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Chapterr 4 

Outerr Tracker prototype tests 

Promm 1998 until 2001 several of the prototypes described in section 3.3 have been tested 
inn a particle beam. The short prototype modules 9002-9005 and 6030-6034 were used 
too measure drift cell properties for varying drift gas, high voltage and magnetic field. 
Propertiess measured are the maximum drift time, drift time spectra, efficiency, reso-
lutionn and cross talk. The full scale modules 0604, 2004 and 5 were studied to test if 
similarr performance is achieved for full scale modules and to verify uniform operation 
overr the full length of the drift cells. 

Thiss chapter describes these tests. In section 4.1 the experimental setup is described. 
Inn section 4.2 the software is described. In sections 4.3 til l 4.7 the analysis and results 
aree presented. In section 4.8 the results are summarised and conclusions are drawn. 
Somee of the results are as well presented in LHCb notes [55, 62, 63]. 

4.11 Test beam setup 

Alll  tests are performed in a pion beam at the CERN PS accelerator complex. A typical1 

testt setup is shown in figure 4.1. The setup consists of stations of prototype modules, 
aa large bending magnet, scintillators and readout- and data acquisition- electronics. 
Thee magnet is used to test the performance of the prototypes in a magnetic field. The 
scintillatorss trigger the passage of particles. The following subsections describe the 
particlee beam, magnet and electronics used in the test beams. 

4.1.11 Particle beam 

Thee PS accelerates protons up to an energy of 25 GeV. Part of these protons are ex-
tractedd from the PS into the "East Area" where, via targets, secondary beams are 
produced.. The PS operates with a "super-cycle" of 14.4 seconds delivering 1 to 3 spills 
off  particles with a duration of 300 to 500 ins on these secondary beam production tar-
gets.. The maximum number of protons in a spill is 2  1011. The LHCb outer tracker 
testss are performed at the secondary beam called T7. Beam magnets and slits allow 
thee controlling of the content, intensity and shape of the T7 beam. In most of the 

lrThee exact configuration of the prototypes into stations was different in each test beam period. 
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Figuree 4.1: Typical test beam setup. The particles travel from left to right. Some 
prototypess are placed in a magnetic field, others are in a field free region. 
Twoo scintillators (SC) trigger the passage of a particle. 

testss a 9.5 GeV ix~ beam is used. The beam intensity can be varied from a minimum 
instantaneouss rate of about 20 kHz, i.e. ~ 6000 particles in a spill of 300 ms, up to a 
ratee of a few MHz. 

4.1.22 Magnet 

Too test the detector behaviour in a magnetic field the conventional CERN magnet 
MN222 is used. This magnet has a maximum field of 1.37 T within a gap volume of 
1.00 x 1.0 x 0.5 m3 between the coils. 

4.1.33 Electronics 

AA block-diagram of the data acquisition electronics used in the test setup is shown in 
figurefigure 4.2. The individual components are briefly described below. A more detailed 
descriptionn can be found elsewhere[64]. 

A S D B L R R 

Directlyy connected to the detector modules is a board supplying the high voltage 
too the detector and performing the first step in the signal readout. On the board 
ASDBLR(Amplifierr Shaper Discriminator with Base Line Restoration) chips[65] are 
mounted.. The input to these chips is the analog signals from the detector wires. The 
outputt is a digital signal, i.e. information on the pulse height and shape is not stored. 

beam beam 

SCC short modules 

""  x 
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Figuree 4.2: Block-diagram of electronics used in the test beams. The detector setup 
iss schematically depicted on the left side. On the right side the DAQ 
componentss are shown. 

Everyy ASDBLR chip handles 8 readout channels. A study on the operational properties 
off  the chip used in the LHCb outer tracker is presented elsewhere [66]. 

T D C C 

Thee digital output of the ASDBLRs is further processed by the datimizer boards [67]. 
Thee most important component of a datimizer board is the TDC chip. The 32 chan-
nell  TDC32 chip[68] developed at CERN is used. This chip provides a time to digital 
conversionn with a binning of 0.78 ns, and contains, apart from the TDC, a data buffer 
off  256 words deep. It is highly configurable for the needs of specific experiments via a 
JTAG[69]]  interface. The TDC is operated in "data-driven" mode and triggers on the 
leadingg edge of the signal from the ASDBLRs. To improve the quality of the data, from 
20000 onwards the tests were done with gated TDC inputs, reducing the input trigger 
ratee of the TDC. 

N I M R O D D 

Thee NIMROD [70] is a VM E module. It receives a clock and a clock synchronised trigger 
fromm the DDAQT module (see below) and distributes this to the TDCs. The TDC data 
off  a maximum of 16 datimizer boards are combined to an event by a single event builder 
NIMRODD module2. 

2Thee NIMROD (NIKHEF MDT Read Out Driver) was originally designed for the ATLAS muon 
chambers(MDT)) to collect the data from a maximum of 16 Front End Links (in our case the datimizers) 
andd to send these data via a high speed link to a higher level data acquisition module. 
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V M EE control ler 

Thee VM E controller is a Motorola processor running a real time Lynx OS system. On 
thee processor a data acquisition program is running steering the various VM E compo-
nentss (see section 4.2.1 for a brief description of this software). The main task is to 
communicatee parameter settings with the NIMROD and to read out the event data. 
Thee data is read out via the VM E bus and stored on disk. 

