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ABSTRACT

ATLAS (A Toroidal LHC ApparatuS) is a general purpose experiment, which will start its operation at the Large Hadron Collider (LHC) at CERN in 2007. The ATLAS detector is designed to study the products of proton-proton collisions at c.m.s. energies of up to 14 TeV. Three Greek Universities have taken the responsibility to construct 112 BIS-MDT (Barrel Inner Small) chambers using 29 000 drift tubes of 170 cm length and 3 cm diameter that have been quality tested before assembly.  This work describes the Quality Assurance and Quality Control (QA_QC) procedures for the drift tubes, followed at the High Energy Physics Laboratory of the National Technical University of Athens, while emphasis is given on the obtained results for the above mentioned number of tubes. 
1. Introduction

The ATLAS detector for the Large Hadron Collider at CERN [1] will study the products emerging from proton-proton collisions at energies up to 14 TeV. The outermost part of the ATLAS detector, the Muon Spectrometer, is designed to identify muons with high efficiency and measure their momenta with a resolution of ~10% at pT=1 TeV/c. The measurement is performed inside the toroidal field created by powerful air-core toroid magnets with the help of the ATLAS Muon precision tracking system.

 The BIS drift tubes have been assembled at the University of Athens (UoA) [2], while the Quality Assurance and Quality Control (QA_QC) systems have been developed by the National Technical University of Athens (NTUA) [3]-[5]. The final assembly of the MDT-BIS chambers was under the responsibility of the Aristotle University of Thessaloniki (AUTH) [2]. The MDT-BIS chamber consists of two multilayers composed of four layers each. Each layer consists of 30 aluminium drift tubes 1700 mm long. The multilayers are separated by seven 6 mm thick aluminium strips. The basic detection element of the MDT chambers is a precision aluminium drift tube of 30 mm diameter and 400 μm wall thickness, with a 50 μm diameter gold-plated W-Re anode wire. The design of the muon drift tubes aims at high detection efficiency more than 95% and a spatial single tube resolution of less than 80 μm [5], [6]. 

The QA_QC project focuses on the study, design, development, installation and operation of the necessary infrastructure for the monitoring of the quality of the drift tubes during the mass production phase. It also includes the automation of the QA_QC procedure and the analysis of the corresponding measurements. The quality assurance and quality check tests performed at NTUA are the following:

1. Wire tension measurement

2. High voltage leakage current measurement

3. Wire position measurement

4. Gas Leak rate measurement

The tubes must fulfill the following requirements [1]:

1. A wire tension within ±15 gf of the  nominal value of  350 gf at the nominal temperature of 20 ºC 
2. A leakage current of at most 2 nA/m (3.4 nA in our case) at a high voltage of 3.4 kV and with the gas mixture Ar:CO2 (93:7).

3. A wire location with respect to the centre of the reference surface of the endplug, less than 25 μm in each transverse coordinate. 

4. A leak rate less than 10-8 bar·l /s.

All the measurement results are stored in a Microsoft AccessTM database, available at the NTUA home page [7].
2. Wire tension measurement

The purpose of this measurement is the limitation of the wire gravitational sag and the oscillations due to the electrostatic forces. The gravitational sag of the wires has to be controlled within a tolerance of ±10 μm in order to know the wire position between the tube ends with sufficient accuracy. The estimation of the gravitational wire sag is based on the measurement of its mechanical tension.
The wire tension of the tube is measured with a wire stretch meter provided by CAEN (type SY502) [8]. The operation principle is the following. The tube wire is excited by a square current pulse. The middle (of a length of 10 cm approximately) of the tube is located inside a magnetic field produced by a permanent magnet (55 mm×45 mm×60 mm) made by Alcomex. The magnetic force makes the anode wire to vibrate. The wire vibration inside the magnetic field produces an induced electromagnetic force on the wire, which is detected by the stretch meter. A feedback mechanism keeps the wire in sustained oscillations. As the excitation takes place in the middle of the wire, the fundamental frequency dominates. 

The meter measures the fundamental frequency of the sustained oscillations (i.e. the fundamental frequency of the free vibration). The microprocessor of the stretch meter determines the mechanical wire tension F from the oscillation frequency 
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 of the fundamental mode wire vibration, based on the expression   
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=19.3 g/cm3 is the density of  the wire material, 
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=50 μm  is the wire diameter  and  
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=165 cm is the wire length. 

