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AbstractThe full-scale prototype of a BOS MDT chamber has been constructed at MPIMunich as a common e�ort of several ATLAS muon institutes following the speci�-cations in the ATLAS Muon Technical Design Report (TDR). The 432 drift tubes inthe chamber have been produced at MPI, with support by JINR Dubna and NIKHEF,and fully tested according to the quality control speci�cations in the TDR at LMUMunich. The spacer frame, including the RASNIK in-plane alignment system, wasdesigned and constructed by NIKHEF. The gas distribution system and the Faradaycages were designed by the University of Freiburg. The HV boards were designed andfabricated by Boston University, the readout boards by BNL. The assembly jiggingwas set up in a temperature-controlled clean room at MPI where the glueing of themultilayers took place between 26 January and 16 February 1998 including extensivemeasurements of the mechanical accuracy. The completed chamber has been scannedin the X-ray tomograph at CERN and has taken data in the test beam at CERN.
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1 IntroductionThe full-scale prototype of a BOS MDT chamber has been constructed at MPI Munichin a common e�ort of several ATLAS muon institutes following the speci�cations in theATLAS Muon Technical Design Report (TDR) [1]. The goal was to demonstrate that withthe barrel chamber assembly method for series production as described in the TDR, thespeci�ed accuracy of 20 �m rms in the relative wire positions at the tube ends can beachieved as well as the required tolerance of 100 �m on the centering of the wires within thetubes over their whole length. For the 2160 mm wide BOS chambers, this requires the use ofa force compensation system to eliminate gravitational sag of the cross plates. This system,as described in the TDR [1], was �rst used and demonstrated during the construction of theBOS prototype chamber.The BOS chambers are among the largest in the barrel with a tube length of 3800 mmand a width of 2160 mm containing 72 tubes per layer and 432 in total in 2� 3 tube layers.The layout of the prototype chamber is shown in Fig. 1. At the end for the high-voltageconnection to the tubes (HV side), the long beams are connected by a plate to which oneof the three bearings for the 3-point support of the chamber is connected. The other twosupports are connected to the two long beams at the opposite ends.All tubes have been produced at MPI Munich with manpower support from JINR Dubnaand NIKHEF. They were fully tested at LMU Munich according to the quality control spec-i�cations described in the TDR [1]. The spacer frame including the RASNIK in-plane align-ment system, as described in the TDR [1], was designed and constructed by NIKHEF. Thegas distribution system and the Faraday cages were designed by the University of Freiburg.The HV boards were designed and fabricated by Boston University, the readout boards atBNL.The assembly jigging for the BOS chamber, as described in detail in the TDR [1], wasset up on a granite table in a temperature-controlled clean room at MPI where the glueingof the tube layers took place between 26 January and 16 February 1998 including extensivemeasurements and veri�cation of the mechanical accuracy. The completed chamber has beenmeasured with the X-ray tomograph at CERN and has been tested in the H8 muon beamat CERN.2 Tube Production and TestThe 3800 mm long tubes were produced by ALU-MENZIKEN and cleaned in a facility atCERN according to the TDR speci�cations [1]. In a sample of 100 tubes, the outer diameterat the ends was measured to be (29:975�0:005) mm with a cuto� of the gaussian distributionat 29.970 mm [2].The tubes have been wired with the MPI glueing method which locates the wires in thetubes in always the same position with respect to the combs holding the tubes which areidentical for tube wiring and chamber assembly. Each tube is placed in the combs for wiringand chamber assembly in the same azimuthal orientation around the tube axis in order tominimize sensitivity to tube non-roundness. The wire was positioned relative to the combsholding the tubes simultaneously at both tube ends and �xed in the position with glue curingfast under the illumination with UV-light. The wiring method and setup are described indetail in [3], [4]. 2



