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1. Summary and Introduction 
1.1.  Overall concept 
The Observatoire de Paris, represented by the LUTh (Laboratoire Univers et Théories) and the GEPI (Galaxies, Etoiles, Physique et Instrumentation), and the CHEC (Compact High Energy Camera) consortium are designing a Schwarzschild-Couder telescope, SST-GATE, and a camera for the Small Sized Telescope section of the Cherenkov Telescope Array.
The telescope structure is based on the Schwarzschild-Couder (SC) optical formula which has not yet been used in the design of a ground-based telescope. The SC design allows for a compact structure and camera and enables good angular resolution across a large field of view, while allowing for a reduction of the focal length and hence of the physical pixel and camera size. For a 4 m primary diameter and ~0.2° pixel size, this system allows the use of 6 x 6 mm² pixels, which are readily available at modest cost as silicon photomultipliers (SiPMs) or multi-anode photomultipliers (MAPMs). The SC configuration ensures that more than 80% of the light emitted by a point source is collected within the dimensions of a pixel over a field of view of ~ 9°. Whilst very promising, the novel structure of the telescope and camera necessitates comprehensive prototyping. 
The main objective of the prototype design for CTA is to demonstrate that it is technically possible to achieve the required performance with an inexpensive structure and camera. In order to limit costs and simplify transport, assembly and maintenance, the telescope design seeks to keep the structure as simple and the mass as low as is reasonably possible. 
1.2.  Summary of design 

The SST-GATE telescope is a dual-mirror design based on the Schwarzschild-Couder optical configuration. The optical design provides a small Point Spread Function (PSF) on axis, with a gradual increase off axis (Figure 1). The optical parameters are given in Table 1. The spot size diameter does not exceed 4.8 mm (corresponding to 7.3 arcmins on the sky) over the 9°.field of view. 
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Figure 1: PSF of SST-GATE design; PSF size is determined by the area in which 80% of the energy is spread. The upper curve in blue refers to the PSF size in mm, scale on the left; the dotted line in red is the PSF in degrees, scale on the right of the graph.
	Table 1: SST-GATE main optical parameters
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The SST-GATE telescope, shown in Figure 2, adopts an alt-azimuthal design, in which the azimuth axis permits a rotation range of ±270° and an elevation range of up to 91°.
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Figure 2: Telescope SST-GATE
The telescope is composed of a tower, an alt-azimuthal system (AAS) providing the ability to point in any direction on the sky and to track any scientific source with the required accuracy in observing environmental conditions (e.g. wind speed up to 36 km/h). The AAS provides the interface between the tower and the optical structure (Mast and Truss Structure, MTS) holding the mirrors and the camera. The MTS is a hexapod. The primary mirror M1 is segmented and the secondary mirror M2 is quasi-monolithic. The main dimensions of the telescope are given in Table 2. 

Table 2: Main dimensions of SST-GATE structure.
	Description
	Dimension

	Mirror M1 – Mirror M2
	3561.1 mm

	Mirror M2 – camera 
	510.7 mm

	Volume (height x length)
	5.4 m x 8 m

	Weight
	~ 9 tons 


SST-GATE has been designed as a low mass structure, to simplify mounting and maintenance of the telescope and reduce manufacturing costs. In order to obtain a lightweight structure, the design has been optimized and validated through a series of trade-offs during the design phase, made with the aid of finite element analysis (FEA).
In order to ease the mounting, systems were split according to function so that they are as independent as possible and assembly and integration can be done separately. For instance, specific attention was given to the camera removal mechanism and the mirror integration so that the risk of accidental damage is lowered.
In order to ease manufacturing and maintenance, similar systems have been used in the structure wherever possible (for instance identical azimuth and elevation drives are used). Mechanical parts have been designed to fit standard industrial dimensions and to use commercial off-the-shelf (COTS) elements wherever possible. 
The tower interfaces with the slab structure (foundation) and the AAS; it ensures the fastening of the telescope to the slab and supports the weight of the structure. The tower is a steel tube 1210 mm long with two flanges (Figure 3) interfacing with the foundation and the azimuth drive system. The tower is painted red (RAL 3016) as are all the telescope mechanical parts; this colour is the best compromise between white to reduce solar radiation heating and black to lower the reflection of stray light which would increase the background during gamma-ray observations.
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Figure 3: Tower fasten to the slab at Meudon 
The alt-azimuthal system has been designed to be similar for both the azimuth and the elevation sub-systems. It is composed of two main mechanical pieces, the fork and the bosshead, enabling rotations in azimuth and elevation, respectively. Both systems are composed of one slew-bearing and a worm gear driven by two motors and monitored by absolute coders (Figure 4). The azimuth system is the interface between the tower and the fork. The elevation system is composed of two slew-bearings facing each other and connected to the bosshead. The motor shaft is on one side of the bosshead. On the side opposite to the optical system, the AAS is connected to the counterweight which is manufactured with IPN bars and with movable lead masses to allow accurate balancing of the optical section of the telescope at all phases of assembly; appropriate weights can be added as the optical assembly is built up. 
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Figure 4: View of the drive system mounted in its mechanical support (left); AAS system connected to the tower
The optical elements (M1, M2 and the camera) are supported by a Serrurier-like hexapod structure, the MTS, which connects to the bosshead. It is composed of the bottom MTS dish, connected by the MTS bars to the M2 dish (also called the top MTS dish) and the camera support. 
In order to reduce distortions of M1, the functions of supporting the MTS and holding the M1 mirrors have been separated (Figure 5). The interface between the bottom MTS dish (supporting the MTS) and the M1 dish (holding the mirrors) is formed by a flange that allows rotation of the dish in order to ease mirror mounting. The petals forming M1 can thus be installed from the ground. The dish is then fixed to ensure its alignment and the rigidity of the structure. The top MTS dish interfaces with M2 through the structure at its rear and the MTS bars (Figure 6). All mirror segments (M1 petals and M2) are supported via triangular structures using three actuators. Connection to the camera is via a flange at the back of the camera and arms connected to the MTS top dish. The upper arm can be unlocked in order to rotate the camera structure, so the camera can be lowered to human height in order to ease its removal and maintenance (Figure 7). 
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Figure 5: View of the MTS and M1 dishes. The triangular structure is the MTS bottom dish, the hexagonal structure is the M1 dish and mirrors are fastening by triangles via actuators. 
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Figure 6: The top MTS dish and the secondary mirror.
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Figure 7: Rotation of the camera on the ground.


The mirror M1 is 4 m in diameter with a central hole of 650 mm radius. It is formed of six petals which reflect the symmetry of the MTS arms. Two petal designs have been proposed, one for CTA and one for implementation on the prototype. The CTA petals are the result of the tessellation of the 4 m mirror into six panels; the prototype petals (see Figure 8) are slightly smaller in order to simplify the manufacturing of the prototype. This does not affect the PSF, which remains unchanged except for dark wings which appear at its periphery, but do not degrade the overall performance. The effective mirror area is slightly decreased from 10 m² to 6.8 m² for the prototype, but still exceeds the CTA requirement. 
M2 is 2 m in diameter and has a higher curvature than M1. Segmentation of M2 is not essential; it could be manufactured either as a monolithic mirror or in 6 petals and then assembled to form a monolithic structure. The solution developed for the prototype is the latter. M2 will be mounted as a monolithic structure (see right picture of Figure 10) 
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Figure 8: Prototype (left column) and CTA (right column) petals for SST-GATE: the petal design and resulting image are shown in each case.
The mirror manufacturing process consists of machining, polishing and coating aluminum bulk blocks. The reflective surface is machined to achieve the appropriate aspherical curvature and a three-layer coating applied to improve the reflectivity. The rear surface is machined out to decrease the panel’s mass, leaving stiffeners for strengthening; the rear shape is optimized by FEA. 
Primary stiffeners are used to decrease the petal mass while keeping the rigidity of the panel; the mirror deformation must stay under the waviness requirement of 50 µm rms for M1 and 20 µm rms for M2. Secondary stiffeners are used in M1 (Figure 9) because the cells formed by the primary stiffeners are rather large (from 260 cm² up to 490 cm²) and the polishing can damage the aspherical shape given by the machining. For the secondary, the cells are smaller, from 150 cm² up to 320 cm², so secondary stiffeners are not necessary (Figure 10).
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Figure 9: Rear structure of M1 petal; primary and secondary stiffeners
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	Figure 10: Rear structure of M2 petal; left: one petal with primary stiffeners and right: assembled mirror M2. 


1.3.  Summary of plans 

The Observatoire de Paris is involved in the CTA project through designing and constructing on the site of the Paris Observatory in Meudon a Small Size Telescopes prototype, SST-GATE, in collaboration with the CHEC team who are providing the camera for the telescope. 

The telescope built in Meudon is the prototype on which all mechanical and optical testing will be performed, together with the CHEC (and possibly the ASTRI) camera. It is one of the first SST prototypes for CTA. The next step will be to contribute to the pre-production series of telescopes, where the SST-GATE and CHEC teams aim to build a few end-to-end telescopes on the CTA southern site. 

The construction of this pre-production series represents a first step towards the full array. These telescopes will be the first units of the final array. The SST-GATE telescopes that will be built on the CTA site will be of the GATE design following optimization resulting from the assessment of the prototype. The pre-production telescopes will be used to further optimise construction procedures and develop test infrastructure and operations on site. Triggering and behaviour of the telescope in an array configuration will also be studied. The pre-production array will give access to early science results. 

