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Chapterr 3 

Thee ZEUS microvertex detector 

Duringg the 2000-2001 shutdown the ZEUS experiment lias installed a new component 
calledd the microvertex detector (MVD) . In this chapter details about the detection prin-
ciple,, layout and readout can be read. 

Too profit from a detector with a high resolution the mechanical precision and the 
distributionn of the dead material are very important. 

3.11 Design 

Beforee the upgrade the central tracking detector (CTD) was the most inner detector 
component.. The CTD inner shell starts at a radius of 16.2cm from the beam line. This 
resultss in large uncertainty on the track positions close to the interaction point. To 
recognisee a secondary vertex using the CTD only, it has to be separated from the primary 
vertexx by at least 0.5-1 cm. Since tin1 typical decay length of charmed particles is of the 
orderr of 100-300 (mi. heavy quark tagging using secondary vertices is very inefficient, with 
thee CTD. 

Thereforee it was decided by the ZEUS collaboration to build a vertex detector, to 
improvee the tracking in general. Th(> resulting improvement provides the possibility to 
selectt a very pure heavy (mark sample by selecting events with displaced vertices. The 
microvertexx detector (MVD) was proposed in January 1997 [29]. The design and con-
structionn took four years. In March 2001 the detector was installed in ZEUS. The design 
specificationss for the MVD were: 

1.. polar angular coverage of 10-170° 

2.. three space points along each track 

3.. better than 20 urn intrinsic hit. resolution 

4.. impact parameter resolution, for tracks with momentum larger than 2CieV, of 
1000 u.m for a polar angle of 90" 

5.. noise occupancy < 10~3 
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6.. hit efficiency > 97'A 

7.7. alignment accuracy better than 20 fim 

8.. two track separation of 200 fj.ni 

Inn the remainder of this chapter the choice for a silicon detector, the principles of 
chargedd particle detection in semiconductors, signal processing, the layout of the MYD . 
thee precision of the construction and the material distribution an- discussed 

3.1.11 Detection principle 

Theree an1 many advantages in using semiconductor (or silicon) detectors. When a charged 
particlee traverses a silicon sensor many more charge1 carriers are produced per unit tra-
versedd length than in gaseous detectors, allowing the use of thin detectors - 300 fj.ni) 
whichh still yield significant signals. The charge carriers move very quickly through the 
siliconn lattice, thus the charge collection can be fast (~ 10ns). For a position sensitive 
siliconn sensor one or both sides of the diode are segmented into strips. The strip pitch 
cann be very small, of the order of ~ lOfini . Such a small strip pilch makes very precise 
positionn reconstruction possible. 

Thee precision is eventually limited hy multiple scattering (the particle trajectories are 
disturbedd in material of the silicon, support structure and readout electronics, see also 
sectionn 1.1.3). Furthermore to achieve the high precision a very accurate and stable design 
off  the detector is required. 

Electron-holee pair generation 

Whenn a charged particle traverses matter, the particle loses energy The amount per unit 
lengthh is given by the Bethe-Bloch equation: 

—— = 2Tt\Amtr ic p—-
a.ra.r .i2 A TT1 1 2.i2.i22 -6-2 Ml l 

when11 .V i is Avogadro's number. D>, the electron mass. r(. the classic electron radius, p 
iss the density of the traversed material, c the charge of the incident particle. 3 = tr/c 
thee velocity of the particle in units of the speed of light. Z and A the atomic number 
andd atomic mass (in g/mol) of the medium. - = (f - .I'2) ' "2, / the effective ionisation 
potential.. U',mix the maximum energy transfer in a single collision. Ó a density correction 
andd C a shell correction. The maximum energy transfer for a particle with mass M is 
givenn by: 

I tt max = ~, !  (3 ?) 

ll + 2-)mJM + nïf./M* [ ' 
Thee energy loss of the particle wil l lead to the generation of electron-hole pairs in the 
siliconn crystal. The average energy necessary to generate an electron-hole pair in silicon 
iss approximately 3.0eY. 

http://fj.ni
http://fj.ni
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Figuree 3.1: Schematic cross section of the ZEUS silicon strip sensor. 