The endplug compatible with the wiring method and used for the BOS chamber prototypeis shown in Figs. 2 and 3 and described in the TDR[1] and in detail in [3]. The total tubelength, including endplugs, was adjusted to �0:5 mm during the insertion of the endplugsinto the tubes. Uniformity of the tube length is not critical for the parallel gas connectionused for the BOS prototype.The tubes were wired at MPI in a dust-free, temperature-controlled room. The resultsof the quality control tests at LMU Munich are described in [3]. The wire tension andsag was measured to be equal for all tubes within 1% rms. The wire position at the tubeends was measured for each individual tube with the X-ray method [1]. Results for thewire coordinates y and z are shown in Figs. 4 and 5 separately for the tubes in each of thetwo multilayers of the BOS chamber and for the two tube ends (sides A and B). Side Acorresponds to the HV side of the chamber for multilayer 1 (glued �rst) and to the readout(RO) side for multilayer 2. The tubes for the �rst multilayer were produced �rst.The standard deviations of gaussian �ts to the wire coordinate distributions from theX-ray measurements of individual tubes are 8�12 �m. The tubes were held in the V-blocksfor X-ray measurement in the same way as they are placed in the combs used for chamberassembly. Since at the begining of the measurements the absolute calibration of the X-raydevice was still uncertain, in Figs. 4 and 5 the wire positions with respect to the tube centerswere determined as the average of the wire positions measured in two orientations of thetube around the tube axis relative to the jig, in the same orientation as during tube wiringand after rotation by 180� (see [3]). Therefore in the wire position distributions in Figs. 4and 5, variations in the tube outer diameter are still folded in.For the tubes used for the second multilayer, the short-distance straightness near theends was signi�cantly worse and outside the speci�cations (see [1]) compared to the tubesfor the �rst multilayer. This a�ects the reproducibility of the placement of the tubes in thejigs and therefore the wire position for the X-ray measurements and chamber assembly.In the second multilayer, the average wire position in the y-coordinate on side A of thetubes is shifted by 37:5 �m outwards from the middle plane of the chamber with respect tothe nominal position. With respect to the tubes of the d �rst multilayer, the shift in theaverage wire position is 25:5 �m. This shift became apparent from the evaluation of theX-ray measurements of the tubes when a major fraction had already been fabricated. It wasnot corrected for the wiring of the remaining tubes, so it would be common for all tubes inthe second multilayer. This was later reproduced in the X-ray tomograph measurements atCERN (see below).The shift was caused by a vertical tilt of the wiring jigs on side A relative to the jigson side B which could be traced back to contruction work in the building going on at thetime when the displacement occurred. In the provisional wiring setup for the tubes of theprototype chamber, the jigs for both tube ends were installed on separate tables; a movementof the 
oor under one table could cause a tilt as it was observed. In the �nal wiring setup,the jigs for both tube ends will be mounted on a common table and their relative orientationas well as the wire position with respect to the tube jigs will be continuously monitored, sothat such displacements will be prevented.
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3 Assembly SetupThe chamber assembly jig used for the construction of the BOS prototype has been describedin detail in the TDR [1]. The setup installed on a granite table of size 4200 mm� 2500 mm isshown in Fig. 6. The assembly table is set up in a temperature-controlled clean room of class100000. The working temperature of 20� was stabilized to �0:5� within the volume of 2 mheight above the surface of the table. A temperature di�erence of 0:1� has been measuredbetween the top and the bottom of the chamber on the assembly table. Humidity wascontrolled to be (45�5) %. Clean room clothes and gloves were used during the installationof the jigging and the whole assembly procedure.The tube jig is assembled out of comb modules with 20 tube positions each. 9 comb linesare installed on the granite table at a distance of 500 mm (300 mm for the two comb lines atthe tube ends). Each comb line consists of 4 comb modules. The layout is shown in Fig. 7.Each tube layer of the BOS chamber consists of 72 tubes. The comb lines were aligned inthe z coordinate with respect to the precise edge of the granite table (the reference side; seebelow) and in x with a 2 m long granite ruler. The comb lines can expand or shrink withtemperature variations along the z direction from their �xation point at the reference edgeof the granite table.The precision comb modules (see Fig. 8) were produced completely industrially. Theyare cut out of hardened FORTAL 7075 aluminum plates using electric spark erosion. Thecomb modules were produced in triplets in the wire erosion process. The V-groove designof the comb modules is shown in Fig. 9. It minimizes sensitivity of the tube vertical (y)positions to tube outer diameter variations. Fig. 8 illustrates the installation of the combmodules on the granite table. More details are given in the Appendix.All comb modules have been measured on a 3D measuring machine by placing precisesteal cylinders of 30.000 mm diameter in the V-grooves. Results for the z-pitch and thevertical (y) position of the cylinders are shown in the TDR [1]. The average horizontal (z)pitch of the 36 comb modules was measured to be (30:0366 � 0:0008) mm. The measuredhorizontal (z) spacing and the height (y) of the V-grooves of individual comb modules showedrms errors of 1� 9 �m (majority 2� 5 �m) and 1� 8 �m (majority 2� 5 �m), respectively.The 8 best comb modules with respect to uniform height (y coordinate) were selected forthe comb lines at the tube ends. Distributions of the z-distances and of the residuals fromthe nominal value of the y-position of test cylinders inserted in the V-grooves are shown inFigs. 10{13 for the tube positions 1{72 of the two end comb lines. The rms values of theheight distributions are 3� 4 �m. The z-pitch of the end comb lines is 30.0368 mm with adispersion of the z-distances of the V-grooves of 5 �m. Some of the end comb modules showsigni�cantly larger scattering of the z-distances than the others (see Figs. 10 and 11). Hereis room for improvement by better selection of end comb modules which was not done forthe prototype chamber because of lack of time.4 BOS Chamber Assembly4.1 Insertion of TubesDuring the assembly, the tubes are held down in the V-grooves using vacuum suction padswith 15 mm diameter in the end combs (suction force of about 400 g) and with 8 mmdiameter in the intermediate combs. The tubes are held in the end combs 25 mm from the4



