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Chapte rr  3 Muon chambe r 
mechanica ll  precisio n 

ForFor a man may do his work with wisdom, knowledge and skill, 

andand then he must leave all he owns to someone who has not worked for it. 

Ecclesiastess 2:21 

Onee of the contributions to the precision of the reconstructed muon tracks is the precision with 
whichh the wire positions within a single MDT chamber are known. ATLAS aims at a wire position 
precisionn that is negligible compared to the intrinsic resolution of a single MDT. The latter resolu-
tionn is about 80 |i.m and the target precision of the wire positions in an MDT chamber is set to 
200 (Am. The MDT chambers are constructed to form a regular grid of wires. This grid is the same 
forr each chamber (of the same type) and the r.m.s. of the wire positions compared to this fixed grid 
shouldd be at most 20 |Um. The previous chapter explained the NIKHEF construction procedure of 
thee BOL type MDT chambers that aims to reach this precision. A dedicated apparatus, the X-ray 
tomographh [33], has been developed at CERN to verify the mechanical precision of the MDT 
chambers.. It is foreseen that about one in every eight chambers is measured in the tomograph. This 
chapterr gives a detailed description of the tomograph and of the analysis of its measurement data. 
Att the end it is shown that the before mentioned BOL chambers indeed reach the required me-
chanicall  precision. 

3.11 The X-ray tomograp h 

Inn the tomograph two narrow X-ray beams with a stereo angle of about 63° are used to obtain two-
dimensionall  wire positions of chamber cross-sections. A precision of a few (im on the wire posi-
tionn is achieved over the full working space of 2.2 x 0.6 m2, which is sufficient to check whether 
thee wires are within the required 20 |J.m r.m.s. compared to a regular grid. A photograph of the X-
rayy tomograph is shown in figure 3-1, where the main components are indicated. 

3.1.11 Principl e of operatio n 

Thee chamber to be measured is positioned below two X-ray sources, which move horizontally in 
thee direction perpendicular to the wires. The X-ray transmission rate is recorded by two scintillator 
counterss installed below the chamber. Due to the large difference in absorption of the X-rays be-
tweenn the aluminium tubes and the gold plated tungsten wires, the latter can be detected as absorp-
tionn peaks in the X-ray transmission profile. Four calibration rulers consisting of a set of wires 

ChapterChapter 3 Muon chamber mechanical precision 51 



PrecisionPrecision of the ATLAS muon spectrometer 

withh known relative positions are used to determine the beam angles with high precision. The 
movementss of the X-ray beams are monitored by several laser interferometers. The two-dimen-
sionall  wire positions can be calculated from the positions and angles of the X-ray beams at the 
correspondingg peaks. 

3.1.22 The X-ray beams and scintillato r counter s 

AA carrier which holds the X-ray sources is positioned on rails. The carrier is supported by four 
wheelss which fix 5 of the 6 degrees of freedom. Each source has a collimator with an exit beam 
sizee of 20 \im in the scanning direction (z) and 8 mm in the direction of the chamber wires (x). The 
beamm has a divergence of about 60 jirad in the z-direction. The beam angles are determined by the 
locationss of the sources and their collimators, and are close to . The carrier movement in the 
scanningg direction is controlled by a rotating threaded rod. When the carrier reaches the so-called 
'homee position', it is stopped by a dedicated switch. 

Twoo scintillator counters are installed below the chamber to measure the X-ray transmission rate 
forr each beam. The counters are mounted on a common support that moves synchronously with 
thee X-rays. Each counter consists of a Nal-crystal with photo-multiplier tubes on both sides that 
aree read out in coincidence. A lead shield is installed on top of the scintillators with a slit that is 
33 mm wide in the x-direction to limit the effect on the beam size in the scanning direction of a non-
perfectt alignment between the wires and the line-shaped beam profile. The size in x of the slits is 
smallerr than the beam size, which makes the effective x-position of the beams dependent on the x-
positionn of the scintillator counters. The consequences of this feature are treated in detail in para-
graphh 3.3.3. 

3.1.33 The interferometer s 

Thee first of the two key ingredients for high-precision stereo tomography is a set of laser interfer-
ometerss that monitor the exact movement of the X-ray beams carrier. A 'linear interferometer' 
measuress the scanning distance with a accuracy of 3 nm [34]. A 'straightness interferometer' 
trackss all vertical displacements with an accuracy of 0.16 u.m and an 'angular interferometer' reg-
isterss changes of the rotation around the x-axis with an accuracy of 0.7 uxad [34]. The wavelength 
off  the laser beam is corrected for air temperature, pressure and humidity. After this correction, the 
scalingg uncertainty is 1.5 x 10 for all interferometer measurements [34], which is only relevant 
forr the linear interferometer since only this one covers a large range (3 m). Figure 3-2 shows the 
measurementss of the straightness interferometer and the angular interferometer as a function of the 
linearr interferometer measurement (i.e. the carrier scanning position). Paragraph 3.3.1 explains 
howw the interferometer measurements are converted into the carrier position and angle. 
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Figur ee 3-2 Measurements of the straightness interferometer with a fitted straight line subtracted 
(a)) and the angular interferometer (b) as a function of the linear interferometer measurement (i.e. 
thee carrier scanning position). 

3.1.44 The calibratio n ruler s 

Thee second of the two key ingredients for high-
precisionn stereo tomography is a set of calibra-
tionn rulers, which are installed to precisely de-
terminee the X-ray beam angles for each scan. 
Thiss allows at the same time the continuous 
monitoringg of the accuracy of the tomograph. 
Eachh of the four calibration rulers is 1.6 m long 
andd consists of two layers of wires at 45 mm 
verticall  distance. Each layer has 54 wires which 
aree spaced horizontally by the nominal pitch of 
thee MDT chambers (30.035 mm). The rulers 
aree installed in horizontally adjacent pairs to 
coverr the full scanning path. One pair is in-
stalledd above the chamber ('top rulers') and one 
pairr below the chamber ('bottom rulers'). The 
freee space between the top and bottom rulers is 
approximatelyy 75 cm. The 'wires' are gold 
stripss that have been deposited on ceramic 
plates.. Each plate holds six wires. The plates are mounted in pairs on an aluminium support struc-
turee at 45 mm vertical distance to form a 'ruler unit', as shown in figure 3-3. Each ruler consists of 
ninee units mounted on a carbon fibre tube. The internal geometry of the four rulers is measured on 
aa three dimensional optical measurement machine with a precision of 3 um horizontally and 5 u.m 
verticallyy [35]. Positions are measured at three different spots along the wires to enable calculation 
off  the angles around the z-axis and the y-axis. 

Figur ee 3-3 A calibration ruler unit showing the 
twoo ceramic plates with 6 wires each, fixed on 
ann aluminium support structure. A full ruler con-
sistss of 9 units that are mounted next to each 
otherr on a carbon fibre tube. 
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3.1.55 X-ray tomograp h scan output : the shadowgram s 

Thee carrier with the two X-ray beams moves at a speed of 0.5 mm/s. Every 40 ms (= 20 Jim) an 
eventt records the two scintillator counter values, the raw interferometer wave values and tempera-
ture,, pressure and humidity for interferometer wavelength correction. A full scan is 2900 mm 
long,, takes about 100 minutes and contains around 145000 events. 
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Figur ee 3-4 A full-scan shadowgram of a BOL chamber (a) and a zoom showing the corridors (a). 
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Figur ee 3-5 One corridor of a shadowgram revealing the absorption peaks coming from the cali-
brationn ruler wires and the chamber wires (a). X-ray beam in the part of the chamber (b) that pro-
ducess the chamber absorption peaks shown in (a). 

Figuree 3-4 (a) shows a so-called 'shadowgram' for a complete scan, which is the scintillator count 
ratee as a function of the carrier position. One shadowgram is obtained for each beam. When one of 
thee X-ray beams crosses a wire, it results in an absorption peak in the shadowgram. When a beam 
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passess through the sides of the 400 |i.m thick aluminium tube walls, most of the X-rays are ab-
sorbedd in the walls. The shadows of the tube walls are partly overlapping and they produce a re-
gionn of low counts several mm wide, which is repeated every 30 mm. This is shown figure 3-4 (b). 

Thee regions of high counts are called 'corridors' and contain the shadows of the wires. One such 
corridorr is shown in figure 3-5 (a). The X-ray beam and the part of the chamber that produced this 
corridorr are shown in figure 3-5 (b). The peaks of the wires in adjacent chamber layers are separat-
edd by about 0.8 mm in the shadowgram. The chamber spacer heights fulfi l the requirement that the 
peakss from the two multilayers appear as two separate groups. 

Thee calibration ruler 'wires' also produce absorption peaks in the shadowgram. The upper and 
lowerr calibration rulers have been aligned in such a way that the two peak pairs are overlaid (but 
nott overlapping), in order to take up as little 'shadowgram space' as possible. The chamber should 
bee aligned in the tomograph in such a way that the calibration ruler peaks fall in the region of high 
countss and are not overlapping with the chamber wires. The corridor of figure 3-5 shows a nicely 
alignedd chamber. 

3.22 Wire reconstructio n algorithm s 

Reconstructionn of the two-dimensional wire positions is performed in several steps: 

1.. Find and fit all the absorption peaks in the shadowgrams (paragraph 3.2.1); 

2.. The pattern recognition assigns the right peak to the right wire, both for the chamber wires 
andd for the calibration ruler wires (paragraph 3.2.2); 

3.. Calculate the two dimensional positions of the calibration ruler wires using the angles of the 
X-rayy beams and the interferometer measurements associated with the two peaks that have 
beenn assigned to that wire (paragraph 3.3); 

4.. Determine the two X-ray beam angles using the calibration ruler wires, and repeat step 3 for 
thee final beam angles (paragraph 3.4); 

5.. Apply step 3 to the chamber wires; 

6.. Do a grid-fit to the chamber wire positions to extract its geometrical parameters (paragraph 
3.2.3); ; 

7.. Using the geometrical parameters of step 6, more peaks are being searched for by means of 
'peakk hunting' to extract as many wire positions as possible from the data (paragraph 3.2.4); 

8.. Do a final grid-fit to the chamber wires including the wires found in step 7 and extract its fi-
nall  geometrical parameters and its mechanical precision. 
Thiss is the main result of the analysis; 

9.. A list of possibly broken wires is established as additional information (paragraph 3.2.4). 

Thee various steps are explained in detail in the following paragraphs. 
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3.2.11 Peak findin g 

Thee first step in the wire reconstruction is to find all the absorption peaks in the shadowgrams. The 
peakss are fitted in a small region around their position with a Gaussian shape plus a linear back-
ground.. Before the peaks can be fitted, the region where to fit and the starting values for the fit pa-
rameterss need to be determined. A list of peak candidates is first generated to serve exactly this 
purpose. . 

