The Vertex detector of the LHCb Experiment: The VelLo

Aldo F. Saavedra
on behalf of the VeLo group

a Glasgow University,Glasgow,UK
a.saavedra@physics.gla.ac.uk

Abstract abb event. It is called the Vertex Locator (VelLo) but it is not a
vertex detector in the classical sense because it alsodwstg
capabilities which on average contributes around 13 hith¢o
lobal tracking. For LHCDb to be sensitive to the expected-osc
ations in theB, system the detector has been designed with the
following goals in mind. A primary vertex resolution 8f:m
for the x and y axis and 44n in the z direction. The impact
resolution of 14m + 35um/pyr which results in a propertime
resolution of 40fs'. This has been achieved by placing the de-

and the readout system of the detector. In preliminary éastb : : .
results a resolution of@n and 4:m for tracks of angle 0. 16radtector in vacuum and as close as possible to the LHC beam with
he edge of the sensors being only 8mm from the centre of the

has been measured. Construction, assembly and commmg;mﬁ am.

are currently on going. The latest commissioning showirgy t
successful performance of the VeLo alignment algorithm. Another task the VeLo has been designed for is to contribute

to the High Level Trigger(HLT)3]. This is an offline trigger
which first uses theRz information of tracks to find B-decays
and if promising thePhi coordinates. Once fitted the informa-

The LHCb experimenitl] (see figurel) is the only dedi- tion is fed to the next stages of the HLT.

catedb physics experiment located in the Large Hadron Col- Physically the VeLo detector is approximately 1m long and

lider(LHC) ring. It is a one arm forward spectrometer whosg composed of two halves. Each half possess 21 modules whose

design has been optimised for the measurement ofttipairs instrumented face is perpendicular to the beam. The twaebalv

to study CP violation and ratedecays. These include excellerdre operated in vacuum and can be moved towards or away from

particle identification and vertexing. The vertexing andiity the beam. The beam vacuum is separated from the detector vac-

their location are the main tasks of the most forward tragkinum by a 25@m thick aluminiumRE foil on each side. The

detector in LHCD called the Vertex Locator(VeLo) which ig thdetector uses evaporative cooling with £@as and the elec-

main focus of this note. trical connection to the module is achieved by flat kapton ca-
bles through a 50 pin feedthrough. A detailed descriptiothef

Il. THE VELO VeLo can be found herg].

The LHCb experiment is the dedicatéghysics experiment of
the LHC that will study CP violation and ratedecays. Its ver-
tex detector calleéeLo (Vertex Locator) has been designed t
achieve an impact parameter resolution of:fd+ 35:m/pr
and a propertime resolution of 40fs The main components of
the detector and module are introduced focusing on thetiadia
hard front end Beetle chip, the radiation tolerant silicensors

|. INTRODUCTION

The geometry of the vertex detector has been designed to
measure the displaced vertices that are part of the topalbgy
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Figure 1: The LHCb spectrometer featuring the VeLo detector at thé fron



The are a number of constraints that has influence the desigmAnother important features of the module is the paddle to
of the VeLo module. The major constraints are: which the hybrid is glued to. The purpose of the paddle was to
move the supporting plate away from the beam in accordance to

1 The instrumented region to be placed as closed as the last constraint previously listed. Physically the gadsd a
possible to the beam to minimise the distance betweagtbon fibre shell with a height of 16cm whose surface has been
the primary vertex and first point of measurement. treated to minimise outgassing during vacuum operation.

2 To be able to withstand the high radiation dosage
expected at the LHC.

3 The position of the clusters to be measured in
cylindrical coordinates.

4 Minimise the scattering from the supporting structures.
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Figure 3: AVeLo module. The main components shown are the paddle,
the hybrid, the front end chips and the sensor.
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N\ IIl. THE BEETLE CHIP AND ITS SELECTION
total 284 i
e The front end readout chip that is employed by the VelLo
! odule is the Beetle v1.5. The chip is radiation hard by eirtu
of the process technology (0.2% standard CMOS with a thin
gate oxidef,, = ;1) used for its fabrication and the consistent
used of enclosed NMOS transistors. The latter reduces tfte sh
in the transistor threshold voltage and eliminates lealage

