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WP4 
4.1 The AstroPhysics case: CTA & SKA
4.1.1 The Cherenkov Telescope Array (CTA)
Introduction
This section describes progress in the astrophysics section of WP4, which is concerned with the back-end electronics of the prototype Compact High Energy Camera (CHEC) for the Gamma ray Cherenkov Telescope (GCT). A prototype camera using multi-anode photomultipliers (CHEC-M) has been constructed and extensively tested in the laboratory. It was installed on the prototype GCT in Meudon, near Paris, in November 2015 and successfully recorded the Cherenkov light from cosmic-ray induced air showers, despite the very difficult observing conditions caused by the proximity to Paris. The GCT, with CHEC, was this the first of CTA’s telescopes to record Cherenkov images. The telescope, with CHEC-M installed, is shown in Figure 4.1 on the occasion of its inauguration, which happened shortly after the above on-sky tests.
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Figure 1.4: The GCT with CHEC-M on the occasion of their inauguration in Meudon, December 2015.

Current plans are that the telescope’s mirrors will be constructed of polished and coated aluminium, though glass solutions are also under investigation. The primary is formed of 6 petals, each of which can be mounted from ground level thanks to the design of the mirror support structure, which allows rotation about the telescope’s axis during the installation procedure. Subsequent locking of the support ensures the necessary stability. The secondary mirror is constructed initially of 6 petals, but these are assembled and polished as a unit, then coated, and finally mounted on the telescope as a monolithic mirror. The possibility of construction of a truly monolithic mirror in under investigation. 

The GCT structure is designed to support the mirrors with the precision and stability necessary to ensure that the image quality required for CTA is achieved. Finite Element Analysis (FEA) has demonstrated that this is achieved for the full range of operating conditions required by CTA and tests are now being carried out on the structure in Meudon to verify the calculations. FEA has also shown that the telescope can survive the highest wind speeds to which it will be subjected on the CTA southern site at Paranal in Chile, as well as the expected ground movement during earthquakes.

The GCT camera is designed to use either MAPMs or silicon photomultipliers (SiPMs) with pixels of size about 6 × 6 mm2. A pre‐amplifier shapes the signals from the pixels, grouped into arrays of 8 × 8, before passing them to a custom module containing TARGET ASICs and an FPGA for digitization and level‐one triggering. There are 32 frontend modules in the camera, giving a total of 2048 pixels, all of which plug into a large Backplane. The frontend modules consist of the front-end buffers and TARGET signal capture modules for data digitisation, read out, pixel‐level triggering and slow control. The TARGET chip samples and digitises the incoming waveforms at a rate of 1 Gs/s. 
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Figure 4.2: The first CHEC prototype camera for the GCT. The version shown here is equipped with MAPMs; a similar design replaces the MAPMs with SiPMs, different pre-amplifiers are used with each sensor type to allow the use of the same basic subsequent electronics chain.

The amplification and shaping provided by the pre-amplifiers for the MAPMs and SiPMs is chosen to ensure that both sensors provide suitable signals to the TARGET ASIC. Each TARGET chip has 16 parallel input channels and is placed on a board which provides the power necessary for the chip, for the associated sensors and also steers the readout and some control functions via a Field Programmable Gate Array (FPGA). Four such boards are grouped together to form a TARGET module, which provides readout for an 8 × 8 array of pixels, attached via the pre-amplifiers and ribbon cables to its front end. The cables allow the compensation of the 1 m radius of curvature of the focal plane on which the sensors lie, so that the TARGET modules can be placed in a rectilinear crate structure inside the camera body. The rear end of each of the TARGET modules is attached to the Backplane. This multi-layer printed circuit board takes the trigger signals from the TARGET modules and combines them in a large FPGA to form the camera trigger. Following a trigger, formed by requiring signals above threshold in a number of neighbouring trigger pixels (each of which is a 2 × 2 block of camera pixels), readout is initiated and steered by the data acquisition (DACQ) boards, which pass the waveform information provided by the TARGET ASICs to the remote CTA camera server.
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Figure 4.3 Photograph of a TARGET front‐end electronics module. This version of the module was designed for the MAPM based camera, CHEC‐M. 