The aim of the Observatoire de Paris is to build three telescopes for the mini array, and the CHEC group hopes to equip these with cameras. The final contribution of the French laboratories to the SST array is not yet fixed, but currently the addition of eight further telescopes looks feasible, thanks to future funding from the French ministry, giving a total of 11 SST-GATE telescopes (namely, the complete mechanical and optical structures). More SST-GATE telescopes will be constructed as further partners join the project, as is currently under discussion. Agreements and discussions are in progress with UK, US, Dutch, Japanese and other colleagues in order to determine the budget which can be expected and to prepare a joint SST-GATE/CHEC proposal, which can hopefully be added to the next draft of the TDR in September 2014. The current estimate is that a total of 30 telescopes may be achievable.
The global schedule of SST-GATE is described below, from the end of the EU preparatory phase . 

· End 2014: SST-GATE prototype is assembled in Meudon and mechanical and some optical tests are performed.

· 2015, assessment phase with update of mechanical drawings and preparation of calls for tender. Optical tests will continue to be performed with the CHEC camera. Parallel tests will be done by the ASTRI team (following a common test plan).

· End 2015-2016: call for tender to build three telescopes for the pre-production series. Choice of companies, kick off meetings and start of manufacture. 

· 2016-2017: installation of pre-production telescopes on site.
· Mid 2017: call for tender for remaining telescopes for CTA array with batches and brackets. 

· 2017-2021: pre-production array completed, first observations performed, call for tender for final telescope production and finalising of contracts, manufacture, assembly, delivery and installation on site of remaining telescopes. 
The cost for one telescope structure will be summarized in Table 3. The costs for mass production will be presented in Table 4. 
Table 3: Unit cost for telescope structure
	To be provided for TDR document in September.



Table 4: Cost for mass production

	To be provided for TDR document in September.




The plans for telescope installation will be provided for the TDR in September.
1.4.  Summary of organization 

The project is part of a French consortium named GATE (Gamma Ray Telescope Elements) coordinated by the Paris Observatory, formed of five laboratories located in the Ile-de-France and developing equipment for the preparatory phase of CTA, with the financial support of the region Ile-de-France, CNRS (INSU and IN2P3) and CEA. 

The SST-GATE project is led by the LUTh lab (Laboratory Universe and Theory) at the Observatoire de Paris (OP) and the technical design is developed at the GEPI laboratory of the OP in Meudon. 

The LUTh is a scientific lab which has been involved in the Very High Energy (VHE) astrophysics for many years, with expertise in the physics of Active Galactic Nuclei and compact sources, astrophysical modelling of VHE sources, simulations, multi-wavelength observations, astronomical data analysis, and virtual observatories. The scientists of the VHE team are members of the HESS and CTA consortia, where they have various responsibilities, in particular for science, data, simulations, coordination and management. 
GEPI (Galaxies, Etoiles, Physique et Instrumentation), or more precisely the Instrumental Group of GEPI, contribute to the design and construction of instruments and telescopes. The instrumental department has worked on the VLT, HESS, the future ELT of the ESO and also contributed to the development of software for the instruments of the VLT (X-Shooter, Giraffe). It has skills in project management, quality assurance, systems engineering, optomechanical design, FEA, thermal analysis, electronics and software. The department has a mechanical workshop and assembly, integration, and test facilities. 

The Observatoire de Paris is a research institute with the statute of a university. Its laboratories are also recognized as laboratories of the CNRS. The CNRS (National Centre for Scientific Research) is a public organization under the responsibility of the French Ministry of Education and Research. 

As regards SST-GATE, the principle investigator is Hélène Sol, a scientist with expertise in astrophysics and gamma-ray astronomy. She is a co-investigator on the HESS experiment and was involved with CTA from the very beginning of the project. 

The LUTh Lab ensures the scientific responsibility, manages the project and is involved in the scientific simulations, together with the CPPM (Centre for Particle Physics of Marseille). The GEPI manages the technical part of the project with and shares Work Packages (WPs) with the local team and several collaborations.
The collaboration with the UK teams started from the very beginning of the SST-GATE project. Collaboration is also ongoing with the Italian ASTRI group, in order to optimize interfaces and common procedures and sub-components where possible. In addition, collaborations with French laboratories have been developed and the SST-GATE team includes:

· CEA-IRFU (Saclay, France), working initially on mirror R&D and now involved in the manufacture of the secondary mirror.
· DT-INSU (Meudon, France), working on the telescope control command system. 

· CPPM (Marseille, France), working on the scientific simulation of the telescope. 

· Several companies, working on development of technical solutions for the SST-GATE designs. 

Discussions and exchanges with INAF teams have been ongoing for two years to ensure good communication and interaction between the ASTRI and GATE projects.

This section describes how the Project Team is organised and what processes are followed to manage and control the Project. Tasks are divided into WPs. An organization chart is reported in Figure 15. A detailed description of each WP with the goals can be found in the Management plan.
This section describes how the Project Team is organised and what processes are followed to manage and control the project. Tasks are divided into WPs. An organization chart is reported in Figure 11. A detailed description of each WP with the goals can be found in the Management Plan. 
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Figure 11: Organization of SST-GATE project
1.5.  Work remaining and major risks 

It is hoped that the extensive FEA that has been carried out during the design of SST-GATE will ensure that the prototype telescope is close to that which will be implemented in the CTA array. After the integration of the SST-GATE telescope in Meudon, a series of tests (mechanical, software and optical) will be performed. An assessment phase will then follow and any advisable updates of the mechanical design will be made. 
Changes that may be made during the assessment phase include:

· The number of motors for the AAS; currently two per axis are provided but one may be enough. 
· More precise slew bearings, which may allow improvement of the AAS mechanical support.
· Currently, two cabinets are foreseen on the foundations, one for general power supply etc. and one for the telescope control system; following tests on site, one cabinet may prove sufficient.
· This list will be extended for the September draft of the TDR. 
Failure modes, effects and criticality analysis (FMECA) was started at the very beginning of the project, considering all areas of the project from technical aspects through to system and management issues. All risks have been listed and marked and solutions to mitigate or minimize the risks have been found, so that no high risks are foreseen. The level of risk is given by the risk priority number (RPN) which is the product of the risk’s severity and the probability of occurrence. There are 48 FMECA risks listed, with 4 medium level risks with an RPN of 6 or 8. There are 8 safety risks, two of them marked medium level (RPN 6). 
Main assumptions, caveats and dependencies will be listed here for the September TDR. 

To summarise the current state of the TDR of the SST-GATE project: 

Section 2: internal and external interfaces have to be described in more detail and in some cases require clarification within CTA and the CHEC/SST-GATE group. Several critical interfaces have been documented; this will be completed for the September TDR. 

Section 3: DVD has to be completed and updated after the meeting with the ASTRI group in early 2014. This will be provided for the September TDR. 

Section 4.1: Basic processes are described; more details will be added after discussions with the companies and collaborations involved in the next few months. This will be completed for the September TDR; an internal document is currently being written. 

Section 4.2: the PBS has to be validated by the complete telescope team, especially the telescope control system section. Parts of the WBS, costs, schedule and milestones are not finalised yet. These will not be presented here until complete and validated information is available. 
Sections 4.5, 4.6 and 4.7 are written, but need more detail and internal discussion in order to check that they are complete. 

Section 5 needs additional information from all members of the SST-GATE team. 

2. Design and prototyping 
2.1.  Design
The SST-GATE telescope is based on a Schwarzschild-Couder system designed by J. Schmoll from Durham University. The SST-GATE telescope adopts an alt-azimuthal design in which the azimuth axis permits a rotation range of [-90°, 360°] and an elevation range of up to 91° with a parking position at 0° azimuth and -5° in elevation. It is composed of two reflectors, M1 and M2. At the location of the focal plane is the Cherenkov camera, which is designed by the CHEC (Compact High Energy Camera) collaboration. The SST Cherenkov cameras are designed with identical interfaces similar size so that the ASTRI camera can also be mounted on SST-GATE.

The telescope has been designed with the goal of reducing its mass, easing both the mounting and the maintenance phases. Manufacturing costs are also reduced by using similar systems inside the telescope (e.g. same drives for altitude and azimuth systems). This also helps to minimize the number of spares required. 
The telescope structure is split into functions performed by dedicated sub-systems, which are as independent as possible. This alleviates the constraints on the design and helps with the maintenance. The telescope is composed of three main mechanical sub-systems and a control command sub-system:

· The FSS (Foundation and Slab Structure) supports the weight of the telescope and provides the torque resistance. The telescope tower is attached to the slab structure.

· The AAS (Alt-Azimuthal Structure) which allows the telescope to point in any direction on the sky and to track any scientific source with the required accuracy (for the specified observing environmental conditions, e.g. wind speed up to 36 km/h). It also has the function of supporting the optical part of the telescope and the counterweight. 

· The MTS (Mast and Truss Structure) that connects the AAS to the optical sub-system. The AAS is connected to the primary mirror (M1) through the MTS bottom dish and connected to the secondary mirror (M2) by the MTS top dish. These two dishes are connected by tubes in a Serrurier-like hexapod configuration. The camera is supported by two arms connected to the MTS top dish, and can be rotated through the MTS arms down to the ground. 

· The TCA (Telescope Control and Alignment) system which controls the operation of the telescope.
Figure 12 shows an overview of the telescope with these sub-systems and the parameters of the telescope are listed in Table 5.
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Figure 12: View of the SST-GATE prototype
Table 5: Specifications of the SST-GATE telescope.
	Optical parameters 
	Mechanical parameters 

	Designation
	Value 
	Designation
	Value 

	Field of View 
	9°
	Primary mirror diameter 
	4 m

	PSF 
	0.1° @ 80% (a)
	Secondary mirror diameter 
	2 m

	Focal length 
	2 283 mm
	Mirror M1 – Mirror M2
	3561.1 mm

	F-number  
	0.578
	Mirror M2 – camera 
	510.7 mm

	Plate scale
	0.025°/mm
	Volume (height x length)
	5.4 m x 8 m

	Effective mirror area
	10 m² (6.8 m² for prototype)
	Weight
	~ 9 tons 


(a) The PSF is specified as the area over which 80% of the energy from a point source is spread.
The foundation is composed of a slab and a concrete area with reinforcement. The slab is larger than the telescope structure in order to provide space for assembly and maintenance. Foundation drawings and details will be added to the September TDR. 

