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Abstract

A high resolution ( < 3 m) beam telescope based on pixel sensors is being devel-
oped within the EUDET collaboration, a coordinated detector R&D programme
for a future international linear collider. The telescope @nsists of six sensor planes
based on monolithic active pixels and can be operated insida solenoidal magnetic
eld of up to 1.2 T. A general purpose cooling, positioning ard readout infras-
tructure is available. In summer 2007 the pixel telescope hs been installed and
commissioned at the 6 GeV electron beam line at DESY in Hambug and them
moved to the high energy hadron facility at CERN. In this presentation the rst
results of this demonstrator telescope will be summarised.
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1 Introduction

A 500 GeV electron-positron linear collider is the next gréanternational project in
High Energy Physics. In order to achieve that goal, an inteesinternational planning
e ort with a number of R&D projects has started. EUDET is one poject within that
context with the aim to improve the infrastructure for doing detector R&D for the future
international linear collider. EUDET is partially funded by the European union as a
so-called \Integrated Infrastructure Initiative" within its 6" Framework Programme for
Research and Technological Development.

In this presentation the rst test beam results of the pixel eam demonstrator telescope
will be discussed. The demonstrator telescope is only thest phase of this project, a
full scale telescope will follow in 2009. This demonstratdelescope will not satisfy the
nal requirements (see section 2) with respect to readout s@d. But a rst test facility
will be available quickly to satisfy immediate and urgent tet needs of various research
groups working on pixel detectors in Europe. The nal telesipe will be constructed
using sensors with fully digital readout, integrated corrdated double sampling (CDS)
and data sparsi cation.

2 Telescope Requirements

The beam telescope is to be used for a wide range of R&D apptioas and quite di er-
ent devices under test (DUT), from small (a few millimetres}o large (up to one meter)
size. Depending on the project and on the size of the deviceetmequirements as to
precision and coverage are quite di erent. Still, the systa should be easy to use so that
a high e ciency in the use of the facility can be achieved.

Due to the limited energy of the electron beam from DESYII (1 6 GeV) the precision
that can be reached in any device is limited by the multiple sdtering. However, with
a careful optimisation of the telescope setup with respecbtdead materials and posi-
tioning of the telescope planes the precision of the predext impact position of beam
particles on the DUT plane should reach less than 3m at 5 GeV. This is achieved by
reducing the amount of material in individual planes while raintaining point precision
on the telescope planes of around 23 m. It is also foreseen to place a high resolution
plane ( 1 m) in front of the DUT to improve the precision of the telescop.

The mechanical setup should allow for a wide range of di erémon gurations from a
very compact one useful for pixel sensors to a two-arm layoutith su cient space in
between the arms to accommodate TPC or calorimeter prototygs. The lateral dimen-
sions of the active area should be large enough to cover higregsion pixel devices
without mechanical movement of the device under test. Obwisly, for larger devices
mechanical actuators will have to be used. A minimum size o02nm in one lateral
dimension is adequate. The second dimension could possibly smaller. The speed of
the device should allow to take full advantage of the beam ras and hence should be
able to operate at readout rates of up to 1000 frame/sec.

Finally, the overall setup of the telescope should be exibl enough to make it trans-
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portable in order to use it at other beam lines outside of DESYe. g. at higher energy
hadron beam lines.

3 Sensors

The sensors for the telescope have to provide a single poiesolution of 2 3 m with
a minimum of material. Also, a reasonable lateral coverage required and the readout
has to be fast enough to reach a telescope frame rate of 1 kHz.

R&D towards an ILC vertex detector is actively being pursueadn a number of di erent
sensor technologies such as CCDs [1], DEPFETSs [2] and CMO$g@nsors and a number
of prototypes emphasising di erent aspects of these devidave been built. Most of
these prototypes are too small for the planned telescope.