Thee peak candidates are found using the significance (value / error) of the second derivative of the 
signal.. Figure 3-6 shows the raw data of two peaks (a) and the significance of the second deriva-
tivee (b), where the linear background has disappeared. In the second derivative a peak is character-
isedd by a local zero-maximum-zero with a zero-minimum-zero on each side. 
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Figuree 3-6 (a) Two measured absorption peaks, (b) The second derivative significance of (a) 
withh the peak finding cut on the height indicated by the horizontal line. 

Thee second derivative is calculated by making a local 11 point central second order polynomial fit. 
Thiss fit is applied locally to all points in the shadowgram to smooth the background random noise 
whilee keeping sufficient peak height. The horizontal point-to-point distance varies little, which 
meanss that Savitzky-Golay filtering [57] can be used to speed up the fitting. The trick here is that 
thee polynomial fit only has to be done once to obtain 11 linear filter coefficients. The second de-
rivativee is then obtained by simply multiplying the 11 local counter values with these coefficients. 
Thee error calculation1 is based on the square root of the counter values. Figure 3-6 shows a bottom 
rulerr peak (left) and a top ruler peak (right) and the significance of their second derivatives. Due to 
thee beam divergence, the bottom ruler peak has both a smaller height and a larger width than the 
topp ruler peak. Both decrease the second derivative and its significance and make bottom ruler 
peakss much less easy to find. 

Thee peak candidates are now obtained based on the significance of the second derivative. If the 
significancee of a point is above a threshold (indicated in figure 3-6 (b)), then the integrated signif-

1.. The error calculation is not given in [57], but was derived for this analysis. 

566 3.2 Wire reconstruction algorithms 



PrecisionPrecision of the ATLAS muon spectrometer 

icancee ('area') of the local positive region is calculated and should be above a second threshold. 
Leftt and right of this central region there should be significant negative regions. The threshold val-
uess are given in table 3-1. The distribution of the central region significance height and area are 
givenn in figures 3-7 (a) and (b) respectively. The two distributions are very similar because all 
peakss have about the same width. The peaks that have been assigned to a wire by the pattern rec-
ognitionn show three concentrations of values. The lowest values are produced by bottom ruler 
wiress and the highest values by the top ruler wires and chamber top multilayer wires. The middle 
valuess mainly come from the chamber bottom multilayer wires. This reveals the strong correlation 
betweenn the vertical position of the wire and the second derivative significance due to the beam di-
vergence. . 
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Figur ee 3-7 Distribution of the second derivative central region significance height (a) and area 
(b).. Open histograms show all peak candidates (statistics shown) found with cuts only on 
heightt > 2 2 and area > 4. Grey histograms show the peaks that have been assigned to a wire by 
thee pattern recognition. 

Peakk candidates that are close to each other will be 
fittedd both at the same time with one common 
background.. After having calculated starting val-
uess for the fitting parameters, the set of peak find-
ingg cuts of table 3-1 is applied to the obtained 
'raw'' peaks. The cut on the background level is ap-
pliedd to reject many fake peaks in the low intensity 
region.. Peaks that do not pass these cuts are re-
movedd from the list of peak candidates. 

Tablee 3-1 Peak finding cuts 

Quantit y y Cuts s 

significancee of 
2ndd derivative 

centrall  region 
sidee regions 

raww peak 
width h 

backgroundd level 

heightt > 3, area > 10 
heightt < -1, area < -2.5 

10-2000 urn 
>> 100 counts 
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Thee peak candidates are fitted with function 3-1, in which the peak position and width are given in 
mm.. The background level (levelBG) is defined at the peak position to minimise the correlation 
withh the background slope (slopeBG) and to give it a natural meaning: 

counts(z)counts(z) = height  e 
2\ 2\ 

postlwn\ postlwn\ 
uu idlh 

++ levelBG + slopeslopeBGBG-- (z-position) 3-1 1 

AA general C+ + fitting package, described in appendix C, has been developed to speed up1 the peak 
fitting.. The square roots of the diagonal elements of the covariance matrix of the fit are used as the 
errorss on the parameters. After the fit , the measurements of the interferometers are interpolated 
linearlyy between the two events around the peak position. 

Oncee the peaks are fitted, the set of selection cuts 
off  table 3-2 is applied to reduce even more the 
numberr of fake peaks. The peak significance is de-
finedd as minus the total peak area divided by the 
square-roott of the sum of the total peak area and 
thee background area over 3 peak widths. The 
peakk area is the total area under the Gauss-curve. 

Figuree 3-8 shows the error on the peak position, 
whichh is relevant for the calculation of the error on 
thee wire positions. The error is of the order of 
11 (im. The concentration of most accurate peaks 
comess from the chamber upper multilayer and the 
topp calibration rulers. The second concentration of 
valuess mainly comes from the chamber bottom 
multilayer.. The tail at higher values comes from 
thee lower rulers. These characteristics are due to 
thee X-ray beam divergence, which causes the ab-
sorptionn peaks of the lower wires to become wider 
andd less high. As a result, the fitted peak position 
iss less accurate for the lower wires. 

3.2.22 Patter n recognitio n 

Tablee 3-2 Peak selection cuts. 

Quantit y y Cuts s 

Z2/DoFofthefit t 

width h 

significance e 

<20 0 

10-- 100 um 

>7.5 5 

Thee task of the pattern recognition is to assign one 
peakk from each shadowgram to the wire that gen-
eratedd it. The pattern recognition is performed per 
corridor,, because each corridor has a similar col-
lectionn (a 'pattern') of up to 10 peaks for chambers 
withh 2 x 3 layers and up to 12 peaks for chambers 
withh 2 x 4 layers. The peaks originating from the calibration rulers and those from the chamber are 

200 0 
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0L L 
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Figur ee 3-8 Distribution of the error on the 
peakk position. White histograms show 
chamberr peaks (solid: top multilayer, 
hatched:: bottom multilayer). Grey histo-
gramss show ruler peaks (solid: top rulers, 
hatched:: bottom rulers). Statistics are shown 
forr the sum. 

Fittingg all 1500 peaks in a scan takes 14 seconds (on an HP 9000/831 unix workstation). When using 
thee standard MINUI T [36] fitting package (MIGRAD, HESSE, MINOS) it takes 54 minutes. 
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treatedd separately in the pattern recognition, because they are fundamentally different. The calibra-
tionn rulers always stay at the same global position whereas the global position of the chamber can 
bee different for each scan. The chamber is positioned in the tomograph in such a way that the 
peakss of the chamber and those of the rulers are separated, as is evident from figure 3-5 (a). 

Bothh the chamber and the rulers consist of horizontal layers of wires. The peaks within one corri-
dorr are generated by wires of different layers. The internal structure of a layer is known with a pre-
cisionn of typically 15 (im. The distances between the peaks originating from a single layer are 
knownn with similar precision. The unknown global rotation of a layer scales the distances between 
itss peaks. The distances between the peaks of different layers, however, depend on the angle be-
tweenn the beam and the layers, which has a large uncertainty at the pattern recognition stage. The 
uncertaintiess on these distances scale with the vertical distances between the layers of wires. 

Thee pattern recognition is based on a simulation of the tomograph in which peak positions are pre-
dictedd from global wire positions. The simulation of the calibration ruler wires is based on the in-
dependentt optical measurement of the internal structure of the four rulers. The simulation of the 
chamberr wires is based on a regular grid that is generated from the nominal chamber parameters. 
Sincee the global position of the chamber in the tomograph is unknown, the full width of the tomo-
graphh is filled with tubes (100 tubes per layer), and the chamber is simulated halfway between the 
topp and bottom calibration rulers. 

Eachh wire simulates a peak at the absolute position in each shadowgram. Both the simulated and 
foundd peaks are grouped per corridor. The simulated peaks are then matched to the real peaks per 
corridor.. In case of a peak match, the real peak is assigned to the wire that generated the simulated 
peak.. During the matching, the peaks that have already been assigned to a layer are used to make a 
moree precise prediction for the position of the peak of that layer in the next corridor. The predic-
tionn is made by making the best match between the predicted and found positions of peaks within 
aa layer by varying an offset and a scale factor. This is very powerful because the relative positions 
off  the peaks within the same layer are known with high precision. The r.m.s. of the residuals of the 
peakk matches of a layer is typically 15 u,m. 

Whenn no peaks have been assigned to a layer yet, constraints are put on the relative positions of 
thee peaks in the same corridor, as well as on the so-called peak discriminator: 

,.. . . height T ~ 
discriminatordiscriminator = - -— —-, 5-1 

levellevelBGBG  width 

whichh is a useful quantity to distinguish peaks from top and bottom rulers. Here height, levelBG 

andd width are taken from equation 3-1. 

Thee pattern recognition is performed independently for the two shadowgrams. The simulated 
chamberr is represented by an exactly regular grid over the full tomograph width. Therefore the 
peakss found in the shadowgram of beam n could all equally well be matched to the simulated 
peakss predicted from the wires that are all shifted by in horizontal pitches. The only requirement is 
thatt the two absorption peaks that are generated by the same wire are assigned to the same wire. 
Consequently,, only the relative shift i} - i0 between the shadowgrams of the two beams needs to be 
determined.. This 'beam matching' is trivial if the peaks of all chamber wires are found for both 
beams.. However, this is rarely the case and determination of this shift is a crucial task of the pat-
ternn recognition. The shift can be extracted if one of the following is true: 
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 The peaks of the outermost wires in a layer are found for both patterns: 

-- for the same layer; 

-- for all odd layers combined; 

-- for all even layers combined; 

•• The chamber stacking can be determined for both patterns by examining the chamber edges. 

Afterr the beam matching, the absolute wire numbers within the layers are set if the chamber stack
ingg can be determined. 

Forr the rulers the situation is different. The simulated (and found) peaks do not lie on an exactly 
regularr grid, but can deviate up to 0.1 mm. The r.m.s. of the above mentioned layer matches (for 
thee improved peak position prediction) are therefore a handle to determine the shifts in. Moreover, 
thee absolute position of the wires is known with sufficient precision to ensure that the wire shifts in 

aree zero, and they need not be determined by the pattern recognition. The a-priori knowledge of 
thee global wire positions could be relaxed if the r.m.s. is also used to determine the shifts. 

3.2.33 Chamber grid-fi t and layer fit s 

Afterr the global positions of the chamber wires 
havee been reconstructed, a 'grid-fit' is applied 
too the wires, which allows studying of the me
chanicall precision of the chamber. The chamber 
iss modelled as a regular grid of wires with the 
parameterss listed in table 3-3. A graphical rep
resentationn of those parameters is given in fig
uree 3-9. The global chamber position and angle 
aree also free parameters in the fit. 

Tablee 3-3 Chamber grid-fit parameters. 

p p 
yyP P 

horizontall pitch between the wires 

verticall pitch between the layers within a 
multilayer r 

distancee between the multilayers 

horizontall shift between the multilayers 

anglee between the multilayers 

Figur ee 3-9 The chamber grid-fit and its param-
eters. . 