The tower is the only stationary part of the telescope. It links the slab and the AAS through the azimuth drive. FEA analysis has been carried out on the dimension of this element and the fork mounted on it. These showed that a long tower and a short fork are preferred for the reasons of cost, mechanical behavior, impact on the global accuracy of the telescope, ease of assembly, mass and maintainability (detail can be found in the internal trade off document). The tower is a steel tube of 1210 mm length with two flanges, the lower allowing the fastening onto the slab by 16 stud anchors and the upper the attachment to the azimuth interface. 
Studies have also shown that any aperture inside the tower (e.g. for accessing electronics or drive systems) could strongly decrease the stiffness of the tower and would require a more complex design to keep the necessary stiffness. For this reason, the azimuth motors are attached outside the tower.
The alt-azimuthal drive system (Figure 13) has been designed in order to be similar for both the azimuth and the elevation sub-systems. To integrate these systems onto the fork, dedicated mechanical parts have been designed.
[image: image19.emf]Slewing bearing

ROLLIX 06-0574-04

Encoder

HEIDENHAIN ECN 125

Torque motors

ETEL TMB-0140-150

Worm gear 

ROLLIX 00-0570-00

Removable handle 

for safety use

Limit switches


Figure 13: View of the drive system.

The drive system is composed of one slew-bearing and a worm gear with two motors monitored by absolute coders. The encoder and motors are mounted at the ends of the shaft carrying the worm gear (Figure 13). 
In order to satisfy CTA requirements, in particular for pointing and tracking, ETEL torque motors are used because these can provide both high and low speeds. The maximum torque that the telescope drives must provide in various situations (wind speeds and elevations) is estimated to be 3,000 Nm with a 15% margin. Encoders must satisfy two constraints: the volume available and the accuracy they must provide. During CTA operation, an accuracy of 1 arcminute should be enough; nevertheless, for the SST-GATE prototype, the telescope will be equipped with an enhanced encoder allowing a precision of 3 to 5 arcseconds.
The azimuth system, mounted on the tower, is horizontal, whereas the elevation drives are vertical (Figure 14). This difference leads to the need to take particular care regarding water- and dust-tightness and the lubrication of the system. The elevation drive is composed of two slew-bearings facing each other and connected to the bosshead. The motor shaft is on one side of the bosshead. The elevation and azimuth drives are identical; the only difference is one screw and the integration of a limit switch. The use of identical systems for azimuth and elevation helps to decrease the cost of the purchase and improves maintainability and spares management. 
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Figure 14: Azimuth drive system (left) and elevation drive system (right) mounted on the fork with a view on azimuth motor shaft at the left of the picture.
Azimuth rotation is ensured by the fork and elevation rotation is realized by the bosshead (Figure 15). The latter has a hexagonal shape with a four-fold symmetry with respect to the elevation axis; it is a critical piece of the structure as it provides the interface between the two elevation bearings and the optical structure and counterweight. The structure of the bosshead has been extensively studied by FEA in order to determine the best design. It consists of an assembly of lateral hexagonal plates with a central hole linked by beams and plates. The hexagonal structure has been designed in order to increase the lifetime of the AAS. The bosshead rotation range is [0, 90°], so only a quarter of the crown is used. By turning this by 90°, the bosshead can be used again as if it was new. Hence, the lifetime of the bosshead is increased by a factor of four. 
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Figure 15: Bosshead (left picture) and its location connecting the elevation subsystems and the optical structure and the counterweight (right CAD view)

The counterweight is designed to balance the weight of the optical structure. It is manufactured with steel rectangular tubes and with movable lead masses to accurately balance the telescope; the possibility to remove some lead masses is foreseen to match the counterweight mass to that of the MTS during the assembly of the telescope

More details on these features will be added for the September TDR. 

The optical structure forming the SC configuration is held by the Mast and Truss Structure (MTS). Many FTE simulations were performed on this structure in order to define the best approach to increase the stiffness without adding mass to the telescope. The result is that the weight of the optical structure (M1, M2, camera and MTS) is only 1988 kg. This weight induces the main torque in the structure, in no small part due to the location of the mirror M2 at a distance of 3.5 m from the telescope’s centre of gravity. FEA shows that the chosen Serrurier-like configuration is the best of all the options studied. It has been adapted to the SST-GATE prototype by using a hexapod. In addition, to increase the stiffness, the functions of supporting the optical structure and holding M1, initially satisfied by the same dish, have been separated (Figure 16); this decreases external loads on the M1 dish and hence deformations of M1. The telescope therefore has a bottom MTS dish and an M1 dish. 
The MTS is then composed of:

· the bottom MTS dish which is the interface between the M1 dish and the AAS;
· the MTS arms in their Serrurier-like configuration; 

· the top dish supporting the mirror M2.
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Figure 16: View of the MTS and M1 dishes. The triangular structure is the MTS bottom dish, the hexagonal structure is the M1 dish; mirrors are attached on triangles using actuators.
The interface with the AAS system is via a flange connected between the bottom MTS dish and the bosshead. This particular flange has a large contact surface to decrease stresses and to improve the dynamic behavior of the mast. 

The mirror M1 is supported by a dedicated dish. The interface to the MTS dish is formed by a flange that allows rotation of the M1 dish in order to ease the mounting of mirrors. This allows the petals forming M1 to be installed from the ground. The dish is then locked to ensure the alignment and rigidity of the structure. The top MTS dish interfaces with the M2 dish by the fastening structure at its rear and via the MTS bars (Figure 17). All mirrors (M1 petals and M2) are held by triangular structures via three actuators. 
The interface with the Cherenkov camera is done by a flange at the back of the camera which is connected with arms to the MTS top dish, situated at the back of M2. The upper arm can be unlocked in order to rotate the camera structure, so the camera can be accessed from the ground in order to ease maintenance or removal (Figure 18). 
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Figure 17: The top MTS dish and the secondary mirror.
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Figure 18: Rotation of the camera to ground level.


The SST-GATE telescope is based on the Schwarzschild-Couder (SC) optical design. It is composed of two mirrors: the primary mirror (M1) having a diameter of 4 m and the secondary mirror (M2) a diameter of 2 m. The focal surface of the Cherenkov camera is located in between these and is curved, with a convex shape with a radius of curvature of 1 m. The focal length of the system is 2283 mm with a plate scale of 39.6 mm/° and an f-number (focal length divided by primary diameter) of 0.57. 
The optics design has been optimized to have a very good PSF on axis (Figure 19). The spot diameter does not exceed 4.8 mm which corresponds to 7.3 arcmin on the sky.
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Figure 19: Expected SST-GATE PSF over the 9° field of view. The pixel size of the scientific camera will be 0.2°.

The optical parameters of the design are listed in Table 6. The SC optics allows for a compact mechanical design. The distances between optical elements are also given in Table 6. 
Table 6: Schwarzschild-Couder optical design in SST-GATE;
	Optical parameters 
	Mechanical dimensions 

	Designation
	Value
	Designation
	Value

	Field of view
	9°
	Mirror M1 diameter
	4 m

	Point Spread Function, PSF
	0.1° @ 80% (a)
	Mirror M2 diameter
	2 m

	Focal length 
	2283 mm
	Detector area 
	362 mm

	F# 
	0.578
	Distance M1 to M2 
	3561.1 mm

	Pixel size
	6 x 6 mm²
	Distance M2 to camera
	510.7 mm

	Plate scale
	0.025°/mm
	Curvature of focal plane
	1000 mm

	Throughput
	> 60% (b)
	
	


(a) PSF size is determined by the area over which 80% of the energy from a point source is spread.
(b) The throughput includes the vignetting.
The shapes of mirrors M1 and M2 are defined by 16th-order even polynomial equations. Their profiles are aspherical with substantial deviations from the main spherical component (Figure 20). The closest spherical shapes can be deduced for both mirrors in order to give an approximate radius of curvature (RoC). M1 has an approximate RoC of 9.7 m and M2 an RoC of about 2.1 m.
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Figure 20: Difference between closest sphere and actual shape of M1 (left) and M2 (right).
M1 is 4 m in diameter with a central hole of 650 mm radius, making segmentation in petals advisable. It is tessellated into six petals which follow the symmetry of the MTS arms. Two designs have been proposed for the petals, one for CTA and one for the prototype telescope. 
· The prototype petals will fit inside a 1380 mm diameter Figure 21 (left). 

· The CTA petals will be trapezoidal, the 4 m M1 diameter results in petals which are 1991 mm long Figure 21 (right).
The impact of the smaller petal surface has been simulated using a Zemax model of the telescope. The PSF size remains unchanged and tip-tilt and defocus have the same behavior and thus the same alignment process can be used with the same accuracy expected for the alignment. The only difference is the occurrence of weak dark wings at the periphery of the PSF for the smaller petals due to the removed surface. The effective mirror area, which is a CTA requirement, is larger for both petal sizes than the CTA specification. The effective mirror area with the CTA petals is 10 m², while it is 6.8 m² with the prototype petals. The required effective area is 5 m².
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Figure 21: PSF of the prototype and CTA petals for SST-GATE design. Left column is for the prototype petal and right column is for the CTA petal. The first row is M1 with different petal sizes; the second row is the spot diagram for one petal; the third row is the resulting complete PSF.