D D A Q T T 

Thee coincidence of the signal of two scintillators, one placed before and one after the 
stations,, is used as a primary trigger. This primary trigger signal is fed into the trigger 
processorr unit called DDAQT[71]. The DDAQT has the possibility to reduce the trigger 
ratee by outputt ing every nt h trigger of the input triggers, i.e. pre-scaling. This secondary 
triggerr signal serves as input for the NIMROD. These secondary triggers are given with 
aa resolution of 25 ns corresponding to the (NIMROD) clock. Since the timing of the 
triggerr pulse should be known with a higher precision, the primary trigger is fed into a 
dedicatedd TDC channel on a datimizer board to provide a precision time measurement 
(inn steps of 25/32 — 0.78 ns) of the trigger signal. 

4.22 Software 

Forr the prototype tests both online and offline software is used. The online software 
iss used to control the data acquisition hardware and for monitoring the data taking. 
Thee online software consists of the LLDA Q software described in section 4.2.1 and the 
monitoringg and control software described in section 4.2.2. 

Thee offline software consists of three components, event reconstruction, analysts and 
simulation.simulation. The event reconstruction is essentially the reconstruction of the particle 
trajectoriess (section 4.2.3). Several modules have been developed for the analysis of 
thee test beam data. The analysis algorithms are briefly described together with the 
presentationn of the test beam results in sections 4.3 to 4.7. Simulation software was 
usedd to compare the detector measurements with theory. 

4.2.11 Low level data acquisition 

Thee Low Level Da ta AQuisition (LLDAQ) software directly steers the hardware mod-
uless (the NIMROD, DDAQT and VM E controller) of the test beam electronics. It 
initialisess the modules at the start of data taking and does the readout of the event 
dataa from the NIMROD into software buffers. This data is subsequently written to 
disk.. At the same time the buffers can be accessed by external processes to perform 
onlinee analysis. The LLDA Q software is based on software used by the L3+Cosmics 
experiment[72]]  for their (similar) electronics modules. 
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4.2.22 Online monitoring and control 

Onlinee monitoring and control software is especially developed for the LHCb outer 
trackerr tests. It is written in C++ within a ROOT[73] framework. Interaction with the 
userr mainly occurs via Graphical User Interfaces (GUI). Three of these interfaces are 
brieflyy described below. A more detailed description is given elsewhere[74]. 

Thee run controller  is used to start and stop a data taking run. Via pop-up windows 
thee settings of the run can be entered, which are then communicated to the LLDAQ 
software.. Furthermore, the run settings are stored into log files. During data taking 
itit  provides statistics on the data acquisition, e.g. number of events processed, data 
acquisitionn errors, etc. 

Thee second GUI is the online event display. It allows a display of events in text 
ass well as graphical form. In text form the hit wires with corresponding measured TDC 
valuess in the event are displayed. The graphical representation gives a 3D view of the 
testt beam setup. The wires hit in the event can be overlayed. See figure 4.3 (top) for a 
picturee of the event display. Shown are the wires in a station hit by a passing particle. 

AA third GUI is the histogram display. It enables the online gathering and display 
off  statistical information on the event data. Especially useful histograms are a wire map 
(too look for dead or tripping channels) and drift time spectra. See figure 4.3 (bottom) 
forr a picture of the histogram display. 

4.2.33 Event reconstruction 

Beforee analysing the drift cell properties, e.g. the efficiency, resolution and cross talk, 
thee events must be reconstructed. Tracks are reconstructed using the measurements of 
thee prototype detector planes, i.e. no external high precision tracking system is used. 
Trackss are found using a pattern recognition algorithm based on an idea of Tolsma[51], 
Thee algorithm consists of the following steps: 

 Make a list of all hit combinations between hits in different detector layers. For 
eachh combination there are 4 "hit pairs" corresponding to the left/right ambiguities 
ass illustrated in figure 4.4. 

 All hit pairs are used as track seeds. The seed with the longest lever-arm is 
consideredd first, forming an initial track candidate. The residuals (see section 4.6) 
off  all hits with respect to the line joining the two hits of the track candidate are 
calculated.. If a residual is smaller than 4 a (where a is the calculated error), with 
aa minimum of 0.5 mm, the hit is added to the candidate. In case of a left/right 
ambiguityy the combination with the smallest residual is chosen. 

 A track candidate is required to consist of a minimum of 3 hits. 

 Hit pairs contained within the track candidate are removed from the list of seeds. 
Thee above procedure is repeated on the remaining seeds until no seeds are left. 

 Some of the track candidates found will have hits in common. To prevent this 
doublee counting, hits are required to be only used by one candidate. This is 
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Figur ee 4.3: Pictures of the online event display (top) and histogram display (bottom) 
usedd in the test beams. 
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of: : 

Figuree 4.4: The measured drift time corresponding to a particle traversing a drift cell 
cann be represented by a circle of constant drift distance around the wire. 
Fromm a single cell it is unknown at which "side" of the wire the particle 
traversed,, i.e. it has a left/right ambiguity. Shown is a particle (solid 
line)) traversing two drift cells and circles of constant drift distance (dashed 
circles)) corresponding to the resulting drift time. The dashed lines corre-
spondss to the three additional hit pairings that can be made due to the 
left/rightt ambiguity at reconstruction time. 

achievedd by fitting the candidates and selecting the track with the highest quality 
QQ defined as: 

QQ = N-wJ2x? , (4.1) 

withh N the number of hits on the track, \t the contribution of hit i and w a 
weightt factor3 set to 0.1. Al l hits used by this track are removed from the other 
candidates. . 

•• If more than one track candidate with at least 3 hits remains, the next highest 
qualityy candidate is selected and the above selection procedure is repeated on 
(possible)) remaining candidates. 