Forr a chamber with nw wires per layer and n{ layers per multilayer, the wire position in the local 
chamberr coordinate system is given to first order in a by: 
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locallocal f. R . "w'1']  . Zm (. nl~l\am 
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wheree iw is the wire index within a layer, ^ the layer number within a multilayer, and im the multi
layerr number. The wire index runs from 0 to nw - 1. The variable 8iw accounts for the half-pitch 
shiftt between odd and even layers and is 0 for even layer numbers and 5 for odd layer numbers, 
wheree the sign depends on the chamber stacking. The layer number runs from 0 (inner layers) to 
nnll - 1 (outer layers). The multilayer number is +1 for the top multilayer and -1 for the bottom mul
tilayer.. The chamber center lies vertically halfway between the two multilayers and horizontally 
halfwayy the innermost layers. The vertical distance between the multilayers is defined at the cen
tress of gravity of the multilayers. 

Thee local coordinates are transformed to the global coordinates by a global shift and a rotation 
aroundd the chamber center. The chamber parameters are obtained by matching the global wire co
ordinatess of the model to the global coordinates found by the tomograph. The r.m.s. of the wire re
sidualss is added to the errors on the wire positions to account for the chamber construction 
precision.. Wires with a residual greater than three times the r.m.s. are excluded from the fit, and 
fromm the calculation of the final r.m.s. 

Too obtain more detailed information on a chamber, a grid-fit is also applied to the individual layers 
withh two internal shape parameters (horizontal pitch and layer-sag) and three global parameters (2-
DD position and tilt). The layer-fits are done in two reference coordinate systems. All layers are fit
tedd in the chamber coordinate system as defined by the chamber grid-fit. All layers except the two 
outermostt are also fitted in the coordinate system defined by its outside adjacent layer. 

3.2.44 Peak huntin g and the search for broke n wires 

Thee position of a wire can only be calculated if both absorption peaks are found. To maximise the 
numberr of wire positions, the number of found peaks must be maximised. 'Peak hunting' is a 
methodd to recover peaks that were rejected by the initial peak finding procedure as explained in 
paragraphh 3.2.1. The method to find the peak candidates differs from the one used in normal peak 
finding.. On top of using the second derivative of the shadowgram, peak hunting uses the peak po
sitionn as predicted from the wire position to limit the search window. This is possible because the 
grid-fitt has already been applied to the chamber wires and the fitted global position of all chamber 
wiress is known. 

Duringg normal peak finding, the cuts on the second derivative can not be set too low because it 
wouldd result in a huge number of fake peaks, especially in the shadowgram regions of low counts 
(seee figure 3-7). 

Inn peak hunting, candidate peaks are searched for in a small region around the predicted peak po
sitionn with much looser cuts than for the normal peak finding. 
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Tablee 3-4 Peak hunting cuts 

Quantit y y 

significancee of 
2ndd derivative 

centrall region 
sidee regions 

Cuts s 

heightt > 2, area > 5 
heightt < -1, area < -1.25 

Tablee 3-4 lists these cuts, to be compared to the 
oness in tables 3-1 and 3-2. First the existing list of 
peakss is searched for a matching peak that passes 
thesee cuts. If this is not found, then candidate 
peakss are generated using the second derivative. 
Thee best matching peak candidate is taken as the 
reall one. If still no peak candidate is found, then 
thee peak is fitted 'directly', using the expected 
peakk position and typical values for the other pa
rameterss as initial values for the fit. If the peak 
passess the cuts, it is taken as the real peak. The real 
peakk is assigned to the wire it was predicted from. 
Whenn this technique is applied e.g. to a typical 
scann of the BOL chamber, which has 432 wires, 48 

additionall peaks are found (18 existing, 18 by candidate and 12 by 'direct' fit). This results in 41 
'new'' wires on top of the 347 already found, thereby increasing the efficiency from 80% to 90%. 

X2/DoFofthefitt < 30 

width h 

backgroundd level 

significance e 

15-- 100 urn 

>> 100 counts 

>3.0 0 

Evenn after peak hunting, some wires may still lack a peak and their position can not be calculated. 
AA wire which has no peaks at all assigned to it is a special case, because it is the signature of a bro
kenn (or missing) wire. There can, however, be other reasons for not having any peak, for example 
iff both beams happen to pass through a lot of material. The analysis program generates a list of 
possiblypossibly broken wires, which are all wires with no peaks assigned. As a visual aid, it also produces 
aa series of graphs showing for each possibly broken wire the regions in the two shadowgrams 
wheree the absorption peak was expected, but not found. Figure 3-10 shows an example of such 
graphs. . 
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Figur ee 3-10 Shadowgram regions for beam 0 (a) and beam 1 (b) showing the missing peaks 
(dashed,, expected by the simulation) of a broken wire. 
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3.33 Geometrica l descriptio n 

AA geometrical model of the X-ray tomograph is developed to extract the two dimensional wire po
sitionss from the measurements. The position of a wire is calculated from the positions and angles 
off the X-ray beam carrier at the two locations where beam 0 and beam 1 hit the wire respectively. 
Thee X-ray beam carrier position and angle are determined from the interferometer measurements. 
Theree are many parameters involved in the geometrical description. It will be shown that most of 
themm can either be set to zero, can be obtained directly from the interferometers measurements, or 
cann be measured by external means. Only the two angles determining the direction of the X-ray 
beamss w.r.t. the carrier are left undetermined and need to be fixed in a fitting procedure using the 
calibrationn rulers. 

Thee direction of the global (horizontal) z-axis is defined as the average movement direction of the 
X-rayy beam carrier. During a scan, the carrier moves in the direction of increasing z. The global 
(vertical)) v-axis points upwards. The global (horizontal) jt-axis is perpendicular to gravity and co
incidess approximately with the direction of the chamber wires. When the carrier is at 'home posi
tion'' (explained in paragraph 3.1.2), its position defines the origin of the global coordinate system. 
Thee position of the carrier is defined by the optical center of the linear interferometer component 
thatt is mounted on it. 

3.3.11 From interferometer s to X-ray beam carrie r positio n and angle 

Thee movement along the z-axis (zcar) is monitored by the so-called linear interferometer. The ver
ticall displacement (ycar) is measured by the so-called straightness interferometer. The rotation 
aroundd the jc-axis of the carrier (acar) is monitored by the angular interferometer. The interferom
eterr readings are set to zero when the carrier is at home position. 

Figuree 3-11 shows schematically the linear and straightness interferometer laser beams and their 
opticall components on the X-ray beam carrier. The carrier is shown at home position and at an ar
bitraryy position. The linear interferometer measures the displacement Ilin in the direction of its la
serr beam, which has an angle aUn with the z-axis. Using figure 3-11 it can be seen that the global z-
positionn of the carrier is given by: 

-- = /«»^t^ ) + ^ t a n ( a « « ) - 3" 4 

Fromm interferometer operational boundary conditions we know that the laser beam angles are 
smallerr than 0.5 mrad. Due to the definition of the z-axis, ycar will only have local variations 
aroundd zero, which are small (< 0.1 mm) in practice. The last term in equation 3-4 contributes less 
thann 0.05 firn to zcar and can therefore be neglected. aUn now only appears as a cosine and this cor
rectionn can safely be neglected, because it introduces a maximum horizontal scale error of 
l/cos(0.0005)) - l/cos(0) = 0.125 p:m / m, which is only 0.375 urn over the full range. The carri
err z-position is now given by the simple formula: 

ZZcarcar = llin  3-5 
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Figur ee 3-11 Schematic view of the X-ray beam carrier and the two position interferometers. The 
angularr interferometer is not shown because its position is irrelevant. Thick dashed lines show 
thee two interferometer laser beams. The interferometer components on the carrier are indicated 
byy a solid circle (linear) and solid square (straightness). They are connected by a thick line to rep-
resentt their fixed relative position on the carrier. The carrier is shown both at its home position 
andd at an arbitrary position. Thin dashed lines are guide-lines parallel to or perpendicular to the 
laserr beams. Thin solid lines are guide-lines parallel to the coordinate axes. The linear and 
straightnesss interferometer measurements are represented by l|in and lstr respectively. 

Thee global v-position of the carrier is not measured at the same spatial point as the z-position be
causee the straightness interferometer component is mounted on the carrier (Az, Ay) away from the 
linearr interferometer component. The measured global y-position is in fact the position of the 
formerr component. Az and Ay depend on the carrier angle acar and are related to their values at 
homee position via a rotation matrix. The position of the angular interferometer on the carrier is ir
relevant.. The global carrier coordinates are related to the straightness interferometer component 
globall coordinates (zstr,ystr) by: 

ff > 
'str'str *car 

VV sir ~ ^car A: A: 

VV u 
cos(<xcar)) -sin(acar) A / 
sin(acar)) cos(ccfar) ){ ^ 

3-6 6 

Thee straightness interferometer measures the displacement lstr perpendicular to its laser beam, 
whichh has an angle <xstr with the z-axis. Using figure 3-11 it can be seen that the global y-position 
off this interferometer component is given by: 
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homehome 1 /iomew ,, „ 

>VV = A? + /5 f r
COS(a ) " ( z ^ ~ A z ^ ( a , , , ) . 3-7 

Wee use equation 3-6 to eliminate z ^ and ystr in favour of zcar and ycar and obtain: 

11 j 4. / \ A home . home ~ 0 

yy«»«» = cos«x /" r -W 8"^ , ) + V Az + V A y 3-8 

with h 

CZZ = S i n ( acar) + ( 1 - C 0 S ^ C C c a r ) ) t a n ^ a ^r ) a n d 

ccyy = (l-oos(aCflJF))-tan(aJ/f)sin(aCflr). 

Bothh Az and Ay om* are of the order of a few cm. Their multiplication factors cz and c are of 
thee order of 10 and 10 respectively. Both terms give a contribution to the y-coordinate well 
beloww 1 |nm and can therefore be ignored. Due to interferometer operational boundary conditions 
thee measurement Istr must be smaller than 1.5 mm and the angle a ^ less than 0.5 mrad. The error 
introducedd by setting cos(ajrr) = 1 in the first term is orders of magnitude less than 1 \\m. The 
tan(oc5fr)) in the second term can not be set to zero since it is multiplied by a large number (zcar). 
Thee value of tan(a^r) can be extracted from the interferometer measurements. Because of the def
initionn of the z-axis, a straight line fit of ycar as a function of zcar has zero slope. The second term 
off equation 3-8 gives rise to a slope of -tan(cc5rr), which must be counteracted by the first term. 
Sincee the first term has now become I$tr and zcar = l\in (equation 3-5), it follows that tan(ajrr) is 
equall to the slope of a straight line fit to the Istr data as a function of the Ilin data. 

Usingg equation 3-5, the carrier y-position is finally given by the formula: 

yyCCarar =  Istr-IlinXan(astr')- 3 " 9 

Thee final result is that global carrier position and angle can be determined using only the interfer
ometerr data, and no geometrical parameters are needed (at this stage). 

