section 5) and USBIG-GATE as an example (section 6).

2. WHY A SCHWARZSCHILD-COUDER TELESCOPE?

Cherenkov telescopes operate usually in a photmest regime and, to avoid contamination of theshwer image
with the night sky background, the exposure mustimthe duration of the Cherenkov light pulse (a feanoseconds).
Therefore, the image of the air shower cannot bgraned by increasing the exposure time. This hasvated the

development of optical systems with large (~2myéoy large (~28m) primary mirrors for the VHE domahaving

diameter larger than 20 metres. Moreover, a minimumber of optical elements is mandatdxycircumvent light loss
([41, [5], [6], [7]). For this reason, the first @henkov telescopes were designed according to ptieab concept of
Davies-Cotton (D-C), which is based on a singleronimade of spherical segments arranged in a gatheshape.
Despite its intrinsic optical aberrations, the Dallbwed the discovery of the first sources in thdB/domain. All the
current IACT (Imaging Atmospheric Cherenkov Telgseparrays use either D-C or parabolic designs. [akter

minimise time dispersion of the Cherenkov signal are thus preferred for the largest telescopes.

The mostly ultra-violet light pulse triggered upimteraction of the VHE gamma-rays with the atmosplae detected
indirectly from cascades of charged particles ghowers). Their geometry and energy are reconstitfcbm its image,
taken with several telescopes to improve the sserguc view, and are used to derive the arrivadion and energy of
the primary gamma-ray. At energies of a few 10 teva100 GeV, the Cherenkov signals from air sheveee weak and
telescopes with large mirror surfaces are requivechpture them as explained above. At energiesfefv 10 to a few
100 TeV, the Cherenkov light emission is strongeit, the detection is limited by the low statistafsthe usually steep
energy spectra of the astrophysical sources. Bidbimain, telescopes can have small mirror ara#sthey need to
cover a large area on the ground. For this reaSa@® will consist of different types of telescopes.few large-size
telescopes (LSTs), with parabolic dishes, will gothee lowest energies; a few tens of medium-silestepes (MSTS),
based on the Davies-Cotton (D-C) design, are optichifor the TeV energy range; and many tens of |siza
telescopes (SSTs), spread over severd| Wil cover the highest energies up to 100 TeV.

Due to the physics of interaction, the most enézgghmma-rays create air showers that illuminateasea several
square kilometres in size and an ideal Cherenlegdepe would provide, in addition of its largerd&ter, a small plate
scale and a large FoV. Especially for the SST camapbof CTA, a wide FoV is of great interest, siicenables the
capture of images of air showers at large anguktaces. This allows a larger spacing of the S&hponent of the
telescope array, and thus an increased effecteee far the same number of telescopes. Moreovarder to accurately
estimate the background that is subtracted frongémma-ray signal from an astrophysical sourceide ¥Vield of view
(FoV) is generally required to have within the sdiakl both the putative source and a few equiviategions of empty
sky. This can be a constraint in particular foreexted galactic sources, which will be the maindaag the highest
energies. As a consequence, D-C telescopes arannobvious solution as explained in [8]: increasihg aperture
diameter to improve the light-gathering power undably results in a corresponding decrease in tmatib, in turn
amplifying all primary aberrations, such as spharaberration] 1/, comal &/f%, as well as astigmatism and field
curvaturel] §%/f, with § being the field angle. Such an optical system llaatboth a large aperture and a high f-ratio (i.e.
field of view) leads to a large plate scale, tyficB0 mm per arc minute. As a consequence, the @ the weight of

i For a discussion of different IACT designs, seesfaample A.M.Hillas, 2013, Astropart. Phys., 43,0tM. Actis, G. Agnetta, F.
Aharonian et al. (CTA Consortium), 2011, Exp. Astrdg, 193.



the camera increases as well as its distance fnendish. These large and expensive cameras cossially of several
hundred photo-multiplier tubes, with the drawbadkan enlarged effect of vignetting of the FoV amdreasing the
constraints in the mechanical structure that htiidscamera.

Thus, for a given plate scale, an aplanatic desigih as the Schwarzschild-Couder dual-mirror réigicatperforms
the usual single reflector designs in terms ofeffective light gathering power, the ability to acemodate a wide FoV,
and the amount of time dispersion. Finally, withgdmall plate scale of 0.7 mm per arc minute |aved the use of small
cameras which alleviates the constraints in thehagical structure.

Despite the very promising performance of this aplic formula, without any coma and spherical at@ns, and an
optimisation proposed by Couder at the beginnintheftwentieth century, it has never been builte @ason can be the
particular shape of the mirror required to perfdahm optical quality. The Observatoire de Parisyesented by the
LUTh and the GEPI are proposing to build such eswmbpe to demonstrate that it is technically péssdachieve the
theoretically predicted performances. The objeabf/this work consists in proposing to the CTA cantisim a new kind
of telescope able to enhance all key performantaékeasame time instead of only the light collegtpower to the
detriment of the uniformity of field of view, as the case of the single reflector telescopes. FaepBototype also aims
to demonstrate that a significant reduction indbst of the SST telescopes can be achieved witd#sign, thanks to a

smaller camera and a lighter structure comparethéobaseline D-C option. These are exactly the tcaings an
automatic performance budget helps to deal with.