Table 1: Vertical layer spacing �y � �ynominal [�m] (�ynominal = 26:011 mm): comparison ofinstalled sphere block height, mechanical measurements from the combs to the tube walls glued onthe spacer and X-ray tomograph measurements of the wire positions. The measurement accuracyin all cases is 5� 10 �m.�y ��ynominal [�m] Tower height Tube walls X-ray scanLayers RO side HV side RO side HV side RO side HV side1{2 +35 +35 +34 +40 +47 +512{3 +50 +50 +34 +41 +48 +484{5 +30 +30 +24 +24 +38 +425{6 +55 +55 +36 +40 +62 +44tube ends. Measurements of the relative y-position of wired tubes (height of the top of thetube above the granite table measured with a feeler gauge) in the end combs on the HV andthe readout side (tube sides A and B, respectively, during glueing of the �rst multilayer)are shown in Fig. 14. The widths of the residual distributions are 7 � 8 �m which includethe e�ect of tube outer diameter variations and uncertainties in the correct placement of thetubes in the V-grooves.The horizontal glue gap between the tubes inserted in the combs was veri�ed by visualinspection along the whole tube length with illumination of the tube layer from below. Thismethod was found to be the most e�cient one for the detection of touching tubes due totube non-straightness or problems with the suction of the tubes into the combs. Situationswhere several adjacent tube get displaced are critical with respect to the wire concentricityrequirement. They could all be detected and resolved in this way by relocating tubes; notubes had to be rejected because of non-straightness in between the combs.4.2 Vertical Stacking of Tube LayersFor the vertical stacking of the tube layers, the spheres mounted at both sides of the crossplates are supported on 6 sphere blocks (towers; see [1]) which are increased in heightfor successive tube layers within a multilayer using precisely machined distance plates.Compressibility in the tower height of approximately 10 �m under the load of the chamberwas found during the �rst tests of the assembly setup and con�rmed by dedicated measure-ments. The origin was identi�ed to be the ball bearings on which the spheres are supportedmoveable in the x�z-plane and which make imprints in the base plates. The compressibilitymay be reduced to a certain degree by more thorough hardening of the base plates.Exceptions with respect to the degrees-of-freedom of the sphere supports are two towersat the chamber ends on one side of the assembly table (de�ned therefore as the referenceside): one is �xed in both coordinates and the second one constrained to movements inx-direction to ensure relative alignment of the tube layers with respect to rotations aroundthe y axis. The middle tower on the reference side must allow for free movements of thesphere in x and z. Otherwise the support of the chamber on the spheres is over-constrained,especially after sti�ening by one or more tube layers glued, which leads to incorrect andirreproducible y positions of the spheres on the towers.Because of concerns about the height stability of the sphere blocks under load after initial5



tests, the uncertainties in the cross plates sag compensation and the associated cross platemovements in y and because of observed enlarged tube outer diameters near the tube crimplocation, it was decided to increase the vertical wire spacing by 30 �m from the nominal valueof �ynominal = 26:011 mm (corresponding to a layer-to-layer wire pitch of 30.035 mm) in orderto avoid touching of tube layers at any instance during assembly. The extra vertical spacingwas created by adding steal foils to the tower height and veri�ed by measuring with gaugeblocks the distance from the combs to the outer walls of the tube layer(s) already glued tothe spacer (see Table 1). The resulting increased vertical wire pitch of on average 26.054 mmfrom increased tower heights was reproduced in the X-ray tomograph measurements with anaverage y-pitch of 26.059 mm (see Table 1).4.3 Force Compensation for the Cross PlatesThe sag of the cross plates under the weight of the spacer and of the glued tubes layerswas eliminated by a force compensation system with 4 removable bars inserted through thelong beams at the inside of the two outer cross plates and on both sides of the middle crossplate (see the TDR [1] and Fig. 6). The force compensation bars are supported at bothends on the granite table with with screws to adjust the height and therefore the force. Forseries production, automatic pneumatic adjustment and measurement of the forces appliedto the force compensation bars is desireable. For the prototype construction, independentmanual adjustment of all force compensation bars was useful to study the principle and itslimitations (see Table 2).The sag of the cross plates was measured with RASNIK systems installed on the sideof each cross plate over its full length. The RASNIK in-plane alignment system and theRASNIK systems on the cross plates were calibrated by placing the spacer on the jigging(sphere towers) and reading the RASNIK measurements in an initial (INI) position andin the inverted (INV) position after rotation around the x axis by 180� (see Figs. 15 and16). The cross plate sag is the average of the on-cross-plate RASNIK readings in initialand inverted position if the forces of the long beams on the cross plates are symmetricfor both orientations, i.e. if there are no stresses built into the chamber. The calibrationmeasurements were repeated after glueing of each tube layer and monitored carefully. Thezero-positions of the in-plane RASNIK lenses were stable within �5 �m in z and �10 �m iny over the whole assembly procedure. The y calibration readings are a�ected by incompletecompensation of the middle cross plate sag (see below). The optical monitoring systemswere read out and watched continuously during the whole assembly operation.The gravitational sag of the middle cross plate could be measured with the on-cross-plateRASNIK system only during glueing of the �rst multilayer. For the assembly of the secondmultilayer the on-cross-plate RASNIK monitor on the middle cross plate had to be removedfor space reasons since the design of the BOS chamber spacer had not forseen the installationof on-cross-plate sag monitors. However, from the combined data of the in-plane alignmentsystem and the RASNIK systems on the outer cross plates, the sag of the middle crossplate can be reconstructed with high accuracy. This was veri�ed during all operations of theassembly of the �rst multilayer by comparing the direct and the indirect measurements ofthe middle cross plate sag (see Fig. 17). In the future, an on-cross-plate RASNIK system onthe middle cross plate can therefore be avoided.The long beams were adjusted to the center of the middle cross plate with an accuracyof �50 �m by comparing the spacer sag measurements of the longitudinal RASNIK in-plane6