3.3.22 From X-ray beam carrie r positio n and angle to wire positio n 

Figuree 3-12 shows how the two-dimensional wire position is calculated from the two carrier loca
tionss at which beam 0 and beam 1 hit the wire. The X-ray beams are assumed to lie in the y-z 
plane.. Effects due to a-planarity of the beams are treated separately in paragraph 3.3.3. The wire 
positionn (zw, yw) is given by the crossing point of the two beams at their respective locations when 
hittingg the wire. The straight line describing X-ray beam number n (0 or 1) can be derived from the 
globall carrier position (z"ar,y

n
car) and angle a1, and the local position zn

beam and angle 9M of the 
beamm on the carrier. 

Thee global wire coordinates are easily calculated from the points where the two beams cross the z-
axiss (z"0). The beams satisfy the following two equations: 

ChapterChapter 3 Muon chamber mechanical precision 65 



PrecisionPrecision of the ATLAS muon spectrometer 

/ / 
)+CC Wire at (z , y ) 

perpendicularr to y-z plane 

Figur ee 3-12 Reconstruction of the two-dimensional wire position from the two carrier positions. 
Thee two dashed lines represent the X-ray beams. The global carrier position is indicated by ar, y031). The 
X-rayy beam has a fixed local angle e on the carrier, and a is the rotation of the carrier as a whole around the 
x-axis. . 

ywtan(ee + a ) = zw - zy=0 

jw tan(66 +cc ) = zw-z 0 

3-10 0 

Whenn the two equations are subtracted, zw drops out and we obtain the ^-coordinate: 

withh A6 

11 0 
Zy=QQ ~ Zy=0 

ww ~ _ 

2A6 6 

tan(99 + a ) - tan(6 + a ) 

3-11 1 

wheree A0~ is related to the 'opening angle' between the two beams, which is about 63°. This var
iablee is reused later on. The value of z" 0 is related to the position of the absorption peak caused 
byy this wire in the shadowgram of beam n (see equation 3-13). The y-coordinate can now be used 
inn any of the two equations 3-10 to get the z-coordinate. We use the average of the two equations 
too get the most accurate result: 
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11 o 
zy=00 + 2y=0 AO+ 

ZZ
WW = o + ^ A 6 

3-12 2 
.,, An+  tan(6 + a )+tan(9 +<x ) withh A6 = —- -

2 2 

wheree A9 is related to the 'average beam angle', which is zero in an ideal world, and a few mrad 
inn practice. This variable is reused later on. Note that the beam angles Qn have opposite signs. The 
z-coordinatee is mainly determined by the first term. The second term gives a correction to this if 
thee two beam angles are not equal in magnitude. 

Thee crossing point of a beam with the z-axis ( / ^ ) is calculated from the global carrier position 
andd angle with: 

••y=0 0 == Zcar+ZbeamC0^a > ' ""0 ' c a r~
zbeamS m( a ) ) t a n ( 9 + 0C ) . 3-13 

Thee values of zn
car, y"car and a" are calculated directly from the interferometer measurements at 

thee position of the absorption peak of beam n. A new geometrical variable z"beain appears, which is 
thee local z-coordinate of the beam on the carrier at local y=0. How precise must we know the value 
off this variable? The error on the wire position is of the same order of magnitude as the error on 

4=00 " T h e e l T O r ° n 4=0 d U e t 0 a n e l T O r ° f dzbeam 0 n zleam i s : 

dz"=00 = dzleam{cos(a") + sin(a") • tan(6n +a")} . 3-14 

Thee only parameter that changes during a scan is a". To estimate the effect of this changing a" 
duee to dzn

heam, we make an approximation to first order in a" around oc" = 0: 

<fcy=nn = dzbeam
 + dzbeamtan  ̂ >« • 3 " 1 5 

Thee first term gives a constant offset which results in a global shift of all wire positions with the 
samee amount. This is irrelevant since we are only interested in relative wire positions. The second 
termm is proportional to an . The value of tan(6w) is of order 1 and the wire-to-wire variations of 
a"" are of the order of 10" rad. This means that about 10" of dz? is transmitted into z"_n. If 

•jj o c urn y—\j 

wee require the error on z 0 to be smaller than 0.1 |Um, then we need to know zbeam to a precision 
off about 10 mm. This is easily obtained by measuring this distance by hand with a ruler. This pa
rameterr has now become a once measured constant. The only two unknown parameters left are the 
twoo X-ray beam angles 9" on the carrier. These are determined each scan by making a fit to the 
calibrationn rulers, as is explained in paragraph 3.4. 

3.3.33 Effect of the a-planarity of the X-ray beams 

Upp to now, the wire positions have been derived in two-dimensional (z , y) space and the effects 
duee to the third dimension (x) have been ignored. These neglected effects are the topic of this par
agraph. . 
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Inn the x-direction, the slits on the scintillators are several mm less wide than the X-ray beam. Con
sequently,, the effective position in x and the effective rotation around the z-axis of an X-ray beam 
iss determined by the x and y positions of its source and its scintillator. These positions depend on 
thee z-position of the X-ray beams carrier, and the z-position of the scintillators carrier, which fol
lowss the z-movement of the beams. The x-coordinate x", of the crossing point of a wire with X-ray 
beamm n will therefore vary with the z-position of the carrier. This coordinate will in general be dif
ferentt for the two beams because the two beams hit the wire at two different z-positions of the car
riers.riers. This is illustrated in figure 3-13. If the wire has a non-zero angle around the z-axis ory-axis, 
itss (z , y) position at x" *  0 as 'seen' by beam n is not equal to its position at x = 0. We want to 
knoww the 'real' two-dimensional (z , y ) wire positions in the x = 0 plane, which we define as the 
measurementt plane. The reconstructed wire position is shifted by (Azw, Ayw) w.r.t. its position in 
thee measurement plane. 

Itt is convenient to use the variables Ax„ 
o o 

;(* ii  + 4)/2 and A x w (K (K -x-x )/2 instead of x and d 
xx , since they each have a distinct effect on the reconstructed wire position. The subscript w is to 
emphasizee that it concerns the values at the wire when the two beams hit the wire respectively, 
usuallyy not at the same time. To simplify the formulas we use the slopes of the 2-D projections of 
thee wires and beams onto the coordinate planes instead of using 3-D angles. 

Wiree reconstructed Ay 
att (z +Az, y +Ay) 

Reall wire at 
(z .y. ) ) 
nott perpendicular 
too y-z plane 

Figur ee 3-13 Displacement (Az,Ay) of the reconstructed wire position due to a distance 2Ax 
betweenn the two X-ray beams combined with a rotation of the wire around the y-axis (3z/3x) 
and/orr z-axis (dy/dx). The solid black circle is the wire position at x=0: the real position as would 
bee seen by the X-ray beams (black dashed lines) if Ax or the wire angles would be zero. The ends 
off the 3-D drawn piece of wire are the wire positions as seen by the respective beams at x 
(greyy dashed lines). The grey solid circle is the reconstructed wire position when Ax and the wire 
angless are not taken into account. 

Thee effect of a Ax^ is illustrated in figure 3-13. When beam n hits the wire at xw * 0 and the wire 
iss not parallel to the x-axis, the carrier is at a different position than it would have been if the beam 
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wouldd have hit the wire at xn = 0. The change in carrier position can be expressed as the change 
inn position of the crossing point of the X-ray beam with the z-axis Az"^: 

AzAzUU = -Ax»ié d_y d_y 
dx dx 

dx dx 

tan n 

tan n 

(e0)) ) 

O1)) ) 
3-16 6 

Equationss 3-11 and 3-12 are linear in z"^, so the change in wire position (Azw, Ayw) can be cal
culatedd by inserting equations 3-16 into the former equations. We approximate to first order in the 
smalll rotations dz/dx\ , dy/dx\ ' ' " —,---1 " - ' - ' 
iall effect of Ax , we get: 

,, and A0+, which are all of the order of 10 . Including the triv 

Av v 

AA** W W 

== ^+
w 

== K 
dx dx 

dz dz 
dx dx 

-AX--L--AX--L-
ww _ 

ww Ae 
-A^;A9 " " 

w w 

dz dz 
'dx 'dx 

dx dx 

3-17 7 

Notee that the reconstructed wire position changes in both coordinates if the wire has a rotation 
aroundd a single axis. The wire angles w.r.t. the global ;c-axis are typically 1 mrad, so that the AJCW 

andd AJC~ need to be known to 1 mm if we want the error due to the uncertainty of this correction to 
bee typically 1 Jim. 

Thee average over a complete scan of the displacement in x and y of the X-ray beam carrier is zero 
duee to the definition of the z-axis. A gradual large increase of x are y as a function of z is therefore 
excluded.. Random variations of the x-positions of the X-ray sources due to carrier displacement or 
rotationss are estimated to be smaller than 1 mm and cause random variations of the wire positions 
off typically 1 Jim. Variations of the y-position of the carrier and its rotation around the *-axis are 
measuredd by the interferometers and are already taken into account in the two-dimensional model 
inn paragraph 3.3.2. Variations of the y-positions of the sources due to rotations of the carrier 
aroundd the y-axis and z-axis are much smaller than 1 |Lim and are neglected. 

Thee scintillator counters move on a rail located about 1 m below the X-ray beam carrier. This rail 
iss not necessarily parallel to the movement direction of the carrier, so that a linear change of x and 
yy is possible as a function of z. Random variations around the linear movement of the scintillators 
doo not cause systematic errors, but contribute to random errors on the wire positions. Scintillator 
movementss of 1 mm cause wire displacements of typically a Jim. For a linear movement the varia
bless A** and Ax~ can be eliminated from equations 3-17 and the wire displacement (Az^, Ayw) 
cann be expressed as a function of the real wire position (zw, yw)  In appendix A.l the formulas and 
theirr derivations are given. Several systematic effects appear for a chamber installed in the tomo
graph:: horizontal scale change, vertical scale change, non-orthogonality of the z- and y-axes, tra
pezoidall deformation and wire shifts quadratic in yw Table A-2 in appendix A.l gives numerical 
valuess for all effects for the largest MDT chamber (BOL) using typical values for the various geo
metricall parameters. The total effect amounts to typically 1 u.m random errors and less than 
11 (lm / m systematic errors on both wire coordinates. 
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3.44 Determinatio n of the beam angles usin g the 
calibratio nn ruler s 

Thee global positions of the calibration ruler wires, as measured by the tomograph, are fitted to the 
locallyy known geometry by varying a number of parameters, among which are the two X-ray beam 
angles.. The exact parametrisation of the rulers themselves is essential here, since it influences the 
fittedd values of the X-ray beam angles. 