3. THE CHALLENGESOF BUILDING A S-C TELESCOPE

As we intend to develop a prototype of S-C telesdopthe framework of CTA, we have derived the Hiprel scientific
requirements in the frame of a dual mirror telescaghey are gathered in Table 1.

Table 1: The scientific requirements for an S-Casi@e to be built at the Meudon’s site of the Olzgeire de Paris.
@ The PSF size is determined by the area in whiéh 80the energy is spread (E&).The angular resolution depends on
the energy; we give here the most constrainingtferdesign’® The throughput includes vignettir®. This precision
includes systematic and statistical err§?sAveraged over one year.

Optical M echanical & Maintenance
Designation Value Designation Value

Field of view > 9° Pointing precision < 7 arcsec

PSF 0.1° @ 80% Tracking precision < 5 arcmifl

Mirror diameter 4m Source localisation < 7 arcsec

Pixel size 6x6 mm? Slew speed > 90°/min

Plate scale 0.025°/mm Reliability of operation 9ddthe observational tinfé

Angular resolution 0.02% Total lifetime 30 years

Throughput > 60%) Night lost for maintenance| < 3 observational regt

Effective mirror area >5Mm Cost running < 312 person.hours/yr
Unit cost < 250,000 euros
Power consumption <10 kW

Table 1 presents only the most constraining reqeérgs. The optical requirements have been derivegtical surfaces
by Zemax simulations whereas the mechanical andndiatenance ones have been transformed in higt teghnical
requirements for the engineering team.

From a general point of view, the high level reqmients may be derived into different levels i.esséntial” (the
minimum the equipment must perform), “optimal” afgbal”. These levels give to the system engineetzmm the
range in which each parameter must be situateddier@o perform an optimisation of the various betdgwvithout back-
looping permanently with the scientific team. Thigortant scientific work is essential to get ahtgical team reactive
to the unavoidable changes in the specificatiorsspnoject. For SST-GATE, the principle is identieeen if the manner
slightly differs as the optical and the mechanggcifications that are not fixed to one value @V, throughput, etc)

have been derived into “minimum” (the values digpthin the table i.e. FoV = 9°) and “goal” which ans that these
values must be better whenever it is possible K& > 9°).

In addition of these technical specifications, pin@ject must take into account the common requirggihat encompass
all the CTA telescopes:



- Each telescope must be pointed independenthptionse the scientific targets and their abilitygoint and
track any cosmic source whatever the targets obther telescopes.

- A telescope must be operated from a remote cloratoon.

- A telescope must be compliant with the existiagnera (volume, weight...) and provide their positignin
their focal plate with the proper accuracy.

- A telescope must have a parking position thasrés a wind speed up to 1&6/h'.

- The maintainability must be performed with lekart 6 person.hours per week and must not let actgbe
unavailable more than 3 observational nights par.ye

- The telescope’s life time shall be at least 3@ryavithout any protection against the environmesgaditions.

Moreover, the environmental conditions also comstthe telescope design. In order to be compliaitih whe future

CTA requirements related to the site location, vesighed the SST-GATE telescope to be compliant thigh most

constraining environmental parameters over the &ites in competition during the design phase eftdtescopes. The
specific cost and the maintenance specificitieseHaeen recorded in order to give to the CTA Profamtnmittee the

real cost of our prototype once the site will bes#m. These environmental conditions are gatherédlle 2.

Table 2: Climate conditions assumed to design tReBetotype (CTA requirements).

Par ameter Observing Critical Emergency Survival
conditions conditions conditions conditions
Temperature range (°C) -15 to +25 -20 to +40 -2040 -20 to +40
Wind speed range (km/h <36 <50 <50 <120
Humidity range (%) 21090 2 to0 100 2 to 100 2001

In the critical situation, the telescope can obsdrut with degraded performance. Velocities ancelecations of the
movements are reduced to 70% of their nominal défab. In the emergency scenario, velocities acdelerations of
the movements are reduced to 10% of their maximapacities and the telescope must return to itsipguosition.
Under survival conditions, the telescope is parked cannot be moved.

In addition to the performance requirements, adisthadditional constraints have guided the optdiam@cal design
described in the next section. For instance, thes¢epe will remain without any protection so eagltem shall be
sealed or placed in a hermetic box to prevent aatemwdamage. For the long duration life-time, guiees choosing
long-life equipment with a mature technology. k@imeans to design the telescope in order to niekentintenance
quick and easy.

4. THE SST-GATE TELESCOPE DESIGN
4.1. Conceptual design

The high level technical requirements derived frtm scientific specifications led us to the funetb diagram
presented in Figure 1. This functional analysipéelus to split the telescope in six parts as iadéent as possible to
reduce and to simplify the interfaces. This is watied to ease the procurement, the tests and thmtmg of the
telescope on the site which will be situated fanfrany facility. The corresponding PBS (ProductaBdown Structure)
is thus composed of six main functions, as desdrib@ur High Level Technical Requirements.

- The FSS (Foundation and Slab Structure) will supthe weight of the telescope and will provide thrque
resistance to the wind.

- The AAS (Alt-Azimuthal Structure) provides theilitlp of the telescope to point at any directiontire sky
and to track any scientific source with the reqiiieecuracy in the limit of the environmental coiudis (see
Table 2. It has also the function of supporting the agitjgart of the telescope and its counterweight.