The mirrors of SST-GATE are manufactured in three steps: machining of aluminium bulk samples, polishing to achieve low roughness and coating to obtain the required reflectivity. More details on the process are given in section 4.1.1. 
To reduce the mass of the mirrors, the rear surface is structured, being formed from cells delimited by stiffeners which ensure that the rigidity of the panel is kept. Mirror deformation must stay under the waviness requirement of 50 µm rms for M1 and 20 µm rms for M2. The geometry of the cells is defined by FEA. M1 has two kinds of stiffeners; primary stiffeners forming large cells to keep the mirror rigid and secondary stiffeners forming smaller cells preventing deformation of the mirror during polishing. Several configurations have been studied using FEA. The rear structure of M1 is based on a circular configuration (Figure 22). The secondary mirror has only primary stiffeners because the cells these form are sufficiently small, from 150 cm² up to 320 cm²; the cell shape is triangular.
M2 is 2 m in diameter and has a stronger curvature than M1. Segmentation of M2 is not necessary, and a solution exists for manufacture as a monolithic mirror, although this makes transport more complex and fewer companies can coat a mirror of such size. 
In order to simplify the coating for the prototyping phase, the choice was made to segment M2 into six petals. However, the mirror will act as a monolithic structure; the mirror will be assembled and polishing of the complete mirror will be performed in order to reduce edge effects. The mirror will be treated as monolithic during the lifetime of the telescope and so only three actuators will be used.
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Figure 22: Rear structure of M1 and M2; rear structure of one M1 petal composed of primary and secondary stiffeners (left) and M2 petals assembled to form a monolithic mirror (right).
2.2.  Interfaces

2.2.1. Internal interfaces

The internal interfaces will be described in the next version of the TDR with drawings and CAD pictures. Interfaces within the main telescope structure are managed by the SST-GATE team. The camera interface is under development with the CHEC collaboration. This interface is being developed also with ASTRI to ensure all SST dual mirror telescopes and cameras are interchangeable.
The objective of this section is to list and detail the interfaces between the various product breakdown structure (PBS) sub systems. The list of interfaces includes:

· Camera interface to the camera removal mechanism: mechanical and electrical interfaces.
· Interface between camera removal mechanism and the MTS.
· Interface between M2 and MTS top dish, similar to interface between M1 petals and M1 dish.
· Interfaces inside the AAS system (bosshead/MTS, bosshead/elevation drives, fork/AAS drives, azimuth drive/tower etc.).
· Electrical interfaces from general supply to the telescope structure and within the structure.
2.2.2. External interfaces

The external interfaces of the SST-GATE telescope are divided into two sections. The first section concerns the power supply and the data link while the second is devoted to the structural interfaces: the foundation, the assembly hall, spares storage, fences, maintenance, fire protection, parking facilities and the roads on the site. The interfaces of the first section are summarised in Table 6. The code allows cross referencing to the relevant interface control document (ICD) for further information.

Table 6: List of the external interfaces.
	ACTL-SST2M interface specifications

	Code
	Type
	Purpose

	I-ACTL-SST2M-0001
	Logical
	Scientific camera

	I-ACTL-SST2M-0002
	Logical
	Science archive

	I-ACTL-SST2M-0003
	Logical
	Array trigger

	I-ACTL-SST2M-0004
	Logical
	Scientific camera ancillary control

	I-ACTL-SST2M-0005
	Logical
	Scientific camera calibration system

	I-ACTL-SST2M-0006
	Logical
	Pointing Monitor

	I-ACTL-SST2M-0007
	Logical
	Safety system

	I-ACTL-SST2M-0008
	Logical
	Drive system

	I-ACTL-SST2M-0009
	Logical
	Time synchronization (e.g. NTP)

	I-ACTL-SST2M-0010
	Logical
	Weather Station

	I-ACTL-SST2M-0011
	Logical
	Telescope housekeeping

	I-ACTL-SST2M-0012
	Logical
	Active mirror control

	I-ACTL-SST2M-0013
	Logical
	Alignment system

	I-ACTL-SST2M-0014
	Logical
	Telescope calibration system

	I-ACTL-SST2M-0015
	Logical
	Technical archive

	INFRA-SST2M interface specifications

	I-INFRA-SST2M-0001
	Physical
	Power

	I-INFRA-SST2M-0002
	Physical
	Camera network (fibre)

	I-INFRA-SST2M-0003
	Physical
	Control network (copper or fibre)

	I-INFRA-SST2M-0004
	Physical
	Slab


Comments on external interfaces are given hereafter, and will be expanded in the next draft of the TDR. 

For the foundation, the interface is the system for fastening the telescope to the slab. For SST-GATE, this consists of 16 studs. The dimensioning of the foundation strongly depends on the soil on the site, so no sketches will be provided as yet, but the information required to produce them (weight of the telescope and the torque generated by the wind on the telescope structure) is presented.

The assembly hall will consist of a volume of 8 x 8 x 8 m3 equipped with a bridge crane to assemble and align the main sub-systems of the telescope.

The spare storage space must provide the environmental conditions required for a period of at least the life-time of the telescope. Temperature, humidity, pressure and cleanness are part of the interfaces.

The fence shall enclose a sufficient area around the telescope (25 x 15 m2) to allow the crane operations needed for telescope mounting. 

The slab must have a surface of 15 x 10 m2.
Parking position. To be detailed in the September TDR. 
The maintenance operations will require a crane each time dismounting of the telescope structure is needed. This will occur only if an encoder or a bearing fails.

The fire protection consists of fire detectors provided by CTA for all of the telescopes.

The parking position and the roads on site must allow the passage of 19 ton trucks.
2.2.3. Prototypes and Tests
The SST-GATE telescope is built of a set of subsystems that are as independent as possible to permit their test before assembly. Measurements of the performance of various aspects of the telescope have been carried out during the prototyping phase. Additional tests will be performed during the assembly and on site. A list of these tests is given below. Further test results will be added in the next draft of the TDR. 

Motors, bearings and encoders

The motors we have selected can provide smooth movement with the required accuracy. The accuracy with which positions are known will depend on the encoder. We will measure the capabilities of both motors and encoders with a dedicated test bench.

The bearings are also crucial to the smoothness and accuracy of the movement of the telescope. Several characteristics have been measured to verify that the required mechanical tolerance of 0.25 mm in the distance that separates the rotation axis of the bearing its teeth is achieved. This compounds all the defects of the bearings, namely the displacement of the rotation axis and the cyclical movement. The former remains lower than 200 µm for the three bearings and the latter never exceeds 30 µm (Figure 24). The variation in width of the teeth (Figure 23) generates a variation of the rotation movement which is negligible as it equals 35 µm over a perimeter of about 1900 mm (0.002%). Thus, the tracking operation is very accurate and is dominated by the bending of the structure during gusts of wind. 
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Figure 23: Analysis of the width of the drive teeth.
[image: image39.emf]superposition des tours (jusqu'à la 10

e

 dent)

-10

-5

0

5

10

15

20

25

30

35

0 2 4 6 8 10 12

dents

ecart (µm)

tour 1

tour 2

tour 3

tour 4

tour 5

tour 6

tour 7

tour 8

tour 9


Figure 24: Variation of the position of the 10 first teeth after 9 turns.
Mirrors and mirror alignment

The mirrors are one of the most important parts of the telescope, so particular care has been taken with them. 
Due to the two different M1 petal sizes, one for the prototype and one for CTA, several simulations and calculations have been made using Zemax and confirmed using ROBAST. The effect of using the smaller petals has been simulated using a Zemax model of the telescope in order to study the PSF and the impact on the alignment procedure. The PSF size remains unchanged when using the smaller mirror panels. The tip-tilt and defocus also have the same behaviour and thus the same alignment process can be used, providing the same accuracy as expected for the full size petals. The signal to noise ratio is identical where the surface between the two mirrors is common. The only difference is the occurrence of weak dark wings at the periphery of the PSF in the case of the smaller petals due to the removed surface. The effective mirror area, which is a CTA requirement, is larger for both petal sizes than the CTA specification. The effective mirror area with the CTA petals is 10 m² and it is 6.8 m² with the prototype petals, while the required effective area is 5 m². Additional comments on mirror tests will be added for the next TDR. 
The proposed mirror manufacturing technique is novel, so tests have been made to validate the three step process. The first investigates the polishing and the second the residual roughness.
In order to develop the polishing step, several tests were performed on both small and large samples. The polishing step is crucial as it must smooth the roughness of the surface without damaging the aspherical shape produced in the machining step. To achieve the required quality, manual polishing must be performed. Tests have been done on various samples to validate the polishing step (Figure 25). Samples have been machined to reproduce petals of mirrors M1 and M2, scaled down to 1/10 of the real dimensions. These mirrors have an initial roughness of 0.6 µm. Polishing allows a final roughness of 0.02 µm to be achieved (Figure 26). 
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	Figure 25: Test mirror of M1 (left) and M2 (right); the M2 test mirror is polished.
	Figure 26: Large test mirror before (left) and after (right) polishing.


Mirror samples have been measured using 3D metrology equipment to verify that the surface has not been damaged by the polishing. The surface was divided in 10 x 10 regions. The x, y, and z coordinates of each region’s centre were measured. The mean, rms and maximum and minimum values of the deviation of these positions from the ideal curved surface were determined before and after polishing (Table 7). The main parameters of interest are the standard deviation, the maximum value and the peak to valley (which defines the surface smoothness). 
Table 7: Measurement of mirror samples before and after polishing (units mm).
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The measurements confirm that the polishing did not damage the curvature. The standard deviations are similar, so the shape is kept and is close to that required. Both the maximum and the peak to valley values decreased, showing the benefits of the polishing.
Additional tests have been done on a larger sample size of 400 x 420 mm² in order to verify the scale effect of the polishing. An area of 400 x 400 mm² was subdivided into 8 by 8 smaller squares. The sample was analysed in two spatial frequency regions. The mirror surface was defined using Zernike parameters and the relevant Zernike coefficients used to provide low Nyquist frequency (200 mm) and high frequency (10 mm) measurements. Again, results were obtained before and after polishing, and are presented in Table 8. 