However, the CNRS-IPHC institute in Strasbourg, France [4has also successfully de-
veloped, fabricated and tested a number of monolithic actv pixel sensors (MAPS)
with large enough arrays for the telescope. The MimoTel protype, was chosen for the
demonstrator telescope. The chip has been designed and proed in an engineering
run in AMS 0.35 OPTO,; this technology allows the chip desigmeo choose among two
di erent epitaxial layer thickness (14 and 20 m) in order to better suit with light de-
tection. In order to explore this technology feature prototpes with both the epitaxial
thickness have been produced and tested either in laborayowith sources and on beam.
The sensor is divided in 4 sub-arrays of 64256 pixels each readout in parallel. With a
pixel pitch of 30 30 m? this results in an active area of 7.7 7.7 mn?, not ful lling the
nal telescope requirements, but suitable for the demonsator. While the chip shows
a good signal-to-noise ratio and high point precision, itsrehitecture based on the self
biased structure is simple and not integrating any data redtion, signal processing and
parallelisation.

4 DAQ System

The heart of the DAQ system is a general purpose acquisitionobard called EUDRB
(EUDET Data Reduction Board). This is featuring two 1/0O buses: the VME64x for
high throughput data transfer and synchronous operation h other devices and the
USB 2.0 for standalone and bench top testing. To maximise itexibility a mother-

/ daughter- board scheme has been followed, in order to havdl the computing and

memory elements common to all possible con gurations on thotherboard, while the
sensor speci ¢ requirements have been implemented on remble and interchangeable
daughter cards.

For each sensor in the telescope there is a corresponding ERBD board in the DAQ

system and the two are linked via three connections named asdléws:

Analog link . This is the analog line connecting the pixel chip to the reamlt
board. It is made by a CAT-5e Ethernet cable with one pair of awductors for
each sub-array.
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Figure 1: Schematic layout of the DAQ system.

Digital link . This line is dedicated to the chip steering and synchronisan.
Again it is made using a network cable.

JTAG link . This line is used to send to and receive from the chip its coguration.
The EUDRB board is generating the JTAG pattern in single{ené&d mode and a
level adapter is needed to enter the MimoTel chip that is acpéng di erential
signals.

The EUDRB is named after one of its most important feature: tk possibility to reduce
on the y the data volume. Two di erent readout modalities have been implemented so
far:

1. Fully transparent mode , mainly for debug purpose, in which all pixel signals
are transferred to the equipment computer;

2. Zero suppressed mode (ZS) , in which the DAQ board is performing online
the Correlated Double Sampling (CDS) and transferring to ta computer only the
signal and the address of pixels above a certain user{de nedreshold.

Another important element of the DAQ system is the Trigger Lgic Unit; this can be
considered as the replacement of a NIM crate with all the mosbmmonly used modules.
In fact it accepts as input the output signal of the trigger smtillators and produce any
kind of coincidence / anti coincidence the user wants to use trigger the system. For
each trigger, the TLU is also generating an incrementing enenumber and assigning a
time stamp. The TLU is connected through the USB 2.0 protocdb a control PC that
is its turn connected to the main DAQ PC.

A schematic layout of the DAQ system is shown in Fig. 1.
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Figure 2: (a) Technical drawing of one arm of the telescope st@nics. (b) A picture of
the actual implementation.

5 Telescope Mechanical Design

It is foreseen that the beam telescope will be operated in valy varying R&D applica-
tions with very di erent DUTs. Four telescope parameters ag particularly relevant in
this context. These are the number of measurement planesgtlactive area, longitudinal
size and layout of the telescope, the mechanical support fbre DUT and the environ-
mental conditions such as gas ow and temperature.

It is planned to provide 6 telescope planes for redundancy @nexibility. For large
DUTs mechanical actuation is foreseen in order to move the dee through the active
area of the telescope. The telescope will be subdivided intwo arms to allow more
exibility without limiting the size of the DUT which will be located between the two
arms. In Fig. 2(a) the mechanical concept of one telescopenais illustrated. Three
sensor jigs (L-piece) will be positioned on a track system.h& minimal distance between
the rst and the third layer is 2 cm, the maximum level arm is 15cm. Each L-piece
holds one proximity board housing the sensor. The further ettronics is placed close to
the telescope.

