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1 Introduction24

The Monitored Drift Tube (MDT) chambers are one of four systems in the ATLAS Muon Spectrometer25

(see Fig. 1). The other systems are the Cathode Strip Chambers (CSCs), Thin Gap Chambers (TGCs), and26

Resistive Plate Chambers (RPCs). The MDT chambers have demonstrated that they provide very precise27

and robust tracking over large areas of the Muon Spectrometer. The Muon Spectrometer is designed to28

detect charged particles at pseudo-rapidities of |η | ≤ 2.7 and accurately measure their momenta. More29

information about the Muon Spectrometer can be found in the ATLAS Muon TDR [1].30
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Figure 1: Quadrant view of the ATLAS Muon Spectrometer. The MDT chambers in the barrel (light blue) and in
the endcap (dark blue) are in three layers. Figure from the ATLAS Muon TDR [1].

2 Monitored Drift Tube (MDT) Chambers31

The MDT chambers are the main system for the ATLAS Muon Spectrometer’s precision tracking system.32

They are precisely constructed and constantly monitored to quantify any deformations or changes in33

position during operation. The MDT chambers provide the primary momentum measurement in the34

Muon Spectrometer. They use pressurized drift tubes which are 30 mm in diameter and filled with35

Ar/CO2 gas (with a 93:7 ratio), pressurized to 3 bar.36

TheMDT chambers are arranged into three layers in the barrel and three layers in both of the endcaps. The37

three layers in the barrel form coaxial cylinders around the beam axis, and the endcaps form circular disks38

all centered on the beam axis. The chambers in the innermost layer (both in the endcap and in the barrel)39

consist of eight layers of tubes, split into two equal multilayers, whereas the remaining chambers consist40

of six layers of tubes, also split into two equal multilayers. The chambers themselves are rectangular in41

the barrel region, but trapezoidal in the endcaps to create circular disks of MDT chambers. A table of the42

general MDT chamber parameters can be seen in Tab. 1.43

A cross-section of one drift tube can be seen in Fig. 2. As a charged particle passes through the tube, the44

Ar/CO2 gas is ionized. The electrons from the ionization clusters drift toward the anode wire. These drift45

velocities depend strongly on the radius, ranging from 10 µm/ns close to the tube wall, 26 µm/ns halfway46

between the wall and the wire, and 52 µm/ns close to the wire. These electrons create a sequence of pulses47

24th May 2017 – 11:48 3
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Table 1: MDT chamber parameters.
Parameter Design value

Tube diameter 30 mm
Wire diameter 50 µm
Gas mixture Ar/CO2 (93:7 ratio)
Gas pressure 3 bar (absolute)
Gas gain 2 × 104

Wire potential 3080 V
Average drift velocity ∼ 20.7 µm/ns

which are read out by the electronics seen in Fig. 3. More details about the MDT chamber electronics can48

be found in [2].49

2008 JINST 3 P09001
appendix in table 12 for the barrel and in table 13 for the end-cap chambers. Construction param-
eters of the different MDT chamber types and their locations in the detector are presented in [6].

With an average tube resolution of 80 µm, a chamber resolution of 40 µm and 35 µm is
achieved for 6 and 8 layer chambers, respectively. A detailed descriptions of the muon system is
given in reference [4].

1.2 The MDT drift tube

µ

29.970 mm

Anode wire

Cathode tube

Rmin

Figure 2. MDT tube cross-
section with ionisation clusters
distributed along a track.

Figure 2 shows the cross-section of a MDT tube. The wall thick-
ness is 0.4 mm and the inner radius is 14.58 mm (Rmax). For each
track the electrons from the primary ionisation clusters drift to
the central wire along radial lines, the corresponding drift lengths
ranging from Rmin to Rmax.