Table 2: Sag of the high-voltage (HV), readout (RO) and middle (MI) cross plates supported onthe sphere towers before and after force compensation with increasing number of tube layers glued(with y-axis pointing upwards). The number of turns of the force adjustment screws needed toreach compensation are given in the last column. (Note that after glueing of layer 4 a readjustmentof the �xations of the force compensation bars to the long beams was done and that therefore thenumber of turns needed cannot be compared with previous ones.)Layers Cross plate Initial sag Compensated # TurnsHV �28 �m � 2 �m 50 MI �36 �m � 7 �m 3RO �29 �m � 5 �m 5HV �28 �m 0 �m 61 MI �37 �m + 1 �m 3.5RO �27 �m + 1 �m 6HV �28 �m � 1 �m 6.52 MI �39 �m + 2 �m 4RO �29 �m � 2 �m 6.5HV �38 �m � 3 �m 83 MI �52 �m �16 �m 4.5RO �39 �m �11 �m 8HV �47 �m � 6 �m 54 MI �59 �m �17 �m 3RO �42 �m � 8 �m 5HV �39 �m � 5 �m 55 MI �63 �m �16 �m 3RO �40 �m �10 �m 5alignment systems on both sides of the chamber while the spacer was held in vertical positionon the crane at the support points on the plates connecting the long beam ends. After thisadjustment, the readings of the on-cross-plate RASNIK systems in the two vertical positionsof the spacer on the crane (V1, V2) are in the middle between the readings in the initialand inverted position of the spacer on the table as expected for vanishing cross plate sag(see Figs. 15 and 16). The cross plates sags in the initial (INI) and inverted (INV) positionare now symmetric (same absolute values with opposite signs) with respect to the verticalcalibration measurements and can now be used as references for the force compensationadjustment.In the two horizontal (H1, H2) positions of the spacer on the crane, the cross plates areslightly curved upwards (see Figs. 15 and 16) due to the additional weight of the sphereswhich holds them on the sphere support towers even with full force compensation.After the long beam adjustment and the RASNIK calibration, the RASNIK measure-ments on the cross plates can be used to adjust the force compensation: The screws ofthe force compensation bars were turned sequentially in steps until the measured curvatureof all three cross plates was minimized. The RASNIK sag measurements before and afterforce compensation with increasing number of tube layers glued are given in Table 2 andFig. 18. The rather large cross plate sag of the 2160 mm wide BOS chamber makes force7



Table 3: Sag (along the x-direction) of the chamber supported on the crane in the two horizontalpositions (initial and inversed) with increasing number of tube layers during assembly. The sagsmeasured with the longitudinal RASNIK monitors along the two sides of the chamber as well asthe average sag are shown. The last row corresponds to the completed chamber without the weightof the spheres attached to the cross plates during assembly.Initial InversedTube layers Side 1 Side 2 Average Side 1 Side 2 Average0 444 366 404 447 367 4071 430 356 3932 471 394 4323 485 416 450 484 434 4544 471 429 4505 502 453 4816 504 470 487 522 490 5066 423 381 402 424 402 413compensation necessary to achieve the required precision in the wire positions and to avoidtouching of tube layers during the stacking process. For the latter, the force compensationmust act instantaneously when the spacer frame is lowered on the sphere blocks. Thereforethe force compensation was adjusted in advance as described above before the next layerof tubes was inserted in the combs and the spacer frame was lowered again. The heavybearings for holding the chamber on the crane caused additional cross plate sag of 5 �m andwere removed during force compensation and glueing and for the measurements in Table 2and Fig. 18.After force compensation, the residual sag of the outer cross plates was below 5 �m forthe �rst multilayer glued (the goal) and at most 10 �m for the second multilayer which issu�cient for the required chamber accuracy. For the middle cross plate which carries a largerload than the outer cross plates, the remaining sag was � 7 �m for the �rst multilayer and� 17 �m for the second multilayer. Between the tube ends the tube positioning requirementscan be relaxed; the wire position is not a�ected by the tube position and the tolerance on theconcentricity of wire and tube is only 100 �m. No additional weights were used to hold thespheres in position in their supports during force compensation. Additional weights will helpto achieve complete compensation up to the maximum number of layers before the spheresare lifted from their supports.Stacking of the tube layers and the lifting of the spacer during force compensationwas monitored with two lasers passing through transparent MPA-ALMY position sensorsmounted on the spacers at the sphere holders between spheres and cross plate and on bothchamber ends on the granite table as reference (see [1], [5] and Fig. 6). A lifting of the crossplates at the location of the mounted sensors by 20� 30 �m was measured with this system(see Fig. 19). It is consistent with the straightening of the cross plates, including the sphereholders mounted on them, between the sphere supports during the force compensation.The gravitational sag of the chamber along the x-direction with increasing number ofglued tube layers was measured with the in-plane alignment system while the chamber wassupported almost kinematically on the crane in the two horizontal positions (see Table 38