Inn silicon the minimal energy loss (dE/dx\m-m)/p is 1.664MeVg-1 cm2. The density 
off  silicon is 2.33 gcm~3. Then for a minimum ionising particle (MIP) traversing 300 umi 
thickk silicon the average number of created electron hole pairs is 39000. The energy loss 
followss a Landau distribution so the most probably energy loss is approximately 30% 
lower.. This means that typically 27000 electron-hole pairs are generated in the 300 |xm 
off  traversed silicon in a "tube" around the track with a radius of about 10 urn. How the 
generatedd charge is measured and how the position of the hit is determined are described 
inn the sections 3.1.3 and 3.1.4. 

Sensorr layout 

Inn the MVD silicon sensors only the p-side is segmented into strips. Since the strips give 
onlyy one coordinate, two sensor layers arc combined. A cross-sectional view of the MVD 
siliconn sensor is shown in figure 3.1. 

Thee sensors are 300 um thick and the bulk of the sensor is n-doped silicon. At one 
sidee parallel p-doped silicon strips are implanted at 20 |xm distance from each other. The 
designn and the tests of the silicon sensors are described extensively elsewhere [30]. The 
importantt parameters are summarised in table 3.1. 

Inn figure 3.2 a photograph of the top corner of a silicon sensor used for the BMVD is 
shown.. Clearly seen are the readout strips with in between the 5 intermediate p strips. 
Thee distance between two readout strips is 120 |i.m. The bias voltage is applied to the n+ 

backplanee via the n+ contact strip. Three guard rings surround the sensor to provide a 
homogeneouss field in the area where the strips are. Also an alignment marker is seen in 
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Nr.. of strips 
Readd out pitch 
Implantt pitch 
Nr.. of sensors 
Sensorr area 
Stripp length 

Nr.. of strips 

Barrel l 
512 2 
1200 |xm 
200 \im 
600 0 
41.22 cm2 

62.22 mm 

307k k 

Wheels s 
480 0 
1200 urn 
200 vm 
112 2 
34.9(25.7)) cm2 

range:: 5.6-73.3 mm 
(5.6-47.77 mm) 

54k k 

Tablee 3.1: Parameters of the silicon sensors. The values for the wheels only apply to 
thee large (small) sensors. The strip lengths for the forward sensors are not constant, see 
figuree 3.7a. 

n+-contactt to backplane 

threee guard-rings 

bias-line e 

poly-siliconn biasing resistors 

probe-pad d 

readout-strip p 

fivee intermediate-strips 

Figuree 3.2: Photograph of the corner of a silicon sensor (1.25 x 1.85 mm2) used for the 
barrell  MVD . In the upper left corner one of the alignment markers is seen. 
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Figuree 3.3: Side view of the geometry of the ZEUS microvertcx detector. 
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Figuree 3.4: An MVD outer half module (a). The dimensions of a single sensor are 6.2 x 
6.22 cm2. An MV D barrel ladder structure (b) supports 5 modules, front-end electronics, 
cooling,, power supply and read out cables. 

thee top left corner. The alignment markers on the sensor are used for precise assembly of 
thee detector. Because the edge of the sensors are unused, the effective area of the sensor 
iss approximately 92.7%. 

3.1.22 Layout 

Thee microvertex detector (MVD) is equipped with a total of 712 silicon strip sensors 
distributedd over the barrel MV D (BMVD) and the forward MVD (FMVD). The barrel 
partt is organised in 3 cylinders and the forward part in 4 wheels. The general layout is 
sketchedd in figure 3.3. 

Inn the barrel two sensors are glued together to form a half-module as depicted in fig-
uree 3.4a. It can be seen that two sensors are read out with one hybrid. The hybrid 
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Figuree 3.5: The assembly of a full MVD module 

supportss the readout, chips (see section 3.1.3). The strips of the two sensors run perpen-
dicular.. When placed in the barrel MVD one sensor gives a z coordinate while the other 
givess ro information. Since the strips are electrically connected with a bond wire, it can 
nott be determined in which of the two sensors a particle has passed. This has to be done 
inn conjunction with the track reconstruction. By combining the information of other hits 
andd the measurements in the CTD the real hit and the "ghost" hit can be disentangled. 

AA full module, is formed by gluing a "mirror imaged" half module on top of another half 
modulee (see figure 3.5). Information from the 'Inner" and "outer" half module delivers a 
3-dimensionall  space point. 

Inn the MVD barrel, five modules arc glued on a ladder, see figure 3.4b. The ladder 
iss made of carbon fiber composite and provides a stiff frame to support not only the 
moduless but also the electronics, the (water) cooling tubes and the cables for read out, 
powerr supply and monitoring. 