6 Test beam e ort

So far, the pixel telescope has been installed three times @beam line. In the following
sections a brief description of the performed tests is outkd.
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6.1 The integration test

The rst test beam has been done on the TB{24 electron beam knin DESY and it was
meant to be an integration test, with only one telescope arntl{ree sensor planes). This
was the rst time ever all the di erent pieces of hardware weg connected together and
steered by the general DAQ software. The system performed livgince the beginning
without any major problem, even if some minor issues were iteed and corrected on
site. A textual version of the DAQ software was used and the geirements on the online
monitoring task have been drafted. More than 100 thousanddcks with 3 GeV electrons
were acquired in fully transparent mode in order to have someal data sample to be
used with the o ine analysis and reconstruction software.

6.2 Telescope characterisation test

The second test beam was once again on the TB{24 beam line at B with the main
goal to characterise the telescope itself. Since the nal m@anical support was not yet
ready, an ad hoc structure hosting ve sensor planes in a siegoox was installed on the
beam line. A close-packed con guration with 20 mm distancedtween to consecutive
planes was used in order to minimise the e ect of the multiplscattering on the spatial
resolution. A fair amount of tracks have been acquired withve detector planes both in
fully transparent and in zero suppressed mode with 3 and 6 Ge&Alectrons to study the
energy dependency of the spatial resolution. An improved rgon of the DAQ software
more stable and with a graphical user interface has been usethis was also the rst
time ever where all the o ine analysis and reconstruction sitware could be deeply tested
with real data; data were stored on the DESY storage elementd processed using the
GRID computing elements made available to the ILC virtual oganisation. The overall
characteristics of the telescope system were evaluated ardults were found to be very
close to the expectations. The measured intrinsic resolati of each single detector plane
is found to be of the order of 3 m very well in agreement with the design speci cation.
The spatial resolution of the system was measured taking mtaccount also the multiple
scattering contribution using an analytic approach [8] in ke tting procedure. The
basic idea underlying this tting procedure is that the contibution to the 2 by the i-th
sensitive plane is given by the following

|2= Xi P 2+ i i1 2 (1)
i i
where
& N &
I Xi+1 X

is the scattering anglex; and p; are respectively the tted and the measured position
on the i-th plane, ; is the intrinsic resolution of thei-th plane and i is the width
of the multiple scattering angle distribution. This last teem is very much dependent on
the impinging particle momentum.
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6.3 Integration of the rst device under test

For the last test beam, the pixel telescope was mounted on tHd8 line at the SPS
facility at CERN and the system performance were evaluatedsing 120 GeV positive
pions. The main goal of this test, apart from studying the ulimate spatial resolution
using a multiple scattering free beam, was the integrationfan alien (Device Under
Test) sensor in the middle of the telescope setup. In this sge case two DEPFET
sensors [2] have been integrated in the DAQ system. The intagjon went through two
steps:

1. The rst phase was accomplished having the two DAQ systensynchronised at the
trigger level via the TLU. The two systems were sharing the sae trigger signal
and the overall busy signal was the logical OR of the telesce@nd the DUT one.
When running in this modality the two DAQ systems were savinghe output data
streams into two di erent les, and the event reconstruction has to be done by
the oine software. The two output les should be already syrchronised by the
trigger / busy logic, but it was preferred to add a further lewel of redundancy and
both the telescope and the DUT events are labeled with the ruand event number
distributed by the TLU. Moreover this is adding another degee of freedom because
the two data streams can underwent di erent analysis procedes and then merged
afterwards at any points. This is by far the easiest way to imgrate any external
device in the telescope system.

2. The second phase was accomplished having the DUT systeraesed by the DAQ
software. In this respect the high modularity of the telesque DAQ software played
a crucial role. The key issue is given by th®ataProducer/ DataCollector client
|/ server relationship. A global instance of the DataCollear is running on the
main DAQ computer and its task is to gather all the data from dlthe DataPro-
ducer running on the client equipment. The DataProducer ishte part of the DAQ
software responsible to interface any piece of hardware iheg system that is pro-
ducing some data to be saved in the output le. Every di erentDataProducers
have to describe all the operations that should be performexh the corresponding
hardware during the system initialisation, for each event rad when closing the
acquisition cycle. At the end of each event, the DataProducés making available
to the DataCollector the data stream to be saved in the outputle or to be passed
to all the on line monitoring task requiring it. Even if this level of integration is
requiring a little of coding by the DUT user, it is safer from te point of view of
the data integrity because the DAQ is recognising the DUT as jpart of the system
and no more as an alien device and, moreover, the DUT data ouwfipis saved in
the same le the telescope stream is written. Unfortunatelybecause of a lack of
beam time, this modality could not be tested even if all the reessary code was
written already.