The first constraint was addressed by having sensors wiht paths. The design has incorporated triple redundgit lo
a semi circle shape as shown in fig@revith the inner radius to minimise Single Event Upsets (SEU) and has been tested up
being 8mm and the outer radius 42mm. The cylindrical coordd a radiation dose of 130MRads. A complete description can

nates system is achieved by instrumenting each sensor witthe found herg5.

ther concentric or radial strips. Each sensor has a totad482 11, Beetle chip has 128 readout channels which can oper-
strips whose pitch increases with respect to radius (49100 4t in analogue or binary mode. Each channel has an analogue
keeping the occupancy of each channel uniform and allowifg:_end which consists of a low-noise charge-sensitieam-
the complete surface to be instrumented. plifier, an active CR-RC pulse shaper and a buffer. For VeLo
The sensor is a single sided 308 thickn-on-n oxygenated operation the comparator that discriminates the acquitdsep
silicon fabricated by Micron. It has been designed to deplé$ not enabled, only the shaper output is sampled and stoted i
from the back and after type inversion to deplete from thipstr the analogue pipeline.
This technology has been developed to allow sensors to with- 5 complete VeLo will require a total of 1344 chips. Ide-
stand the h'91h4 radiation environment that the VeLo W'ngpeélly these chips will be identical in their characteristiwiger-
ate in, 1.3c10'* neg/cni/year at a radius of 8mm and30'  /ance, making it easier to understand the capabilities a
neg/cnt/year at the edge of the sensor (r = 42rfih) degradation of the VeLo during its operation at the LHC. I re
The module (See figur®) has two sensors of each type thatlity the performance tend to vary from chip to chip hence the
are glued back to back on opposite surfaces of the hybrid.néed to test each single one and select a batch whose charac-
double sided kapton circuit is also glued to its surface. Adat teristics are within defined limits. The testing referredam®
generated is efficiently removed due to the constructiohef wafer probind6] focused on the Beetle’s power consumption,
hybrid, a TPG plane in between a number of carbon fibre religital performance, characterisation of the analoguetfemds
tangles. and DACs used to bias the different circuits on the chip.

Figure 2: ThePhi and theR measuring sensors that are part of ea
VelLo module.



The power consumption focused on measuring the currequate for VeLo operations. The resulting current distiisu
drawn by an individual chip after power on and during normef the selected chips is shown in figuseand typical analogue
operation. The digital performance mainly involved exgirgy parameters for a Beetle 1.5 in talile
the chip’s communication on the 12C bus and the transfer of

data. The characterisation of analogue front end was paetr [ BEETLE 1.5: Mean Operating Current_Fs 1983
on each channel of the chip for a number of bias settings. From - Median > b
each pulse obtained parameters were extracted as shown for a e gl e 506420148
typical pulse in figuret. Finally all the DACs relevant to the Rl
operation of the chip were exercised allowing their gratiz 160 LR
correct operation of each bit to be measured and asserted. 140" | DaLIZST
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Figure 4: The typical pulse shape from a Beetle channel. “ Variable ‘ Mean ‘ RMS H
Pulse Response Time (t90)ns 40.78 0.80
Pulse Rise Time t(90-10)ns | 15.41 0.67
The analysis of all the measurements and tests, developed in || Undershoot - Peak Time ns | 62.79 170
Glasgow][7], resulted in 69 variables being defined that charac- Peak Pulse Height (ADC) | 71.64 2.92
terised the performance of a Beetle chip. For each varidbte d Undershoot/Peak Height | -0.113 | 0.00646
tributions were created which included the values of theesam 25ns Remainder/Peak Height 0.135|  0.032

type of chip from 18 wafers. A total of 4299 chips composer ble 1 Th btained f he distribution f )

each distribution. The selection criteria was implemeraed '2P!¢ 1: The mean obtained from the distribution featurn@000

cuts about the mean of the distributions. The value of the gh{ps and its RMS for the analogue parameters obtained during the
L ) L Whter probing. The chips were exercised using the VelLo settings

was calculated by multiplying the RMS of the distribution dy (ITP=24,VFS=56 and VFP=20).

factor. This factor has direct influence on the uniformitythod ’

batch and thus the yield of the selection criteria.