- The elevation structure (which includes seveuwalfions) gathers all the movable parts: the méridd and
M2, their supporting structure (MTS), the camerd tre counterweight.

- The TCS (Telescope Control System) which conttbks basic functions of the telescope and the ysafet
operations.

" This wind speed is for the site of the prototypie¢don). It is higher than the CTA requirement.



- The PSS (Protective Shelter Structure) will pcothe telescope during its outreach life.
- Maintenance devices that are needed to mairttaitelescope in operation during its life-time.
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Figure 1: Functional diagram of the SST-GATE tebgsx

The shelter is not part of the CTA requirementibutill allow mounting the telescope whatever theather conditions
in Paris. Moreover, our telescope will be useddatreach and science education after the protagypimase and a
shelter will alleviate the maintenance operationtfee Observatory of Paris. Following our propabe concept of a
shelter for all the SST’s is now being considergdtiie CTA consortium as a solution to reduce thst ad the

maintenance.

A major driver in the design of a telescope is¢hebination of the movements to point at the skg heve followed
the CTA requirements and designed an alt-azimutracture because the mechanical tracking accusaopt very
demanding (5 arc minutes on sky). Moreover, an tegiad mount would have imposed a parking positioward the
East or the West which are not necessarily the diesttions with respect to the statistic wind diien in the future
CTA site.

4.2. Theoptical structure

The telescope is based on a Schwarzschild-Coudigabponcept as discussed in Section 2. It is amsed of a primary
mirror (M1) having a diameter of 4 metres and aoadary mirror (M2) of 2 metres diameter. The camericated
between the two mirrors which is significantly éifént from the classical D-C telescopes. With twestruction, the
light of any object is shadowed by the M2 mirrd¢s,Supporting structure (named MTS for Mast ands3 18tructure) and
the detector before being collected by the M1 mia®shown irFigure 4

The detecting surface of the S-C optical formuldéimised for CTA is a disc of 362 mm in diameter.distance of
510.7 mm separates the M2 mirror and the detechilevthe M1 and M2 mirrors are separated by 3561 mhese
distances, as well as the shape of the mirrors baee designed to offer the smallest PSF over tiwenfield of view
of 9°. The scientific camera paves the focal plaité a matrix of pixels of about 6 x 6 mfrwhich leads to an angular
resolution of 9 arc minutes. This poor angular keszn permits to get a large FoV with mirrors télaly simple to
manufacture. As a result for SST-GATE, the PSF ddpen the field angle and ranges from 3 arc mintae6 arc
minutes. The mirrors have a shape described by"aofider polynomial with a tolerance Peak-to-Valléy26 pm and
50 um respectively with respect to the theorettalpe.

An intuitive mechanical design for this kind ofdetope consists in fastening the M1 and the M2onsirto the same
mechanical structure. In this case, the distantedmn the mirrors M1 and M2 associated with thegiveof M2 (about
130 kg with its supporting structure) would createimportant momentum and would generate a variidstere with

the elevation angle. As a consequence, differeginsats would change position with respect to edabbrpodegrading



the optical performance of the telescope. A seamsequence of this relative movement of the nsrisithe shift of
the optical direction with respect to the mechadmce, which impacts the pointing accuracy of #legscope.
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Figure 2: Shadowing due to the M2 mirror, the Masd Truss Structure (MTS), composed of 6 rods gadrn a Serrurier-like
configuration, and the detector. Off-axis illumiioat (left) and the on-axis (centre) are displayguk fractional loss of photons versus
the field angle due to the shadowing contributa@hiswn (right). Key colour is black bullet for ratopped by the camera envelope,

the red for the camera lid, green for the mastendpue for trusses and blue for secondary mi€oedit: Cameron Rulten.

The classical solution consists in stiffening theicture to reduce its flexure and to prevent degtions of the M1
mirror. This heavy and costly solution increases shadowing of M1 and do not solve totally the peob On SST-
GATE, we developed a novel concept which consisfastening the M1 and the M2 mirrors by independénictures:
the M1 dish and the MTS respectively. Both aredixes close as possible to the elevation structee Figure 3).
Hence, the flexure of the MTS due to the mass ofdd@s impact upon either the pointing directiotMdf or its shape.
We alleviate the mechanical constraints and we renthat the M1 mirror will look in the same direxti as the
mechanical structure, reducing the shift of thenpog direction. This solution has also the advgetaf rendering the
MTS lighter for better performance because it lsasupport the minimum possible weight and it redube shadowing
of M1.

Following the same philosophy, the M1 mirror isitspito 6 petals to lower the manufacturing costl 40 ease the
mounting operation. These petals are moved (1 dengiréreedom) and oriented (2 degrees of freedowhvidually to
tune the telescope. These petals with their aatsi@®@ maintained by the M1 dish structure (PM$8r-Pfrimary Mirror
Structure — in the PBS) to achieve an M1 mirrot tehaves as a whole. This dish is fastened djrécits centre to the
elevation structure of the telescope.