Thee track fit is performed in the time domain, i.e. a \ 2 minimisation is performed 

XX22 = Y\ (thit~T(drec°A , (4.2) 

wheree i^t is the measured drift time, T the drift time-distance relation (see section 4.4) 
thatt converts the fitted shortest distance to the wire dTeco to a time, and at the resolution 
off the measurement ihi t (see section 4.6). To determine the drift time-distance relation 
andd the resolution an iterative approach is followed using the fitted tracks. This ap
proachh is shown to converge in a few iterations, resulting in a good fit (average reduced 
XX22 of 1.3) [62]. 

Thee modules are aligned using a software alignment procedure described elsewhere[62]. 
Ann alignment precision better than 50 \xm is obtained. 

3AA selection based on a total x2 criterium only tends to bias tor the selection of tracks with a small 
numberr of hits. The quality criterium mentioned above does not have this problem[75]. 
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4.2.44 Simulation with Garfield 

Too compare measurements with theory the computer program Garfield[76] is used. 
Garfieldd is a program used to make detailed simulations of drift chambers. It inter-
facess to the Magboltz program[77] for the computation of electron transport properties 
inn arbitrary gas mixtures. An interface to the Heed program[78] is used to simulate 
ionisationn of gas molecules by particles traversing a chamber. 

Garfieldd can be used to calculate and plot a wide variety of quantities relating to 
drif tt chambers. In this thesis Garfield is used to simulate the response of individual drift 
cellss of the outer tracker prototypes to the passage of an ionising particle. Simulated are 
thee creation of ionisation clusters along the trajectory, the drift of the charge carriers, 
thee avalanche near the anode including attachment, the induction of a signal on the 
anodee wire, the shaping of this signal corresponding to the ASDBLR, and finally the 
measurementt of the drift time defined by the moment that the signal exceeds a threshold. 
Thesee simulations are used to obtain the electron drift trajectories and drift time spectra. 
Fromm the drift time spectra the maximum drift time is extracted. The dependency on 
gass mixture, high voltage and magnetic field is studied for several cell geometries. 

4.33 Drif t time 

Ann important measurement characterising the behaviour of a drift cell is the drift time 
spectrum,, i.e. the distribution of measured drift times for a uniformly irradiated cell. 
Thee shape of such a spectrum is determined by the cell geometry, gas mixture, the 
magneticc field and the applied high voltage. The left plot in figure 4.5 shows a measured 
drif tt time spectrum for the short 5 mm straw tube drift cells of module 6033 in the gas 
mixturee AT(80)/CÖ2{20). The right plots in figure 4.5 show the measured drift time 
spectraa in the gas mixture / lr(65)/CF4(30)/CO2(5) for different values of the magnetic 
field. field. 

Comparisonn of the left and right plots shows three things. Firstly, the spectrum 
forr the gas mixture without CFA is broader. This is due to the slower drift velocity 
inn this gas mixture. Secondly, the right plot shows the widening of the spectra due 
too an increase in magnetic field. The latter is caused by the longer drift path in case 
off  a magnetic field as discussed in section 3.1.2. Finally, the spectra in the fast gas 
mixturee contain a 'shoulder' for small drift times. This shape of the drift time spectrum 
iss rather well reproduced by the simulation program Garfield as is shown in figure 4.6 
(rightt figure). 

Thee shoulder in the spectrum can be understood qualitatively by a combination of 
twoo things: the dependence of the drift velocity on the distance to the anode wire and 
thee electron attachment due to CF^. In figure 4.6 (left) the drift velocity dependency 
accordingg to Garfield/Magboltz is shown. At very small distances the velocity is high, 
causingg the steep edge in the drift t ime spectrum for small drift times. The dip in 
thee drift velocity around 0.4 cm /^sec-1 corresponds to the shoulder in the drift time 
distributionn of figure 4.5. Electron attachment can prevent the closest cluster from 
reachingg the avalanche region, causing a more distant cluster to pass the threshold with 
consequentlyy a longer drift time. This distance is larger for tracks passing near the 
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Figur ee 4.5: Drift time spectra in a 5 mm straw tube drift cell of module 6033. left) 
Inn the gas mixture Ar(80)/CC>2(20) with no magnetic field, right) In the 
gass mixture Ar(65)/CF4(30)/CO2(5) with different values for the magnetic 
field. . 

Figur ee 4.6: left) Electron drift velocity versus dtrack in 5 mm straw tubes in a 
Ar(65)/CF4(30)/CO2(5)) gas mixture and an applied voltage of 1800 V 
obtainedd with Garfield [76]. right) Simulated (solid line) and measured 
(dashedd line) drift time spectrum in these tubes under the same condi-
tions. . 
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Figuree 4.7: A particle traversing a gas filled drift tube at a distance rftrack from the 
wiree causes the closest ionisation cluster at a distance dciuster. The closest 
distancee of the reconstructed track to the wire is drPro. 

wiree (see figure 4.7), causing a shift of these hits to larger drift times in the drift time 
spectrum. . 

Ann important quantity that can be directly extracted from a drift time spectrum is 
thee maximum drift time (tmax) in the cell. The total signal collection time, i.e. drift 
t imee in the tube plus signal propagation time along the tube, for an LHCb drift cell is 
requiredd to be within two LHC bunch crossings (50ns). The signal propagation time is 
~~ 3.8 ns /m [56]. This requirement has the consequence that the limit s on the maximum 
drif tt t ime range from ~ 45 ns in the small magnet stations down to ~ 35 ns in the 
largee stations in the track seeding region. As discussed in section 3.1.2 a magnetic 
fieldfield increases the drift time and hence imax. Fortunately, in LHCb only the small 
chamberss (with consequently a small signal propagation time) wil l be positioned in 
aa large magnetic field. The maximum drift time i max is defined as the time interval 
containingg 98 % of the signals, with 1 % of the signals arriving before the beginning and 
11 % after the end of the interval. 