During the whole data taking period, more than 4 million tra&s were acquired with the
telescope and the DEPFET sensors.
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The nal mechanical structure has been used and to get advaae from the lever arm,
the sensor planes within one arm were displaced by 10 cm andoetween the two arms
a region 34 cm long was reserved for the DUT. The rst arm was rda by 14 m thick
epitaxial layer sensors, while the second one was made by 28 thick sensors. In this
second arm, only two out of three planes were actually readolbiecause of an electrical
failure of one readout board.

7 Test beam results

At the time of writing the data analysis is still ongoing and rew results and improvements
are achieved everyday. Some of the obtained results areIspiteliminary and a deeper
investigation is needed to con rm them.

7.1 Sensor plane characterisation

Table 1: Sensor plane characterisation. Most probable vas of the Landau t for the
cluster signal and signal to noise ratio and for the seed pixe

plane \ Epi Seed Cluster with Cluster with
number thickness pixel four pixels 3 3 pixels

\ [ m] [ADC] \ SNR || [ADC] \ SNR || [ADC] \ SNR
Plane O 47.2| 125 104.4) 14.0 131.0] 11.2
Plane 1 14 46.2| 12.2 103.0| 13.6 129.0{ 10.9
Plane 2 47.3| 12.8 105.0| 14.3 130.3| 11.3
Plane 3 20 47.5| 10.9 112.8| 13.0 151.4| 11.0
Plane 4 46.3| 12.6 109.7| 15.0 147.6| 13.2

The rst result one can obtain exposing the telescope to a Mimum lonising Particle
(MIP) beam is the characterisation of the sensor planes thesalves. This does not
require any particularly complicated analysis, alignmenprocedure or track tting but,
nevertheless it is opening up the possibility to estimate mowell the overall system will
behave especially in terms of tracking e ciency and purity,and spatial resolution.
Every particle crossing the detector is producing a cloud electrons along its trajectory
in the sensor epitaxial layer and due to the MAPS working priciple, this is shared among
several neighbouring pixels where a non zero output signal detected. A clustering
procedure to group together close pixels with signals aboaecertain minimum threshold
is then required. In the CERN test beam setup the two familiesf MimoTel prototypes,
with 14 and 20 m thick epitaxial layer, were both used and a comparison beaen the
two is then possible. In principle the thicker epitaxial lagr sensor should provide a
higher signal because the patrticle is crossing a larger amobwf sensitive material, but
on the other hand, being a di usion based sensor, this coul@sult in a greater spread of
the charge and in a lower charge collection e ciency becaus# charge recombination.
In Table 1 the most probable values of the Landau t for the sekpixel, the cluster with
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(&) 14 m epi layer (b) 20 m epi layer

Figure 3: The SNR distribution for one thin (a) and one thick p) epitaxial layer sensors.

the four highest pixels and the one made by the three by threexels around the seed
are shown. Looking at the signal column for the three di eremquantities, it is clear that
the charge collected by the seed pixel is the same for the twaniilies of sensors while a
larger charge is collected by the clusters in the thick epissors denoting a greater signal
production but also a larger charge spread. The signal to re& ratio must be considered
carefully, because plane 3 has a mean single pixel noise 20ghér than all the other,
making its performance very similar to plane number 4. The eson for this higher noise
is not due to the detector itself but to a misbehaviour of the equisition and sampling
electronics. For both sensor families the mean cluster sjzece a threshold of 2.5 times
the pixel noise is set, is around 8 pixels. It is worth to remelber that the telescope was
operated with a moderate cooling aimed to keep the sensorsiwa temperature ranging
from 20 to 22 degrees centigrade.

These very good performance at the sensor level are cleaioadd the system level and
they are supporting the still preliminary evaluation of thetracking e ciency found to
be in excess of 99%.

7.2 Detector plane alignment

The mechanical structure of the telescope was designed toeo a high level of stability
of the system and, to a certain extent, also a good plane to pla alignment. No surveys
were done to make any preliminary alignment corrections antthe nal alignment was
done using particle tracks.