The split of the structures that support the milvtdr and the mirror M2 with the separation of the khirror into six
petals increase the complexity of the performanaigbt as it must take into account the tip, theatid the defocus for
(1) the mirror M2, (2) the mirror M1 as a whole af8) the six petals. This explains why in Figurefdyr boxes are
required for the dual-mirror telescope. Two are daaoary for the mirrors as a whole and two otherstlie petals, one
for each mirror. Indeed, as the design is costedriwe have foreseen in the performance budgepdksibility of
having petals also for the M2 mirror to let theteys engineer test this option without changing aimgt in the structure
of the performance budget. If the M2 mirror is miithdc, the values of this branch become null.

There is only one box for the 6 petals insteadiofbexes because we want to determine the meanvioeeof the
telescope (see section 5.1) so the allocationtferpietals are identical as they are filled in tefnstandard deviation
with a zero mean.

4.3. The mechanical structure of the telescope

The performance budget point of view
As we can see in Figure 3, the telescope has #ssichl design of an alt-azimuthal mount. A towlaces the elevation
axis high enough to allow the telescope to go dtavrb® in elevation despite a diameter of 4 mefogshe primary



mirror. On this tower is fixed the AAS which is cposed of the azimuth rotation, the fork and thevagien sub-
systems. The tower and the azimuth bearing have tleesen with a diameter smaller than 700 mm tagedhe cost.
The fork enlarges the general footprint of thedetme to get a sufficient room for the bosshedtk-eéntral piece of the
telescope — within the elevation structure. Alldhesub-systems are represented in the performamgebby (1) their
interfaces, which consists in an allocation to taite account the uncertainties of the mounting ahthe alignment of
the different parts and (2) by the errors they a&lin the telescope movement (flexure, non-cirdiylaf the movement,
etc.). These errors are gathered in the box nafdedHtanics” in Figure 5.

To ease the maintenance and to optimise the spdi®y,pa minimum number of bearings have been usethe
telescope. The azimuth and the elevation drivirggesys have been studied via trade-offs to solvedkemaintenance-
hazard equation. The baseline consists in usingrigsato define the rotation axis. This solutioneiss efficient for slow
movements than the oil film but it is imposed bg BTA requirements. A complex assembly has beeigmies to allow
a smooth movement on both axis despite the harginoement (for instance the precise encoders masprotected
against dust and humidity) and the intrinsic lidigccuracy of industrial bearings. As a consequetheeAAS, which
gathers all these equipments, will be an assenftdid anechanical parts.

We emphasize that this sub-system is involved énntlodel of the telescope, a set of nine valuesdhatacterises the
imperfections of the movement of the optical axisew the mechanical structure of the telescope moMes AAS
represents 5 of the 7 values and is the major ibodr of the discrepancies (box named “controlplban the
performance budget).

Each driving system will be an assembly of a cravitreel moved by a worm gear and electric motorse¥@&motor
wired with EtherCAT to the SST-GATE backbone wilinaplete this assembly. The accuracy of the cohnbapb has
been estimated with the datasheet of the manutastand is also part of the performance budgetstimate the
absolute pointing accuracy of the telescope.

Finally, as requested by the CTA requirements elegation movement will range from -5° to +91°. Tdmmuth will
range from -90° to +450° with respect to the pagkposition.

Mast and Truss Structure MTS

Mirror M2

Elevation
Structure

Camera
Fork

Counterweight

Azimuth
Structure

Figure 3: Conceptual design of the SST-GATE telpsco

M echanical description of the telescope

The counterweight is fixed at the back of the beashwhile the optical parts are situated in frdrit.oThe MTS (Mass
and Truss Structure) starts from the bosshead alas the M2 mirror as well as the detector. As nogr@d in section
4.2 the PMS is fastened to the elevation axis andcated at 2.5 metres above the ground. Themiésig been made to
minimise the torque due to the wind. It also eabesmaintenance because most of the elementsaieatgle at human



height. Hence, we have implemented a mechanismat@® the M1 rotate as a whole to allow the petalsgoehanged
without any scaffolding or ladder. This decread®ss tisk to break a mirror and reduces the time iredufor the

maintenance operations.

The AAS (Alt-Azimuthal Structure) has to supporvegal constraints which must not cause any irrélerslamage or
deformation. The first load is the combination lné tompression due to the mass of the MTS andaieterweight (4

tons) plus the pressure the wind generates ontthetwre. If this load exceeds the Euler condit{68 500 kN for the
steel grade S355 used for the telescope), a bygckimy occur in the AAS, creating a permanent defdion which may
require disassembly of the telescope for repaibafpre mounting and aligning it again. We consideaemaximum

wind speed of 150 km/h for this effect with a laaniprofile which is the worst case because we cétfe edge effect
of the ground (where the wind speed is null). Finalie took into account the snow and the ice &xified in the CTA

requirements (20 mm of ice and 500 mm of snow emgttound).

The AAS must also resist to the torsion due toraergency stop of the azimuth or the elevation diiee strains must
not exceed the elastic limit for the steel to ave@manent deformation. We use in the model a destgdn from the
maximum speed (0.3°/s) to zero within 0.1 second.

