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Abstract

In this memo the mechanical design for the EUDET Hadronic Calorimeter (HCAL) prototype is presented as it has been discussed during the 2008 EUDET annual meeting at NIKHEF. The prototype addresses all integration issues that have to be fulfilled for an operation of a full-scale calorimeter at the International Linear Collider (ILC). 
1 Introduction
The purpose of the EUDET HCAL structure is to provide a realistic test bed for the study of advanced photo-sensor and scintillator technologies under the tight conditions for mechanical compactness and high electronics integration level as required for a highly granular particle flow calorimeter. The design presented here is inspired by the one currently proposed in the ILD detector concept for the ILC, but the technical challenges are the same for the SiD concept or a CLIC detector. There is a large number of individually read-out layers, which must be as thin as possible in order to keep the overall detector volume small, as it has to fit inside the main solenoid of the collider detector and still provide maximum hadronic absorption depth. Each layer has a fine transverse segmentation, again with individual cell read-out, which requires concentrating the data at an early stage in order to keep connectivity issues manageable and reduce dead areas occupied by external electronics components. 
2 Mechanical structure

2.1 Global structure

The The ILD Analogue Hadronic Calorimeter (AHCAL) is a cylindrical structure with 48 detector layers. The circular structure of the AHCAL with an inner and outer radius of 2.0m and 3.1m, respectively, is divided into 16 sectors, see Figure .1 Perpendicular to the beam line, only one subdivision is foreseen. 

[image: image2]
Figure 1 Left: HCAL barrel structure with 16 sectors. Right: Results of FEM calculations for the deformation of the barrel structure. 
Each module consists of 16 mm thick absorber plates made from stainless steel, supported by side panels appearing as thin cracks in the figure. The panels are only 3mm thick, and there are no additional spacers between the layers foreseen. This ensures a maximum filling of the detector volume with active read-out layers and minimum dead space: there are neither air gaps through which hadrons could escape without interaction nor un instrumented regions where deposited energy would be undetected. The finite dead region of a few millimetres near sector boundaries, required by the panels and mechanical structure is small compared to the extension of hadronic or even electromagnetic showers. 
The mechanical stability of this ambitious design has been extensively studied using finite element methods (FEM)[1]. The stability of individual modules supported in different orientations ahs been demonstrated. For the investigation of the complete barrel structure, the detailed modelling of the modules with absorber plates and side panels has been kept. The calculations suggest a support of the structure in the indicated positions, which are also shown in the drawing. Once the static situation of the overall structure was defined, the forces on individual modules could be calculated and solutions for the mechanical interconnections could be designed. They have consequences for accessibility, mounting procedures and the routing of service lines as well as on the available space for external electronics components. 
2.2 EUDET test module design

In order to validate the concept, test integration and service solutions and test the mechanical and electronic interplay with sensors and front end electronics, it is not necessary to build and instrument an entire module. Instead a horizontal and a vertical cross section will be realized, see Figure 2.


[image: image3]
Figure 2: Horizontal and vertical cross section prototype structures.
The horizontal structure has the full length and width of a barrel module but consists of four absorber layers only. It will serve for the study of the following issues:
· Control of mechanical tolerances and fixation techniques over the full extension

· Mechanical interplay with the active layer and insertion procedures

· Heat dissipation and thermal properties, gradients
· Electronic signal transport and integrity over the full length of read-out lines
· Calorimeter signal uniformity over the full area

The vertical structure, in turn addresses questions related to
· Mechanical stability, deformations under various orientations and stresses

· Accumulation of tolerances in the stack structure

· Connectivity with external electronics

· Multi-layer signal processing and concentration

· Integration of controls, supplies and services and cooling under tight spacial constraints 

The length of a vertical cross section is 360 mm and corresponds to one unit of the electronic readout board, see below. Equipped with one tower of 12 active layers, the response to electromagnetic showers can be tested with electron beams. 
We plan to construct two vertical cross sections in order to test both ‘left-right” and “right-left connections, see Figure 3. The vertical modules can also be arranged “back-to-back”, in this way a scalable structure is obtained which can be extended to an absorber stack large enough for the containment of hadron showers in hadronic test beams, according to availability of funds, and to the needs of the envisaged test beam geometry. 


[image: image4]
Figure 3 Different possible configurations with two or three vertical cross section prototype structures.