Tablee 4.1 shows the maximum drift time in 8 mm honeycomb cells for various gas 
mixturess without and with a 1.0 T magnetic field along the wire direction. Both mea-
suredd £max values on the prototype modules 9002-9005 in a test beam as well as simulated 
valuess with Garfield are shown. Due to problems with the test beam electronics4 [62] the 
amountt of valuable data is limited. Within the limited statistics available, measurements 

4Thesee problems occurred in the 1998 and to a smaller extent in the 1999 test beam periods. The 
problemss where solved in the test beams of 2000 and 2001. 
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Ar/CFAr/CFAA/C0/C02 2 

mixture e 
8 0 / 0 / 20 0 

8 8 / 7 /5 5 

8 1 / 1 4 /5 5 

6 8 / 2 7 /5 5 

7 1 / 2 9 /0 0 

testt beam 
Garfield d 
testt beam 
Garfield d 
testt beam 
Garfield d 
testt beam 
Garfield d 
testt beam 
Garfield d 

'•max x 

BB = 0.0 T 
110 0 
110 0 
70 0 
70 0 
60 0 
64 4 
55 5 
60 0 
45 5 
40 0 

(ns) ) 
BB = LOT 

110 0 
125 5 
90 0 
88 8 
90 0 
80 0 
65 5 
60 0 

110 0 
120 0 

Tablee 4.1: Simulated and measured maximum drift times tmax in the 8 mm honeycomb 
cellss of modules 9002-9005 for various gas mixtures and magnetic fields along 
thee wire direction. The measurement accuracy is estimated to be 20 %. 

BB (T) I 0.0 0.5 0.72 0.8 1.0 1.2 1.37 1.6 1.8 2Xf 
tmaxx (ns) 1 26.9 27.4 28.4 29.1 30.4 32.8 35.4 39.7 44.2 49.6 

Tablee 4.2: Simulated maximum drift times £max for 5 mm straw tube in a 
J4r(65)/CF4(3O)/C02(5)) gas mixture for various magnetic field values along 
thee wire. 

andd simulation agree. 
Onlyy the gas mixture without C02 (i.e. 71% argon and 29% CF4) stays within the 

requiredd maximum of 45 ns drift time in case no magnetic field is applied. However, 
iff the field is turned on the increase in drift time is large; it is even larger than for 
relativelyy slow drift gases. This is caused by the increased Lorentz angle resulting in 
aa longer effective drift distance as explained in section 3.1.2. The maximum drift time 
inn 8 mm honeycomb cells is too large to be used for the outer tracker. Therefore, drift 
cellss with a smaller cell size are required. 

Tablee 4.2 shows simulated maximum drift times in a 5 mm straw tube in the gas 
mixturee J4r(65)/CF4(30)/CO2(5) for various magnetic field values along the wire. It is 
seenn that straw tubes up to a field of ~ 1.8 T are expected to stay within the required 
455 ns for the small magnet stations. The long stations are expected to stay within the 
requiredd 35 ns up to ~ 1.4 T. 

MeasurementsMeasurements of £max have been performed on the short 5 mm straw tubes of modules 
6030-60344 for a wide variety of conditions, e.g. gas mixture, high voltage and magnetic 
field.field. Table 4.3 summarises measured imax values for several gas mixtures at four values 
off the magnetic field. The simulated r.max with Garfield (see table 4.2) and the measured 
fmaxx in the test-beam for the gas mixture Ar(6b)/CF4(30)/CO2{5) are in good agreement 
(measuredd values are 1-2 ns larger). As expected the maximum drift time decreases as 
thee amount of CF4 in the gas mixture is increased. These measurements show that 
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mixture e 
Ar/CFAr/CF44/C0/C02 2 

8 0 / 0 / 20 0 
6 5 / 5 / 30 0 
755 / 15 / 10 
7 5 / 2 0 /5 5 
700 / 20 / 10 
7 0 / 2 5 /5 5 
6 5 / 3 0 /5 5 

BB = 0T 
41.2 2 
39.0 0 
32.5 5 
31.4 4 
31.4 4 
29.2 2 
28.2 2 

'ma3 3 

BB - 0.72 T 
43.2 2 
40.5 5 
34.5 5 
33.1 1 
33.0 0 
30.9 9 
30.1 1 

<< (ns) 
BB = LOT 

44.8 8 
42.2 2 
36.3 3 
35.1 1 
35.2 2 
32.8 8 
32.0 0 

BB = 1.37 T 
49.1 1 
45.1 1 
40.9 9 
40.8 8 
39.3 3 
37.5 5 
36.0 0 

Tablee 4.3: Measured maximum drift times fmax in the 5 mm straw tube cells of modules 
6030-60344 for various gas mixtures and magnetic fields along the wire. 

55 mm straw tubes, with a Ar/CF4/C02 gas mixture containing 15 % of CF4 are fast 
enoughh to meet the LHCb timing requirements in all stations. 

4.44 Distance-drift time relation 

Ann outer tracker drift cell measures the time between a particle traversing a cell and 
thee arrival of the first electron clusters in the avalanche region near the wire. Particle 
trajectoriess are, however, described in space coordinates making the shortest distance at 
whichh the particle past the wire interesting. Therefore, a relation between the measured 
drif tt time and the shortest distance of approach is needed. 