At the CERN test beam, a rather small number of events (few thasands) with very
low hit multiplicity (typically 2 tracks per event) was acquired with the explicit purpose
of performing a preliminary alignment. With such a low multplicity, the track nding
criteria can be released and then consequently a minimisati procedure can be applied
to each detector plane but the rst one that was taken as a refence. For each detector
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plane two shifts in the beam orthogonal plane and three rotain angles were determined.
Using these alignment constants, the track nding criteriacan be made harder and then
the minimisation procedure can be applied also to data sangWith a higher multiplicity
statistically improving the results.

The telescope setup at CERN was such that the DUT reserved sgain between the
two arms was of 34 cm; in this a con guration the alignment wagitially performed on
the rst arm allowing a track tting over these three planes; the track is consequently
extrapolated on the second arm and then the distance betwedine expected and the
measured position is minimised to align also the second arm.

In Table 2 the initial shifts in the beam orthogonal plane ardisted for each detector
plane along with the corresponding mean values of the resaludistribution after the
alignment procedure. In the case of high energy pion beam asthe CERN test beam,

Table 2: Detector shifts before alignment to be compared vitthe mean value of the

residual distribution after the alignment procedure.

Plane Before alignment After alignment

number || x shift [ m] \ y shift [ m] || Resi. mean x [ m] \ Resi. meany [ m]
Plane O REFERENCE PLANE -0.23 -0.41
Plane 1 334.7 -395.3 0.26 0.68
Plane 2 438.5 -345.9 -0.05 -0.26
Plane 3 871.5 -547.4 -0.38 -0.04
Plane 4 54.7 -285.9 -0.31 -0.01

the alignment procedure was a simple minimisation algorith based on the assumption
that the particle trajectory is following a straight line. For the DESY data instead, where
electrons with a maximum energy of only 6 GeV are availablehé¢ alignment procedure
is more complicated and taking into account multiple scatteng contribution is required.
In this case an iterative procedure was used in which the aéical tting was repeated
several times interactively adding shifting constants to entre around zero the residual
distribution and varying the detector angles to atten the residual distribution versus
the hit position.

7.3 Spatial resolution studies

Spatial resolution studies have been performed both on thégih energy pion data taken
at CERN and on the 3 and 6 GeV electron data taken at DESY. Whildor the former
a simple straight line tting can be used, for the latter a moe complicated tracking
procedure able to take the multiple scattering contributio in consideration has to be
adopted. In both cases, four sensor planes have been usededsrences and the track
is then extra-/inter- polated onto the fth sensor. In the case of the DESY data all ve
possible con gurations have been studied while for the CERMata only the con gu-
ration with the DUT in the centre has been considered so far. iffure 4 is a summary
plot showing the measured residual distribution widths wit 3 and 6 GeV electron beam

10
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Figure 4: Measured and expected residual distribution witis for di erent con guration.
The number on the x axis represents the position of the sensplane used as
DUT.

Figure 5: Residual distributions along X and Y for the CERN pon data onto the central
plane used as DUT.

compared with the expected ones assuming that the referensensor planes have an
intrinsic resolution of 3 m. A part from the con gurations in which either the rst or
the last sensor is used as a DUT, a measured width around & and 4 m is found for
3 and 6 GeV electrons respectively.

For the * data the residual distribution is much narrower because thenultiple scat-
tering is negligible as it is shown in Figure 5. In this case ghexpected t precision
considering the lever arm and the intrinsic plane resolutiois around 1.5 m, proving
that the telescope system is working according to the reqeid speci cations.

11
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8 Conclusion and Outlook

This paper presented the rst test beam results obtained exgsing the EUDET pixel

telescope in a medium energy electron beam at DESY and in a hignergy hadron
beam at CERN. The data analysis is still on going but the restd already available are
very promising and con rming that the system speci cationsrequired for the telescope
demonstrator can be ful I. Nevertheless further improvemes are possible in particular
for what the acquisition rate is concerned and pixel sensooaling. For the next year, a
longer data taking period at CERN is foreseen with the integtion of some DUT users
willing to use the beam telescope as a reliable and highly pise tracking system.
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