Too illustrate the principle of how the beam angles can be determined using the rulers, we calculate 
thee change in the reconstructed wire position due to a small change in tan(9 ) and tan(Ö ) . We 
firstt take the derivatives of equations 3-11 and 3-12 w.r.t. A9 and A0+ , which can be expressed 
ass a change of vertical scale d5v and a change of orthogonality dOvz: 

dSdSvv = — = —^-dA9~ and 3-18 
yyww A9 

dzdz™™ + AG + 

dOO = — = dA9 + - i ^ - d A 6 . 3-19 
?w?w AG 

Settingg the a" to zero in A6 and AG to simplify the equations introduces a relative error on the 
(small)) changes in dS and dO of the order of 10" only, because the a" are of that order (see fig
uree 3-2 (b)). The above two equations then become: 

dSdS v = — = |—J f rd(tan(e1)- tan(9°)) and 3-20 
yyww tan(9 ) - t an (8 ) 

__ddzzww _ d(tan(91)+ tan(9°)) tan(91) + tan (6°) d(tan(9 ]) - tan(9°)) 
yZyZ~~ y» ~ 2 " t a n ^ - t a n ^ 0 ) ' 2 

Thiss illustrates the physical impact of the beam angles. A relative change of tan(9 ) - tan (9 ) , 
whichh is related to the opening angle, introduces an absolute change of the vertical scale. It has 
onlyy a small effect on the orthogonality. An absolute change of tan (9 ) + tan (9 ) , which is related 
too the average angle, causes an absolute change in the orthogonality. 

Thee calculated difference in position (Azw, Ayw) between two arbitrary wires depends on the beam 
angless exactly like the vertical scale and the orthogonality: 

dAyy i 
ww __!_dA0 and 3-22 

^ ^ AG G 

dAzz A 0 + 

_ Ü :: = dA9 - ~ d A 9 . 3-23 
AAyyww AG" 
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Thee known vertical distance between a set of 
wiress can be used to determine A6 . The 
knownn horizontal distance between wires at 
somee known vertical distance can then be used 
too determine A6+. This is illustrated in figure 3-
14.. If these distances are not known in the glo
ball tomograph coordinate system but in some 
otherr local coordinate system, then at least three 
knownn wires are needed that must not lie on a 
straightt line. The relative rotation between the 
locall coordinate system and the global coordi
natee system is then an additional parameter. 

Thee errors on the angles become smaller when 
\y\yww becomes larger. This is a first order effect 
onn the precision of the vertical scale and ortho
gonality.. The larger the Azw of the wires, the 
betterr the relative orientation of the coordinate 
systemss can be determined. This has a first or
derr effect on the orthogonality and a second or
derr effect on the vertical scale. 

Thee calibration rulers are used as the reference 
sett of wires and are described in paragraph 
3.1.4.. The beam angles are determined in a fitting procedure including all ruler wires that are seen 
byy both beams and including the rotations of the carrier and the angles of the rulers. Possible er
rorss on the vertical scale and orthogonality of the coordinate system of the 3-D optical measure
mentt machine are transmitted into the tomograph global coordinate system. They are included in 
tablee 3-8. 

Itt has been claimed [37] that installation of calibration rulers both above and below the chamber 
reducess the systemic errors on the measured chamber wire positions. The idea is that errors in the 
rulerr wire positions are in that case not extrapolated down from the rulers, but interpolated be
tweenn the rulers. This is, however, not correct because nothing is extrapolated from the rulers. The 
onlyy 'extrapolation' that takes place is from the carrier z-position as measured by the interferom
eterss downwards using the beam angle. Systematic errors due to this extrapolation are caused by 
thee error on the beam angle only. The question is therefore: are the beam angles determined more 
preciselyy when the rulers are installed at larger vertical distance? The answer is 'yes' only if the 
relativee position of the rulers is known (i.e. measured by external means) and stable with high pre
cisionn (< 10 urn). The present set-up does not allow us to reach this precision. Introducing the glo
ball ruler positions are parameters in the geometrical model, as suggested in reference [37], is no 
solutionn either because they are directly dependent on the beam angles themselves. Moreover, if 
thiss were correct, then single layer rulers would do equally well. In practice, only the internal 
structuree of the rulers as measured independently is usable for determining the beam angles. As a 
consequence,, the rulers can be considered independent from each other. It is therefore best to put 
alll rulers as close as possible to the X-ray beam sources to get the best absorption peak position 
precisionn (see figure 3-8) and to cover as much ruler wires as possible with both beams. This is 
confirmedd by the data of table 3-7. 
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Figuree 3-14 Principle of determination of the 
beamm angles using a calibration ruler. Black 
dotss represent the ruler 'wires' and the two 
thickk dashed arrows represent the X-ray 
beams.. The relations between ruler layer posi-
tionss and the vertical scale and non-orthogona-
lityy are also indicated. 
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3.4.11 The calibratio n ruler model 

Eachh ruler has three global position parameters and two global angle parameters {ji x and /?) . The 
thirdd angle (/ft) is not fitted, but assumed zero. It has a second order effect on the vertical scale and 
wouldd introduce large estimated errors on the beam angles due to the strong correlations. A conse
quencee is that the rulers must be installed in the tomograph at the same J3Z as in the optical meas
urementt machine, which we define as zero. Any non-zero pz introduces an error of cos(/?z) on the 
verticall scale. The value of /ft, is estimated to be less than 1 mrad [38], meaning that the error on 
thee vertical scale is less than 0.5 u.m / m in the assumed zero value. 

Thee x and ft of the ruler can be interpreted as 
thee 'beam path', which is important for the rea
sonn illustrated in figure 3-15. If there is a non
zeroo average angle around the z-axis between 
thee wires of the upper and lower layer within 
onee ruler, then the distance between the two 
layerss depends on x, and the 'fitted' vertical 
scalee as well. The same is true for the angle 
aroundd the y-axis and the 'fitted' orthogonality. 
Thee required accuracies on the vertical scale 
andd orthogonality translate via the average y 
andand z angle differences between the two layers 
intoo a required beam path accuracy. The varia
tionn of the angles within a layer allow fitting of 
xx and /ft, . The obtained beam path accuracy is 
thereforee determined by the variations of the 
angless within a layer. For each of the installed 
rulerss the average of the angle differences is 
smallerr than the r.m.s.'s of the angles within a 
layer. . 

Figur ee 3-15 Side view of a calibration ruler 
withh an X-ray beam (dashed line) scanning at 
twoo different 'beam paths'. Thin lines represent 
thee ruler wires at various angles around z. The 
thickerr line represents the average wire angle 
withinn a layer. The solid structure on the left 
representss an aluminium support unit. 

Thee y-residuals as a function of z when fitting a rigid ruler as illustrated in figure 3-16 (a) indicate 
thatt the rulers are sagging with a parabolic-like shape with an amplitude of typically 50 urn. In 
fact,, this is the difference in sag between the optical measurements done in the metrology labora
toryy and the measurements done by the tomograph. This is unexpected since in both cases the rul
erss are supported in exactly the same way: near their Bessel-points. Moreover, the sag is huge 
comparedd to the accuracy of the optical measurements. This calls into question the use of the pre
cisee optical measurements. Several checks are performed to ensure that the effect is not an artefact 
off the geometrical model, for example the path of the X-ray beam carrier. Possibly temperature 
gradientss or humidity gradients are responsible for the deformation of the carbon fibre support 
tube.. To circumvent this problem, we can try to model this shape, for example by fitting a parabol
icc correction (Az , Ay) to the local ruler coordinates (z , y): 

AyAy = 

A: A: 

_4z _4z 

L L 

8zy y 

-sag -sag 
3-24 4 

sag sag 
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wheree the ruler length L (in z) and the parameter sag are also given in the local ruler coordinate 
system.. However, the fitted beam angles then become dependent on the real shape of the ruler, 
particularlyy if only part of the ruler wires are seen by the tomograph, as is the case. The average Az 
correctionn for half a ruler (0 < z < LI2), for example, is 1.4 |im for the typical values sag = 50 u.m, 
LL = 1600 mm, and y = 22.5 mm. This corresponds to a correction to the orthogonality of 1.4 u.m / 
22.55 mm = 6 x 10 , which is not negligible. The parabolic shape has no physical origin, but is in
spiredd by the shape of the residuals. A physical model of the ruler is hard to obtain since it is un
clearr how to model the complex mechanical structure of carbon-fibre, aluminium and ceramic. 

10 0 
? ? 
ww D 
D D 

"35 5 
S S 

-10--

-20--

TT (b) 

.>].>]  T:i I TITI"": In lLilïT 
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TT • , , T , 

;; : 1 j 

' ' 

-500 0 00 500 0 500 
ZZ expecte d (mm) Z expecte d (mm) 

Figur ee 3-16 Ruler wire residuals of one calibration ruler when fitting a rigid ruler (a) and ruler 
unitss (b). 

Thee chosen solution is to break up the ruler into the physically present smaller pieces: the ruler 
units,, which are now considered rigid objects. A description of those units is given in paragraph 
3.1.4.. In the model the ruler parameters z, y and /3X are replaced by the same parameters per ruler 
unit.unit. A list of fitted geometrical parameters and their values and errors of a typical scan is given in 
appendixx A.2. The wire position residuals when fitting ruler units is shown in figure 3-16 (b) 
wheree the improvement is evident. 

Tablee 3-5 R.m.s. of wire Z and Y position residuals for several geometrical models for a typical 
scan. . 

Model l 

r.m.s.. (u.m) 

Rulerr z, y and $x 

++ ruler x and (3 
('beamm path') 

Rigid d 

Z Z 

6.9 9 

5.9 9 

ruler r 

Y Y 

17.5 5 

15.5 5 

Parabolicc ruler 

Z Z 

6.8 8 

5.7 7 

Y Y 

12.2 2 

8.2 2 

Rulerr  units 

ZZ Y 

4.77 10.8 

4.44 7.6 

Thee r.m.s. of the ruler wire position residuals are given in table 3-5 for different calibration ruler 
modelss and several parameters related to the x-direction. Adding the 'beam path' reduces the 
r.m.s.-Zbyy 1 u.m, and the r.m.s.-}'by 3 u.m. The parabolic ruler model significantly decreases the 
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r.m.s.-y,, but hardly decreases the r.m.s-Z compared to the rigid ruler model. This is what is expect
edd because the major correction of the parabolic model is in the y-direction. The ruler units model 
reducess the r.m.s.-Z by 2 fim and the r.m.s.-K by 7 (im compared to the rigid ruler model. The 
r.m.s.. values of the ruler unit model are still larger than the precision with which the rulers have 
beenn measured by the CERN metrology group. This increase is possibly due to the difference in 
measuringg method. The metrology measures optically and measures the position of the upper sur-
faceface of the 'wires' on the ruler plates. The tomograph measures the center of gravity of thee 'wires'. 
Thee difference is probably due to the large variations in the width, thickness and shape of the 
wires. . 

Tablee 3-6 shows for the same set of models and parameters as table 3-5 the change in vertical scale 
andd orthogonality w.r.t. the values when fitting ruler units and including all effects of the x-direc-
tionn (bottom right entry in the table). Adding the 'beam path' to the model typically changes the 
verticall scale by 60 (xm/m and the orthogonality by 17 u.m/m, which is significant and the 'beam 
path'' must be taken into account. The changes due to the different ruler models are also significant 
descriptionn of the calibration rulers needs to include the ruler units. 