The FEA (Finite Element Analysis) shows that theximaim constraints in the design are always situatethe bolts

because they are linked with 3 points instead eftthial surface of their washer. Despite this agtiom, the constraints
never exceed 50% of the steel grade S355 yieldsstiEhe compression load (77 kN) is well lower thiae Euler

condition which suggests that no buckling will ocdilve carefully modelled the bosshead which lifles MTS with the

elevation structure to ensure that the flexurehaf mechanical part is small enough to be negleictede discrepancy
between the mechanical and the optical pointingatibns. Earthquake hazards have been modelledanlitbrizontal

acceleration of 0.25g (about magnitude 6 on thétRicscale) and a vertical acceleration of 0.35mpwting the CTA

requirements and injure neither the structure heiall bearings.

The lifetime is an important parameter since itlldb@ at least 30 years. The major contributohes varying period and
strength of the wind. As no data are available wrhsa long period for the sites that are candidatesmade some
assumptions (period down to 0.1 second, speed dpQAdm/h) and found that the maximum stress (2 RaMs low
enough to consider the fatigue of the material igége. The modal analysis shows that the first twodes occurs at
about 3 Hz and are the bending of the optical atrecaround the elevation axis and its perpendicaids. At this
frequency, the structure may not be excited bywntimel.

For the system engineering team, such a modelpsritant to update the major changes of the desidrita verify that
the design remains in the requirements. Even if@omatic performance budget makes possible agilialavith the
optical (thanks to a database of PSF simulationd)the mechanical engineer (via the interfaces))ittk with the final
mechanical performance is inaccessible without FEA.
This validation of the design led us in spring 2@@4aunch several call for tender for the manufang of the AAS.
The first elements have arrived on the site (sgargi4).

Figure 4: Image of the fork (left) and the bossh@aght) at the Observatory of Paris before thedumting.




5. HOW TO BUILD A PERFORMANCE BUDGET?

5.1. What isa performance budget?

System engineering is an interdisciplinary approthet aims to identify the stakeholder needs awd ihterfaces to
transform them into a technical description capablsatisfying the minimum requirements regarding tost and time
constraints. The goal is to optimise the resoudfebe project, at the earliest phase of the desigrder to quickly
define how the instrument will look from both ahedcal and scientific point of view.

To do so, it is of the utmost importance to be ableletermine the consequence that may impact tipoiscientific
objectives if there is any change in the desigmditering that the technical developments are raatcemore complex
to fulfil the requirements while the delay to design instrument decreases this brainstorming phaeds powerful
tools. One of them is the performance budget wienbompasses the error budget by including an estimathe
scientific performance of the instrument and héipdetermine the impact of a technical change éndisign. As we are
designing a telescope for a

large number of scientific sources we are intetesteits mean behaviour and not in a particularecdhus, all the
allocations are distributed in terms of 3-sigmaueal (for statistical parameters) and in terms afimam value (for the
others) which represent the range in which therpaters can evolve.

The building of a performance budget starts with sihderstanding of the scientific requirements ttuedt derivation in
technical specifications. In the framework of CTtAe telescopes have twoain scientific drivers that are theSNR
(Signal to Noise Ratio), related to both the PSBifPSpread function, which is the response of ptical system
illuminated by a point source) and the differenises, and thelirection reconstruction. Indeed, the telescopes do not
see directly the scientific source but the lightted showers generated by the incoming cosmicirag. direction from
which the light of the shower comes for each telpscallows retrieving the direction of the cosnag-direction. The
more accurate the determination of the showernthee precise the calculation of the scientific seuon the sky. By
continuing this reasoning, the system engineeofal the links from the scientific drivers down teetcomponents and
progressively builds his performance budget. Thislirepresent how the system behaves and mustdoeilb by
equations or by look-up table for the non-linesse=a

Hence, in the case of a “manual” performance bydbetsystem engineer has to perform all thesauledions when a
change occurs in the design. This task can becdiffior complex instruments or for those that riegspecific skills
such as adaptive optics. On the contrary, an autorparformance budget re-calculates the allocaiod flow up the
changes up to the scientific requirement level. $y&em engineer can immediately see if the nefoprance fulfils
or not the scientific requirements. This tool pmragealso for human errors during these phases,mgakie automatic
performance budget a powerful and kind solution.

5.2. Why an automatic performance budget?

An error budget consists of allocating to each system the margins the engineers can afford togdesieir sub-
systems. This ensures a technical optimizatiorhbsttwo drawbacks: the system engineer works atstent volume”
and he has no vision of the impact of a changéerstientific requirements. For instance, a lattpeation, say 1 mm,
for a detector in an instrument implies that thage will not necessarily be perfectly centred dh#detector but this
has no consequence on the spectral resolutionh®nantrary, allocating an additional millimetre e position of a
mirror in an instrument can degrade dramaticaleyRISF quality. The impact on the science requiréiehepends on the
project and on the parameter considered. With eor budget, a permanent feed-back loop with th&rlingent scientist
of the project is mandatory to ensure that thenseierequirements are always fulfilled. It is a lathgration process
which hinders to work rapidly when the system eagimwants to test several configurations of theunsent (or of the
telescope).

If the System Engineer creates a performance butiygetavailable budget due to the scientific regmient is flowing
down into the different sub-systems. As the ladrerlinked to the global scientific performances tonsequence of any
change in the allocation of a sub-system can bkriatel in term of science. In this case, the Sydtewgineer continues
to loop with the Instrument Scientists. The actian be long but the decision can be made by sfiteatinsiderations.