and Fig. 20). The sag values correspond to the weight of the chamber including the spheresmounted on the cross plate and the steal plates connecting the long beams. For the last rowin Table 3, the spheres were removed after completion of the chamber. The sag values weremeasured with the two RASNIK monitors oriented parallel to the two long beams.The sag values measured in the initial and the inverted horizontal position agree quitewell. The sag values on both sides are di�erent due to internal stresses in the spacer leftover after the long beam adjustment on the middle cross plate with an accuracy of �50 �msu�cient to make the cross plate sag symmetric in the initial and inversed horizontal position(see above). The di�erence becomes smaller with increasing number of tube layers addingsti�ness to the chamber. The chamber sag adjustment needed in order to match the wire sagis therefore di�erent on the two long beams The measured sags to be compensated deviatefrom the calculated average sag of a chamber without internal stresses.4.4 Glueing of the Tube LayersThe tube layers were glued sequentially �rst for one multilayer and then after turning of thespacer for the second multilayer. The tube layers are numbered in the sequence of glueing.The location of each drift tube in the chamber was recorded. The tubes are identi�ed bynumbers engraved before the wiring procedure.A semi-automatic glue dispenser with two glueing heads moving parallel to the tubes(see Figs. 21, 22 and 28) was used to deposit well de�ned glue ropes in between and on thetubes inserted in the combs. Araldite 2011 (two-component epoxy) from Ciba-Geigy wasused for glueing the tubes to each other. The glue deposition can be shut o� automaticallyand instantaneously at any position along the tubes. 45 minutes were needed for a full layerof 72 tubes of 3.8 m length which is just enough for a setting time of the glue of aboutone hour. The glue distribution time can be shortened by using premixed glue and/or anadditional glue dispenser head.The diameters of the three glue outlets of each dispenser and the distribution speed wereoptimised such that the diameter of the glue ropes is not larger than 0.5 mm. The amountof glue on the tubes was minimised to reduce out-of-plane de
ections of the tubes betweenthe cross plates when two tube layers are glued together (see the illustration in Fig. 23). Thetube de
ections have to be controlled in order to keep the 100 �m tolerance on the centeringof the wires in the tubes. The e�ect is expected to be most pronounced for the glueing of thesecond to the �rst tube layer in each multilayer since the force of the �rst-layer to compressthe glue is only 1� 2 g/cm per tube.Out-of-plane de
ections of the tubes have been measured in a glueing test where a secondtube layer was put on the �rst one in the combs with a 50 �m spacer foil in between andwith weights on top of the tubes layers at the x-positions of the cross plates. Fig. 24 showsthe deviations in the tube height from the nominal value for the �rst layer in the combsand for the second layer glued on top. The measurements were done with a feeler gauge ontop of several tubes at the ends of the comb lines where they are accessible. A maximumdeviation of 130 �m was observed at the position of the third comb, 80 cm from the tubeends. During chamber assembly, the top tube layer will apply more force on the glue thanin this test because these tubes are glued with �xed angle to the cross plates.To eliminate possible out-of-plane de
ections during the assembly of the chamber, weightswere put on top of the tube layers already glued to the spacer above the positions of thethird and seventh comb, 80 cm from the tube ends, while a 50 �m thick and 1 cm wide9