Figuree 3.6 shows how 30 ladders are located around the beam pipe. The ladders arc 
dividedd in 3 cylinders containing 4. 10 and 16 ladders respectively. The inner cylinder is 
nott hermetic in <t>  due to the extra space needed for the elliptical beam pipe. 

Thee forward wheels support the forward sensors which are wedge shaped as is shown 
inn figure 3.7. A forward sensor is similar to a barrel sensor. It has the same intermediate 
andd readout strip pitch, see table 3.1. One difference is that one sensor has 480 read out 
strips.. Furthermore one hybrid is connected to only one sensor. A wheel has inner sensors 
andd outer sensors. They are mounted back to back. An inner and outer wheel sensor form 
aa sector. The crossing angle between the strips in the inner and outer sensor is 180°/14. 

AA total of 112 sensors are supported on 4 wheels, see figure 3.8. Some sensors are 
shorterr to provide sufficient space for the beam pipe. 

Fromm measurements after construction and first studies on tracks the main uncertain-
tiess in the detector alignment are the z positions of the ladders and wheels [31] and the 
zz position of the MV D with respect to the CTD (see section 5.3). The design geometry 
iss used to describe the positions of the silicon sensor and the positions of the dead mate-
riall  unless otherwise specified. More on the precision of the construction can be read in 
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03240324 (INSIDE CTD) 

0JO99 INSIDE UVD SUPPORT TUBE 

OUTSIDEE MVD SUPPORT TUBE 

Figuree 3.6: Cross section of the MV D barrel, shown are the planes of silicon, which are 
supportedd by the carbon fiber ladders. 



54 4 ChapterChapter 3 The ZEUS microvertex detector 
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Figuree 3.7: Wedge shaped forward sensor (a) and the layout of a half forward wheel (1)) 
whichh includes 14 forward sensors. 

sectionn 3.2.1. 

3.1.33 Readout 

Too achieve better position resolution the signals from the silicon are read out analogue. 
Thee selected chip to perform the front-end readout is the Helix 3.0. The chips are mounted 
onn ceramic structures called the hybrids. 

Onee Helix chip amplifies the charge measured at each of the 128 input channels. Then 
thee signal is shaped in a pulse with a peak height proportional to the measured charge. 
Thee width of the pulse is of the order of 50 ns, so the measurement can be done within 
onee HERA bunch crossing. Then at a given clock rate, the peak value of each channel is 
sampled.. To do this with the best signal to noise ratio the sampling has to coincide with 
thee time the pulse is at its peak value. The peak value is stored in a 128 deep pipe line. 
Thee signal shapes are depicted schematically in figure 3.9. 

Whenn a first level trigger signal arrives, the appropriate channel of the pipeline is 
selectedd and the 128 signals are multiplexed. (In this phase the signals are still analogue.) 
Inn total 8 chips are read out in sequence. This corresponds to one MVD module in the 
barrell  or one MV D sector in the wheels. The signal is transfered by an analogue link to 
onee ADC unit (10 m away) consisting of a 10 bit 10 MHz ADC, data processor (DSP) and 
bufferr [32]. 

Inn general the signal of a charged particle is seen as a cluster of charge on more than 
onee strip. More details about the measured clusters can be found in section 3.1.4. After 
thee ADC module has processed the data, which consists among others of accepting strips 
withinn predefined cluster thresholds, three data streams are available for analysing MVD 
data. . 

R A WW Every channel of the MVD data is saved. This is useful for calibration 



3.13.1 Design 55 5 

WHEEL WHEEL 
. . 

WHEFlWHEFl 2 
modulesmodules hoi I modules 

i i 

WHEElWHEEl 3 
166  modules, '2 S/TOI ' i 

Figuree 3.8: Orientation of the wheel sensors for the four forward wheels. Some sectors 
aree accommodated with shorter sensors to fit around the beam pipe. 
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TimeTime Time Time 

(a)) (b) (c) 

Figuree 3.9: The signal coming from the silicon sensor at the input (a) and at the output 
(b)) of the preamplifier and the resulting shaped signal (c). 

studies.. The data consist of the strip addresses and the number of' ADC counts 
att each strip. 

S T R IPP Al l channels above threshold and in accepted clusters arc stored. The data 
consistt of the strip addresses and the number of ADC counts. This data format 
iss used in the offline event reconstruction. 