Thiss relation in general depends on many variables and parameters, e.g. gas mixture, 
celll  geometry, applied high voltage and magnetic field. Due to the statistical nature of 
thee energy loss process involved the time measured (thi t) for particles traversing at the 
samee minimum distance dtrack wil l fluctuate. As the number of created clusters along 
thee trajectory is limited (about 30 per cm), the distance of the closest cluster to the 
wiree Cluster is not equal to the particle distance of closest approach dtrack (see figure 4.7). 
Thee relative difference between these distances is largest for particles passing near the 
wire. . 

Twoo distance-time relations can be identified: 

•• A T(rf)-relation is used to describe the behaviour of a drift cell. It gives the best 
estimatee of the expected drift time for an ionisation cluster created at a distance 

^clusterr • 

•• A £>(£)-relat ion is used to give the best estimated distance (4it of the distance of 
closestt approach dtrack of a traversing particle given a drift time measurement thlt. 

Becausee of the mentioned effects these relations are not the inverse of each other. Es
peciallyy at small distances/times they do not coincide. This chapter describes the be
haviourr of the drift tubes. Hence, the deduction of the r(d)-relation is described. A 
D(t)D(t) relation is obtained in a similar way. 
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AA  T(d) relation can be obtained from a theoretical model by simulating it with 
aa computer program like Garfield. However, to be certain that the calculated relation 
matchess reality one should always verify it by measurements. There are several methods 
too determine a T(d)-relation from data. 

AA  firs t way to determine a T(d)-relation is to measure it by using an external high 
precisionn reference tracker, e.g. a silicon detector telescope. With such a system the 
trajectoryy of a traversing particle and hence the distance of closest approach dtrack is 
preciselyy measured. The detection cell provides a measured drift time t^it corresponding 
too that distance. The T(d)-relation is obtained by fitting it to a sample of data points 
(thit,, dtrack)- This method has the disadvantage that a precise reference tracking system 
hass to be present. In LHCb there is no external system to provide this. 

AA  second method obtains the 7f(cf)-relation by integrating the drift time spectrum. 
Thee integral of the drift time spectrum up to a drift time t ît corresponds to the number 
off  particles which results in a drift time smaller than this time. The integral of the 
distancedistance distribution corresponds to the same number of particles but now as a function 
off  the drift distance. If a cell is uniformly irradiated the drift distance distribution wil l 
bee flat. Consequently, integration leads to a linear function of the distance. Therefore, 
aa number of particles in the integrated drift time spectrum directly maps to a distance. 
Hence,, a normalised integrated drift time spectrum gives an approximate T(d)-relation. 

Figur ee 4.8: Scatter plot of measured drift time ihit in straw tubes of module 6033A 
versuss predicted distance to wire from reconstructed tracks dTeco in the 
remainingg layers of the modules 6030-6034. A high voltage of 1800 V and 
aa magnetic field of B = 1.37 T is applied. An Ar(65)/CF4(30)/CO2(5) gas 
mixturee is used. The superimposed curve is the fitted T(d) relation. 

Severall  effects limi t the precision of this method. Firstly, due to the statistical 
naturee of the processes involved the drift spectrum wil l be smeared. Secondly, the 
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methodd assumes the cell efficiency to be independent of the distance. Finally, the cell 
irradiationn is never completely uniform. 

AA t h i rd more accurate method uses the result of the second method as an input. 
Studies[5l]]  have shown that an accurate measurement of the distance drift time relation 
cann be achieved by using the data from the drift tubes itself. The method is based on 
thee assumption that the track parameters resulting from a fit  through the individual 
detectorr hits wil l provide a better estimate of the distance between a track and the wire 
thann the individual hits. This method named auto-calibration is an iterative method. 
Itt starts with an initial estimate of the T(rf)-relation using the previous method and 
usingg this relation to determine the hit positions. With these hit positions a track fit  is 
done.. The tracks are used to predict the distance dUaiCk at which the track passed the 
wire.. The reconstructed dtrack is defined as dieco. The difference between treco — T(dreco) 
andd the measured drift time thit is used to correct the r(d)-relation. This is done by 
minimisingg the x2 function 

22 V ^ I 1 ("reco.ij — *hit. i 
xx = M — T U — 

forr a large set of tracks with respect to the parameters describing the r(d)-relation. A 
3dd order spline function with 6 parameters is used to describe the T(d)-relation. With 
thee corrected r(rf)-relation the tracks are refitted, and the procedure is repeated. After 
aa few iterations this procedure converges to a stable relation. 

Becausee there is no external high precision reference tracker in the prototype tests it 
iss decided to use the third method to determine the T{d) relation. Figure 4.8 shows the 
measuredd drift t ime in straw tubes of module 6033A versus the predicted distance to 
thee wire for tracks reconstructed from hits in all other layers of the modules 6030-6034. 
Thee superimposed curve is the fitted T(rf)-relation. 

4.55 Efficiency 

Efficientt track reconstruction in LHCb requires a high efficiency of individual detection 
cells.. The hit efficiency is defined by the probability that an ionising particle traversing 
aa detection cell is observed, i.e. causes a hit. The efficiency is determined by calculating 
thee ratio of the number of observed hits (:Vhjt) over the number of expected hits (A7

reco) 
inn a given cell from the track fit, i.e. 

ee = — . (4.3) 
N N 
11 T reco 

Too determine the efficiency tracks are reconstructed using all layers except the layer 
underr consideration. From the reconstructed track a prediction is obtained for the track 
positionn in the test layer and accordingly a distance to the wire of the closest cell. If an 
actuall  hit is recorded in that cell it is said to be efficient for that distance. 