The CAEN module is connected to a PC and controlled by LabVIEWTM through an RS232 connection. The calculation of wire tension F is also done within the LabVIEW programme, based on the above input data, with more significant digits than the meter accepts. As the accuracy of the wire data (e.g. 
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=50±5 μm) is limited, it is wise to refer to the vibration frequency too.

The set-up of the wire tension meter (magnet and CAEN module) has been checked and verified by a calibration system designed at the NTU. The calibration system is based on an accurate and horizontal stand. In that stand a similar anode wire of the same length (165 cm) has been stretched with a highly accurate weight of 350 g increased by an additional accurate weight of 100 g, applied only for a few minutes. The measured wire tension with the above mentioned CAEN module and magnet, of the calibration system fits the applied weight within the error less than 1%. The measurements have been extended by applying oscillation frequencies to the wire of second and next order mode and/or of different shape pulses. Additionally the operation of the CAEN module has been checked and confirmed at NTU. More specifically its electronic circuit was calibrated with an individual simple home made electronic device that provides a very well stabilized square waveform of 50 Hz.

The obtained measurements of the wire tension and frequency normalized to the nominal temperature of 20 ºC are presented in Fig. 1 and in Fig. 2 respectively. The wire tension has a mean value of 342.2 gf (gram-force=9.80665 mN) and 3.7 gf r.m.s, while the frequency has a mean value of the 91.1 Hz and 0.5 Hz r.m.s. Tubes showing a ( 5( variation or greater with respect to the mean value have been rejected. They correspond to 0.2% of the sample. 
3. High voltage leakage current measurement

The HV leakage current measurement aims to the limitation of the leakage current from the anode wire to the cathode through the endplugs, which can cause electronic noise and destruction of the drift tube.

The measurement is done as follows. The tube is filled with the gas mixture Ar:CO2 (93:7) at 3 bar absolute pressure and then HV is applied up to 3400 V. The voltage drop across a resistor of 1 MΩ, connected in parallel with an electrometer, namely Keithley 614 or the multimeter Keithley 2000 is measured. 
The resistor is connected on the ground side and we measure the mirror current. The use of the ground side has the advantage that one can easily use a PC with an ADC card of good quality to measure many tubes simultaneously. Another factor is safety, and the third is the fact that if one uses a voltmeter that gets power from the mains, it cannot have any of its probe wires with more than 500 V from ground. With the 1 MΩ resistor, 1 mV voltage drop corresponds to 1 nA current through the resistor.
  The tubes with large leakage currents are put in reversed voltage. This procedure cures the great majority of "bad" tubes.

Measurements of HV leakage currents are presented in Fig. 3. The mean value is 0.7 nA. Only 0.1% of the tested tubes had a current higher than the limit of 3.4 nA and hence have been rejected.

4. Wire position measurement

An important parameter for the track reconstruction in the muon spectrometer is the accuracy of the location of each wire with respect to the tube axis. For this purpose we used an electromagnetic micrometer, EMMI [9]. The EMMI device (Fig. 4), consists of two fixed V blocks, on which the tube end-plug precision surfaces are supported, two pairs of movable coils, near the V blocks, a signal generation board, which provides the tube wire with an oscillating current and two readout boards, which read out the signals induced on the coils. This device can measure the wire position by comparing the signals induced on the pairs of the coils positioned on either side of the drift tube [9].
During the measurement procedure, the tube is placed on the two V shaped precision supports between the coils and it is rotated around the endplug axis. The signal is recorded for 4 equidistant angular positions (0°, 90°, 180° and 270°). The wire offset is calculated from the above measurements and the calibration measurements. The wire displacement is found with an accuracy of 2 μm. The output voltages are read with voltmeters and transferred through an ADC card to a PC (LabVIEW code). 

We tested our system in terms of consistency of the two sets of coils. For this purpose we used several tubes and measured each of their ends with the two different coil pairs. The obtained results differed in all cases by less than 1.2 μm. 

Adjustments on the electronic part of the EMMI setup (signal generation board and read-out board) for its proper operation were done in our laboratory. The system was also calibrated and position calibration factors, which relate the measured signal in mV and the displacement of the wire in micrometers, were determined. These factors have been obtained using two mechanical gauges (MITUYOMO dial indicator), a dial indicator device mounted to each coil and changing the position of the coils relative to the position of the tube wire. Taking measurements at twenty different positions we can find the position calibration factors for each end of the tube.

