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Abstract

A general purpose beam telescope (TAPI: Télescope à Pixels) of new generation has been constructed and tested. All reference planes of the telescope are based on Mimosa18 CMOS Monolithic Pixel Sensors (MAPS), fabricated using AMS 0.35 µm OPTO process as a part of EUDET production submissions. Sensors have been thinned down to about 50 µm, using commercially available post-processing. The data acquisition system of TAPI is based on TNT2 readout boards. The TNT2 board, in NIM electrical and mechanical standard, provides analog data digitization (14 bits, 100MHz, 4 channels); on-the-fly correlated double sampling and data sparsification. The system can run at the highest frame frequency allowed by the sensor, without introducing any dead time. The maximum data transfer rate through the USB2 PC interface is about 250 000 tracks/s for a four sensor plane read out by four TNT2 boards system. 
1 Introduction
A Monolithic Active Pixel Sensor (MAPS) integrates, on the same substrate, the detector element with the processing electronics. The key element is the use of N-well/P-substrate diode to collect through thermal diffusion the charge generated by the impinging particle in thin, undepleted (epitaxial) silicon layer underneath the readout electronics [1]. The device ability to provide charged particle tracking has been demonstrated on series of MIMOSA (standing for Minimum Ionizing MOS Active sensor) chip prototypes [2-4]. Excellent tracking performances were experimentally verified [5], with measured spatial resolution down to 1.5µm for 20µm pixel pitch. Such devices may now be easily optimized and fabricated in a cost effective way, using standard CMOS processes available through many commercial microelectronics companies. 
The idea of using MAPS as a sensor plane for the construction of a new generation of high precision, portable and equipped with flexible DAQ beam telescopes has been brought by EUDET Collaboration. Following this idea, a general purpose beam telescope (TAPI: Télescope à Pixels) of new generation has been constructed and tested at IPHC. All reference planes of the telescope are based on Mimosa18 CMOS Monolithic Pixel Sensors (MAPS), fabricated using AMS 0.35 µm OPTO process as a part of EUDET production submissions. Sensors have been thinned down to about 50 µm, using commercially available post-processing. The TAPI telescope set-up can be easily optimized for medium energy particle beams, as an electron beam line at DESY (6 GeV maximum) and expected intrinsic resolution of tracks fitted parameter is close to 1 micrometer. It can be also used with beta particles of few MeV from radioactive source, providing track parameters with precision of less than 100 µm at the entrance of tested device (DUT). 
2 Mimosa18: high precision CMOS monolithic pixel sensor
Mimosa18, the pixel sensors for the TAPI telescope have been fabricated using AMS 0.35 OPTO process. The AMS-0.35µm OPTO process has been chosen for several reasons. It is an advanced mixed-signal CMOS process, providing four metal layers, two polysilicon layers, high-resistivity polysilicon and two types of transistor gates (3.3 V and 5 V). The N-well/p-epi diodes are optimized for a low dark current at room temperature. The feature of a special interest is epitaxial layer having more than 10 µm thickness. Such a thick epitaxial layer should provide a comfortable charge signal from passing minimum ionizing particles. The process is available through multi-project submission runs at Austria Micro Systems which allows easy and cheap prototyping. 
Mimosa18 is optimized for high resolution tracking. It consists of 512 x 512 pixels, with a pixel pitch of 10 µm. A continuous tracking sensitive area with this device is of 5 x 5 mm2. A simple read out architecture consists of a 2-transistor pixel cell (half of a source follower plus a readout selection switch) connected to the charge collecting Nwell diode, continuously biased by another diode (forward biased) implemented inside charge sensing Nwell. 
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Figure 1. Pixel circuit of Momosa18 sensors.
The signal information from each pixel is serialized by a circuit (one per sub-array), which can withstand up to a 25 MHz readout clock frequency. This provides Mimosa18 full frame readout time of 3 ms (with four parallel outputs). In this architecture, the frame readout time is equal to the signal integration window. Information from two consecutive frames was read out: one frame before and one frame after each trigger. A data analysis based on the correlated double sampling (CDS) method was used for hit reconstruction. 
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Figure 2.  Layout of the single reticle from June 2006 IPHC engineering submission, containing several MAPS prototypes for different applications.

The high resolution tracker (Mimosa18, called also Imager10µ) was part of an engineering run submitted by IPHC in June 2006, re-submitted in 2007 and 2008. Figure 2 shows the layout of a single reticle (2 x 2 cm2 silicon area) from this submission, which contains several other sensors including EUDET reference sensor for the demonstrator phase (MimoTEL). Two types of wafers were used for this engineering submission: a “standard” wafers with 14 µm epitaxy and an “experimental” wafers with 20 µm epitaxy. 
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Figure 3.   Mimosa18 thinned down to about 60 µm and mounted on PCB.