Inn the ideal case of no electron attachment and a fully efficient readout electronics 
thee single cell efficiency is given by: 

C(/)) = l - P ( 0 ;0 = l - e x p ( y ) , (4.4) 
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Figur ee 4.9: Drift cell efficiency as a function of predicted distance between track and 
wire,, for the gas mixture ^r(65)/CF4(30)/CO2(5) at HV=1800 V in mod-
ulee 6033. The fitted curve is explained in the text. 

wheree / is the length of the trajectory in the cell, and A the average ionisation distance. 
P(0;; I) represents the probability that no cluster is created as given by equation 3.1. The 
trackk segment I in the cell is short for particles traversing a cell close to the boundary. 
Thee shorter the track segment the smaller the number of a primary ionisation clusters 
created,, hence the lower the detection efficiency. 

Figuree 4.9 shows the efficiency in a drift tube of module 6033 as a function of recon-
structedd distance dreco between track and wire. The figure shows that for a large part of 
thee drift tube the efficiency is close to 100 %. The error on the predicted position of the 
trackk in the cell results in an apparent non-zero efficiency outside the cell boundary. It 
alsoo tends to hide the shape predicted by equation 4.4. The shown curve is the results 
off  a x2-fi t to the data, taking into account the parametrisation of the efficiency as a 
functionn of I, the distance traversed in the drift cell, i.e. 

e(l)e(l) = eo(l-exp(—)) . 

Thee distance / is related to the nominal distance to the track dtrack by: 

(4.5) ) 

// = 2 J/?2 dd2 2 

"track k 
(4.6) ) 

Becausee of the error in dreco a convolution is done with a Gaussian centred at dreco 

withh variance a2. The fit of this toy model is reasonable and results in5 e0 = 99.2%, 
5Duee to misalignment the centre of the efficiency plot slightly deviates from zero. This offset is 

fittedfitted to be 49 ^m. 
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AA = 835 ^jm and a = 198 fim. The fitted A is roughly a factor 3 larger than the 0.3 mm 
expectedd for Ar(65)/CF4(30)/CO2(5) (see section 3.1.1). A possible explanation for 
thiss is given by the loss of electrons due to attachment. This effectively reduces the 
numberr of used clusters, which corresponds to an increased average ionisation distance 
A.. This is roughly in agreement with the attachment coefficient for this gas mixture of 
aboutt 4 [44]. 

Thee average efficiency over the cell range of -2.5 mm to +2.5 mm is calculated 
fromm the average efficiency determined from curves as figure 4.9 multiplying it with a 
geometricall  correction factor for the dead area between two cells. For the short 5 mm 
straww tubes of modules 6030-6034, which have a pitch of 6 mm, this correction factor is 
6/5.. This leads to an average efficiency of 96.4 % in figure 4.9. 

Figuree 4.10 shows the average efficiencies as function of the high voltage for five gas 
mixturess in the straw tubes of these short modules. The region where the efficiency as 
functionn of the voltage is (almost) constant is called the efficiency plateau. Gas detectors 
aree usually operated at such a plateau because it ensures stable and uniform operation 
underr small variations in conditions. The arrows point to the beginning of the plateau, 
whichh is taken as the lowest high voltage at which the efficiency exceeds 95 % (in steps 
off  50 V) . In the summary table 4.4 on page 80 the corresponding high voltage is given. 

Thee full scale prototype module 5 is tested in the gas mixture / l r (75)/CF4(15)/-
COi{COi{ 10). Figure 4.11 shows the dependence of the efficiency on high voltage for these 
chambers.. An average efficiency of 97 % is obtained at 1600 V. The prototype is tested 
att 10 points along the length of the wire. Figure 4.12 shows the efficiency as a function 
off  position along the tube at 1600 V. A slight increase of efficiency is observed towards 
thee centre of the module at x — 0. This is explained by the fact that the wires are not 
electricallyy terminated at the centre of the module. This causes signals to be reflected at 
thee wire end. Both the direct and reflected components of the signal wil l contribute to 
thee signal on the ASDBLR. Signal from the centre of the module wil l have a maximum 
amplitudee because both components wil l arrive at the same time, hence the efficiency 
iss higher. 

4.66 Resolution 

AA track is reconstructed by fitting a line through the measured hits. To properly weigh 
thee measurements of the drift cells in the track reconstruction a prediction of the pre-
cisionn of the measurements is required. As for the drift-time distance relation one can 
definee a resolution in the time and in the distance domain. In accordance with common 
practisee we report here on the coordinate resolution. 

Thee error on the measured distance dhit = £>(*hit) is given by the residual: 

rtrackk — «hit — «track i (.'**' J 

wheree dtrack is the closest distance of approach of a particle to the wire. On average 
thee residual is zero. The coordinate resolution adha is given by the square root of the 
variancee on the residual. 
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Figur ee 4.10: Efficiency and coordinate resolution as a function of high voltage for var-
iouss gas mixtures in straw tubes of module 6033. The left axis shows the 
efficiency,, the right axis shows the resolution. 
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Figur ee 4.11: Efficiency and resolution as a function of high voltage for straw tubes of 
modulee 5 in the gas mixtures J4r(75)/CF4(15)/CO2(10). 
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Figur ee 4.12: Efficiency as a function of position along the straw tubes in one half-
modulee 5 in the gas mixtures Ar(75)/CF4(15)/C02(W)-
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Inn the test-beams no external high precision tracking system was available to deter-
minee dtrack with an accuracy much better than the resolution of the drift cells. Therefore, 
aa track is reconstructed from the measurements of the drift cells, resulting in a recon-
structedd distance dreco (see figure 4.7). The error on dTeco depends on the geometrical 
configurationn of the setup, the number of measurements and their assumed precision. If 
thee measurement precision is assumed constant over the whole cell the precision of the 
reconstructedd distance is proportional to the measurement precision, i.e. 