A problem that was encountered during the analysis was re- IV. THE VELO DAQ

lated to the non correlation of the different distributiorSor )
example chips with average currents would have a dac gradi- "€ VeL0 DAQ is composed by a number of systems that

ent which was outside the limits. The actual gradient wouR§rforms all the necessary operations to control the frodse
have little effect on the performance of the chip but a one f&OVvide clock and triggers and read the digitised data. Wihe i
tor policy would see chips like this being rejected even gmuplementatlon of the DAQ has physical components distribute
important parameters such as the currents were withindim|f! the counting room (60m from the beam), the balcony (20m
To overcome this problem and maximise the yield, the vaemb(fom the beam) and outside the VeLo tank. The last two posi-
were classify into two groups. The first group containedte! ttions require boards to pe tolerant to radiation levels @fFxds
variables whose value was deemed important towards the G&d 100kRads respectively.
formance and operation of the chip. A very stringent cut Woul The control board is located in the balcony and receives the
be placed on their distributions. The second group would cdfiming and Fast Control (TFC) signals such as the trigger and
tained the rest of the variables and cuts were placed mainiyttte clock and together with the 12C signals to operate thetfro
guarantee functionality. ends. These are routed to five outputs with each output con-
The first group was composed of 18 variables suBgcted to an indi\{idual hybrid through the Repeater board at
as currents, all the digital performance and some puféghed to the outside of the VeLo tank.
shape parameters such BalseRiseTime and the ratio of The repeater board performs a number of functions which
Remainder/ Pulse Height. The second group was composedre implemented in the mezzanine cards that it carries. Wbe t
of the remaining 51 variables. The value of the two factoreewamain ones are: théow Voltage card and theDriver card.
obtained from a yield map (factpws factos). It was reasoned The Low Voltage card powers the front ends and mezzanines
that a batch of 2000 chips (a yield 8/50%) would provide a through 8 radhard voltage regulators. Theiver card ampli-
generous margin over the required number and the correspdies the analogue signals from the front ends before they are
ing factors (2.2 and 3.5) result in chips whose uniformitgds transmitted at 40MHz through a 60m cable to the receiver card



located in the counting room. The output of the module casisis
of four analogue links with each link connected to a drivadca

The receiver card is part of the TEL[8] board which digi-
tises the incoming analogue signal. The TELL1 is an FPGA
based signal processing board on which a number of algasithm
have been implemented such as zero suppression, clusa@dng
Finite Impulse Response filters with which to process the in-
coming signal. If atrigger is received the data is sent to¢hel-
out network which is implemented as gigabit ethernet aretint
net protocol (IPV4) with the final destination being the carp
ing farm.

Resolution Vs Projected Angle (300 micron thick sensar)
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Figure 7: The resolution of clusters for different strip pitch as a func-

V. PERFORMANCE OF AVELO MODULE tion of track angle measured for the 308 thick Phi module. The
average track expected by the VelLo is 0.12rad almost coinciding with
There has been a number of testbeam conducted by the Véledoest resolution measured.

group to understand and measure the performance of the VeLo
module design. The results presented in this note are frem th
2004 testbeam that was carried out at the North Area Faatlity
CERN. The main results obtained from a module with a;300
thick Phi sensor are shown in figurés7 and8. The first graph
shows the resolution as a function of strip pitch measured du
ing the testbeam at 250V(middle line). For comparison thre co
responding binary resolution and the resolution obtaimethf

a previous Hammatsu prototype at 180V are also shown. The
binary resolution is the upper line while the results frore th
prototype provide the lower limit. The higher resolutiontiog
prototype sensor is attributed to diffusion of the chargétviat
lower voltages plays a significant role thus allowing thergha

to be shared more effectively.
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Figure 8: The efficiency of th& H I 300um thick sensor module as a
function of the cut placed on the signal to noise ratio.
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The second graph shows the resolution of different strip
pitch with respect to angle track. The change is mainly due
to the change in geometry that the incident particle expees.