In the Ar/CO2 gas the drift velocity shows a strong depen-
dence on the radius, i.e. 10 µm/ns close to the wall, 26 µm/ns at
r = 7,25 mm and 52 µm/ns close to the wire. The exact shape
of the radius-to-drift time relation (r-t relation) depends on pa-
rameters like temperature, pressure, magnetic field and total hit
rate in the tube; the latter being due to field distortions caused
by the positive ions. Figure 42 in section 5 displays an example
of the drift-time spectrum. In order to make optimal use of the
inherent spatial resolution of the MDT tube, the r-t relation must
be known with high accuracy, which is achieved by continuous
calibration with tracks in the ATLAS experiment. The operating parameters of the MDT tubes are
given in table 1.

The main sources of the measurement error in the MDTs are diffusion and the uneven dis-
tribution of location and ionisation density of the primary clusters along the track. The electrons
arriving earliest at the wire will in general come from a point along the track which is slightly
displaced with respect to Rmin, leading to an increased travel time to the wire. The operation of the
drift tubes at a pressure of three atmospheres reduces diffusion as well as the fluctuation of both
ionisation and cluster location. A detailed discussion of the various physics contributions to the

Table 1. Main MDT chamber parameters.

Parameter Design value
Wire diameter 50 µm
Gas mixture Ar/CO2 (93/7)
Gas pressure 3 bar (absolute)
Gas gain 2× 104

Wire potential 3080 V
Average drift velocity ∼ 20.7 µm/ns

– 4 –

Figure 2: Cross section of a tube from an MDT chamber [2].

2008 JINST 3 P09001

Figure 3. Main service connections to a MDT tube. At the high-voltage side the wire is terminated with the
equivalent transmission line impedance of the tube (383 Ω) to avoid reflections. All contacts (round dots)
between the chamber and the hedgehog boards are gold plated to ensure a long-term connectivity.

resolution is given in [7]. Though the work described in reference [7] was done for a different gas,
the general results are also applicable to the Ar/CO2 gas [8].

The contribution from electronics to the drift time resolution is mainly due to two parameters:

• The rise time of the amplifier combined with the discriminator threshold, which determines
the time needed to trigger the TDC. With the performance parameters of the electronics
discussed below (see section 1.4) this contributes an average error of 20-25 µm. This error
can be further reduced if the charge in the leading edge is measured and a corresponding
“slewing” correction is applied (see section 1.4).

• The least significant bit (LSB) error of the TDC, which is 25 ns/32 = 0.78 ns, corresponding
to an RMS-error of 0.23 ns. This contributes an average error of 20 µm to the measurement
of Rmin.

In an MDT tube each track creates a sequence of pulses, the duration of which corresponds
to the time difference in drifting from Rmin and Rmax. While only the electrons arriving earliest at
the wire, namely those coming from the cluster created nearest to the anode wire (approximately
from Rmin), are used for the determination of the track coordinate, the subsequent ones will create
additional threshold crossings, inflating the data volume to be read out. Therefore, the electronics
have the capability to disable the discriminator for a certain time after the initial threshold crossing
by means of a programmable dead-time. A detailed discussion of the time structure of the pulses
is given in [9].

A schematic drawing of the MDT drift tube connections to the electrical services is shown
in figure 3. At the right end is the high-voltage “hedgehog” board (section 2.1.2) where a 383 Ω
resistor terminates the tube with its characteristic transmission line impedance and which also
contains decoupling capacitors and protection components. The termination resistor suppresses
signal reflection at the open end of the wire, however, it is also a significant source of thermal noise
(see section 1.4). At the left end the signal hedgehog board (section 2.1.1) connects the tube to the
“mezzanine” board (section 2.2) which contains the active readout electronics.

An aluminum Faraday cage completely surrounds the electronics at both ends of the chamber
to provide shielding from external noise sources. The metallic surface of each tube is grounded at
both ends to the hedgehog boards and to the bottom plates of the Faraday cages, which are in turn

– 5 –

Figure 3: Schematic of a tube from an MDT chamber [2].