C L U S T ERR The data processor evaluates clusters of strips. During the evaluation 
itt stores the total charge of the cluster (measured in ADC counts) and the 
addressess and ADC counts of the begin and end strip of the cluster. This 
dataa stream is used to trigger events with the ZEUS global tracking trigger 
(GTT)) [33-35]. 

3.1.44 Cluster and position reconstruction 

Manyy of the properties of the MV D silicon sensors and read out chips were studied in a 
testt beam experiment at DESY. In this test prototype sensors were placed on an optical 
benchh between three reference detectors (these were also silicon strip detectors). The test 
beamm consisted of electrons, in an energy range from 1 to 6GeV. The electrons were 
triggeredd with coincidences of scintillator counters upstream and downstream the test 
stand. . 

Thee reference sensors were used to estimate the position of the hit, on the prototype 
sensor.. The residual of a hit was defined as the difference between the estimated position 
andd the reconstructed position of a hit in the prototype sensor. First, the hit signal is 
studiedd and corrected for noise. Secondly, the position resolution is studied. 

Inn figure 3.10a one event in a prototype MVD sensor is shown. The raw signal is 
measuredd for all 512 strips. Corrections are done for each chip and strip resulting in the 
correctedd signal that is shown in figure 3.10b. The peak in the data is called a hit or 
aa (duster. The surrounding strips fluctuate because of the (low) noise in the silicon and 
electronics. . 

AA (duster is defined as a group of the strips which are above the noise threshold. The 
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Figuree 3.10: Display of a test beam event in a MV D prototype sensor. In (a) is shown 
thee raw signal for all 512 strips. In (b) is shown the clear signal after corrections. 
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Figuree 3.11: In (a) is shown the noise levels of 128 channels. In (b) is shown the cluster 
chargee distribution for the MV D prototype sensor. 
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Figuree 3.12: Residual distribution using the cog algorithm and cluster size distribution 
usingg a threshold of 4<7strip on the seed and 3o"strip on the neighbours. 

noisee is determined for each strip separately in so called pedestal runs. These are runs 
withh a random trigger and no beam. In figure 3.11a the noise is shown for 128 channels. 
Thee average noise level is 5.7 ADC counts. The strips that are in the cluster are selected 
withh a cluster finding algorithm. Normally one looks for a strip which is higher than four 
timess the strip noise (4erstrip). Then the neighbours are evaluated and if the strip is higher 
thann 3erstrjp the strip is added to the cluster. In figure 3.11b the sum of the signal of all 
stripss in the cluster is plotted (total signal or charge of a cluster). The Landau fit gives 
forr the most probable energy loss 139.4 ADC counts. This yields a signal to noise ratio 
off  24.5 for this prototype sensor. 

Forr the ZEUS experiment the clustering is done (on a similar way) on-line by the DSPs 
(digitall  signal processors). The following criteria are used for the 2002 to 2004 data: 

•• At least one strip above the seed threshold. The seed level is around 4-6 times the 
noise. . 

•• The neighbouring strips are above the threshold. The threshold is set at 2-3 times 
thee noise. 

•• A gap of one strip is allowed. 

Thee next step is to use the found cluster to reconstruct the position of the hit. Various 
approachess exist to do this. Here is used the centre of gravity (cog) method which is the 
weightedd mean of strips in the cluster: 

Eii Q' * l 

E,Q* * 
(3.3) ) 

wheree Qi is the number of ADC counts for strip i. In figure 3.12a the distribution of the 
residualss (differences between the expected and measured hit positions) is shown and in 
figuree 3.12b the cluster size distribution. 
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Figuree 3.13: In (a) the resolution of different position reconstruction algorithms are com-
pared.. Using the test beam experiment the dependence of the resolution could be esti-
matedd as a function of the angle of incidence. In (b) the resolution is calculated using 
thee centre of gravity or weighted mean method for the MVD simulation. The line is the 
angularr parameterisation for the resolution used in the reconstruction program. 

Nott only the position of the hit is important but also the uncertainty in the position 
iss a necessary input for a good track fit . A precise hit wil l have a larger weight in the 
trackk fit  than a less precise hit. 

Thee angle of the track with the sensor is defined with respect to the normal of the 
prototypee sensor plain. A track which passes the sensor at a larger angle induces charge 
onn more strips. The cluster width increases and the standard position reconstruction gets 
worse.. The prototype sensor was rotated in steps of 10° to study this effect. 