Several Mimosa 18 sensors have been mechanically thinned down to about 60 µm, in order to reduce the material budget on particle tracks (Fig.3).
3 TAPI telescope modular mechanics

The mechanical structure of TAPI consists of rigid stainless-steel optical bench, with a temperature stabilised to fraction of °C (around ambient temperature) using liquid circulating inside internal tubing. On top of the bench, reference detectors are mounted with a mechanical pre-adjustment precision of fraction of millimetre. The modular detector supporting structure is based on aluminium frames having 15 mm thickness along the beam direction. Each frame can support either one Mimosa18 reference plane or (in a new configuration foreseen for 2009) a pair of Mimosa18 sensors at the distance of 1.6 mm one from another. Individual frames can be arranged in any number, any order and orientation with a step corresponding to their thickness (15 mm). The same system of frames can be used for supporting DUT, supposing simple mechanical compatibility of fixation holes. There is no passive material (windows) between reference and DUT planes within entire telescope volume. The minimum distance between reference sensor and DUT can be reduced to less than 2 mm, which is very important for medium and low energy beam. Figure 4 shows three typical set-ups used for different applications during 2008 test period. Changing configuration from one to another requires minimum effort and less than one hour. The system is completed by structures supporting small, variable size (sq. mm) scintillating counters aligned with the telescope axis and used for the trigger. 
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Figure 4. Typical mechanical configuration of TAPI beam telescope, optimized according to the particular application. All dimensions are in millimetres. 
Figure 5 shows a picture of one particular TAPI set-up, during initial tests at DESY. 
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Figure 5.  Picture of TAPI telescope taken at DESY electron beam line.
4 DAQ for analog pixel sensors based on TNT2 data acquisition and processing boards
The data acquisition system of TAPI is based on TNT2 readout boards developed originally by another IPHC team for nuclear spectroscopy application using digital filtering method [6, 7]. The TNT2 board, in NIM electrical and mechanical standard, provides continuous and precision analog data digitization at high clock frequency (14 bits, 100MHz, 4 channels).  The board uses a popular USB2 interface to the computer, with a maximum data transfer rate of 480 Mbps. The communication software has been developed for Windows and Linux RedHat systems. The board is now commercially available and supported by CAEN (Italy). In order to adapt TNT2 board for the TAPI DAQ, a new firmware has been developed and implemented. It allows on-the-fly correlated double sampling and data sparsification. The system can run at the highest frame frequency allowed by the sensor, without introducing any dead time. The maximum data transfer rate through the USB2 PC interface is about 250 000 tracks/s for a four sensor plane read out by four TNT2 boards. This largely satisfies all requirements for any TAPI configuration in predicable future. Figure 6 shows a general layout of TNT2 board and Figure 7 a picture of the data acquisition system based on three TNT2 boards, as used during September 2008 beam tests at CERN.
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Figure 6.  TNT2 layout
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Figure 7.  Front (a) and back (b) view of a data acquisition system based on three TNT2 boards powered by a NIM crate.
5 Preliminary beam-tests results
In this chapter, some results from September 2008 beam tests at CERN are shown. The data analysis is still not finished, so these results should be considered as very preliminary.  
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Figure 8.Image of 2x4 sq.mm scintillator in front of five Mimosa18 planes. Pictures of lines with “blobs” (probably generated by delta electrons) illustrate imaging capability of the device.  
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Figure 9. An event showing a double-track traversing six Mimosa18 reference planes. A shape of individual clusters is also shown in a lower right corner.
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Figure 10. MIP tracks segments parallel to the sensor surface (angular study)

The last figure (Fig. 11) shows very preliminary tracking results from September beam tests. The dispersion of residual distribution shown there should be still improved by a factor of about two, working on alignment and on algorithm for cluster center calculation in case of sparsified data. 
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Figure 11. Track position residual distribution at one Mimosa18 as DUT (five Mimosa18 planes as a reference) 
.
6 Conclusion

 A compact and easily portable general purpose beam telescope of new generation has been constructed and tested, using high precision pixel sensors (Mimosa18) developed as part of EUDET activity. The new DAQ system based on TNT2 boards is very satisfactory for this application. It is very robust and may be software parameterized for pixel array of any size. For small sensors, it may also provide row data by simple setting of discrimination threshold at zero. Data transfer speed largely satisfies any predictable application. In order to improve time resolution, the system will be upgraded in 2009, using in addition binary sensor Mimosa26 developed for the final EUDET beam telescope.
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High energy beam configuration at CERN: precision tests of M18
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