24th May 2017 – 11:48 4
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3 Small-Diameter Monitored Drift Tube (sMDT) Chambers50

Small-diameter Monitored Drift Tube (sMDT) chambers utilize the same technology as the existing MDT51

chambers. However they differ in one major way: the tube diameter used is reduced by a factor of two in52

the sMDT chambers as opposed to the MDT chambers. This leads to a maximum drift time in the sMDT53

chambers which is almost one-fourth the time in a standard MDT chamber (see Fig. 4). This allows for54

an increase in rate capability of these new tubes of approximately one order of magnitude. Furthermore,55

the sMDT chambers themselves are geometrically smaller allowing them to be fitted into locations where56

standard MDT chambers are too large.57

Table 2: MDT versus sMDT chamber parameters. The difference in HV ensures that the electric field inside the
tubes, and therefore the gas gain, is identical in both types of chambers.

Parameter MDT sMDT
Diameter 30 mm 15 mm

Maximum drift time 700 ns 185 ns
Wire potential 3080 V 2730 V
Wire diameter 50 µm
Gas mixture Ar/CO2 (93:7 ratio)
Gas pressure 3 bar (absolute)
Gas gain 2 × 104

Chamber resolution ∼ 40 µm

The BME sMDT chambers are designed to cover the gaps in the ATLAS Muon Spectrometer due to58

the elevator region of the ATLAS detector, illustrated in Fig. 5. They are offset from the actual gaps59

themselves as the elevator regions must remain clear. The BME chambers will have two positions, as the60

“run” position which covers the gap (for data-taking) does slightly overlap access in the elevator region.61

As such, a second “parking” position is designated for when access must be made to the cavern (see62

Fig. 6). Also crucial is that the chamber can reliably return to the same place from “parking” to the “run”63

position. This is done by rail supports mounted on the frame. These supports, in conjunction with the64

alignment system can return the chamber to an accuracy of 30 µm with respect to the ATLAS Muon65

Spectrometer. The diagonal lines starting at the interaction point (IP) show the coverage of the chambers66

in η − φ space even though the chambers are offset from the elevator gap. There are two BME chambers,67

one for the A side and one for the C side. Over 1,000 tubes are required for the construction of these68

sMDT chambers. Each chamber takes approximately one month to complete, after which their seals and69

electronics are tested.70

24th May 2017 – 11:48 5
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Figure 4: Maximum drift time versus tube radius. The old 30 mm tube drift time is noted in blue, whereas the new
15 mm tube drift time is noted in red.
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Figure 1: Layout of sector 13 side A [1]. The yellow area denotes the elevator shaft. The position of the shaft is the same
on the C-side of the detector.

1 Present Layout of Sector 13 of the Barrel Muon Spectrometer

The ATLAS detector features an elevator on each detector side in sector 13 to allow lifting heavy equipment
from the ground level up to below the calorimeters. The elevator shafts also provide, via ladders, the only
possibility of access to the BM and BI layers in sector 13, used to reach patch panels of the inner detector and
the middle and inner muon stations in sector 12 and 14. To allow for the ladders and for the elevators to pass,
the muon spectrometer has holes at the BO and the BM layer in sector 13, see fig. 1. At the BO level, the BOL2
and BOL3 stations are more narrow than in a standard sector, at the BM layer the BML4 station is simply left
out. Inside each hole a stiff rectangular frame, the so-called alignment transfer frame, is mounted in place of the
MDT chamber. This frame is essentially empty and carries only the optical components to prolong the praxial
lines passing from the neighbouring MDT chambers and, in the case of the BM alignment transfer frames, the
projective lines passing from the BI to the BO layer.

Table 1 summarises the position of the elevator holes and their size in h and f. The holes always span the
full sector size in f.
As the elevator shaft is vertical, the holes in the BO and the BM layer are not aligned with respect to the
interaction point and therefore lack 3-point measurement of muon tracks as well as high-pT trigger capability,
because either the high-pT RPC is missing in the BO layer or the low-pT RPCs are missing in the BM layer.
Adding the holes in the BM and BO layers results in a loss of coverage of

Dh⇥Df = 0.22⇥0.39, (1)

2

Figure 5: Quadrant view of the ATLAS Muon Spectrometer. The elevator regions are highlighted in yellow. The
gaps in the Barrel Middle (BM) and Barrel Outer (BO) layers are circled in blue and red, respectively. The gap
circled in blue is the region covered by the BME sMDT chambers. The red gap was covered by the BOE chambers
installed in February 2013. The elevator gap is indicated by the yellow box [3].