Onee of the results of the MV D test program is shown in figure 3.13a. In the figure 
differentt position reconstruction algorithms are compared. These are: 

•• Centre of gravity The weighted mean of the cluster is a good method over the whole 
rangee of angles. 

•• 2 strip Only the charge of the strips with the highest signal are used for the cluster. 
Thee performance worsens quickly for increasing angles. 

•• rj-algorithm The two highest strips are taken and a correction is applied for the 
chargee sharing which is not proportional with the inter strip position. 

•• head-tail algorithm The position is determined using the first and the last strip of 
thee cluster and an extra term which depends on the charge fractions of these two 
strips.. This method is the most accurate for large angles of incidence. 

Thee results in this thesis are based on the centre of gravity position reconstruction, 
whichh gives the best overall performance. Figure 3.13b shows the resolution as deter
minedd in the Monte Carlo simulation of the MVD. The line is the parameterisation used 
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inn tilt*  track fit to describe the uncertainty in the hit position. The same algorithm and 
parameterisationn is used in data and Monte Carlo. In data an additional error is added 
inn quadrature for the uncertainty of the position of the sensor inside the MVD (see sec-
tionn 3.2.1). 

3.1.55 Cooling and cables 

Thee heat dissipation of the Helix chips is about 2 m\Y per read out channel: with 128 
channelss per chip, and 4 chips per hybrid, this amounts to 1 \ \ ' per hybrid or 10 YY per 
ladder.. A total heat dissipation of 300 W" in the barrel and 120 \Y for the wheels is 
expected.. To absorb the generated heat a water cooling system is used. 

Thee water is distributed to the ladders and the wheels from a manifold inside the 
supportt tube (see figure 3.14). Stainless slee] tubes witl i an inner diameter of 2.5 mm 
andd a wall thickness of 0.1 mm. run underneath the hybrids and are integrated in the 
supportt structure (see figure 3.15). Thermal contact between the hybrid and the tube 
iss established with heat conducting paste1. The connection between the manifold and 
thee cooling tube is made via polyurethane tubes {outer diameter 4 mm. inner 2.") mm), 
whichh are clamped with a spring onto the stainless steel tube. The input temperature of 
thee water is 15 C' and the flow through one stainless steel tube (one ladder or wheel) is 
().2.r)l/m. . 

Thee MVD has to be supplied with the electrical power for the read out. The electronic-
rackss are approximately 20m away from the MYD. Figure 3.10 gives a schematic picture 
off  the MY D readout chain. The electronics lacks are placed outside the detector. A few 
meterr from the MYD (behind the1 RCAL) the patch box is used to combine the1 electrical 
power,, readout lines and control signals into combo cables each connected with a single 
modulee on the ladders or sen-tor in the wheels. In addition there are cables for the bias 
voltagee of the sensors. 

Thee connection of the combo cables to t he modules is done via a printed circuit board 
(P( 'B)) with flexible connectors to the hybrids as can be seen in figure 3.15. The five 
comboo cables run along one1 side of the ladder. The1 connection for the wheels is similar. 

Thee available space in the MYD is small, so the1 volume1 of cables has to be minimised. 
Thee amount of copper is minimised to reduce the1 amount of'material used for the1 vertex 
detector.. The cables enter the1 MY D at the rear side as can be1 seen in figure 3.14. The 
cabless and cooling tubes for the MYD wheels run outside the barrel ladders and are 
mountedd against tin1 MV D outer shell. This can be seen schematically in figure 3.22. 

3.22 Construction 

Inn section 3.1 the1 layout of the1 MV D was explained. Also the silicon strip sensors were 
discussed.. A position resolution of' fOirm was achieved in the test beam experiment. To 
profitt from this good position resolution in the trajectory fit the geometry of the detector 
shouldd be very precisely known and stable1, of the1 same order as the hit resolution. 

'Doww Corning 310 Heat Sink compound 
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Figuree 3.14: Photograph of the top half of the MVD . The cooling water is distributed 
fromm the manifold at the bottom of the picture. 
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Figuree 3.15: Photograph of a MV D ladder in the transport box. The cooling tube runs 
beloww the hybrids. The inflow and outflow is at the same side. 
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Figuree 3.16: Schematic picture of the MVD electronics and cables. 
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Anotherr requirement is that minimal and lightweight material should be used. If the 
totall  weight of the detector gets larger, the more the particles scatter in the material. This 
resultss in a deterioration of the track reconstruction. In this section the accuracy of the 
MV DD construction is discussed. Then the resulting material distribution is investigated. 