If now the System Engineer makes an automatic pegoce budget, the physical links between the gstems are
described by equations or look-up tables so thatdgiobal performance is automatically re-evaluatBde System
Engineer can make a decision and accept or rejexmthmical change without looping permanently with instrument
scientist. This speeds the development phase uprakés the System Engineer able to test differeamarios of an
instrument or a telescope in a short duration tckrttee first phases of the project study.



This promising system requires from the scientiiam to give to the system engineer the rangesiohwthe scientific

parameters can evolve (for instance fixing the lol@und of the wavelength range to [350-380 nmigiad of fixing a

unique value of, say 360 nm). It also assumesttteatlifferent LUTs (Look-Up-Table) are availabler(instance how
the PSF evolves with the decentring of the optataiments). But it has a major advantage: to do supkrformance
budget, the system engineer must list all the linksveen the different parameters to be sure tdaasl the LUTs he

needs. This leads him/her to define some prioritighe simulations, data and parameters that snohtracterises the
instrument.

5.3. Towardsa versatile and automatic perfor mance budget

It is possible to go further in the concept of afmenance budget by making it versatile with thetent science cases
and the various physical parameters that can infleethe performance of an instrument. Indeed, tiense
requirements usually consist of several sciencescs which a change in the technical design loashe same impact.
If the system engineer can select the science inaise performance budget, he/she is able to viseahe gain in the
different science cases and determine if the changaluable or not. Such a performance budgdsis avery powerful
tool to discuss with the various stakeholders ieorto make decisions on an instrument when ittakes the system
engineer’s ones. Moreover, if the system enginaargop through the phase dimensions of the parasnéitat influence
the performance, he/she can help the engineerbarge of the design to choose the best way to réeclechnical
goals. For SST-GATE, we do not have several scieases but we do have to deal with numerous teahp&rameters
including the FoV, the position of the mirrors, ith@t with respect to the telescope axis, thatigk position and tilt of
the tiles that compose the mirrors and the relgtivgtion of the mirrors. It has also to deal viltle uncertainties of the
alignment process of a novel optical layout, witheay specific shape of the mirrors that leadsdditeonal constraints
and with the behaviour of a telescope during 30rsred/e will see in section 6 how these differentapaeters are
treated.

Building an automatic performance budget requimmescare. Firstly, the system engineer has to whrefartition the
instrument. This task consists in splitting thetrimsent in several blocks that can be considerdd@andent and for
which the design can be performed as a whole. 3$pect is very important because a set of optmalponents to be
tuned do not require the same error allocation thatsum of the allocation required by each optmamnponent
considered individually. This is because some aptiomponents can compensate the aberration dathéss. Thus,
partitioning an instrument has several advantaigémits the number of interfaces to be managedlléviates the error
budget and it gives some room to the design enggrtedind the best possible solution taking intoc@unt the technical
requirements. On the contrary, if the allocatiodase for each component, the risk is to over-camgtthe system and
to compel the designers to eliminate some attractdlutions.

With a primary mirror of 4 meters in diameter mdgean assembly of tiles and a scientific camerd heB meters from
its Alt-azimuthal movement, SST-GATE cannot be mtednsequentially like a single instrument. Based tio@
experience of the team, the partition of the talpscconsists of the tower, the AAS (Alt-Azimuthajls&m which
includes the movement of the telescope) and theappart, itself being split into the two mirroriés supporting
structure and the counterweight. This makes thdumriion of each module independent, in which theriral alignment
errors can be compensated for during its assempédyation. Consequently, each module generates aipreduct
(mechanical interface or an optical field) that deneasily measured and used for the assemblyaarttid alignment
operations. The mounting operation is also easieeshe modules can be assembled directly. Arcation in the error
budget for their alignment that simply includes tipetilt and a bi-dimensional shift of the modulsssufficient for two
adjacent blocks.

The system of units has to be chosen with careRmm an optical designer point of view, the WFEa{® Front Error)
is a very important parameter whereas in mechaaiwgineers use millimetres for their dimensioneetches as well as
for the tolerances for the positioning and for atignment of the optical components. On the oppo#tiite two scientific
drivers in SST-GATE are estimated in fraction oéegyy (named EE for Ensquared- — or Encircled- —r@neno unit)
and in direction (angle, in radians). To make addg, the different parameters must be express#tisame unit as far
as possible. To do so, we have implemented a moltamger module that is able to convert the opticét (wave front
error in rms) in fraction of energy or in deviationthe focal plane (equivalent of the directiorthie sky). This point is
very important because it creates a feedback laofhé performance budget that does not exist ireraor budget
because the global allocation is manually estimdted(perhaps) each change in the design. An adganbf an
automatic performance budget can be emphasized theresystem engineer is ensured that any changkés into



account from the impact on the scientific drivershe allocation in each sub-system.

The parameters that drive the performance budget ttabe carefully selected. The performance doitefor science is
the Signal to Noise Ratio. At the same level, thdEMdomain requires to determine the direction efiticoming beam
once the shower has been detected. These twoianiteinly depend on the optical elements (the twoars of the
telescope) but, unfortunately, it is not possiblehhance both at the same time because the sclewees are linked to
other parameters (detector noise, pixel size ofi#tector, etc.) and do not behave in the same Mayptimisation is
thus required to fulfil as far as possible the scgerequirements while ensuring feasible mirroraindustry with the
allocated budgets (mass, volume, cost...).