24th May 2017 – 11:48 6
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Figure 6: Location of the BME and BOE chambers. An r −φ view can be seen in the top figure, with the locations of
the BME and BOE chambers highlighted in red. The upper box indicates where the BME chambers will be, and the
BOE chambers are indicated by the lower box. In the lower figure is an y − z slice, with the BOE chamber location
boxed in red at the bottom. The two upper red boxes indicate the “parked” (left) and “run” (right) positions for the
BME chambers [3].
24th May 2017 – 11:48 7
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4 sMDT BME Chamber Construction71

The sMDT BME chamber construction takes place inside a clean room at MPI Munich. Each individual72

tube used in the sMDT chambers is 2150 mm in length with a 15 mm diameter. Endplugs on either73

end cap the tube. Each tube is recorded in an MySQL database[4] along with the results from every test74

conducted on the tubes1.75

Each new sMDT chamber consists of two multilayers of tubes. Every multilayer has four layers, each with76

78 tubes. In between each multilayer is a frame which has two beams along the tube direction (also named77

long-beams), and three cross plates perpendicular to them: one at the center and two at the extremities of78

the chamber. Two additional reinforcing brackets are screwed close to the extremities of the long-beams79

to avoid torsion of the chamber. The middle cross plate is equipped with two adjustable screws joined to80

the long-beams. The screws can be used to adjust the position of the drift tubes by few tens of microns81

upward or downward as they will be glued on the middle cross plate in a completed chamber. This allows82

to compensate the gravitational sag affecting the anode wires and to achieve the maximal centrally of the83

wires across all the drift-tube length. The frame is supported on a 3-point kinematic mount that is used to84

install the chamber in the ATLAS detector and it is designed to give the minimal stress on the structure.85

An in-plane alignment system is also installed on this frame. This system, called RasNiK, has four infrared86

LEDs on one of the external cross plates, four adjustable lens on the middle cross plate, and two CCD able87

to record the pattern illumined by the LEDs. This system is used to monitor deformation of the frame at88

the level of few microns (for more details, see [5]).89

Surrounding the tube layers is the gas system, HVandROelectronics, a Faraday cage, and protective covers,90

similar to the MDT chambers (see Fig. 3). Furthermore, on-chamber electronics boxes were installed. On91

the exterior, kinematical supports as well as survey target supports were installed. A protective cover was92

installed over any remaining exposed surfaces. In total, the new sMDT BME chambers required 1,24893

tubes.94

5 sMDT Tube Construction and Testing95

The tube construction starts with the crimping of one endplug into the tube. The Tungsten-Rhenium96

(W-Re) wire with 0.05 mm diameter is then semi-automatically threaded into the tube using air pressure97

(see Fig. 9). The wire is then fastened to the first endplug with a copper tubelet, fixing the wire in place on98

one end. The second endplug is crimped, but the wire is not fixed on this end of the tube. These endplugs99

not only hold the wire at the correct position (±5 µm) and tension, but also provide an airtight seal for100

the tube and enable HV supply and signal readout. A cross section of a tube can be seen in Fig. 7, and101

an exploded view and cutaway of an endplug can be seen in Fig. 8 with the gas system and grounding102

system.103

The wire is then tensioned to 400 g for 10 seconds. This tension is removed, and the wire is re-tensioned104

to 350 ± 15 g. This tension is fixed with another copper tubelet on the other end, which is crimped into105

place.106

1 The database can be found at: http://134.107.29.19/ for sMDT tube production (BME, BMG, and BIS productions),
and http://134.107.29.19/BME_all_tubes_overview.php for BME specific tubes. These pages are only accessible
from within the MPI network.