Associated Russian groups have indicated to test the structure and will produce a sample of about 1800 scintillator tiles with SiPMs required to fully instrument a full layer of the horizontal structure, or an “electromagnetic tower” of the vertical structure towards the end of 2009. American and japans groups are also preparing to produce scintillator-sensor units which follow different approaches to optical and electronic connection, but can be used in the same mechanical structure and with slight modifications of the readout boards. 

2.3 Infrastructure for handling and measurements

It is straightforward to keep the required tolerances by precisely machining all absorber plate surfaces. However, the cost would be higher by a factor 2 to 3 with respect to the raw material. Since cost optimization is an important ingredient in a “realistic” structure, we aim at producing the structures from raw, commercially available rolled plates. In particular the flatness of the plates, as specified by commercial standards, exceeds the requirements by intolerable amounts. We have prepared devices for measuring deviations and for rectifying them. Figure 4 shows a plate on the measurement table, and the vacuum lifting device for handling components of up to 700 kg total weight. 
 
[image: image5]
Figure 4 Measurement table and lifting device for HCAL absorber plates.
3 Electrical Integration
3.1 Overall architecture

The setup of an AHCAL sector with one layer assembled with the AHCAL electronics is shown in 5a [2]. The electronics is subdivided into HCAL Base Units (HBUs) in order to keep the single modules at reasonable sizes concerning production and handling. The HBU with a typical size of 36x36cm² integrates 144 scintillating tiles each with Multi-Pixel Geiger-Mode Photodiodes (MGPDs). The analogue signals of the MGPDs are read out by four front-end ASICs (SPIROC, [3]). The full depth of a sector is covered by 6 HBUs that are connected together by so called interconnection flexleads. A chain of 6 HBUs forms an electrical layer unit, the so called slab. At the end of the sector, the electronics of a detector layer are connected to the detector interface module DIF and the AHCAL specific modules for calibration (CALIB) and the power-supply module POWER. The modules DIF, CALIB and POWER are realized as mezzanine modules. Within the EUDET project, a detector layer with about 2200 detector channels will be realized. 
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Figure 5: Setup of an AHCAL sector with one layer assembled with electronics (a). The first prototype (b) will be based on a commercial FPGA board (DIF), while the modules CALIB and POWER are realized as mezzanine boards.

In order to keep the development time for the first prototype modules as short as possible, the first DIF module is realized by a commercial FPGA board as shown in 5b. The modules CALIB and POWER are realized as mezzanine modules on top of the DIF, while the interface to the first HBU prototype is realized by the final thin flexlead interconnections via the CALIB module. The prototype setup can be fully used to test all electrical characteristics of the AHCAL in the dense environment that is expected for an ILC calorimeter.
3.2 Prototype Cassette
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Figure 6: Prototype Setup of the HBU with the modules DIF, CALIB and POWER (not shown) together with the mechanical support system and the prototype cassette. 

In Figure 6 the prototype setup of the HBU together with the modules DIF, CALIB and POWER (only the connectors on the DIF module are depicted) is shown. The drawing includes the HBU prototype cassette together with all mechanical support parts that are necessary to couple the HBU to the interface modules DIF and CALIB. The layout information of the HBU- and CALIB-PCBs (PCB: printed circuit board) are imported into the mechanical CAD tool in order to optimize the mechanical concept and to guarantee an optimal adjustment between the modules. All mechanical parts are expected to be finished in January 2009.   
3.3 HCAL Base Unit
In Figure 7 the top-view of the proposed HBU prototype (HBU0) is shown.  The HBU integrates 144 scintillation tiles each with MGPDs together with the front-end ASICs and prototypes of the two proposed light-calibration systems (see section 4). The HBU0 is assembled with two SPIROC1 and two SPIROC2 ASICs, while the user has to choose which pair is going to be used. Temperature sensors (PT1000) that are distributed on the HBU enable temperature profile analysis of the HBU’s electronic in the dense mechanical environment. The interface to the data acquisition (clock-, control- and operation-interface) and to the power supplies is realized by two 80-pin connectors and two interconnection flexleads. On the opposite side, the next HBU0 can be connected with the same setup. The layout of the HBU0 is finished (Figure 8) and the PCB is in production, the HBU0 is expected to be finished beginning of March 2009.
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Figure 7: Top View of the HBU prototype module (HBU0). The HBU0 is realized with two SPIROC1 ASICs and 2 SPIROC2 ASICs. The HBU0 integrates 144 scintillating tiles with MGPDs.
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Figure 8 Electronic layout of the HBU0 prototype board.