As the angle increases the charge deposited by the tracg-is di
tributed over a greater number of channels increasing the se
sitivity when determining the centre of the cluster. The sam
effect occurs throughout the sensor as tracks incident en th
different strip pitches follow the same trend. The encoingg
news is that the average angle of the tracks expected tosmve
the VeLo is 0.12ra@d] roughly coincides with the optimal reso-

5 lution.

pitch [microns] The third graph features the efficiency of the module with

Figure 6: The measured resolution of tRé: module at 250V versus

respect to signal to noise cut. The efficiency is constaotigin-

the pitch. The measurement is the middle line while the simulati@ht much of the range of the cut with a vaks89.8%. Itis only
are represented by dots. This is compared to the resolution obta¥éen the. cut is greater than 13 that _efnC'enCy slightly deter
with a binary readout scheme(top red line) and the results of an eafl@ies. This together with the two previous graphs showsieat

prototype at 180V(bottom red line).

current module design is expected to deliver the desigrsdosl
the VelLo.



VI. COMMISSIONING VIl. CONCLUSION

The current focus of the VeLo group is on the construc- The Velo is a key detector required by the LHCb experi-
tion, assembly and commissioning of the complete detectment to achieve its physics program. Its unusual shape is due
The modules are being constructed at Liverpool and the butmthe need to maximise its performance with respect to impac
in performed at CERN before they are assembled into the fiparameter resolution, propertime resolution and incaigoac-
mechanics. Once assembled, the detector will be takendo iqired data into the second level trigger. The module har bee
the pit (IP8) where the complete detector will be commisstbn designed to operate in vacuum and in the harsh LHC radiation
To ensure the performance is satisfactory, a number of esmadinvironment. Radiation tolerant oxygenatedn-n silicon sen-
commissions are conducted prior to this one. As productisoars and the Beetle readout chip, tested upto 130MRadsare th
versions of the components become available the complexity elements of the module.

and thoroughness of the commission increases. The exercisgpg gelection criteria of the Beetle presented was develope
incorporates everything thatis related to the VeLo, saféend , maximise the performance uniformity of the modules. The
hardware and they are fondly referred to as ACDCs (Alignme&RL 4 was~ 50% but the resulting number provided a generous
Challenge and Detector Commissioning). margin to complete the VeLo detector. The performance of the
The first ACDC, conducted in July 2006, was an online DA@odule during 2004 testbeam is summarised as having a resolu
exercise. The second, performed in August 2006, includegthtion of 8um and 4:m for tracks of angle 0.16rad for the smallest
production grade modules that were powered using productstrip pitch. This is within the necessary values to achiéee t
Repeater boards and their data read using the productidm cldasign goals. Currently the group is focussing its effortstee
together with cables. On the software side employing thgnali construction, assembly and final commissioning of the cetepl
ment algorithm developed for the Ve[ was a great achieve-detector. Preliminary work with the data taken with ACDC2 al
ment. For the third ACDC, scheduled for November 2006, tt@ved modules to be aligned using straight tracks by apglyin
final right half mechanics will be installed in the testbeamaa the VelLo alignment algorithm.
containing 10 production modules. This will be the dress re-
hearsal for the final commissioning since at least 6 moduikks w
be read and controlled simultaneously.

Preliminary results from ACDC2 results are shown in figurd1] The LHCb Technical Proposal, CERN-LHCC-98-004.
9. Four graphs are shown featuring 'res_lduqls of only stralgILE] The LHCb VeLo Technical Design Report, CERN-LHCC-
tracks from a tested module. The distributions are sepérat 2001-011
into x and y axis (left and right) together with before anceaft '
alignment (top and bottom). The success of the alignmewt alg[3] O. Callot, Velo tracking for the High Level Trigger,LHGb
rithm is evident in the decrease of the sigma of the fitted -gaus 2003-27.
sians to the distributions (5N to 16um and 22xm to 19um
for the x and y axis respectively) and their centring arousmz [4] Reoptimized Detector Design Review, CERN-LHCC-
The favourable results of the alignment resulted in thértgsif 2003-030.
other software comnonents siich as the trackina and simnjati

[5] N.Van Bakeletal., The Beetle 1.3,1.4,1.5 Reference Man-
ual (Version 1.73), LHCb-2001-046.
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Figure 9: The preliminary residual distributions obtained for straight
tracks. A decrease in the sigma of the fitted gaussian and a mean of
zero are evidence of the alignment performed favourable.