24th May 2017 – 11:48 8
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Figure 7: Cross section of one sMDT tube with dimensions of various portions noted.

Figure 8: Exploded view of the tube endplug. Included in the lower left is the gas connection as well as signal
readout as well as the grounding pin and screw for the tube.

The wire tension is checked by applying a magnetic field to the wire, and passing an alternating current107

across the wire, which vibrates it. By noting the vibrational amplitude of the wire, the fundamental108

frequency of the wire can be found, which is directly related to the tension of the wire:109

T =
πL2d2 f 2ρ

g
(1)

where T is the tension in grams, f is the frequency, d is the diameter of the wire, L is the length of the110

wire, and ρ is the density of the wire. Tab. 3 show the values used in the calculation. Furthermore, this111

measurement can be done without breaking the airtight seal on the tube endplugs and can be repeated112

multiple times (see Fig. 10).113

Over the course of tube construction, a selection of tubes had their tension re-tested to measure any change114

in tension over time due to, e.g., a relaxing or stretching of the wire. This second test showed that there115

is a loss in tension (Fig. 11). However, it was very low at approximtaely 2% of the wire tension. The116

production tension was already high enough to allow for this relaxation. These results are stored in the117

online MySQL database.118

The results of the tension test are shown in Fig. 12. The tension limits (355 ± 15 g) are shown in dotted119

24th May 2017 – 11:48 9
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Figure 9: Wiring machine (top) with closeup of the endplug before insertion into the tube (bottom left), after
insertion (bottom center), and component which affixes the endplug into the tube (bottom right).

Figure 10: Wire tensioning machine (top), with a closeup of the tensioning device (bottom left), tube crimping
(bottom center). The final step of entering the fundamental wire frequency and resistance into the database using
the barcode associated with the tube (bottom right). The red component in the center of the top image is the magnet
which, coupled with an alternating current, allows for a measurement of the wire tension without opening the tube.

24th May 2017 – 11:48 10
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Table 3: Wire parameters used in the calculation of the wire frequency using Eq. 1.
Constant Value
L [mm] 2130
d [mm] 5 × 10−5

ρ [g·cm−3] 19.3
g [m/s2] 9.81

0 10 20 30 40
335
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360

365

tube 1462
tube 1522
tube 1529
tube 1553
tube 1567
tube 1590
tube 1614
tube 1647
tube 1649
tube 1653
Exponential Fit

w
ire

 te
ns

io
n 

in
 g

ra
m

days since assembly

Model Exponential

Equation y = y0 + A*exp(R0*x)

Reduced Chi-Sqr 6.98326E-4
Adj. R-Square 0.95575

Value Standard Error

Averaged Y y0 345.3665 0.25685

Averaged Y A 7.75494 0.44734

Averaged Y R0 -0.11137 0.01562

Figure 11: Loss in tension as a function of time. An exponential fit to the average wire tension loss is shown in red.
The tension stabilizes after approximately one week.

red lines. All passing tubes are colored green, while the failing tubes are colored red. The majority of the120

tubes pass, with most of the tubes being clustered around 355 g. The majority of tubes (over 2,000 out of121

about 2,300, or 85.6%) pass the tension test.122

Once the wire has been tensioned and measured, the gas seals are tested on the tube. The gas tightness123

was checked by first evacuating the drift tube and checking the volume of helium leaking in the tube from124

the air in the clean room (see Fig. 13). This procedure has the draw back of testing the tube under vaccum125

with respect to the external atmospheric pressure, instead that testing the tube at 3 bar pressure as the126

operating condition of the chamber. This was decided because of the tight time constraints of the chamber127

production and it was clear from previous studies that either end plug sealing was extremely tight or, if128

there were some sort of proble, the end plug would fail in a macroscopic way. The gas leakage is required129

to be less than 10−5 mbar·l/s of argon. The leak rates are also recorded on the online MySQL database.130