3.2.11 Mechanical precision 

Whenn constructing a detector like the MV D it is a fact that the mounting of detector 
partss is done with a certain inaccuracy. This leads to deviations from the default or design 
positions.. Also the stability of detector has to be considered. The deformations of the 
objects,, for example the ladders, due to changes in temperature or mechanical stress have 
too be known with a certain accuracy. 

Thee knowledge of the precision of the construction is very important for the finding 
andd fitting of the trajectories of charged particles. In other words the geometry of the 
detectorr has to be known as accurately as possible. With the alignment is meant: all 
knowledgee about the positions of the individual parts of the detector. 

Threee levels of alignment are distinguished: 

1.. design This is the geometry as described by the design drawings of the MVD . 

2.. survey After assembly the positions of the detector parts are measured with respect 
too well defined points on the detector. From this an off-set from the design position 
cann be determined. 

3.. tracking After the MVD is installed in ZEUS a sample of well measured tracks wil l be 
recorded.. These1 tracks can be used to do an alignment fit algorithm which calculates 
thee off-sets from the assumed geometry. This is described further in section 5.4. 

Inn the end the tracking alignment is expected to be the most accurate description of the 
detector.. The precision of the assembly and the survey after assembly is explained in 
detaill  in this subsection. 

Assemblyy of the barrel section 

Thee sensors have an intrinsic precision of a few microns, assuming the mask to mask 
alignmentt was 2 to 3 U-m. The same holds for the uncertainty in the position of the 
alignmentt marks on the edge of the sensor with respect to the underlying strip pattern 
(seee figure 3.17). The1 alignment markers consist of three different patterns on an area of 
0.22 x 0.6 mm2 and were used both for the construction and for the survey measurements 
afterr the assembly. 

Thee module was produced in two half modules. Using precision rotational and trans-
lationn tools the sensors were glued together with a precision of 10u.ni. After assembly 
andd curing of the1 glue the precision was confirmed with a microscope measurement [36]. 
Thee assembly was completed with a glass ear positioned with the same precision at the 
outerr edge of one of the sensors. 

http://10u.ni
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Figuree 3.17: In (a) is shown a MV D sensor with the position of the alignment markers. 
Inn (b) is shown a photograph of a corner of the silicon sensor. Two alignment markers 
aree seen. 

Thee next step was the mounting of the half modules on the ladder. This was also done 
usingg precision tools. The assembly went in two steps. First the outer layer of five half 
moduless was mounted, then the next layer of 5 half modules (inner layer) was mounted. 
Onn the ladder three precision ceramic bullets (two on the rear side and one on the front 
sidee of the ladder) were mounted. 

Forr the assembly of one layer all 5 half modules were held in place with vacuum tools. 
Thee alignment of the half modules with respect to each other relied on the survey marks 
onn the glass ears. The ladder was then glued onto the modules via plastic spacers. In this 
stepp the three alignment bullets on the ladder were in a well defined position with respect 
too the module positions. After mounting, the ladder was placed under a 2-dimensional 
surveyy microscope to check the positions of the sensor on the ladder. In figure 3.18 the 
off-setss of the half modules of the ladder outer layers are shown. Most half modules are 
withinn 10 u.m of their design positions. 

Thee construction of the barrel was done per half cylinder. The ball-like marker on the 
frontt side of the ladder, fits inside a hole inside the forward barrel flange. Along the beam 
linee the ladder is free to expand, but in the perpendicular plane the centre of the hole 
iss within 10 u.m of the design position (see figure 3.19a). On the rear side of the barrel 
section,, the ladders were screwed onto the (aluminium) rear barrel flange. 

Afterr the assembly of each layer (respectively 8, 5 and 2 ladders) a 3-dimensional 
surveyy was performed. The x and y position of the hole, the z position of the forward 
bullet,, the x, y and z position of the two rear bullets of each ladder were measured. The 
resultss for the off-set for each ladder are shown in figure 3.19. In the z direction the 
averagee spread for the ladders is 50 u.m. 
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Figuree 3.18: The survey of the outer layer of the ladders gives the precision in x and y of 
thee half module placement. 
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Figuree 3.19: Results from the 3-dimensional survey. The off-sets from the design value 
aree shown for the x and y position of all 30 MVD ladders in (a) and the z position off-sets 
aree shown in (b). 