6. BUILDING THE PERFORMANCE BUDGET OF SST-GATE
6.1. Rationale

To guide the performance budget allocation, subre parameters have been considered as part todleeoff studies
in SST-GATE. For the signal part, the throughputasthe only parameter that will influence the @lieperformance of
the system. The EE (Encircled Energy) is also aiatyparameter for which the science must give stmate. For the
direction reconstruction, the movement of the e, the pointing accuracy and the mechanicalufe)of the
telescope are important drivers for which the smeemust also give a goal.

Another important parameter is the field of vievo#} of the telescope that must equal at least 9fet@ompliant with
the CTA requirements. For any optical system, smdarge FoV implies some aberrations that degrhdePiSF (and
then the EE). As the relation between the EE aedRbV depends on the mirror shape, it cannot bevetbrasily
without extensive optical simulations. This is g@me with the tip-tilt and the decentering of thierons that compose
the SST-GATE telescope.

In the next sections, we will describe the SNR nhdtlat was developed by the system engineer and aft@avs

analysing immediately the impact a change in thegiegenerates on the overall performance of thEliment despite
its complexity. This model automatically takes irocount all the conversions between the paraméstesl above.
This aspect is very important because it allows td@n to observe the change in the performancédefsystem
immediately with any change in the input parametirglso becomes possible to re-allocate perfonmand error
budgets dynamically to the various system buildifarks. As we have seen earlier, this would nopde&sible using the
traditional methods. In the next section we wilsciébe how the team has created this model.

6.2. Flowing down the scientific requirements

The SNR

The SNR is the composition of the signal to be mesas decreased by the transmission of the teleseod by the
associated encircled energy (EE), and the diffesentces of noises (as stray light, moon light, @@moise...). The
noises do not behave in the same manner. The camim is statistical due to the nature of the pmadtipliers. The
stray light is due to the light that is reflectegthe elements of the telescope to the detectas. glrenomenon occurs in
certain situations that depend on the telescope &aimuth, elevation, etc.) and the positionhaf $ource of light (for
instance, the moon). There is also the halo ofitben due to the atmospheric scattering which igsgematic additional
amount of light that varies with the date, the agimand the elevation. For a development phasejaveot need an
accurate performance budget as we mainly wish idegthe design of a telescope to make it compligith the
requirements. Thus, we built a “worst case” perfange budget to ease the calculations and to siyrpdifuse. In this
case, the stray light occurs at any time and thermlmht can be switched on or off according therusish. As a
consequence, the camera noise is considered with sigma value to be compliant with this philosppind the total
noise becomes a simple addition of the three duuttsrs. We have:

Noise= Detector noise+ Stray light + Moon light @)
And considering the discussion on the SNR abovehave:
Sgnal = Source Sgnal x EE x Throughput )

The throughput depends on the atmospheric absorptiee throughput and the absorption of the differeptics
involved in the telescope. The latter are techngslhmeters on which the System Engineer can plegording the



companies found by the project to produce the aptlements.

EE represents the fraction of the incoming enel@y ts concentrated within a certain radius onftieal plane. For
SST-GATE, the EE equals 80% if we consider a P8Riseof 2 mm on-axis according to our optical desig measures
the quality of the optical alignment of the telgseas it produces the image quality. As we mentlat®ve, the EE is
difficult to calculate. It depends on the atmosphdransformation of the shower signal (chromatigorbulence,
refraction) and on the combination of the opticlneents themselves. A discrepancy in their shapsijtipn or
orientation worsens the EE. The PSF (or EE) deteatitn implies to use a Fourier Transformation smdake into
account the aberrations generated by the optieat@hts — which have a non-linear behaviour withFRib¥ — as well as
the orientation of the mirrors with respect to thmical axis of the telescope. An additional comjtiecomes from the
fact that the M1 mirror is split into 6 petals. $hs illustrated in the Figure 5 where we only dégd the links between
the optical elements and the science drivers —nandhe others such as the chromatism — to simghiéyscheme. We
can see that the EE depends on the global miramackeristics (position, orientation, shape) andhencharacteristics of
the tiles that compose the M1 mirror. As explaiiredection 4.2, we add the possibility to have a-nwnolithic M2
mirror.

Integrating the Fourier transformation within therformance budget to make it automatic is a comalek. To simplify
the interfaces, we created a database with Zemmaulaiions for different combinations of values fbe parameters
involved in the EE, namely the FoV, the tip-tiltifror and their tiles), the decentring of the mig@and their tiles.
Hence, according the value entered by the systagineer for each parameter, the performance budgetpolates
within the database to get the appropriate valuEEfNo action is mandatory by the optical desigreerd the system
engineer can decide immediately if a change indisign is acceptable or not. This is the strendthnoautomatic
performance budget.

The direction reconstruction

The direction reconstruction is simpler to desciileeause it is a simple geometric relation withrfior orientation
with respect to the telescope axis. It is sensitivehe thermal effects and to the mechanical srimrt not to the
discrepancies of the shape of the mirrors. It digends on the accuracy with which the telescopdéan aligned.

A Scienci 7\
A SNR Direction reconstructic
A
Signa Noise Mechanir Control
A A
Throughpu EE
A
A A
M1 tiles M2 tiles Global M1 Global

Figure 5: Scheme of the high-level structure ofgeformance budget for SST-GATE.