^ d r e c oo = / * < ^ h i t , ( 4 - 8 ) 

Thee factor ƒ is a constant which follows from the geometry of the setup and the number 
off  hits on the track. Because ƒ is independent of <7dhit it can be determined by fitting a 
trackk with an arbitrary assumption on this measurement precision. 

Thee residual can be determined as: 

'' reco *-%k "reco  V " / 

Thee variance of the residual is the sum of two contributions, one due to the error of 
thee measured distance, the other due to the error in the distance calculated from the 
reconstructedd track, i.e. 

22 2 , 2 

(T r r K uu = <7dh.( + &dtl.lu 

wheree the geometrical factor ƒ defined in equation 4.8 is used. To determine <7 ĥ.t the 
scaledscaled residual is defined as: 

Scaledd = V 1 / i l + P) ' r r e co • (4 -11 ) 

Thee scaling factor 1 + / 2 , typically 1.1-1.2, depends on the number of hits on the track. 
Thee variance of the scaled residual will be equal to a\ . . Therefore, the coordinate 
resolutionn can be obtained from the scaled residual distribution. 

Figuree 4.13 shows the average scaled residual distribution for a 5 mm straw tube. 
Thee fitted curve is a Gaussian with a constant background term over the range 0 mm. 
Thee non-Gaussian background is less than 3% of the total distribution. Therefore, the 
resolutionn is defined as the o of the Gaussian. Figure 4.10 shows the average resolution 
forr different gas mixtures as a function of the applied high voltage. In all cases the 
resolutionn improves with high voltage. This is mainly due to the increased efficiency for 
detectingg the closest ionisation cluster(s). The resolutions determined at the start of 
thee efficiency plateau are summarised in table 4.4. 

Alsoo for the full scale prototype module 5 the resolution is determined. Figure 4.11 
showss the dependence of the resolution on high voltage for this prototype in the gas 
mixturee j4r(75)/CF 4(15)/C0 2( lO). A resolution of 205 /*m is obtained at 1600 V. 
Figuree 4.14 shows the resolution as a function of position along the tube at 1600 V. A 
slightt improvement of resolution is observed towards the centre of the module at x = 0. 
Thiss is explained by the fact that at this position, the signal amplitude has a maximum 
duee to the non electrical termination of the wires. 
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Figur ee 4.13: The scaled residual distribution averaged over a 5 mm straw tube in the 
gass mixture Ar(65)/CFi(S0)/C02(5) with no magnetic field and a high 
voltagee of 1700 V. The shown curve is a fitted Gaussian with a constant 
backgroundd term. 
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Figur ee 4.14: Resolution as a function of position along the straw tubes in one half-
modulee 5 in the gas mixtures Ar(75)/CF4(15)/CO2(l0). 
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Figur ee 4.15: Drift time difference of cross talk hits w.r.t. 
tubess of module 6032. 

signall  hits in the 5 mm straw 

4.77 Noise and cross-talk 

Variouss effects can cause a hit to be registered even if no particle crossed the detection 
cell.. Possible sources of these noise hits are internal reflections within a drift cell, cross 
talkk between cells, pick-up from external electrical sources and reflections or cross-talk 
withinn the readout electronics. 

Too make a quantitative estimate of the noise level in the prototypes all hits that 
aree measured but not predicted are defined as noise hits. To make sure that these hits 
aree not caused by other tracks only those events are used in this study which have one 
reconstructedd track. The cross talk level is defined as the average number of noise hits 
perr event in a layer. 

Inn the 1998 and 1999 tests of modules 6030-6034 some layers showed a high cross 
talkk level (> 15%). The drift time difference of the cross talk hits w.r.t. the signal 
hitt provided an interesting structure as indicated in figure 4.15. It shows a ~ 40 ns 
widee distribution around zero with a narrow peak, superimposed on this distribution at 
++ 20 ns and a long flat tail towards large positive values. The peak at 20 ns indicates 
thee presence of time delayed cross talk. Further study shows that the correlation only 
occurss between channels within the same ASDBLR chip [62]. A dedicated electronics 
study[66]]  confirms that for a number of ASDBLR chips extra signals are created on all 
otherr 7 channels if the pulse height on a given input is larger than 50 fC (with a 2 fC 
threshold).. In later test beam periods these bad chips where not used and the effect 
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disappeared. . 

Figuree 4.16 shows the cross talk level as a function of the high voltage for five gas 
mixturess in the short 5 mm straw tubes of module 6033. In these figures again the 
arrowss indicate the beginning of the efficiency plateau. The cross talk is typically 6 % 
perr mono-layer in these chambers. In table 4.4 the cross talk in these chambers for high 
voltagee settings at the beginning of the efficiency plateau is summarised for the five gas 
mixtures. . 

Measurementss on the full scale prototype modules 2004 and 0604 show a very large 
increasee of the cross talk level (> 50% [55]). Extensive lab tests show that this cross 
talkk can be suppressed by shielding the straws with aluminium[56]. Therefore, the full 
scalee prototype module 5 has an outer 25 /xm thick aluminium cell layer. Figure 4.17 
showss the dependence of the cross talk level on high voltage for module 5 in the gas 
mixturee Ar(75) /CF4(15) /C02( lO) . An increase in the cross talk level is observed for 
voltagess above the working point. This is explained by the increased signal amplitude 
resultingg from an increase in the operating voltage. At the 1600 V working point the 
crosss talk is 6 %. Figure 4.18 shows the cross talk as a function of position along the 
tubee at this working point. The cross talk is slightly larger towards the centre of the 
modulee (x — 0), as expected by the previously mentioned larger signal amplitude at this 
position.. Cross talk between the two staggered layers of a half module and between the 
twoo half-modules is negligible (< 0.4 %) [44]. 