All 32 TARGET Modules plug directly into a single large Backplane PCB that provides: camera-level triggering, clock distribution and communication with the TARGET Modules. DACQ boards provide data acquisition from the TARGET modules, the interface to the outside world for the data stream. A separate common timing card, the UCTS board, is provided by CTA ACTL group and will act as clock master and trigger time-stamping unit.

The frontend buffers are boards that connect directly to the photodetector (MAPM or SiPM) base PCBs. They provide a first‐stage buffer for the analogue signals before the preamplification stage on the TARGET modules. The TARGET modules consist of two functional elements, the preamplifiers and the TARGET ASIC PCBs. The preamplifiers receive the analogue signals from the frontend buffers. They contain 64 channels of fast amplification to shape input signals to match the optimal shape for triggering. This optimal shape is determined from Monte Carlo simulations to be 5.5...10.5 ns FWHM, with a 3.5...6.0 ns rise time. The simulations also show that noise levels must be kept below about 0.5 mV. (The preamplifier PCB also contains 64 channels of slow‐signal monitoring amplifiers with outputs multiplexed to a single ADC, read out to the FPGA on board the TARGET ASIC PCB via a serial interface. The slow signal measurements integrate photon signals incident on the photosensors over 100 ms and will be used for precision pointing calibration.)

The TARGET modules accept a single 70 V supply and generate controllable bias voltages for the SiPMs or MAPMs. All 64 pixels are supplied with a single bias voltage. A gain spread of no more than 10% across the tile is expected. Simulations show that a deviation of 25% RMS in the gain across all 64 channels is acceptable. Each of the 64 pixels may be individually disabled.

The TARGET ASIC forms the second component of a TARGET module. It performs digitisation of the amplified and shaped analogue signals. The ASIC PCB provides these digitised signals together with trigger information to the Backplane (see below). Each ASIC PCB contains four TARGET ASICs, which are read out to an on‐board Xilinx Spartan 6 FPGA. The FPGA serialises event data for output to the backplane via UDP connections at a bandwidth of 1 Gb/s. Serialisation and readout of 64 channels in this way minimises the connections to modules, but incurs an additional 10‐20 ms dead time (within CTA specifications). The TARGET ASICs digitise input signals over a range of about 0...2 V with a 12-bit resolution.

The TARGET 5 ASICs used in CHEC-M were found to generate trigger noise larger than that acceptable for CTA. This was found to occur only when the sampling was running. A subsequent iteration of the chip, TARGET 7, improved the dynamic range of the chip, but failed to solve the noise problem. For CHEC-S, it was therefore decided to separate the triggering and sampling functions of the ASIC and design and manufacture two new chips, T5TEA and TC, to carry out these tasks. The first of these, T5TEA, produces the analogue trigger signal and the second, TC, performs the digitization. Laboratory tests have shown this chipset perform as required, allowing the setting of a trigger threshold corresponding to less than one photoelectron, while maintaining the good digital performance of the TARGET 7 ASIC. The signal is digitised at 1 Gs/s over a programmable read out window set to ~96 ns. The system allows operation at above the goal camera trigger rate of 600 Hz. Modules incorporating the T5TEA/TC chipset, shown in Figure 4.4, have been designed and built and are now under test. 
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Figure 4.4: A photograph of a TARGET module designed for CHEC-S. This module is equipped with SiPMs and uses the T5TEA and TC ASICs.