In Figure 9 the cross section of the HBU’s EUDET version is shown (HBU), which will be used to equip a complete detector layer. The EUDET HBU is typically of the same size as the HBU0 (36x36cm²). 
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Figure 9: Cross sectional view of the EUDET version of the HBU (left part). The interface to the modules DIF, CALIB and POWER is realized by an interface board with a robust connector. The only AHCAL cooling is realized by a cooling pipe below the interface board.
The EUDET HBU will be equipped with the SPIROC2 ASIC in a 1.4mm-thick TQFP208 package only. By the placement of the ASICs into cutouts of the PCB and by the construction of the HBU cassette’s top and base plate out of the absorber material, a module’s height of non-absorbing material of 5.4mm can be reached. 

At the end-face of the absorber structure, an interconnection board with the sensitive thin connectors on one side, and robust connectors on the other side enable a secure interface of the inner detector electronics to the modules DIF, CALIB and POWER. First estimations show that the end-face electronics cover a space of about 10cm from the absorber’s edge and have a height of about 2cm. 
Within the absorber stack, no cooling system is foreseen in the current AHCAL proposal. For space and cost reasons, the only cooling is realized by cooling pipes at the absorber’s end-face below the interface boards.  
The realization of a detector layer is expected to be finished within summer 2009.

3.4 Calibration Module CALIB
The AHCAL specific module CALIB is used to control and operate the light calibration system that is based on electrical signal distribution (see section 4) as well as a charge –injection system that can be used for calibration and debugging as well. The layout of the CALIB module is shown in Figure 10 together with a photograph.


[image: image11]
Figure 10: Layout and photograph of the module CALIB
The single tasks of the CALIB module are realized by an ARM7-microcontroller that communicates via an SPI-bus with the FPGA on the DIF module. 
The operating code for the microcontroller is finished in a first version. Due to the versatile interface to the microcontroller, the CALIB module can be tested without being connected to the DIF module. 

The production of the CALIB module is still on-going, a fully assembled module is expected end of 2008. 

3.5 Flexlead Interconnection
The interconnection of the HBU modules within a slab and from the HBUs to the data-acquisition modules at the end-face of the absorber structure is realized by flexleads that are assembled with ultra-thin connectors. The stacking height of the connectors is 0.8mm, together with the lexlead PCB, a total height of as low as 1.15mm can be reached. A side-view and top-view scetch of the flexlead is shown in 11 together with a photograph.
[image: image1.png]
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Figure 11: Dimension information about the interconnecting flexlead. Together with the connectors on top of the flexlead, the setup has a height of only 1.15mm; photograph.
The middle-part of the flexlead can be used to compensate alignment mismatches between the HBUs in the range of ±100µm. Two different layouts of the flexlead’s PCB enable an operation for the signal distribution as well as the power distribution within a slab. 
Both PCB types (signal and power) of the interconnection flexleads have been produced already, the assembly with the connectors is expected to be finished till end of 2008.

3.6 Power Supply Module POWER
The AHCAL specific module POWER provides the supply voltages for the inner-detector electronics as well as for the modules DIF and CALIB. From the input voltages +6V, +12V and +70V (MGPD bias), all necessary operating voltages are derived on the POWER module by linear regulators. For a duty cycle of the inner detector electronics of about 1% according to the bunch structure of the ILC experiment, the POWER module has to provide about 10W of power, of which only 110mW have to be provided to the inner detector electronics (for 2600 detector channels). 
The architecture of the power regulator setup has been defined in detailed measurements of the power-pulsing characteristics. When the power of the inner-detector is switched on at the beginning of a bunch train, or switched off at the end of a bunch train, it has to be guaranteed that spikes on the supply voltages aren’t high enough to damage the electronics or cause losses of register settings. With the proposed setup, spikes on the supply voltages are limited to 500mV. Additionally, the settling time of the supply voltages after a switching process has to be small in order to enable an efficient power-cycling. In Figure 12 the settling time for the chosen architecture is shown. A settling time below 10µs can be expected.
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Figure 12: Settling time of the AHCAL supply voltages depending on the switched current and the distributed block capacitors on the HBUs (parameter).