Tablee 3-6 Change in vertical scale and orthogonality for several geometrical models for a typical 
scan.. The model including ruler units and the 'beam path' is taken as a reference. 

Mode l l 

Rulerr z, y and $x 

++ ruler x and |3V 

('beamm path') 

Rigi d d 

V-scal e e 
(10-6) ) 

69.4 4 

9.1 1 

rule r r 

Orthog . . 
(10-6) ) 

-6.2 2 

26.7 7 

Parabo l l 

V-scal e e 
(10-6) ) 

23.5 5 

-46.4 4 

cc rule r 

Orthog . . 
(10-6) ) 

-1.7 7 

21.3 3 

Rule rr  unit s 

V-scal e e 
(10-6) ) 

61.5 5 

0.0 0 

Orthog . . 
(10-6) ) 

-12.6 6 

0.0 0 

3.4.22 Beam angle determinatio n 

Alll four rulers are used to determine the beam angles. First the beam angles are determined using 
eachh ruler independently. The beam angles are then set to the weighted average of the four values 
obtainedd from the four rulers. After this, all four rulers are used together in one global fitting pro
ceduree to find the final beam angles. Table 3-7 lists for 12 BOL scans that were taken in November 
20011 the average beam angles, the average errors and the r.m.s. for the four individual fits, the 
weightedd average, and the global fit. 

Wee see that the beam angles obtained from the global fit are just as accurate and have on average 
thee same value as the weighted average of the four individual fits. This means that the beam angles 
off the four fits are uncorrelated. This confirms that the rulers are independent of each other and 
theirr relative positioning is in principle irrelevant. The r.m.s.'s are consistent with the errors. The 
r.m.s.. of the global fit is smaller than the r.m.s. of the weighted average indicating that the global 
fitt is more stable. We also see that the error on the beam angles for the lower rulers are a factor 2-
33 larger than the errors on the upper rulers. This means that the lower rulers are 4-9 times less sig
nificantt than the upper rulers. This is because for the lower rulers less wires are seen by both 
beamsbeams and the absorption peak position precision is worse due to the beam divergence. This con
firmss that the best position for the rulers is close to the X-ray sources, i.e. all four above the cham
ber. . 
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Tablee 3-7 Beam angle values for individual rulers and global fit of 12 BOL scans taken in Novem-
berr 2001. 

Topp Left 

Topp Right 

Bottomm Left 

Bottomm Right 

Weightedd average 

Globall (all rulers) 

tan(G G 

Average e 

-610553 3 

-610643 3 

-610655 5 

-610596 6 

-610601 1 

-610601 1 

°)(io" " 
Error r 

26 6 

27 7 

71 1 

56 6 

17 7 

17 7 

6 ) ) 

R.m.s. . 

25 5 

24 4 

118 8 

56 6 

26 6 

23 3 

t an (e ' ) (10" " 

Average e 

611212 2 

611129 9 

611317 7 

611228 8 

611197 7 

611197 7 

Error r 

28 8 

29 9 

52 2 

49 9 

17 7 

17 7 

") ) 

R.m.s. . 

20 0 

19 9 

71 1 

55 5 

21 1 

17 7 

Correlation n 

0.03 3 

-0.04 4 

0.3 3 

0.1 1 

0.03 3 

0.03 3 

3.55 Precisio n of the tomograp h 

3.5.11 Statistica l error s 

Thee statistical error on z" 0 (equation 3-13) is dominated by the error on z"ar, which is equal to 
thee error o"eak on the position of the absorption peak in the shadowgram of beam n. The statistical 
errorr on the wire position then follows from equations 3-11 and 3-12: 

( o o peak peak ) 2
+(o- ° ° peak* peak* 

tan(9 1)-tan(e° ) ) 3-2 5 5 
11 2  o  2 

((üü„eak">„eak">  +< -anrak) peak' peak' peak' peak' 

wheree an order 10 relative contribution to Oz 

duee to y  A9 and a relative contribution of 
orderr 10" to 0" due to rotations of the carrier 
(a")) have been neglected. 

Figuree 3-17 shows the distribution of the error 
onn the z-position of the wires of the calibration 
rulerss and of a BOL chamber. The lowest peak 
comess from the top multilayer and the top rulers 
andd the second peak comes from the bottom 
multilayer.. The long tail mainly comes from the 
bottomm rulers, and partly from wires that have a 
lott of material in the path of one or both of the 
X-rayy beams. The difference is due to the diver
gencee of the X-ray beams. This distribution re-

100 0 

1 22 3 4 5 
Sigmaa z measure d (urn ) 

Figur ee 3-17 Distribution of the statistical error 
onn the z-position of the wires of the calibration 
rulerss (grey, solid = top, hatched = bottom) and 
aa BOL chamber (white, solid = top multilayer, 
hatchedd = bottom multilayer). 
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sembless closely the distribution of the peak position precision (figure 3-8). This is because the 
errorr on the peak position is correlated to the vertical position of the wire that generated it. Since 
bothh peaks come from the same wire, the two peaks will in general have similar precision, which 
iss directly reflected in the precision of the wire position. For each wire, the error on the y-position 
iss 1/(A6~ ) ~ 1 /0.61 = 1.6 times the error on the z-position. 

Inn addition to these statistical errors, random errors on the chamber wire positions due to X-ray 
beamss a-planarity are estimated smaller than 1 |im. Details on these errors are given in appendix 
A. l . . 

3.5.22 Systemati c error s 

Thee errors on the beam angles result in systematic errors on the wire positions that can be ex
pressedd as a vertical scale error and an orthogonality error. This is shown by equations 3-20 and 3-
21,, which can be used to transform the errors on tan(6 ) and tan(9 ) into errors on the vertical 
scalee and orthogonality. The systematic errors can also be estimated by a straightforward calcula
tionn using only the r.m.s. of the ruler wire residuals. The error on the vertical scale (orthogonality) 
iss Jl times the precision with which the y- (z-) position of the two layers of the calibration rulers 
cann be measured, divided by the vertical distance between the layers (45 mm). An estimation for 
thee precision of the layer y- (z-) position is the r.m.s.-Y (-Z) divided by the square root of the 
numberr of wires in the layer (135, all rulers combined). This gives: 

errorerror [um/m] = J2 J2 
1355 • 0.045 [m] 

r.m.s.. (um] = 2.7 • r.m.s. [um] 

Usingg the r.m.s.-Z and Y from table 3-5 (ruler units + beam path), the error is estimated to be 
200 (im/m on the vertical scale and 12 jim/m on the orthogonality. 

Too calculate the systematic errors from the errors on tan (6 
tionss 3-20 and 3-21: 

andd tan(9 ) , we first rewrite equa-

dSS = 
dy. dy. 

tan(91)- tan(6°) ) 
d(tan(99 )) 

tan(91)- tan(9°) ) 
d(tan(99 )) and 3-26 6 

do . . 
dz. . t a »(9 1)) -d ( t a n ( e

0) ) ^L.^e') ) 
>'ww tan(9 ) - t an (8 ) tan(6') - tan (9") 

Thee errors can now be calculated by calculating the transformation matrix T: 

3-27 7 

TT = 

dS. . dS. dS. 

atan(9°)) 8tan(81) 

dO dO 
yz yz 

do do 
yz yz 

3tan(9°)) 3tan(81) 

1 1 

tan(66 ) - t an (8 ) 

11 -1 

tan(8*)) -tan(9°) 
3-28 8 
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Thee errors on S and O and their correlation can be extracted from their covariance matrix (Cos), 
whichh is calculated from the covariance matrix of tan (6 ) and tan (6 ) (Ctone) using the matrix T: 

CC = T  C 0 • T
T. 3-29 

Thee errors on tan(8°) and tanfO1) and their correlation are given in table 3-7 and the errors on Sy 

andd O are included in table 3-8. The estimations based on the r.ms. of the ruler wire residuals as 
givenn tefore are very close to these values. Since the correlation between the errors on tan(6 ) 
andd tan(e]) is small (i.e. CtmQ is close to diagonal) and the beam angles are almost equal in mag
nitude,, it can be seen from equations 3-28 and 3-29 that the error on the orthogonality is about 
tann (6) « 0.6 times the error on the vertical scale, which is what is found. It is interesting to note 
thatt the estimation of the errors based on the r.m.s. of the ruler wire residuals have about this same 
ratio,, because the r.m.s.-Z and F have about this ratio. 

Thee vertical distance between the wires within a ruler is fixed by an aluminium piece, which de
pendss on the temperature with an expansion coefficient of 22 x 10 A7V°C . The temperature of 
thee rulers is measured with an absolute precision of 0.1 °C, which causes a relative uncertainty on 
thee vertical distance between the two layers of a ruler of 2.2 x 10" . This translates directly into an 
uncertaintyy on the vertical scale of the same amount. The horizontal distance between the wires 
withinn a ruler is fixed by ceramic and carbon fibre, which have a negligible temperature expansion 
coefficient. . 

Thee temperature difference between the top and bottom rulers is typically 0.6 °C. The chamber 
temperaturee is therefore estimated as the average of the ruler temperatures with an uncertainty of 
0.33 °C. This causes systematic uncertainties on the horizontal and vertical scale of the chamber. 

Tablee 3-8 gives an overview of the various contributions to the systematic errors. It also includes 
thee errors in the coordinate system of the optical ruler wire position measurements done by the 
metrologyy group. The errors are dominated by the uncertainty on the beam angles. The r.m.s. of 
thee vertical scale and the orthogonality over 12 BOL scans is 24 um / m and 14 urn / m respective
ly.. This is consistent with the estimated precision on those values, which means that the X-ray to
mographh is stable over time at least at the level of the quoted error. 

Tablee 3-8 Contributions to the systematic errors larger than 1 |i.m/m. 