The TARGET ASIC provides the first level of triggering for CHEC. The trigger consists of the analogue sum of 4 neighbouring pixels, which is then discriminated. Each TARGET ASIC outputs 4 digital trigger signals, which are routed through the TARGET Module to the Backplane, resulting in 16 differential LVDS trigger signals per module. The TARGET Modules are each powered by a single +12 V supply. All signals and the power supply are connected to the Backplane in parallel via a single 40-pin Samtec connector on the ASIC PCB. The Backplane connects to all 32 TARGET frontend modules. It provides camera‐level triggering. The backplane is based around a single Xilinx Virtex FPGA. The FPGA forms a camera trigger by requiring that any 2 neighbouring trigger patches be present within a programmable coincidence time. The trigger signal formed in the Backplane FPGA is then routed back to the TARGET modules to initiate a full camera readout. Inputs to the FPGA from the DACQ boards will allow the camera to be externally triggered. A photographs of the CHEC-M Backplane is shown in Figure 4.5.
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Figure 4.5: The CHEC-M Backplane.

External timing signals will be provided to the camera via a White Rabbit timing network. The common UCTS interface board connects to the GCT camera and provides a 62.5 MHz reference clock to the Backplane. From the Backplane, wall-clock time-marker information is sent to the camera over an HSDTDL utilising a SERDES IC. The Backplane utilizes a programmable quad clock generator to generate a 125 MHz clock from the 62.5 MHz reference signal for distribution to the DACQ boards, the trigger FPGA and the TARGET modules. Each of the 4 outputs is phase programmable in 20 ps increments and routed to a 1:16 fanout buffer, specified to introduce no more than 25 ps delay between the outputs.

The DACQ boards receive serial data from the TARGET modules. These boards are commercially available from Seven Solutions, a Spanish company, and they are based around a Xilinx Virtex‐5 XC5VTX240T FPGA. In CHEC-M, the data are routed off the camera via two DACQ boards, each of which has two 1Gb/s optical fibres, which also carry all control and monitoring data to and from the camera. For CHEC-S, these boards will be replaced by a single DACQ board with a faster 10 Gb/s link. Each DACQ board is 216 mm by 108 mm in size, the CHEC-M version is shown in Figure 4.5. When a telescope triggers, all data is read out and transferred off the camera to be processed by the software array trigger algorithms. The trigger decisions will be based on the camera event timestamps, which will be determined by the UCTS ACTL boards.
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Figure 4.5: One DACQ prototype board.

The successful functioning of all the above parts of the CHEC electronics chain has been demonstrated both in individual laboratory tests, in laboratory tests of the complete CHEC-M camera and in tests on the prototype GCT. The photograph in Figure 4.6 shows an event recorded in the on-sky testing of CHEC-M.

[bookmark: _GoBack][image: ]Figure 4.6: A Cherenkov image of a cosmic-ray induced air shower recorded by CHEC-M on the GCT prototype in Meudon.

Specified milestones and deliverables
The testing of the GCT camera, telescope structure and mirrors has progressed well. CHEC-M first successfully recorded air-shower images in November 2015. The lessons learned in this first run led to an overhaul of the control hardware and software of the camera, improving safety and stability of the camera, to ensure it could meet CTA’s demanding reliability criteria. A subsequent round of tests of CHEC-M, carried out in March 2017, confirmed the functionality of the front end and back end trigger systems and the readout, and showed greatly improved stability. The camera can now be remotely controlled, via its prototype graphical user interface (GUI), allowing observations in Meudon with the telescope under local control, but no camera team members present. 

All the components for CHEC-S have now been produced and tested individually and a complete camera is being assembled. This will be tested in the laboratory and on the GCT prototype in 2017. A campaign of tests on the second of CTA’s dual mirror Small Sized Telescopes, ASTRI, is also being planned. This will take place using the prototype at the Serra La Nave Observatory on Mount Etna in Sicily.

To summarise, the simulations and algorithm design required for deliverable 4.1 have been carried out in collaboration between ULEIC, UOXF and ULIV; exchanges between these partners ensured good progress was made. The development and testing of the firmware required for the Backplane has been successfully completed (deliverables 4.2 and 4.3). Two test campaigns with CHEC-M on the GCT prototype have demonstrated the functionality of the complete telescope and camera concept (deliverable 4.4).
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