Table 4: Global relative z-shifts between adjacent tube layers and between the two multilayers(ML) as determined from the X-ray scans (the positive z-axis points away from the reference sideof the assembly jigging). �z [�m]Layers RO side HV side1{2 �14 � 22{3 � 3 �264{5 � 5 � 75{6 �23 �12ML 1{ML 2 �17 �11aluminum foil was placed at the same positions between the tube layers glued together (seethe illustration in Fig. 23). A gap was left for the foils in the glue ropes along the tubes byautomatically shutting o� the glue dispenser.Measurements of the tube heights after glueing of the second to the �rst layer in multilayer1 (see Fig. 25) and after glueing of the �fth to the fourth layer in multilayer 2 (see Fig. 26).The glued layers are numbered sequentially. The remaining tube de
ections are on anacceptible level. Since 50 �m foil is thinner by 30 � 40 �m than the average vertical gluegap size (compare Table 1), the tubes layers could be pushed together closer at the positionof the weights. No signi�cant di�erence can be observed between the measurements on bothsides of the chamber: tubes 1{6 where the glue was distributed �rst and tubes 67-72 whichwere glued last. One concludes with a foil of thickness equal to the average vertical glue gapsize out-of-plane de
ections due to the glue can be virtually eliminated.The tube layers were glued to the cross plates with Araldite 2014 (two-component epoxy)from Ciba Geigy distributed on top of each tube with a manual glue dispenser with mixer.The shrinkage of the glue, which can lift the tubes from the combs against the suction forceof about 400 g, has been measured in the realistic geometry to be below 1% of the glue gapsize. Therefore di�erential glue shrinkage for the existing glue gap variations of 0:2�0:8 mmhas negligible e�ect on the relative positions of the tubes and, therefore, of the wires.Pictures of the chamber during construction and after completion installed in the testbeam area at CERN are shown in Figs. 27{30.5 Results of X-ray Tomograph MeasurementsThe completed BOS chamber has been scanned in the X-ray tomograph at CERN [6]. Severalscans have been performed along the three cross plates, 9 on the HV side, three on the ROside, three in the middle, for all orientations of the chamber on the 3-point support inthe tomograph. All scans are in good agreement with each other within the quoted X-raytomograph accuracy of about 5 �m.The horizontal (z) wire pitch was measured to be 30.0360 mm which coincides exactlywith the comb pitch. Table 4 shows the measured relative shifts between tube layers andbetween the multilayers in z-direction with respect to the nominal positions. The measuredaverage vertical (y) wire pitch of 26.059 mm is in agreement with the expectation (compare10



Table 1).The measured average y-distance between the two wire planes closest to the spacer inboth multilayers (layers 1 and 4) from all X-ray scans is �yspacermeas = 347:040 mm on the HVside and 347.078 mm on the RO side with an uncertainty of about �10 �m. The measuredvalues agree exactly with the expectations from the chamber assembly tooling. The measuredsphere block height of 276.550 mm and the height of 118.030 mm of a 30.000 mm diametercylinder on the combs above the surface of the granite table (see Fig. A2) determine thenominal spacer height to be 317.040 mm. The tube wiring method [3], [4] placed the wireswith respect to the combs in a position corresponding to the center of a 30.000 mm diametercylinder inserted in the combs. The expected distance between wire planes of layer 1 and4 is therefore �yspacerexpect = 347:040 mm. On the RO side, the relative shift in the averagey positions of the wires in the tubes for the �rst multilayer (side B) and for the secondmultilayer (side A) increases the expected multilayer distance to 347.072 mm (see Figs. 4and 5) which is quantitatively reproduced in theThe residuals of the X-ray tomograph measurements of the z and y positions of the wiresin both multilayers with respect to the ideal wire grid for the whole chamber (with theexpectations for z- and y-pitch and the multilayer distances on HV and RO side) are shownin Figs. 31{33 for scans along the three cross plates. No parameters have been left free toadjust. The data were corrected for the sag of the outer cross plates as measured with theon-cross plate RASNIK systems during the X-ray scans and also seen in the X-ray scan data.The standard deviations of the residual distributions are below the required 20 �m in y andz at both chamber ends (HV and RO side): �y(HV ) = 17:4 �m, �z(HV ) = 17:7 �m and�y(RO) = 16:3 �m, �z(RO) = 14:6 �m. In the middle of the chamber, the wire positionsscatter even less, by about a factor of 1=p2, as expected from the average of the wirepositions at the chamber ends: �y(MI) = 12:5 �m and �z(MI) = 13:9 �m.6 ConclusionsWith the construction of the BOS prototype chamber it has been demonstrated that withthe assembly method described in the Technical Design Report for the barrel chambers therequired wire positioning accuracy can safely be achieved. It has been shown that the crossplate sag compensation scheme works and that out-of-plane de
ections of the tubes betweenthe cross plates can be controlled in a straight-forward way.Pictures and two short videos of the BOS tube wiring and test and of the BOS chamberassembly are available on the MPI Muon Web Page at http://pcatlas4.mppmu.mpg.de.References[1] ATLAS Muon Spectrometer Technical Design Report, A. Airapetian et al.,CERN/LHCC/97-22, May 1997.[2] T.Ferbel and A. Manz, More on Dimensions of Menziken Tubes, ATLAS Internal Note,MUON-NO-209, August 1997.[3] U. Bratzler et al., Assembly and Test of the Drift Tubes for the BOS MDT PrototypeChamber, ATLAS Internal Note, MUON-NO-xxx, October 1998.11