The schematic of the POWER module is already finished. The layout of the module will be realized till mid of February 2009, so that the POWER module can be expected to be finished till end of April 2009. For the full test and first operation of the remaining AHCAL system, the POWER module can be replaced by bench-top power supplies, so that the completion is not necessary in the first operation phase.
3.7 Detector Interface Module DIF

The DIF module interfaces on one side to the inner-detector electronics (SPIROC ASICs on the HBUs), and on the side via the module LDA (LDA: Link/Data Aggregator) and ODR (ODR: Off-Detector Receiver) to the data acquisition [5]. The versatile DIF architecture enables the application of the DAQ for the CALICE detectors ECAL (ECAL: electromagnetic calorimeter) and DHCAL (DHCAL: digital hadronic calorimeter) with only slight modifications of the module’s hardware and firmware of the main FPGA. The specifications of both DIF interfaces are defined in a DIF working group. The interface-structure between DIF and LDA is shown in Figure 8. Regular commands and data is sent between LDA and DIF 8b/10b-channel coded, and in respective frames [6]. In the DIF working group the development of a preliminary command list has been completed. 
The first operation of the AHCAL system will not be controlled via the LDA-DIF interface, but from a PC with Labview operating software, and an USB-interface to the DIF (see Figure 13). The USB interface is also common for the CALICE detectors and emulates the LDA interface as much as possible in order to allow a simple change from the USB to the LDA interface. Via the USB, the communication does not use the complicated channel-maintenance and can be set up in a shorter time. Additionally, the system can be operated via the USB interface without the complicated DAQ, which is still under development as well. Later the USB interface is foreseen to be used for debugging tasks.
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Figure 13: Command interface structure between the modules DIF and LDA (part of the data acquisition).
The DIF prototype for the AHCAL is based on a commercial FPGA (Xilinx-Spartan3: XC3S1500) board. After the definition of the DIF command interface the firmware development will start now in detail. A first operating version (USB interface) is expected for mid of February 2009. 

4 Calibration and Gain Monitoring System
The MGPDs of the current AHCAL physics prototype show strong gain dependence on the operating temperature (~ -1.7%/K) and the bias voltage (2.5%/0.1V). Therefore, a calibration system is needed that can be used for gain monitoring as well. Two concepts are under investigation that both will be tested with the HBU0 prototype. A major aspect besides the needed uniformity of the system for all channels of a HBU is the possibility to integrate the system into the dense environment of the absorber stack. Both concepts are based on the use of ultra-violet (UV) light-emitting devices (LEDs). The dynamic range that has to be corresponding to between nearly zero MIP (MIP: minimum ionizing particle) and about 100 MIPs. At very low light-intensities, the MGPD’s responses show the characteristic single-photon peak spectrum. The distances of the peaks are a measure of the channel’s gain and can be used for calibration. The high light intensities are needed to measure the saturation behaviour of the non-linear SiPM response. The two concepts are [1]:

a.) Electrical signal distribution

In this concept, one ultra-violet (UV) LED per scintillating tile (see UV LED in Figure 4) produces the necessary light for calibration. The driving signals for the LEDs are transferred electrically (differential signal, LVDS) from the CALIB board at the end of the absorber structure (see Error! Reference source not found.a) to the HBUs. This concept avoids optical fibres with the associated problems of optical coupling between the HBUs and between the fibres and tiles. Since many LEDs are foreseen to be driven by a single pulser and a single analogue bias voltage for the optical level adjustment, the concept depends on a good uniformity concerning the LED component to component light intensity variance. Detailed analysis are carried out at the University of Wuppertal at the moment. 

b) Optical signal distribution

In this concept, strong LEDs on dedicated driving boards at the absorber’s end-face produce the calibration light. The light is transported into the detector gap by optical fibres. Notches in the fibres couple the light through holes in the PCBs of the HBUs to the tiles. Since inside the detector gap this LCS concept only distributes optical signals, there is no crosstalk to the MGPDs and ASICs. The light level can be monitored by PIN diodes on the HEB. A fibre connection concept between the HBUs has to be evaluated (one fibre or several pieces with connectors). This concept is under development by ASCR Prague [4].
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