Unit::  |im/m 
Beamm angles (equation 3-29) 

Interferometerss wavelength 

Rulerss temperature (0.1 °C) 

Metrologyy systematic errors [35] 

Chamberr temperature (0.3 °C) 

Total l 

Horizontall  scale 

--
1.5 5 

--

--
7 7 

7 7 

Verticall  Scale 

19 9 

1.5 5 

2 2 

3 3 

7 7 

21 1 

Orthogonalit y y 

13 3 

--

--
10 0 

--
16 6 
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3.5.33 Reductio n of systemati c error s usin g a gauge chambe r 

AA procedure has been developed by the X-ray tomograph group to calibrate the calibration rulers 
usingg a special-purpose rigid gauge chamber with 11 wires [39]. This procedure uses the gauge 
chamberr in eight different orientations to detect deviations in the vertical scale and the orthogona
lity.. The optical measurements of the calibration rulers are then corrected for the observed devia
tions.. This is the so-called linear calibration because these effects are linear and can not be 
observedd by the X-ray tomograph. The random local variations of the ruler wire positions are non
linearr and are observed by the tomograph and the tomograph measurements can therefore be used 
too correct the optical measurements. These corrections include the 'parabolic shape' (rigid model 
only)) and the variations in ruler 'wire' thickness. This has not yet been implemented in the analy
siss software. Assuming that after the calibration the r.m.s. of the ruler wire residuals is equal to the 
statisticall error due to the error on the peak position (see figure 3-17), the r.m.s. will be reduced in 
bothh z and y by about a factor of 3.5. Consequently, the systematic errors due to the uncertainty on 
thee beam angles are expected to be reduced by the same factor to about 5.4 x 10"6 on the vertical 
scalee and 3.7 x 1(T on the orthogonality. The metrology systematic errors are completely ab
sorbedd by this procedure. The statistical uncertainty of this calibration procedure is 2.0 x 10~6 on 
bothh the vertical scale and on the orthogonality [39]. The total systematic error on the vertical 
scalee is then 9x10" , which is dominated by the uncertainty of the chamber temperature. The to
tall systematic error on the orthogonality is then 4 x 10 6 , which is dominated by the error on the 
beamm angles. 

3.66 Objec t oriente d analysi s framewor k in C++ 

Thee algorithms as described in previous paragraphs have been implemented in the C++ program
mingg language using object-oriented techniques. The analysis program supplies a graphical user 
interfacee as well as a command and script interpreter. It uses the 'roof data analysis framework 
[40]] for the user interface and graphics. 

3.6.11 Main class 

Thee main class is XRayTomograph. It contains the scan data, the X-ray beams, the calibration 
rulerss and the chamber. Its main function is to read the data and to steer the analysis. An interac
tivee wrapper class IXRayTomograph is used as an interface to the end-user, who can access the 
singlee XRayTomograph object in the interpreter via the global pointer gTomo. It has member 
functionss like Read ( c o n s t cha r* f i lename ) and Analyse () , and the quickest way 
too analyse a scan is by typing the following two commands in the interpreter: 

xtomoo > g T o m o - > R e a d ( " s c a n _ d a t a _ f i l e . d a t . g z " ) ; 
xtom oo >  gTomo->Analyse() ; 

orr by using the menus in the graphical user interface. 
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3.6.22 Data access classe s 

Thee raw interferometer measurements are converted to units of mm and radians when they are 
readd in and are stored per event in an object of type I n t e r f e r o m e t e r s . These objects are col
lectedd in an I n t e r f e r ome te r Con ta ine r . The scintillator counter values are stored in ob
jectss of type Counter, which holds both the value and the error (default: Jvalue). They are 
collectedd in a Coun te rCon ta ine r . The data is accessed through the pure virtual base class 
VTomoDataBrowser,, which allows browsing through the data using member functions like 
Beginn () , Next () , Ge tCounte r () and G e t l n t e r f e r ome t e r s () . It is possible to select 
aa range of data by setting limits on the z-position of the carrier. One object of the concrete imple
mentationn CounterDataBrowser per X-ray beam holds internally a pointer to the common 
I n t e r ff e r ome t e rCon t a i n e r and a pointer to the Coun t e rCon t a i n e r of the correspond
ingg scintillator. All objects that access data use a VTomoDataBrowser pointer. 

3.6.33 Algorith m classe s 

Thee class Wire, representing a calibration ruler wire or a chamber wire, and the class Peak, rep
resentingg an absorption peak in the shadowgram, play a central role in the algorithms. The most 
importantt features of these classes are highlighted below. 

AA Wire has several positions, among which the position found by the tomograph and the position 
predictedd by the model. It is uniquely identified by a set of WireF lags to indicate the layer, and 
byy a sequential number within the layer. It has a pointer to a Peak for each of the two beams, 
whichh point to the peaks in the shadowgrams that have been assigned to the wire by the pattern 
recognition.. The member function P r e d i c t P o s i t i o n () converts the interferometer measure
mentss of the two peaks into a two-dimensional wire position. The inverse, prediction of the posi
tionn of a simulated peak from the wire position, is implemented in the member function 
P r e d i c t P e a k (( c on s t XRayBeamk ). 

AA Peak has five parameters to describe its shape (see equation 3-1), and a pointer to the data. The 
memberr function F i t ( ) fits the shape to the range of data that has been selected with 
SetRange(( doub le zLow, doub le zHigh ). If a peak is close to a neighbouring peak, 
aa pointer is kept to it and the fit is done taking the neighbouring peak into account. After the fit it 
storess the interpolated interferometer values. It has a pointer to a Wire, which is the wire that pre
dictedd the peak in case of a simulated peak. When a simulated peak is matched to a peak found in 
aa shadowgram, the found peak is assigned to the wire of the simulated peak and the pointer to the 
wiree is copied to the found peak. 

AA shadowgram is represented in class Tomogram. It can draw the shadowgram on screen, apply 
filterss to the data, find and store the peaks and do pattern recognition on the peaks. The peak find
ingg is dispatched to an external object, which is called through the abstract interface VPeak-
Finder .. The default peak finder is a P a s s i v ePeakF inde r object. The pattern recognition is 
dispatchedd to the object that is given as an argument to the member function 
F i ndPa t tt e r n ( VPat t e rn* ). The Tomogram takes care of the looping over the peaks and 
callss V P a t t e r n : :TryPeak( Peak& ) for each peak. 
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Figuree 3-18 shows a class diagram with the 
mostt important member functions of the pattern 
recognitionn classes. The class VPa t t e rn i s an 
abstractt base class for all pattern recognition 
classes.. It has one pure virtual function 
TryPeakk ( Peak& ) that needs to be imple
mentedd by the derived class to do the actual pat
ternn recognition. Class V C o r r i d o r P a t t e r n 
implementss TryPeak, in which it gathers all 
foundd peaks in one corridor. It finds the expect
edd peaks in the same corridor and calls the pure 
virtuall function MatchCorr idor ( ) with the 
foundd and expected peaks as arguments. The 
classess R u l e r P a t t e r n and P a s s i v e -
ChamberPa t t e rnn implement the member 
functionn Ma t chCor r i do r ( ) . This inherit
ancee scheme allows flexible pattern recognition 
andd the real pattern recognition code is reduced 
too one single corridor. 

3.6.44 Geometry classes 

Classs VSetOf Wires serves as a base class for objects that represent a collection of Wire ob
jects,, like the classes C a l i b r a t i o n R u l e r s and MDTChamber. It holds the list of wires and 
implementss some common features, for example simulation of the peaks from the wires, peak 
huntingg and graphics. The derived classes have to generate the list of wires. The C a l i b r a t i o n -
R u l e r ss generate the wires by reading the metrology measurements for the internal structure and 
somee parameters from a geometry database for their global position in space. An MDTChamber 
readss the chamber parameters from a database to generate its wires. 

Thee model to describe the geometry of the calibration rulers (paragraph 3.4.1) and the a-planarity 
off the X-ray beams (paragraph 3.3.3) is implemented in class RulerModel. The chamber grid fit 
(paragraphh 3.2.3) has been implemented in class Gr idFi t2D. 

3.77 Result s on BOL chamber s 

Thee X-ray tomograph scanned the BOL-0 chamber in January 2001, and the BOL-2 and BOL-3 
chamberss in November 2001. Scans were performed close to the cross-plates at the high-voltage 
sidee (HV) and at the read-out side (RO) of the chamber, where contributions from the wire sag 
variationss are negligible. These two locations determine the wire positions and are therefore the 
mostt relevant for assessing the mechanical quality of the chamber. Three additional scans per 
chamberr were taken a several locations along the wire to study wire sag variations. 

VPattern VPattern 
+lnitialise():void d 
+StartLoop():Direction n 
+TryPeak(:Peak&):void d 
+FinishLoop():void d 
+Finalise():void d 

VCorridorPattern VCorridorPattern 

+lnitialise():void d 
+StartLoop():Direction n 
+TryPeak(:Peak&):void d 
+FinishLoop():void d 
+FindExpected():void d 
+Matchh Corridorf...) .void 

X X T T 
RulerPattern RulerPattern 

+lnitialise():void d 
+StartLoop():Direction n 
+FinishLoop():void d 
+MatchCorridor(...):void d 

1 1 
PassiveChamberPattern PassiveChamberPattern 
+lnitialise():void d 
+StartLoop():Direction n 
+FinishLoop():void d 
+MatchCorridor(...):void d 

Figur ee 3-18 Class diagram of the pattern rec-
ognitionn showing the most important member 
functions. . 
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3.7.11 Measurement s 

Tablee 3-9 lists the so-called 'site-grid' parameters 
off the BOL chamber. The horizontal shift between 
thee multilayers and the angle between the multi
layerss are assumed zero. The values of three listed 
parameterss are taken as the average values of the 
scanss of BOL-0 at the chamber ends, which are 
givenn in table 3-10. The percentage of wires found 
(samee table) varies due to different amounts of ma
terial,, typically due to on-chamber cables. 

Tablee 3-10 Geometrical parameters found by the X-ray tomograph of the BOL-0, BOL-2 and 
BOL-33 chambers. Errors on the five fitted parameters are listed in their row headers -
cal+systematic). . 

Temperaturee (°C) 

%% of wires found 

## wires > 3 r.m.s. site-grid 

## possibly broken wires 

R.m.s.. Z site-grid (urn) 

R.m.s.. Y site-grid (urn) 

R.m.s.. Z & Y site-grid (urn) 

Z-pitchh 0 urn) 

Y-pitchh 5 um) 

Y-distancee multilayers 8 um) 

Z-shiftt multilayers (+1+5 um) 

Aoc-multilayerss 0 u.rad) 

R.m.s.. Z (um) 

R.m.s.. Y (urn) 

R.m.s.. Z & Y (um) 

BOL-0 0 

HVV RO 

22 2 

84%% 90% 

22 0 

99 5 

17.55 13.0 

13.44 13.2 

15.66 13.1 

30035.244 30035.40 

26027.00 26026.8 

3989899 398980 

277 3 

88 9 

12.99 12.7 

11.99 12.8 

12.44 12.8 

BOL-2 2 

HVV RO 

33 3 

84%% 97% 

00 0 

11 0 

12.33 12.3 

20.33 13.1 

16.88 12.7 

30035.055 30035.24 

26024.33 26027.2 

3989655 398987 

111 -16 

111 21 

9.88 9.8 

17.55 11.1 

14.22 10.5 

BOL-3 3 

HVV RO 

33 3 

98%% 96% 

00 1 

11 1 

15.22 10.7 

14.33 14.2 

14.88 12.6 

30034.811 30035.11 

26030.99 26030.8 
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Tablee 3-10 also shows the results of two different grid-fits at the HV and RO ends of each of the 
threee BOL chambers. It first lists the r.m.s. of the grid-fit residuals using the site-grid parameters 
(tablee 3-9), for all found wires. It also lists the five grid-fit parameters determined for each scan, 
wheree wires with a z-residual or j-residual larger than three times the corresponding r.m.s. are ex
cludedd from the fit and from the final r.m.s. values listed in the table. The r.m.s. values have not 
beenn corrected for the precision of the tomograph. In the grid-fit, the error for the weight of a wire 
positionn is taken as the quadratic sum of the tomograph error and the chamber construction preci
sion,, where the latter contribution is estimated from the r.m.s. of an initial grid-fit. The statistical 
errorss on the parameters are calculated in the grid-fit. The systematic errors on the parameters are 
obtainedd by multiplying the measurement value with the appropriate total error of table 3-8. The 

Tablee 3-9 BOL site-grid parameters 

Paramete rr  Value 

z-pitchh 30.0353 mm 

y-pitchh 26.027 mm 

yy multilayer distance 398.984 mm 
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horizontall scale error applies to the z-pitch (and is dominated by the chamber temperature); the 
verticall scale error applies to the y-pitch and the y-distance between the multilayers (and are dom
inatedd by the beam angles); the orthogonality error applies to the z-shift between the multilayers, 
butt is multiplied with the multilayer y-distance and not the z-shift itself. The influence of the 
abovee mentioned systematic errors on the angle between the multilayers is completely negligible, 
andd is therefore set to zero. 