Table 8: High and low spatial frequency measurements before and after polishing for large test mirror (units mm).
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Table 9 shows that larger samples do not suffer distortions because of the forces applied to the surface during polishing. The standard deviation decreased slightly, so the surface becomes more uniform, and the maximum and peak to valley values decrease at both frequencies, showing that the polishing significantly improves the surface quality; diffraction will be reduced due to this step.
The tests performed on small and large mirror samples show that the polishing did not damage the surface shape and improved the roughness. The effect is most visible on the large sample.
Tests on the surface roughness will be performed at the end of the preparatory phase by the CTA mirror test facility (MTF) WP using small mirrors samples. In order to achieve the image quality needed for Cherenkov light observation, the surface roughness must be ~ 0.02 µm. Using the established a link between surface roughness and the scattering value calculated by Total Integrated Scattering (TIS), which is the scattering losses over the whole space, a surface having a roughness of 3 nm has a TIS value of about 112 ppm. The bi-dimensional surface roughness has therefore been fixed to be 20 nm (TIS ( 0.1%, see Marioge
) which is adequate for the SST application.
Coating tests are in progress in summer 2014 on the small test mirrors. The coating is based on a dielectric and aluminium coating (three layers) to increase the reflectivity to 85% for wavelengths between 300 and 650 nm. Tests will be performed in June on small samples and will be analysed by the MTF WP. Results will be added to the next TDR draft. 
Further tests will be done to validate the three step mirror manufacturing process in collaboration with the CEA IRFU in Saclay. The concept is to measure the PSF of each petal and compare this with Zemax expectations. The required optical test bed is currently under construction. 
As SC telescopes have not yet been used for VHE astronomy, the required alignment procedures must also be studied. Tests are currently ongoing on an optical bench with a 1/10 scale mock-up (Figure 27). First results show that the chosen procedure works and that the measured PSF is as expected. More detail will be presented in the next draft of the TDR.
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Figure 27: Left, the PSFs from two petals on the mock-up. The central PSF is for the aligned petal. The scale is not linear. Right, the Zemax simulation of the PSF for one perfectly aligned ideal petal.
Tracking computations on an FPGA

The control and command of SST-GATE have been designed at the OP. Tests on pointing computation on an FPGA have been done as is described here. The purpose of the SST-GATE telescope is to collect the Cherenkov photons emitted by the shower of secondary particles produced when a high energy particle enters the atmosphere. The tracking precision required to image these secondary particles is less than that typically needed for optical telescopes. A precision of 1% of the 9° field of view is adequate, i.e. about 5’. 
Pointing towards a source requires that the relevant equatorial coordinates are converted into altitude and azimuth values, taking into account the telescope's location and the rendezvous time. For tracking purposes, a series of such conversions has to be carried out, together with adjustment of the telescope's altitude and azimuth velocities. Two categories of transformations need to be computed: astrometric to account for celestial motions; and geometric to account for the imperfect geometry of the telescope. Key among the former are those corresponding to the Earth's rotation, the precession-nutation, the annual aberration, the proper motion of the source and refraction. These quantities depend on the Julian day via low order polynomials. Hence, the required operators for the computations can be reduced to addition, multiplication, division and trigonometric functions (cosine, sine, tangent and their inverses). The telescope's pointing relies on the same operators.
In order to increase the reliability of the telescope arrays in CTA, it is desirable for each telescope to be able to autonomously handle the majority of local tasks and only rely on the array's control/command for what is really relevant to the whole array. Hence, after the reception of a command to observe a source starting from a given orientation at a given time and for a given duration, each telescope is expected to point and track on its own, based on the locally available computing resources. For SST-GATE, these reside in the telescopes compact RIO (real-time controller, reconfigurable IO module) and consist of software running on the controller's processor and the programmable hardware (the FPGA).

The controller manages IO on both Ethernet and EtherCAT networks and the pointing and tracking, so resources must be efficiently shared between processes. Working at a low frequency to reduce power consumption, a real-time implementation becomes mandatory. With this is mind, the FPGA is the perfect companion to the real-time software since the duration of computations can be made entirely predictable at the cycle level and fully parallel execution of processes can be accomplished by using independent logical resources on the chip. The FPGA is, however, not as versatile as software so that using it efficiently requires the targeting of a subset of well-defined and repetitive tasks. The combination of these two arguments has led the use of the cRIO's FPGA as a coprocessor responsible for the astrometric and geometric transformations.

The chosen architecture is to make the real-time software act as a supervisor which receives the user requests on the Ethernet link via the OPC/UA server; it performs only elementary pointing and tracking computations and delegates other tasks to the FPGA; then it assembles the results and transmits the commands via the EtherCAT network to the drives.

The existence of the EtherCAT interface on the compact RIO (cRIO) requires the use of the scan engine, which, because it is a thread operating above time-critical priority, imposes strong constraints on the timing of the rest of the real-time threads: the scan engine's timing source is only guaranteed to reach 1 kHz and must also be used for all other real-time threads. This implies that data exchanges between the processor and the FPGA cannot occur at a high rate and, accordingly, that large fractions of the computation need to be off-loaded to the FPGA to reduce transfers to a minimum.

LabVIEW is a useful tool for the programing of the FPGAs in the cRIO. The basics of numerical computation are available, such as signed and unsigned integers, incrementers, adders, subtracters and multipliers. More elaborate operators, such as division or trigonometric functions, rely on components made available as Intellectual Property (IP) cores. LabVIEW provides a number of these for the cRIO target, notably division and the sine, cosine, tangent and arctangent functions. However, the arcsine and arccosine functions have had to be developed in VHDL using LabVIEW's Component Level IP (CLIP) interface and Coordinate Rotation Digital Computer (CORDIC) algorithms. The method chosen jointly computes x = t, 
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Following these developments, prototyping was carried out using the Octave numerical software to check the formulae and derive reference data. Finally, a component was developed in VHDL. It was simulated using ModelSIM from Mentor Graphics for debugging, and synthesized, using Synplify from Synopsys. As a result, the logic was fully validated prior to its encapsulation in a CLIP so that only its interfaces with the FPGA's internal memories and with LabVIEW's diagrams needed to be debugged.
The following architecture was adopted.

· A top-level entity which provides the following services:
· Scheduling of operations within the IP.
· Maintaining an iteration counter.
· Determining the computation method to be used.
· A PGUH module, which computes the values of the required auxiliary variables.
· An XYZ module, which determines the values of xj+1, yj+1, zj+1 and vj+1.

Key design constants were centralised in a package to allow easy modification. Foremost among these are the number of iterations to be carried out and the word length. The latter impacts on the precision of the computation; therefore, it needs to be determined through a detailed study of the error budget compared with the pointing and tracking accuracy requirements. Pending the completion of this analysis, results are reported based on 16-bit words. (For N-bit words, there is no point in performing more than N – 1 iterations, since additional iterations would not yield any improvement, hence 15 iterations were adopted.)
The cRIO's clock defines the operating frequency of the FPGA. This 40 MHz frequency compares favourably to the timing source for the real-time software which is bounded by 1 kHz. Nevertheless, the signal propagation delays which limit the lengths of the paths between successive registers in the FPGA and the fact that the processor is an ASIC featuring highly optimised functional blocks must be accounted for. The design space for an FPGA is two-dimensional in the sense that the developer can assign operations to the same logic and order them temporally or can assign independent logic to them and lay them out spatially. Strong demands in terms of speed can hence be met by careful parallelization of the execution, while cost-driven problems lead to reusing the logical resources over and over again. The CORDIC algorithms are iterative, so strong causal relationships between intermediate results prohibit a massively parallel implementation. In addition, to allow the replication of the IP so parallel computations can be performed at the level of the transformations themselves within the available logical resources, it was decided to reduce the footprint of the IP to a minimum at the expense of increased execution times.
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Figure 28: Register transfer level (RTL) representation of the XYZ module. This diagram does not show the control logic, notably the associated final state machine. Upper case names denote signals read from the read-only memories in the FPGA (the vertical arrays).

Figure 28 presents the architecture of the XYZ module. Some aspects of the RTL diagram which illustrate the design strategy are:

· The XYZ module computes the coordinates and velocities based solely on addition and bit-shifts. Replicating adders would lead to a significant increase of the number of gates used. Accordingly, focus was placed on factoring access to the adder; it proved necessary to implement only one. This came at the expense of extra control logic in the form of a finite state machine which ensures accesses are sequential.
· The iterative CORDIC algorithm relies on successive rotations in the positive and negative directions. It refines the xj, yj and zj quantities by adding or subtracting contributions according to 
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. Implementing an adder and a subtracter would be very inefficient, as is multiplying by –1. Instead, noting that in the two's complement notation, the opposite can be obtained by negating all bits and adding one, the sign can be efficiently changed by inserting NOT cells on the path (note the not_input1 signal in Figure 28) and computing
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... in the negative cases.
· In the PGUH module, bits are shifted during each iteration in a systematic way so that the same effect can be obtained by simple wiring and at no cost in terms of logic. Conversely, in the XYZ module bits need to be shifted by a different number of positions depending on the iteration (the 2-j terms in the formulae above). Since the FPGA's internal architecture does not feature shift registers, this operation turns out to be as expensive as an adder of the same width. Three quantities need to be shifted: xj , yj and t, when extracting the fractional part of 2pt for the computation of vp. The first two are easily handled via a multiplexer and a right arithmetic shift operator but the third requires a logical left shift. To share the same shift it is then necessary to invert the latter's bit order, replace the least significant bit by a '0' and finally restore it as Figure 28 illustrates. Although complex in the phrasing, this is only a matter of wiring.
· The computations performed by the IP can be controlled very simply: resetting the IP launches a new computation, thereby causing the control logic to return to its initial state and to access the first values in the read-only memories, which correspond to initializing the algorithm.
In order to make the use of the IP practicable, encapsulation was taken a step beyond the use of the CLIP interface. A Virtual Instrument (VI) was developed to hide the details of its wiring to internal RAM and its timing from the user. Table 10 shows that the design, although still preliminary with its 16-bit words, is realistic as regards the target's resources, both in terms of logic and timing.