4.88 Summary and conclusions 

Thiss section summarises the results of the prototype tests. Test were performed on 
shortt prototype modules and full scale modules. A description of the modules is given 
inn section 3.3. The measurements on short prototype modules were used to study the 
driftt cell behaviour as a function of drift gas, magnetic field and high voltage. The 
fulll  scale prototypes were used to verify whether the operation of full scale chambers is 
uniform,, especially from the electrical point of view. 

mixture e 
Ar/CFAr/CF44/C0/C02 2 

8 0 / 0 / 20 0 
755 / 15 / 10 
7 5 / 2 0 /5 5 
700 / 20 / 10 
6 5 / 3 0 /5 5 

HV V 
(kV) ) 
1.40 0 
1.55 5 
1.60 0 
1.60 0 
1.70 0 

eff f 
(%) ) 
97.2 2 
96.7 7 
95.0 0 
96.2 2 
95.9 9 

a a 
(/mi ) ) 

180 0 
196 6 
218 8 
215 5 
221 1 

*maxx (US 

B=0T T 
41.2 2 
32.5 5 
31.4 4 
31.4 4 
28.2 2 

) ) 
B=1.377 T 
49.1 1 
40.9 9 
40.8 8 
39.3 3 
36.0 0 

cross s 
talk k 
6.11 % 
6.0% % 
5.0% % 
5.4% % 
4.9% % 

Tablee 4.4: Parameters of gas mixtures at the beginning of the efficiency plateau in short 
55 mm straw tube chambers. 

Thee first short prototype modules, numbered 9002-9005, had 8 mm honeycomb cells. 
Inn these modules the measured maximum drift time in an Ar/CF4/C02 gas mixture 
rangess from 45 ns for 30% CF4 content up to 110 ns when no CF4 is present. When 
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Figuree 4.16: Efficiency and cross talk level as a function of high voltage for various gas 
mixturess in straw tubes of module 6033. The left axis shows the efficiency 
thee right axis shows the cross talk level. 
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Figur ee 4.17: Cross talk as a function of high voltage for straw tubes of module 5 in the 
gass mixtures Ar(75)/CF4(15)/C*O2(10). 

^^  10 

<0 0 

1200 140 160 
positio nn alon g tube (cm) 

Figur ee 4.18: Cross talk as a function of position along the straw tubes in one half-
modulee 5 in the gas mixtures Ar(75)/CFi(15)/C02(W). 
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aa magnetic field is applied tmax becomes even significantly larger. In view of the LHC 
bunchh crossing frequency an 8 mm cell diameter is therefore too large and a 5 mm 
diameterr drift tube is chosen instead. 

Shortt 5 mm drift tube modules 6030-6034 were built to test the drift cell behaviour. 
Measurementss on these chambers show that an Ar/CF4/C02 gas mixture containing 
aa small fraction (15 %) of CF4 is fast enough to meet the LHCb timing requirements 
forr all stations whether outside or inside the magnetic field. These measurements are 
confirmedd by simulations with the computer program Garfield. In table 4.4 the measured 
ttmaxmax values for a variety of gas mixtures in the absence of and in a 1.0 T magnetic field 
aree presented. 

Thee single cell efficiency is close to 100% for a large part of the cell volume. Near the 
celll  edges the efficiency drops due to the limited number of ionisation clusters formed 
inn the gas. The efficiency is measured as a function of the high voltage and shows a 
plateauu above a certain voltage value. This leads to a typical average efficiency of 97 % 
perr cell at the plateau. 

Tablee 4.4 shows the measured resolution and cross talk level for a high voltage setting 
att the beginning of the efficiency plateau. With the gas mixture ^4r(75)/CF4{15)/ -
CO2(10)) a coordinate resolution of 200 /im per drift cell is obtained. The resolution 
slightlyy degrades for an increased CF4 content due to electron attachment. The effect 
iss however small, the  content can be increased to 30% without a major impact on 
thee resolution. 

Thee cross talk level in these small chambers is found to be about 6% at the start of 
thee efficiency plateaus. It does not have a significant dependence on the CF4 content. 
Ass expected the cross talk level increases with increasing high voltage values. 

Thee first full scale modules 2004 and 0604 show an unacceptable large cross talk 
level.. This has led to a design in which the cells are shielded by a thin aluminium 
layer.. The improved full scale prototype module 5 indeed shows a comparable cross talk 
performancee as the short modules. In the gas mixture ^4r(75)/CF4(15)/C02(lO) the 
efficiencyy plateau for this chamber starts at about 1600 V. At this working point the 
averagee efficiency is 97.2 % and the coordinate resolution is 205 yum. The average cross 
talkk within a mono-layer is about 6 %. The cross talk to other layers of a module is 
negligible.. The efficiency, resolution and cross talk level is mostly uniform over the full 
lengthh of these long modules with a slight deviation towards the centre of the module as 
cann be seen in figures 4.12, 4.14 and 4.18. The deviation is explained by the increased 
signall  amplitude due to the non electrical termination at the wire split. The larger 
amplitudee results in a better efficiency and resolution. The cross talk however becomes 
worsee because of the increase of the signal amplitude at the centre of the module. 

Thesee results show that full scale outer tracker modules can be built with good 
performance.. The final outer tracker chamber design presented in section 2.3.3 is similar 
too that of module 5. 
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