We also tested the effect of eddy currents on the measurements. Eddy currents produce signals 90° out of phase relative to the real (initial) signals and because of that, their effect is reduced due to the way the lock in technique works as long as the system is well adjusted. To test this effect we used a wire without a tube and measured the displacement versus voltage to estimate the calibration constants. We found that the calibration constants for the two respective ends were the same as the ones for the case of the tube, within an error of less than 1%. An additional measurement was done by fixing a wire surrounded by a tube without end-plugs. The tube was fixed to the coils. The calibration constants were measured, while the tube and the coils were displaced. The new constants were the same as with the normal case of the tube, with an error of the order of 2% to 3%. Based on these measurements we concluded that no eddy current correction is needed for our system. 

Results for the wire position measurement are presented in Figs 5 and 6. There were no rejected tubes.

5. Gas leak rate measurement
The purpose of this measurement is the verification that the tube can keep a constant pressure and the back diffusion prevention of the electronegative elements Ο2 and N2 into it.

The experimental setup we developed allows the measurement of the average gas leak rate through the whole body of the tube (endplugs and cylindrical surface). The gas leak method is based on the pressure drop after a time interval. The system pressure is compared with the pressure of a reference tube using a differential manometer with a 0.024 mbar precision. The two lines of the differential manometer are connected with the reference tube and the tube under test.

There are two systems of 50 drift tubes each filled with Ar:CO2, (93:7) at 3 bar absolute pressure.  This method is sensitive to the temperature stability and uniformity along the tubes under test and the reference tube. For this reason specific thermally insulated boxes have been constructed to enclose the system of tubes. The temperature difference variations at the edge points of the boxes are 0.1 (C. The room temperature is controlled and known with a precision of (0.5 (C. The temperature variations in the air conditioned room within a time period of 1 hour are reduced by a factor of 5 inside the box. The problem of the sensitivity in temperature variations has been surmounted using a monitoring system and an autocompensation technique. Absolute calibration of the setup has been done using appropriate capillary tubes.

The procedure is the following. After mounting and filling with gas, the tubes are kept under pressure for 12 hours for temperature stabilization. The initial pressure and temperature are recorded, while the pressure drop is measured after 2-3 days. Keeping the tubes under pressure for 12 hours is crucial not only for the temperature stabilization issue but also because we have observed that during this time interval we have the highest leak rates. A possible explanation for this observation is that the gas molecules occupy the material cavities and create a ‘fake’ gas leak. Moreover the measurement duration of 2-3 days reduces substantially the measurement error (Fig. 7). The data for the tubes and differential manometer temperatures (Fig. 8) as well as the differential manometer pressure are taken with a LabVIEW program. The method is described in detail in [3].
The gas leak rate is
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 is the pressure drop and 
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 the tube volume. The gas leak measurement results are presented in Fig. 9. The mean value is 0.8(10-8 bar(l/s with an r.m.s. 0.2(10-8 bar(l/s. Only 0.5% of total number of tubes have been rejected having leaks larger than 1.2(10-8 bar(l/s.
6. Conclusions

The description of the Quality Assurance and Quality Control (QA_QC) procedures for the Monitored Drift Tubes, which were followed at the HEP Laboratory of NTUA are presented and the corresponding results of the tested tubes are given. All the phases from study, design, development, installation and operation of the necessary infrastructure up to the automation of the QA_QC procedures for the mass production scale have been discussed. Only a very small fraction (<0.5%) of the tested tubes have been rejected because they didn’t meet the ATLAS requirements.
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	Fig. 1. Anode wire tension test results.
	Fig. 2. Anode wire frequency test results.
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	Fig. 3. HV leakage current test results.
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	Fig. 4. The V block, on which the tube endplug precision surface is supported and the pair of the movable coils are visible.
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	Fig. 5. The anode wire position measurements for the z and y coordinates for the two ends of each tube (zA, yA, and  zB, yB). The r.m.s. is below 5 μm.
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	Fig. 6. The anode wire position measurements for the z and y coordinates for the two ends of each tube (zA, yA, and  zB, yB).
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	Fig. 7. Measurement of the ratio dL/L(%) for the gas leak rate. The horizontal line shows the upper limit.
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	Fig. 8. Temperature differences between a drift tube and the reference tube.
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	Fig. 9. Gas leak test results.
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