Table 10: Results for arcos VI on the cRIO 9074’s Spartan xc3s2000fg456-4 (26 gates, 456 pins, -4 speed class).
	Final device utilisation

	Category
	Used
	Total
	Proportion

	Slice registers
	824
	40960
	2.0

	Slice LUTs 
	1322
	40960
	3.2

	Block RAMs
	1
	40
	2.5

	Final timing (post place and route)

	Clocks
	Requested (MHz)
	Maximum (MHz)

	MiteClk (used by non-diagram components)
	33.00
	63.56

	40 MHz onboard clock
	40.00
	68.18


3. Design Validation and Product Acceptance
3.1.  Safety
The SST-GATE prototype has been designed to facilitate the access, mounting and maintenance of sub-assemblies, assemblies, and modules and to minimize the effort and risk needed in these operations.

Safety is split into two areas, human and instrument safety. 
3.1.1. Protection of the telescope and camera
The actions to be taken in case of problems (technical failures, accidents…) and the safety policy to be adopted with respect to the drives and the telescope movement have been taken into account from the beginning of the project. The following safety considerations have been taken into consideration during the design of the SST-GATE structure: 
· Secure parking position.
· Preventing the telescope pointing into the sun during the daytime (shelter).
· Protecting the telescope from environmental and human risks in parking position (shelter). 
· Decreasing risks during the mounting of M1 mirrors on the telescope (rotating M1 dish).
· Decreasing risks during the mounting of the CHEC camera (camera removal mechanism).
To be added in the September TDR:

· Means of stowing the telescope when it is commanded to move to safe position due to high wind speeds.
· Interlocks on altitude and azimuth axes to prevent motion during maintenance.
· Means of detecting if gross out of balance condition occurs.
· Braking system.
· Manual over-ride in case of complete drive failure and manual movement of the telescope to its parking position.
The parking position has been defined to be -5° in elevation and 0° in azimuth. In order to improve safety, the telescope can be bolted to the ground in this position via tie-down straps. 

The parking position has been defined in order to avoid pointing to the sun during day time. 

The SST-GATE telescope has a shelter to protect it from environmental damage, i.e. the sun during the daytime, precipitation such as rain and snow, and ice and high wind. This also has the benefit of reducing the maintenance costs of the mirrors; without a shelter, mirrors typically have to be recoated every few years and the SST, being relatively close to the ground, is likely to be more affected by wind-blown sand and dust than the other CTA telescopes. The shelter will ensure the mirrors are protected against dust during the day (and during the night if the wind is high) and will also be protected against precipitation which can damage their coating. Figure 29 shows the shelter installed in Meudon which opens in 30 seconds and survives 200 km/h wind speeds. 
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Figure 29: Shelter of the SST-GATE prototype on the Meudon site
The risk of damaging M1 during mounting has been decreased by splitting the dish holding the mirror M1 and the Mast and Truss Structure (MTS) dish supporting the optical structure. This separation allows an additional degree of freedom and a better stiffness of the structure. It also allows the dish to be designed to aid the mounting of M1; the M1 dish can be rotated thanks to a flange and bearing so that the M1 petals can be mounted from ground level. The dish is rotated to mount each of the petals. Once all of them have are in place, the flange is locked using two pins and is kept fixed in order to perform the alignment and during observations.

Given the small distance between M2 and the camera, an innovative system was developed to reduce the risk of damaging the mirror during mounting or removal of the camera. The system allows the rotation of the camera support from the horizontal (when the telescope is parked) to the vertical position, so that the camera is accessible from ground level and is out of the way of the mirrors. The camera is held by two arms, one upper and one lower, supported from the dish holding M2. The upper arm is connected via a locking pin. By unlocking, the arm can be removed from its connection point and is free to move. The lower arm can about the horizontal axis where it is attached to the M2 support dish, so the whole system camera (camera and arms) can be rotated down to the ground. Two positions are available; that in which the focal plane is horizontal is foreseen for short maintenance operations and the second position allows easy access for mounting, dismounting and longer maintenance jobs.
3.1.2. Protection of personnel

Concerning the safety of personnel, the main risks, derived from the FMECA safety sheet, are listed below. 
	Function
	Potential Failure Mode
	RPN
	Action

	Protect personnel from motors and gear
	Fingers can be caught by the movement of motors, gears or bearings
	6
	Prevent access to motors, gears or bearings while they are working, foresee sensors to warn if there is open access to motor or gear

	Protect personnel from  moving telescope systems
	Hazard during telescope movement and tracking
	6
	Display risks incurred and measures to be taken (helmet, gloves…) next to the telescope

	Protect personnel from electronics systems of the telescope
	Electric shock hazard
	4
	Provide circuit breakers.

	Protect personnel versus drives systems
	Risk of human injury
	4
	Provide interlocks and forbid access to electronics to non-specialist personnel

	Monitor all movements of the telescope
	Safety PLC failure
	4
	Regular testing and inspection

	Protect personnel (and telescope systems) from fire
	Risk of fire in the shelter will damage the telescope elements
	4
	Standard M2 for the shelter, idem for power lines etc.

	Support the mass of the telescope
	Risk of flooding
	3
	Protection of the telescope by the slab


Some details on the safety systems developed as part of the control and command procedures of the telescope are detailed below: 
Safety signs are placed on the telescope's fence to warn people of possible injuries when standing in the operating zone.
Safety procedures and signs are placed in the cabinet on the slab where maintenance tools are stored.

Interlock for safe maintenance
A safety switch (“Remove camera”) prevents any motion when the camera is not locked in its regular position.

A safety switch (“Manual operation handle”) prevents any motion when the handle for manual operation is not in its storage position.

A safety switch for each axis (“Locking pin”) prevents any motion when the locking pins are not in their storage position.

A safety switch (“Telescope zone”) prevents any motion when the fence surrounding the telescope is open.

Instrument Safety

No operation is allowed if the safety system is not operational.
No operation is allowed if the ambient temperature is outside the [–20°C, +40°C] range. 

Equipotential bonding is consistently used throughout the telescope (surge protection).
When the wind speed, averaged over 10 minutes, reaches 50 km/h the telescope enters a FailSafe mode and is automatically parked.

Parking electronics lock: to be added for September TDR. 

Limit switches: 

In addition to software controls, safety switches prevent each axis of the telescope moving beyond its mechanical limits.

Emergency parking procedure, the emergency parking procedure is as follows:

1.
The telescope is moved back to the “Start point” from its current position, the start point being the entrance of the “Parking channel”.

2.
The telescope is moved along its elevation axis down to its “Park position”.
Additional information on the solutions implemented will be added for the September TDR. 

3.2.  Performance

RAMS performance will be detailed later. 
The system performance depends on the camera, and will be described in detail following ongoing simulations of the CHEC camera and SST-GATE telescope. 

Telescope performance:
The telescope performance in term of sensitivity depends on the camera, the optical reflectivity and diffusion and the shadowing. The shadowing of the different parts of the telescope is shown in Figure 30. Thus, the effective surface of SST-GATE equals 8.76 m² for a field angle ranging from 0° to 2° and 8.38 m² above a field angle of 2°.
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Figure 30: Shadowing of the different parts of the SST-GATE telescope.
The transitions of the telescope from the Safe to the Observation state require that it passes through a heating phase (a heating system will prevent condensation in the electronics cabinet), a boot phase and then moves to the required altitude and azimuth. Account must be taken of the time required for these operations. The boot phase lasts less than 2 minutes and the maximum duration of the telescope movement is 1 minute.

The warm-up phase (the time required to get the electronics at the right temperature to run properly) last about 30 minutes and is compliant with A-PERF-2045.

The design of the telescope permits observations at any azimuth and any elevation from 20° to 91°. The elements involved in the movement of the telescope have been designed and purchased to achieve a maximum mean speed of 0.3°/s and to maintain the tracking precision even at an elevation of 89.2°, as required by CTA.
Product performance:
The post-calibration precision of the location of objects on the sky must be lower than 7 arcseconds (for good observing conditions). To ensure this goal is achieved, an error budget has been allocated between the various contributors involved: calculation (time, position in the sky), structure (bending, vibration) and mounting (orientation, perpendicularity) to get an absolute pointing lower than 5 arc minutes. Encoders have been purchased that permit measurement of the azimuth and elevation angles with sufficient accuracy (2 arcseconds). The pointing monitor will be used to obtain the real pointing direction on the sky, which will be compared with the position of images on the focal plane of the telescope
Telescope performance:

The requirements on the optics have already been tackled in the telescope performance section. Concerning the size of the PSF, Zemax and ROBAST simulations show that its diameter evolves as shown in Figure 31 , i.e. it ranges from about 0.03° to 0.11°. The exact shape and size of the six petals from which M1 is constructed do not affect the PSF, as also shown in Figure 31, for which both triangular and circular petals were used.
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Figure 31: Size of the PSF (80% encircled energy) versus the field angle for different options for the M1 petals.
A misalignment of the optical elements degrades the PSF. Zemax simulations were used to determine the maximum degradation resulting from reasonable values for decentering, tip, tilt and defocussing (see Table 11). 

Table 11: Enlargement of the PSF for different misalignments. The axis for the decentering and tilt does not matter for column 2 because the mirrors have a cylindrical symmetry. For the third column, we consider the axis that generates the worst case.
	
	M1 or M2
	M1 tiles

	Decentring (5 mm)
	10%
	15%

	Tilt (0.14°)
	1%
	5%

	Defocus (5 mm)
	30%
	10%


In the worst case, the PSF is enlarged by 70%, so becomes about 0.18°.