[4] U. Bratzler al., The MPI Endplug and Tube Wiring Technique, ATLAS Internal Note,MUON-NO-xxx, October 1998.[5] H. Kroha and S. Schael, Optical Monitoring System for the MDT Assembly Stations,ATLAS Internal Note, MUON-NO-156, April 1997.[6] D. Drakoulakos et al., The High-Precision X-ray Tomograph for Quality Control of theATLAS MDT Muon Spectrometer, CERN-OPEN-97-023, July 1997.
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7 Appendix: Design and Fabrication of the AssemblyJigs7.1 Parameters and Fabrication of the Comb ModulesThe wire erosion technique for the fabrication of precision combs uses a bath with 680 mmmaximal length. The combs of the tube jig are assembled out of shorter modules. The widthof the BOS chambers of 2160 mm is the largest chamber width with 72 tube per layer. Thecomb lines in this case are assembled with the maximum number of 4 modules for 20 tubeseach.The wire erosion process proceeds in several computer controlled cutting steps. Theprocess has been optimized in collaboration with the company. A set of precise pin holesof 10 mm diameter is eroded in the �rst cutting step. The holes allow to reproduce theposition of the piece in the erosion machine. Typically �ve cuts are used to reach thespeci�ed precision (see below). Before the last cut the module is measured on a certi�edmachine. Systematic deviations of the pitch as function of the tube position are compensatedfor in the last cut.The following parameters of a comb module (see Fig. A1 and A2) have been chosen:� The shape of the V-groove is formed by two circles of 16 mm radius with shifted centers.� The opening angle of the V-groove is optimised to be 90 degrees. The optimisationincludes minimum deformation of the tubes and minimum e�ect of tube diametervariations and of comb errors.� The pitch of the comb modules was de�ned to be 30.035 mm. Systematic deviationsin the fabrication process are speci�ed to be less than 5 �m over the module length,with rms errors less than 2 �m.� The comb module width of 25 mm is determined from considerations of minimumdeformations of the tubes under typical forces vs. cost aspects.� The height of a comb module is 94 mm. Two support feet make contact to the granitetable. The sag of individual modules is negligible. The height gives su�cient spacee.g. for vacuum lines.� The vacuum suction cups are 
exible silicon rubber pads (NIKHEF type) which willbe imbedded directly into the V-grooves (see Fig. A3).7.2 Assembly of the Tube JigEach comb module has reference surfaces for the assembly and adjustment in the z direction.Two precision calibers de�ne the distance between modules and keep the pitch correct (seeFig. A3). Even with the slight overconstraint, the module position will be kept withintolerances. A screw in the neutral line holds two adjacent modules together. Shimming ispossible but probably not necessary.The granite table used for chamber assembly at MPI has a second precisely polishedsurface on one side (the reference side). The side and top surfaces of the table form a precisereference system. The combs assembled out of 4 comb modules are aligned with respect to13



the side surface. A comb is �xed relative to the side surface in only one point allowing forthermal expansion of the comb. Alternatively, an additional precise granite bar can be usedto replace the precise side surface.On the granite table there is a pattern of threaded holes. They are used to install foreach comb an aluminum �xation bar (see Figs. A4 and A5). A second bar connected to the�rst one is used to press down the comb with an adjustable force. A set of screws allowsto adjust each comb module perpendicular to the side surface (Fig. A7). The �xations inx and y are such that the long comb line can thermally expand without stresses in the zdirection. All the tooling is arranged on one side of the comb line, the other side is accessiblefor measurment of positions and angles.The vacuum is distributed independently for each comb module (see Fig. A6) such thatthe vacuum can be switched selectively for subsets of tubes and along the tubes.Hardened aluminum (7075 FORTAL STS with hardness of 140 Brinell) was chosen forthe fabrication of the combs. It was thermally treated to take out stresses.To test abrasion of the combs by inserting tubes, a tube was put 1000 times into a V-groove of a comb module made of less hard aluminum from a previous comb productionwhich had a width of 12 mm. The tube was turned each time by 90 degrees under a load of380 g. The change in the vertical y position due to possible material abrasion was measuredafter every tenth trial. Fig. A8 shows the change in the y position of the tube over 1000trials (100 measurements). The maximum abrasion over the whole chamber production isonly 10 �m which is well acceptable. Di�erential abrasion in the di�erent V-grooves whichcould a�ect the chamber precision will be negligibly small.AcknowledgementsThe authors thank the members of the Technical Division of the Max-Planck-Institute fortheir enormous e�ort during the preparation of the chamber assembly setup, the fabricationof the drift tubes and the �nal construction of the chamber. We also thank our colleguesfrom Ludwig-Maximilian University, Munich for the careful and patient testing of the drifttubes.
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Figure 1: Dimensions of the BOS prototype chamber. The locations of mounting plates foralignment sensors (MPA-ALMY sensors) are indicated.15



Figure 2: Drawings of the endplug for the tubes of the BOS prototype chamber: longitudinalcross section and front view. 16



Figure 3: Endplug and drift tubes for the BOS prototype chamber.17



Figure 4: Wire coordinates y and z measured with the X-ray method for side A and B ofthe tubes in the �rst multilayer. 18



Figure 5: Wire coordinates y and z measured with the X-ray method for side A and B ofthe tubes in the second multilayer. 19



Figure 6: Assembly jig setup with monitoring devices for the BOS chamber construction.20



Figure 7: Layout of the comb lines on the granite table.



Figure 8: 3D picture of a comb module for the tube jig.22



Figure 9: Design of the V-grooves of the comb modules.23



Figure 10: Measurement of the z-distances between the 72 V-grooves of one end comb line(comb no. 1) with precise steal cylinders of 30.000 mm diameter inserted in the grooves.