Comparingg the site-grid parameters as determined by the X-ray tomograph to the nominal param
eterss as expected from the assembly (see paragraph 2.3.3), we make the following observations: 

1.. The horizontal pitch is equal to nominal; 

2.. The average vertical pitch is 16 um larger than nominal; 

3.. The vertical distance between the multilayers is 50 um smaller than nominal. 

Whenn we compare the five parameters of the grid-fits of all scans to the site-grid, we observe the 
following: : 

1.. The horizontal pitch is equal to the site-grid within the error, except for BOL-3-HV, where it 
iss smaller by 0.5 jam (two times the error); 

2.. The vertical pitch is equal to the site-grid within the error, except for BOL-2-HV, where it is 
33 um smaller, and the BOL-3 chamber, where it is 4 um larger for both sides; 

3.. The vertical distance between the multilayers is equal to the site-grid within the error, except 
forr BOL-2-HV, where it is 20 um smaller; 

4.. The horizontal shift between the multilayers is 0 within the error for BOL-3, has a symmet
ricric shift of 13 Jim for BOL-0 & BOL-2, and has an additional asymmetric shift of 15 um for 
BOL-0; ; 

5.. The angle between the multilayers varies from 8-21 urad, which corresponds to a maximum 
deviationn of the distance between the multilayers of 9-23 jam compared to the average dis
tancee of the particular cross-section. 

Whenn we look at the r.m.s. of the wire-position residuals for the site-grid parameters, we observe: 

1.. All chambers are within the 20 um specification. 

2.. The r.m.s.-Z varies from 11 to 15 um, with the exception of BOL-0-HV which is 17.5 um 
duee to the 27 jam shift between the multilayers. 

3.. The r.m.s.-y is 13-14 um, with the exception of BOL-2-HV, which is 20 um partly due to the 
verticall distance between the multilayers (20 um too small) and partly due to a 17 um r.m.s. 
withinn the two layers that are glued directly to the spacer. 

Thee precision of individual multilayers, which is given by the r.m.s. of the five-parameter fit, is 
10-133 um in both directions, with the exception of BOL-2-HV, which is 17.5 um in Y due to a 
177 um r.m.s.-Y of the two layers that are glued directly to the spacer. 

Threee scans are taken in between the HV and RO sides of the chamber, one at about 22 cm from 
eachh end and one near the middle of the chamber. The fitted parameters of the 5-parameter grid-fit 
off those intermediate scans are consistent with the parameters at the ends. The only exceptions are 
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thee angles between the multilayers in two cases with deviations of 9 uxad and 15 (irad, which is far 
moree than the statistical error. Possibly some unknown systematic effects are present. 

Thee r.m.s.'s of the site-grid residuals are within the specification for all scans along the chamber. 
Thee r.m.s. of the middle scan is expected to be smaller by a factor of JÏ compared to the end 
scanss (assuming no correlations), because the wire position in the middle is the average of the wire 
positionss at the two ends. Horizontally this is close to what is observed, but vertically the r.m.s. in 
thee middle is significantly larger than expected. This is partly due to variations in the wire sag 
causedd by variations in the wire tension, and partly due to correlated wire shifts. Contributions 
fromm the tomograph precision are negligible. To eliminate correlations due to layer shifts, layer 
tiltss and cross-plate sag, grid-fits are applied to the six chamber layers independently with 5 pa
rameterss each: horizontal pitch in the layer, global layer shift in z and y, global layer tilt and layer 
sag.. The r.m.s. of all individual layer-fits combined are shown in figure 3-19 for BOL-3. All r.m.s. 
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10000 2000 3000 4000 5000 
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Figur ee 3-19 R.m.s. of wire position residuals in z (a) and y (b) of grid-fits applied per layer to 
BOL-33 as a function the location of the scan along the chamber. The dots are the measurements. 
Thee solid line is the expected r.m.s. interpolated between the two ends assuming no correlations. 
Thee dashed line adds to this interpolation the r.m.s. of the wire sag as measured during chamber 
production. . 

valuess are lower than the r.m.s. of the site-grid because contributions from multilayer shifts, layer 
shiftss and layer sags are excluded. The solid line indicates the expected interpolated r.m.s. between 
thee two end scans assuming no correlations. The dashed line includes the r.m.s. of the wire sag 
(6.77 u.m) that is extracted from the variation of the wire tensions as measured during chamber pro
duction.. In the vertical direction (figure 3-19 (b)) the interpolated r.m.s. including the r.m.s. of the 
wiree sag predicts correctly the r.m.s. of the middle scan. The predicted horizontal r.m.s. (figure 3-
199 (a)) is somewhat smaller than the measured value. This could be due to other correlations that 
havee not been taken into account. The tomograph precision still plays a minor role here. BOL-2 
hass results similar to BOL-3 and is not shown. The BOL-0 data of the middle scan can not be used 
becausee two different wire tensions were used in this chamber. 
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Figuree 3-20 shows a comparison between the tube position measurements performed during the 
chamberr assembly and the X-ray tomograph wire positions. Figures 3-20 (a) and (b) show the 
straightt line fit residuals of the vertical tube positions as measured during chamber assembly step 
22 (tubes in the precision combs, see paragraph 2.3.3). Figure 3-20 (a) shows the data of the comb 
thatt is situated on one side of the assembly table, and (b) shows the data of the comb on the other 
side.. Six layers of four chambers are combined per comb to reduce the statistical uncertainty. The 
errorr bars indicate the r.m.s. of the 24 entries per tube position, which is typically 5 urn. Systemat
icc deviations up to 10 urn are clearly visible, and are significantly larger than the statistical errors 
onn the average values (5/724 = 1 urn). The observed patterns are explained by the construction 
off the comb: four precisely machined pieces that are glued together to reach the full comb length. 

200 40 60 
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200 40 60 
Tubee numbe r in layer 

200 40 60 
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Figur ee 3-20 (a) and (b) show the tube vertical positions as measured during chamber assembly 
forr the two precision combs. Figures (c) and (d) show the vertical wire positions as measured by 
thee X-ray tomograph of the tubes corresponding to the combs of (a) and (b) respectively. 

844 3.7 Results on BOL chambers 



PrecisionPrecision of the ATLAS muon spectrometer 

Thesee systematic deviations are still well within the required precision. Figures 3-20 (c) and (d) 
showw the y-residuals of the layer fits of the X-ray tomograph measurements (see paragraph 3.2.3). 
Thee data of the BOL-0, BOL-2 and BOL-3 chambers are combined to reduce the errors. The data 
off the individual layers are combined such that they correspond to the same comb in which they 
weree glued during chamber assembly, so a comparison can be made with the chamber assembly 
measurements.. The X-ray tomograph data presented in figure 3-20 (c) corresponds to the comb of 
figuree (a), and figure (d) corresponds to the comb of figure (b). The resemblance between the 
measurementss during chamber assembly and the measurements of the X-ray tomograph is striking 
andd gives confidence in both types of measurement. The layer-to-layer shifts as monitored by the 
'RasAss'' towers during chamber assembly steps 4 and 6 (chamber is lowered to glue new tube 
layer,, see paragraph 2.3.3) are also compared to the layer-to-layer shifts as measured by the X-ray 
tomograph.. The two sets of measurements are well correlated with an r.m.s. of the differences of 
66 \im in z and 7 |i.m in v. The agreement between the quality control measurements taken during 
chamberr assembly and the X-ray tomograph measurements gives confidence in the chamber as
semblyy quality control and justifies that only part of the chambers are scanned in the X-ray tomo
graph. . 

3.7.22 Discussio n 

Too obtain a better understanding of the difference between the nominal chamber parameters and 
thee results of the X-ray tomograph, a closer look was taken at the measurements recorded by the 
on-linee Rasnik monitoring system during assembly of the BOL chambers: 

•• For the two layers that are glued directly to the spacer it is observed that the cross-plate 
slowlyy moves down towards the tubes during the glue curing period of about 16 hours. In 
thiss period the average distance between the tubes and the cross-plate reduces by typically 
155 (lm. This is most probably due to shrinkage of the 0.7 mm thick glue layer between the 
cross-platess and the tubes. It causes an increase in the distances between layers 1 and 2 of 
eachh multilayer of typically 15 |Xm, but leaves the distances between layers 2 and 3 of each 
multilayerr unaltered. This results in an increase in the fitted vertical pitch of typically 8 |Xm 
andd in a decrease in the fitted vertical distance between the multilayers of typically 10 Jim. 

•• For all layers the cross-plate sag compensation system is under-compensated which leaves a 
residuall cross-plate sag of 10-20 (im. This has a small influence on the distance between the 
layers,, but decreases the vertical distance between the multilayers by 15-30 um. 

Combinedd with the mechanical precision of the assembly table of —10 UJTI, we expect a fitted ver
ticall pitch of typically 0 mm, and a fitted distance between the multilayers of typical
lyy 0 mm. This is consistent with the site-grid parameters derived from the X-ray 
tomographh measurements. 

Thee number of wires that is labelled as possibly broken is sometimes different on the two sides of 
thee chamber. In the three BOL cases the list with the smaller number of wires was a sub-sample of 
thee list with the larger number of wires. The wires common to both lists are most likely to be really 
broken.. For these three chambers this has been verified with an electric resistance measurement, 
andd found to be exactly the case: five broken in BOL-0, zero in BOL-2 and one in BOL-3. All 
threee chambers were transported by truck from NIKHEF to CERN. For BOL-3 we suspect the 
wiree broke during this transport. 
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Figur ee 4-1 Photograph of the ATLAS muon cosmic ray test stand at NIKHEF with three BOL 
chamberss installed. The four trigger units are also visible below the chambers. 
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