Finally, the time spread of the photons focused on the focal plane has been verified using Zemax and ROBAST calculations. Both show an rms lower than 1.5 ns whatever the field angle. A discrepancy of 5 mm in the placement of a mirror petal produces a negligible time of flight change of 0.05 ns.
Additional comments will be provided for the September TDR, including information on optical and pointing performance and on calibration and alignment. 

3.3.  Reliability

The Design Verification Document (DVD) gives the specifications implemented which ensure the telescope is compliant with all CTA requirements. Chapter 2.2.5 of the SST-GATE DVD describes in detail all the specifications implemented in the design related to reliability in the three main areas of performance, environmental conditions and RAMS. For each specification, a verification method is described. 
More information will be provided for the next TDR concerning verification and validation.
Referring to the SST-GATE FMECA analysis, the most critical elements of the design are described below. Additional comments on how the risk is lowered in the design will be added for the next TDR. 
	ID n°
	
	Risk 
	RPN
	Action

	ID 28  
	MTS
	Plastic deformation caused by extreme environmental conditions
	8
	Margin in design

	ID 33
	Cherenkov camera 
	Bad mechanical interfaces with Cherenkov camera
	6
	ICD

	ID 34
	Pointing/alignment camera
	Bad electronic interfaces with CCD camera
	8
	ICD

	ID 76
	Telescope control and alignment system
	Lost of scientific data
	8
	CHEC software


4. Plans
4.1.  Construction Plans

4.1.1. Manufacture and Assembly
The manufacture and assembly processes differ somewhat for the prototype and the CTA phases. The manufacture of the telescope elements will not change from the prototype to mass production (unless some components can be moulded instead of machined and welded, which can be cheaper for mass production). However, the assembly may differ because this is mainly done at the OP for the prototype and will not be the same for mass production.
For the prototype, the integration phase is performed by the team at the OP lab in order to: test modules and sub-systems before integration; test the assembly and integration procedures; and to learn from these processes so that modifications can be taken into account for the CTA phase. 

The tower consists of a steel tube with an outer diameter of 470 mm, which is the diameter of the azimuth bearing. The tower thickness is 35 mm. This value was determined by the compression due to the mass of the elevation subsystem, the bending related to wind loads and the buckling. Detailed calculations show that a minimal thickness of 10 mm is necessary to fulfil the requirements; i.e. to avoid buckling and to keep bending and compression stresses below admissible values. Extensive studies showed that the thickness must be increased to mount the azimuth motor outside the tower. Finally, a thickness of 35 mm was chosen because it satisfies the requirements and it allows the use of COTS materials.
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Figure 32: Technical drawing of the tower.
The AAS is composed of two main mechanical elements: the bosshead and the fork. 

The fork consists of an assembly of beams covered by plates. The azimuth system is the interface between tower and fork and the elevation system is mounted using mechanical elements fixed on the two upper horizontal plates that can be seen in Figure 4. The fork is delivered at the lab where all the assembly of the AAS will take place.
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Figure 33: Technical drawing of the fork.
The bosshead consists of an assembly of lateral hexagonal plates with a central hole linked by beams and plates.
The AAS drives are fastened by mechanical elements; 73 drawings describe the system. Additional comments will be added to the next TDR to explain the elements and their assembly. The assembly of some of these components is performed by the companies that construct them and the remaining assembly and integration are performed in the integration hall of the OP.
The MTS is composed of tubes. More details on the assembly of this component will be added in the next TDR as the call for tender for this part is due in June. 
Table 12 summarizes the manufacturing processes used to realize the main mechanical elements of the SST-GATE telescope, while Table 13 lists the major commercial off-the-shelf (COTS) elements of the telescope; these are purchased from the relevant company and assembled at the OP. 

Table 12: List summarizing the manufacturing processes for the main PBS mechanical elements.

	PBS 
	Manufacturing solution
	Material

	Tower SST-TOW
	Welding  
	Mechanical construction steels (grade E36)

	AAS 
	Machining  
	Mainly stainless steel some elements in Inox

	MTS
	Machining/welding  
	Mechanical construction steels (grade E36 or A60)

	Dish M1
	Machining/welding  
	Mechanical construction steels (grade E36 or A60)

	M1
	Machining/polishing/coating
	Aluminium 5083 H111

	M2
	Machining/polishing/coating
	Aluminium 5083 H111

	Camera removal
	Machining/welding
	Mechanical construction steels (grade E36 or A60)

	Support of actuators for M1
	Machining/welding
	Aluminium 6060

	Counterweight
	Machining/welding/moulding
	Mechanical construction steels (grade E36 or A60)/lead


Table 13: List of the main COTS elements of the SST-GATE telescope.
	PBS
	Elements
	Company

	AAS
	Slew bearing 
	Rollix

	AAS
	Worm gears 
	MTA

	AAS
	Torque motors
	ETEL


4.1.2. Procurement and Production

For the prototype, all procurement and production is managed at the OP. For mechanical subsystems, calls for tender are organized according to the PBS. Components are manufactured by the companies chosen, which deliver the subsystems to the OP. Depending on the size and/or the complexity of the subsystems, these are assembled by the company. The rest of the assembly is performed in the integration hall of the OP and then telescope parts are mounted onto the foundations at Meudon.

Calls for tender are organized for the following components:

· Tower.
· AAS structure: the bosshead and fork are in one call.
· All mechanical parts of the AAS drives are gathered in one call in order to simplify the tendering process and ease the final assembly.
· The MTS is gathered into one call with the camera support structure of the PBS (camera removal mechanism) and the counterweight.
· The manufacturing of M1 and M2 is split into two series of three calls for tender, for the machining, polishing and coating of the mirrors. 

Purchase of other elements is done separately and these are delivered to the OP. The objective is to use COTS components as far as is possible. 

The assembly steps are:
1) Integration of the tower onto the slab. 

2) Assembly of the AAS structure. 

The assembly of the AAS is done in the integration hall of the OP. A mount in the hall is used to aid alignment of the AAS (the "adjustable foot"). Dedicated tools, in particular a theodolite, are used to align the system. Details on the AAS mounting procedure will be added in the next draft of the TDR; this procedure is complex and the AIT document for the AAS is currently being written. 
3) Integration of the AAS onto the tower; alignment on site with the tower in order to characterize the axis orientations of the base structure. 

4) Assembly of the MTS structure. Assembly is made in the integration hall; the bars are connected to the MTS top dish and bottom dish. 
5) Integration of the M1 dish and M1 petals, integration of M2.
6) Mounting of the optical structure on the bosshead on the slab. 
7) Alignment 

The AIT procedure will be described in more detail in the next TDR.
For the CTA phase, the manufacturing and assembly will be simplified. Integration will be done by the companies involved, with inspections by SST-GATE staff, and then on site. This choice guarantees the repeatability of the integration. 

A global call for tender will be done for all subsystems. The purchase of elements included in subsystems will be part of the call for tender. 
More detail on this procedure will be provided in the next TDR. The number of element in the call for tender will be detailed and the effort (FTEs) necessary to manage the manufacture and assembly phase will be explained. The assembly procedures and the link between companies and the SST-GATE team will be detailed. 
4.1.3. Logistics
Logistics will be detailed in the next draft of the TDR in September. Discussions with the CHEC team to organize the logistics of the integration of the telescope and camera are ongoing.
Discussions with a company which may handle the manufacture of the telescope for the CTA phase will start at the beginning of June. Management procedures, budgets and further plans will be discussed at that time. 
4.1.4. Integration, Testing and Commissioning
Integration, testing and commissioning plans will be given in the next draft of the TDR. 
4.1.5. Decommissioning Outline
The breakdown of the telescope design into functional elements means that it may be easily dismantled. General steps are described below. Further information will be added in the next draft of the TDR. 
The order in which the telescope is dismantled is the following. First, the camera is removed; this is facilitated by the mechanism allowing access for maintenance. The camera removal mechanism is then dismounted; the connectors used allow easy dismounting.  

The optical structure forming by the MTS and mirror dishes and holding the mirrors can then be dismounted. This is best done with the telescope pointing to the vertically upwards (elevation angle 90°). During the dismounting of the optical structure, the telescope is then stable. The optical structure is dismounted with the help of a crane and placed on the ground (or on a supporting frame). The counterweight can then be unscrewed. 

M1 and the M2 can then be dismounted from their dishes; the interface used to mount the petals simplifies this dismounting. The MTS structure can then be dismounted; the arms are connected by kneecaps.
It is preferable to keep the AAS system assembled in order to maintain the mechanical alignment. The system, plus the necessary packaging will fit in a container. 
The tower can then be dismantling if the foundation is made without additional cement blocking the base. In the case of the prototype foundation, the studs will have to be cut to dismount the tower; another solution for the foundation has been designed for CTA, consisting of a reinforced concrete foundation with studs embedded in it into which the tower is screwed. In this case the tower is dismounted by unscrewing the studs. 
4.2.  Management Structures

4.2.1. Product Breakdown Structure

The Product Breakdown Structure (PBS) of SST-GATE allows the identification of the subsystems of the instrument. It is defined according to CTA’s PBS. The complete PBS will be presented in the next TDR. A brief outline is given here.
The PBS is split into several levels.
System level: 

· Mechanical system.
· Optical system.
· Camera system. 

· Auxiliary system.
Sub-systems with their modules:
Mechanical system:

· Mount structure with the tower.
· MTS with MTS bottom dish, top dish and tubes.
· Camera support with rotation system.
· AAS with its structure and drives.
· Counterweight with its mechanical structure and masses.
· Foundations.
Optical system:

· Primary mirror structure with dish, mirror and alignment systems.
· Secondary mirror structure with mirror and alignment systems.
· Alignment and calibration system with alignment modules and pointing monitor. 
Auxiliary system:
· General supplies.
· Cabinets of telescope control system

· Lightning protection.
4.2.2. Organization Chart
The SST-GATE project is led by the LUTh lab (Laboratory Universe and Theory) at the Observatoire de Paris (OP) and the technical design is developed at the GEPI lab of the OP in Meudon. 