The calculation of the direction from which the gis-rays come from is related to the atmospheffiects (chromatism,
turbulence, refraction) that change the path ofligifet according the wavelength, to the mechanimtaviour of the
telescope (quality of the rotation, perpendicujaof the axes, etc.), to the control loop accuraog to the optical
elements. Indeed, an unknown misalignment of tbesgonents induces a movement of the focal spot thet detector
and an error on the direction reconstruction ofdbemic-ray.
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The control loop

The intrinsic accuracy of the control loop creaesmnall bias between the real direction along witiehtelescope points
at and the one required by the science. It is Idhe@n 1 arc second after comparison with the IME&Evice.

As we explained above, the telescope is a compeafanechanical parts that will be mounted withaie uncertainties
that come from the manufacturing process and tharacy of the metrology tools. This will lead soereors that are
listed in Table 3. If these errors are not taken eccount, i.e. if one considers that the telesdspperfectly aligned,
with perpendicular axes, a variable discrepancwéen the scientific source and the pointing dicecbf the telescope
will permanently degrade the measurements. A mofldhe telescope must be created to take into atcthese

imperfections. The method consists in taking séwdoaens of pictures of the sky in the area whbaeetelescope is
supposed to observe to create a map of the diswigsabetween the pointing direction of the telpscand the exact
position (usually, we use an astronomical souraé ey be situated at the centre of the focal pifatine telescope was
perfectly aligned.). This set of discrepanciesigerted to get the numerical values of the paramsdigted in Table 3.

With these values, it becomes possible to createnitdel of the telescope as explained in 4.3.

Table 3 : List of the parameters and their narm8Jiinvolved in the telescope model for an alt-azihal mount

Designation Name
Roll index error 1A
Pitch index error IE
Vertical Deflection FLOP

OTA/pitch non perpendicularity CA
Roll/pitch non perpendicularity NPAE
Roll axis AW
Misalignment AN

The perfor mance budget

The performance budget of SST-GATE is presentdedare 6. The four left columns at the bottom af grerformance
budget are the boxes named M1 tiles, M2 tiles, &ldhl and Global M2. The fifth column is dedicatiedthe AAS

sub-system and the sixth (not visible in Figurastior the control loop. The column at the extrelefe gathers values
for the throughput (atmosphere and optics). Thesrottells are used for other effects, such as chismaand to

calculate the scientific performance (the uppelrafethe performance budget).

7. CONCLUSION

SST-GATE is an example of how an automatic perfaicaabudget is crucial for the successful develogroéhighly
integrated instrument or telescope. Some opticainehts impact on the two main scientific topicse tfirection
reconstruction and the SNR. By the way, they atdmdependent and the science performance musbisEdered as a
whole. Indeed, a tilt of the mirror does not sigrghtly degrade the PSF (or the EE fraction) butoés have a large
impact on the direction reconstruction. This is toatrary to the case where the mirrors are decsht&ach scientific
driver constrains the mirror specifications andlfityg a balance reasonable cost and alignment caitypteo difficult is
not easy. Thus several loops are required in daleptimise the balance between the two scientiffics, and this is
where the automatic calculation proved extremelpfoé

For the same reason, a system engineer's work e masier when a change in the allocation is mangafhe
performance budget re-calculates automatically iamdediately the scientific performance and represenpowerful
tool to discuss technical solutions with the engisen charge of the design.

Finally, an automatic performance budget reducesrigk of human error because (1) all the calootetiare done
automatically and because (2) the sole human actiogists in entering values in the error allocatiee.

Of course, building an automatic performance budgktnger than for a classical error (or perforogrbudget. But the
amount of work is not very important especiallywe compare it to the amount of work required tofqrem the

* IMCCE is a unit of the Observatory of Paris whishnvolved in the calculation of the Ephemerides.



calculation manually. Indeed, whatever the projédog, system engineer has to split the system inbesystems, to
identify the link(s) between them and must detemtiow they interact and behave (via equationsmoulsitions). The

sole additional work towards an automatic perforogabudget consists in creating a database fomtieepolations (if

required by the complexity of the behaviour of Hystem) and to enter the equations that simulaeptiysical links

between the different elements of the system. Tl t(and last) additional action consists in wgrify that the

calculations are performed properly.

So, when is it worth building an automatic perfonta budget? We think that the answer is alwaysntrea small

project (say 3-4 people involved), the time savedi automatic budget can be discussed. The duoratithe project is

another parameter. If the design phase lasts deyeaes, forgetting certain details on how the parfance budget runs
is unavoidable whereas with an automatic perforrednaiget, the system engineer can use it at amyuiith no risk of

mistake.

The context of the astronomy requires saving time eost during the design, the construction andetk@oitation
phases while lengthening the lifetime and enhantiegperformances. To succeed in this multi-dinmrai goal, an
automatic performance budget helps by shortenirg disign phase and ensuring that all the posmbilitan be
investigated in terms of scientific performanceairreasonable time because, precisely, the autorpatiormance
budget delivers a result immediately.

Such an automatic performance budget has beerdglpsformed for another project and is being redufor future
project at the UK ATC for the MOONS project. We #nas confident that the use of this kind of todl e generalised
rapidly.
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