Thee placement of the MV D inside the CTD (done in March 2001) was a very delicate 
andd precise operation. The xy position is fixed, but the relative z position of CTD and 
MV DD has to be calibrated using tracks (see section 5.4). 

Thee assembly and survey of the wheels was similar to that of the barrel. Alignment 
offsetss of the same order as those in the barrel are expected. Along the MVD shell five 
laserr beams are used to monitor the stability of the detector, both internally and with 
respectt to the CTD. This system is described extensively elsewhere [37]. 

3.2.22 Dead material 

Inn this section the dead material inside the microvertex detector is described. The active 
materiall  in the MV D is the silicon in which the signals are generated. The dead material 
consistss of a list of objects, for example: beam pipe, readout chips, carbon ladders, cooling 
pipess and water. 

Forr a particle traversing one MVD ladder the amount of traversed material is on 
averagee 3% of a radiation length. This radiation length is calculated by "smearing out" 
alll  ladder components over the ladder surface. In figure 3.20 the contribution of the 
differentt components is shown. The active part (the silicon) accounts for 25% of all 
ladderr material. 

Thee more material a particle traverses the more it can scatter. In the offline track 
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Figuree 3.20: The various contributions to the radiation length of one ladder. The esti-
matedd average for a ladder is 3% of a radiation length (Xo)-

fi tt corrections for scattering effects can be included. For this a detailed description of 
thee detector is necessary. However it is impossible to add every microscopic detail to the 
simulation.. This would lead to very long simulation and reconstruction times. 

Twoo types of material are distinguished. The first is material with well known shapes 
andd positions. For example the Helix chips on the hybrids. These positions are known 
withinn a few 100 u.m. The second is material with less known shape and less stable 
positions.. For example the cables on the ladders and inside the rear of the MVD . In this 
casee the amount of material is estimated and averaged inside a certain volume. 

Thee material description for the MVD consists of a list of components and a list 
containingg the positions of these components. Each component is described as a box, disk 
orr a cylinder with certain material properties (silicon, stainless steel, etc.). An effort has 
beenn made to store all relevant information from the MV D design drawings in computer 
files.files. These files are both input for the MV D simulation and reconstruction. 

Howw is the amount of radiation lengths in the offline trajectory fit estimated? Al l 
materiall  is projected on planes and cylinders. The point of intersection is determined and 
transformedd to a local coordinate inside the plane or cylinder. For example the hybrid 
planee of a ladder is crossed. Al l subcomponents (hybrids, cooling pipes) are evaluated. If 
aa subcomponent covers the point of intersection its contribution to the radiation length 
iss calculated. This algorithm is iterative, so for example after a hybrid is intersected the 
componentss of the hybrid (chips) are evaluated. The last step is to correct the radiation 
lengthh for the angle of incidence. 

Insidee the MV D there are 30 similar ladders. The material description for them is 
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Figuree 3.21: The material in an MVD ladder. It is described as a number of different 
planes s 

equal.. The material of a ladder is described in five planes. This can be seen in figure 3.21. 
Insidee each plane the various components like sensors, hybrids and cables are defined. 
Becausee all hybrids are the same also a generic description of a hybrid is made. 

Ass examples two computer generated pictures using the component database are shown 
inn figures 3.22 and 3.23. In figure 3.22 the MV D outer shell, flanges and cables to the 
wheelss are displayed. The material of the cables and cooling tubes in the rear MV D are 
averagedd over a large cylinder, which is also visible in the figure. 

Ann example where the number of radiation lengths is calculated is shown in figure 3.24 
wheree the hybrid plane of the ladder is scanned. The structure of cooling pipes, hybrids 
andd chips is clearly seen. 

Inn the next chapter is discussed how the measured hits are used to give an actual 
descriptionn of the track of the particle. How the material distribution in the MVD con-
tributess to the uncertainty in the trajectory is also described. 
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Figuree 3.22: Description of the material in the MVD . 

Figuree 3.23: Description of the material in a barrel MV D ladder. 
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Figuree 3.24: Number of radiation lengths in the "hybrid plane" of the ladder. The 
structuree of the cooling pipes and hybrids is clearly seen. Approximately 4% of a radiation 
lengthh is traversed when a particle traverses the material of a cooling pipe and a read out 
chip. . 