The LUTh is a scientific lab which has been involved in VHE Astrophysics for many years, with expertise in the physics of Active Galactic Nuclei and compact sources, astrophysical modelling of VHE sources, simulations, multi-wavelength observations, astronomical data analysis, and virtual observatories. The scientists of the VHE team are members of the HESS and CTA consortia, where they have held and continue to hold various responsibilities, in particular regarding science, data, simulations and coordination and management. 
GEPI, and more precisely the Instrumental Group, contributes to the design and construction of instruments and parts of telescopes. The instrumental department has worked on the VLT, HESS and the future (ELT) of the ESO and also contributed to the development of software for instruments of the VLT (X-Shooter, Giraffe). It has skills in project management, quality assurance, systems engineering, optical/mechanical design, FEA, thermal analysis, electronics, software, mechanical engineering, assembly and integration, and has extensive test facilities. 

As regards SST-GATE, the project’s Principal Investigator is Hélène Sol, who is a scientist with extensive knowledge in gamma-ray astronomy and who has worked with HESS and HESS II. She has been involved with CTA since its inception. 

The LUTh lab is managing the SST-GATE project and carrying out the scientific simulations for the project. The GEPI is managing the technical part of the project. Collaborations have been developed with the CHEC groups and with other French labs. The SST-GATE team includes:
· The CEA-IRFU (France) laboratory, which is working on mirror R&D and is involved in the manufacture of the secondary mirror. 

· The DT-INSU (France) laboratory, which is working on the telescope control and command system. 

· The CPPM (France) laboratory, which is working on the scientific simulation of the telescope. 

· Industries working on the realisation of the SST-GATE designs. 

Discussions with the INAF team (Italy) are ongoing to define possible interactions between the ASTRI and SST-GATE projects.
This section describes how the Project Team is organised and what processes are followed to manage and control the project. Tasks are divided into work packages (WPs). An organization chart is shown in Figure 34. A detailed description of each WP with the goals can be found in the Management Plan. 
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Figure 34: Organization of SST-GATE project
Details of each WP with the names of the people responsible will be given in the next draft of the TDR in September.
The Project Manager and Systems Engineer will be assisted by a Quality Manager (QM) from the OP. The SST-GATE Quality Plan describes the policies and procedures which will ensure the performance and reliability of the instrument. A compliance matrix with the CTA Quality Plan is incorporated in the SST-GATE quality plan. The QM is also involved in the application of FMECA for the critical components of SST-GATE.

4.2.3. Work Breakdown Structure
The WBS is still being developed for both prototype and mass production and will be presented in the September TDR.

4.2.4. Schedule
The schedule for the production phase is still being developed. It will be presented in the September draft of the TDR.

The prototyping schedule begins in January 2011 with the kick-off meeting between the University of Durham and SST-GATE teams, from which the studies for the SST-GATE telescope started. It does not include the preliminary design studies made by the University of Durham in 2010. The SST-GATE prototyping schedule is essentially constrained by two parameters; the CTA schedule and the SESAME funding. The Ile de France funding requires that spending is spread over the 3 years of the project.
4.3.  Milestones
The milestones are linked to the WBS and schedule. 
We will include a table of milestones in the next draft of the TDR. 
4.4.  Construction Costs

The production costs will be summarized here once the WBS has been completed and the cost of the PBS elements is more accurately known. 
The cost of the foundations strongly depends on the CTA site and the nature of the soil their; it is difficult to give a reasonable estimation of the costs at this stage. The cost used in the file is the one for the Meudon site. It does not take into account local costs for concrete procurement.

The mass production cost is calculated for 70 telescopes. Cost estimates for 10 and 30 telescopes, corresponding to the Observatoire plans for participating in CTA with or without further collaborators, are in progress. 
4.5.  Maintenance and Operation

4.5.1. Expected Needs and Schedule

Elements that are expected to fail during the lifetime of the telescope can be split into 3 categories:

· Those that can be replaced without any dismantling of the telescope. These include the slew motors, the camera, and the various electronics parts.

· Elements that require a partial dismantling of the telescope for replacement, implying that the telescope will not fully operational for a maximum of two nights. This includes the actuators and the mirrors because their replacement implies an alignment of the petals.

· Elements that require dismantling of at least one major subsystem that renders the telescope unavailable for more than 2 nights. This includes the bearings and the encoders. These operations require a complete dismantling and reassembly of the AAS, and the performance of the measurements to evaluate the LUT needed for achieving the required tracking accuracy.

The coating of the mirror is apart as the telescope can be operated even if one of its petals is under coating operation. 

The spares policy is based on the MTBF of the components given by the manufacturers. When no MTCF is available, an estimate has been made. Having the MTBF and the lifetime of the telescope, an estimate of the number of spares is possible. This wil be tabulated in the next version of the TDR.
The telescope’s life time cost is calculated from the number of elements that need to be repaired and the cost of the repair which includes the cost of the element itself, the manpower needed for the repair and any additional costs such as transport, the depreciation of the tools, the consumables, etc. 

4.6.  Assumptions, Dependencies and Caveats
Assumptions:

Concerning the site, it is assumed that there will be:
· Roads allowing access to, and parking adjacent to the telescope foundations.

· Sufficient power available. 
· An assembly hall large enough to mount 2 telescopes simultaneously. 
· A hall large enough to store all spare parts before the assembly operation. 
· A crane available at all times on site for telescope mounting and maintenance. 
· Buildings with rooms, kitchen, laundry and everything for a long stay on site.

· Web access. 
· Fences surrounding the telescope sites. 
· A small mechanical workshop. 
· An electronics workshop (for cabling, diagnostics, etc.). 
· On site transport to allow access to remote telescopes. 
· Foundations for the source that permits the alignment of the telescope.
· An air compressor for cleaning the mirrors in order to maintain the maximum reflectivity between coatings.
Concerning the FTE available on site, it is assumed that:
· 2 teams will be available for the mounting.
Concerning the SST-GATE telescope and its interface with the CTA array, it is assumed that:

· The interface of the SST-GATE telescope with the array is situated at the general supply cabinet on the slab.
· A shelter will be provided for SST-GATE.
Concerning the telescope control system, the assumptions are: 
· A 400V AC three-phase supply is provided, with 10 kW of available power.
· A 100 Gbit/s Ethernet network is provided.
Dependencies

Some of the dependencies that we foresee concerning the SST-GATE telescope:
· While we have not the format of the command sent by ACTL, we cannot finish the software

Concerning the TCS, the following dependencies are listed:

· a naming convention is required for the OPC UA server's items (hardware devices)
· to be completed. 
Caveats:

If the site choice is delayed, the delivery of the telescope may be delayed. In particular, aspects of the assessment phase will be more complex to do. 
If the requirements change, additional design simulations and tests will have to be performed and the assessment phase can then be longer than scheduled, with a concomitant delay in manufacturing and installation on site. 
Additional assumptions, dependencies and caveats will be added in the next draft of the TDR. 

4.7.  Risks
Major technical and safety risks have been outlined in section 3. The risk register will be completed for the next TDR. 

5. Lessons incorporated

The telescope has been designed by the GEPI lab from the Observatoire de Paris. The team involved have a significant experience in instrumentation design for ground-based telescopes and space instrumentation.
The know-how of the GEPI lab on the optimization of the mechanical structures has been developed in particular through three projects, two spectrometers (X-shooter and EAGLE) and R&D study on the design of the Gaia satellite. 
X-shooter is a UV-near IR spectrometer installed at the VLT in 2005; FEA simulations were used to optimize the mass of the spectrometer within the constraints of ESO. The engineers involved gained experience in FEA with Nastran software and especially with the Nastran optimization tool. The same processes and tools have been used to optimize the SST-GATE telescope structure, as explained in the design section. 
The GEPI lab was involved in EAGLE phase A, which is a multi-object spectrograph, and the Gaia satellite, for which the lab designed the precession compensation mechanism. The mechanical engineer who worked on these projects is now on SST-GATE. To ease the design and assembly, the mechanical functions had to be split in order to minimise the effects of one system on the others. The same concept has been used for the SST-GATE telescope, in which the functions were split so that subsystems are as independent as possible, alleviating the constraints on their design. 
Concerning the thermal influence, the Gaia project required the understanding of thermal effects; the compensation system was based on thermal dilatation so the development of the system improved the knowledge of the lab in this area. The CIDRE project, which was a CNES stratospheric balloon, led to the creation by GEPI of a database of the thermal properties of materials and of models to calculate thermal behaviour of structures, and of seismic effects. The same kind of process has been used for SST-GATE. 
The GEPI and LUTH labs were involved in the previous Cherenkov array HESS II; the PI and the mechanical engineer worked on the design and were involved in the shipment and assembly on site. This experiment is very similar to CTA and provided valuable experience on transportation to, and ease of assembly and integration at, remote sites. 
The management skills of the SST-GATE team have also been developed thanks to these previous projects and especially when working with ESO. Indeed, the constraints of ESO forced the team to manage projects within tight requirements and constraints. The documents produced for these projects have been used to develop documentation for CTA, such as the PBS and risk analysis. For instance, the FMECA file was developed with three levels of severity instead of one in order to provide more detail on the severity of risks by giving a value for the impact on specification, time and/or cost. This experience helped with the development of the FMECA at the start of this project.
During the SST-GATE design and prototyping phase, several lessons were learnt and directly implemented in the design. As the design of the telescope was made at the Observatoire de Paris, where there is excellent communication between mechanical and FEA engineers, these changes were rapidly tested and implemented. Further, as relationships with potential manufacturers are managed by the team, it has also been possible to adapt the design to fit the constraints of industry, with the aim of reducing costs. 
� Marioge Jean-Paul, « Surfaces Optiques: modélisation des défauts et contrôle », Techniques de l’ingénieur, e4050, pp. 12-16.
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