Figure 11: Measurement of the z-distances between the 72 V-grooves of the second endcomb line (comb no. 9) with precise steal cylinders of 30.000 mm diameter inserted in thegrooves.



Figure 12: Measurement of the relative heights (y-coordinates) of the 72 V-grooves of oneend comb line (comb no. 1) with a precise steal cylinder of 30.000 mm diameter inserted inthe grooves. �y = 35 �m corresponds to the nominal height to the top of the cylinder.



Figure 13: Measurement of the relative heights (y-coordinates) of the 72 V-grooves of thesecond end comb line (comb no. 9) with a precise steal cylinder of 30.000 mm diameterinserted in the grooves. �y = 35 �m corresponds to the nominal height to the top of thecylinder.



Figure 14: Measurement of the relative heights (y-coordinates) of 72 wired tubes in the twoend combs on the HV side (comb no. 1) and on the readout side (comb no. 9). �y = 20 �mcorresponds to the height to the top of a tube of 29.985 mm outer diameter.
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Figure 15: Readings of the RASNIK system on the readout (RO) side cross plate before andafter long-beam adjustment (see text) for two positions of the spacer on the sphere supports,initial (INI) and inverted (INV) around the x axis, and for 4 positions of the spacer on thecrane in the two vertical (V1, V2) and the two horizontal (H1, H2) orientations. Afterthe long-beam adjustment the cross plate sag is symmetric for the initial and inverted withrespect to the vertical (no sag) positions and can be determined as the average between theINI and INV readings.
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Figure 16: Same as Fig. 15 for the HV-side cross plate.
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Figure 17: The sag of the middle cross plate measured with the on-cross-plate RASNIKsystem (Sagmeas) and reconstructed from the data of the in-plane alignment system and theon-cross-plate RASNIK systems on the outer cross plates (Sagrec). Both determinationsagree with high accuracy during all operations of the assembly of the �rst multilayer of theBOS chamber. 31
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Figure 18: Sag of the three cross plates at the HV and readout (RO) ends and and in themiddle of the chamber before and after sag compensation as measured with the on-crossplate RASNIK systems.
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Figure 19: Lifting of the outer cross plates during force compensation with increasingnumber of tube layers glued as measured with the laser monitoring system with MPA-ALMYsensors.
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Figure 20: Average sag of the chamber along the x-direction with increasing number oftube layers glued measured with the two longitudinal RASNIK monitors (averaged).
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Figure 21: Components of a glue dispenser head. Each glue dispenser head produces threewell de�ned glue ropes along the tubes. For each glue rope, the two-component glue is drivenby a motor through the mixer and and the glue outlets with adjustable speed. Two of theglue dispensers are simultaneously moved along the tubes on rails (see Fig. 25). The gluedistribution can be shut o� at any x-position automatically, in particular at the tube ends.35



Figure 22: Pictures of the glue dispenser head used for the BOS prototype chamber.
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Figure 23: Illustration of out-of-plane de
ections of tubes due to the glue and their controlby using spacer foils and weights when two tube layers are glued together.37



Figure 24: Out-of-plane de
ection from the nominal tube height above the granite table inthe top tube layer on the spacer caused by the glue between the tube layers in comparisonwith the measurement of the tube height along the tube in the bottom layer in the precisioncombs.



Figure 25: Out-of-plane de
ections in layer 1 (of multilayer 1) suppressed by weights ontop of the tube layer and using spacer foils between the layers during glueing of layer 2 (seetext).



Figure 26: Out-of-plane de
ections in layer 4 (of multilayer 2) suppressed by weights ontop of the tube layer and using spacer foils between the layers during glueing of layer 5 (seetext).



Figure 27: Glueing of the third layer in the �rst multilayer of the BOS prototype chamber.

Figure 28: The BOS prototype chamber during assembly with the �rst multilayer com-pleted. The glue dispenser with its two moveable heads is installed for the next tube layer.



Figure 29: Rotation of the BOS chamber on the crane during assembly.Figure 30: The BOS prototype chamber after completion set up in the test beam area atCERN.
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Figure 31: Distributions of the residuals of X-ray tomograph measured wire positions in yand z relative to a �xed grid (see text) for the scan on the HV side.
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Figure 32: Distributions of the residuals of X-ray tomograph measured wire positions in yand z relative to a �xed grid (see text) for the scan on the readout side.
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Figure 33: Distributions of the residuals of X-ray tomograph measured wire positions in yand z relative to a �xed grid (see text) for the scan along the middle cross plate.
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Figure A1: 3D drawing of a comb module.46



Figure A2: Production drawing for the wire erosion of a comb module.
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Figure A3: Interconnection between two adjacent comb modules.
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Figure A4: Top view of comb �xation and adjustment on the granite table.49



Figure A5: Fixation of combs on the granite table.50



Figure A6: Fixation of combs to the granite table and vacuum distribution.
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Figure A7: Adjustment of combs in x.52



Figure A8: Change in y position over 1000 trials (100 measurements) of inserting a tubein a V-groove of a comb module.
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