The results of the gas leak test can be seen in Fig. 14. As before, the red dotted line shows the acceptable131

leak rate limit of 10−5 mbar·l/s. Almost all the tubes (99.7%) pass this test, confirming that the tubes can132

consistently be made to be airtight.133

After the gas seals have been tested, the sMDT tube tested for dark current at the same location. The134

tubes are filled with the nominal working gas (93% Ar, 7% CO2) at 3 bar. The voltage is then slowly135

raised to 3,015 V, which is above the working voltage of 2,730 V. The dark current from the tube136

is continuously measured, and recorded after it stabilizes, which takes approximately 4 minutes (see137

24th May 2017 – 11:48 11
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Figure 12: Tension measurements for all tested tubes. The required tension limits are shown in dotted red. The
tubes which pass are in green, while the tubes which fail are in red.

Figure 13: View of gas leak testing equipment with 15 tubes being tested. The red box at the bottom (marked “MKS
BARATRON”) is a barometer. The pipes on the right run between the vacuum pump, the barometer, and the tubes
being tested.

24th May 2017 – 11:48 12
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Figure 14: Measured gas leak rates for tubes. The limit (10−5 mbar·l/s) is shown in red. The tubes which pass are
in green, while the tubes which fail are in red.

Fig. 16). The measurement device can test up to 15 tubes at a time, each with a separate HV source and138

current measurement device (see Fig. 15). The maximum allowed dark current is 10 nA per tube, which139

corresponds to 5 nA per meter of tube length. Again, all results from the current test are recorded online140

in the MySQL database.141

The results of the HV test can be seen in Fig. 17. The limit of 10 nA is denoted by a dotted red line. The142

majority of tubes (95.9%) pass this test.143

A chart showing the production losses can be seen in Fig. 18. The relative losses are enumerated in144

Tab. 4 and shown in Fig. 19. A large number of tubes pass all tests, with the main loss being due to145

inadequate tensioning (12.78%). The second largest loss is due to “Missingmeasurement”, were one of the146

measurements for a tube is missing. This is largely due to the fact that 1,944 tubes, or the required 1,248147

tubes plus a more than adequate number of spares (over 50%) was available for chamber construction.148

However, the expertise gained was utilized in the BMG and BIL sMDT chamber projects.149

24th May 2017 – 11:48 13
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Figure 15: HV testing apparatus. This setup can test up to 15 tubes simultaneously. On the bottom right is the HV
source connected to each chamber with individual current measurements for each tube. The right hand side is seen
in Fig. 13. The pipes are also connected to a gas bottle to bring the tubes up to 3 bar pressure (absolute) for the
testing of the dark current. A sample plot showing the voltage and current on five of the tubes can be seen in Fig. 16.

Figure 16: A sample readout of the current measurement for five tubes under test. The current and voltage stabilizes
after approximately 4 minutes. The lower right shows the voltage in all five tubes over time. The remaining five
plots show the measured dark current in each of the five tubes, sequencially from left to right, top to bottom.

24th May 2017 – 11:48 14
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Figure 17: Measured dark current for tubes. The limit (10 nA) is shown in red. The tubes which pass are in green,
while the tubes which fail are in red.
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Figure 18: Number of tubes which remain after each test.
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Table 4: Tube production loss percentages.
2668 Tubes Total number
72.8636% OK
3.11094% High current
0.224888% Leaking
12.7811% Tension value
11.0195% Missing measurement
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Figure 19: Tube production loss by category.

6 Chamber Construction150

Once enough tubes for a chamber are produced, they are used to construct an sMDT chamber. Alignment151

combs are used to ensure that the tubes, and more importantly the wires inside the tubes, are positioned152

in the proper place. This is crucial because the wires give the position readout of hits when a charged153

particle, e.g., a muon, passes through the tubes in a chamber. This is done by fixing the endplugs as closely154

as possible to a predetermined grid pattern. For each layer in the comb, there is a bottom half and top155

half which come together to encase and hold the tube endplugs in place. Because of the concentricity of156

the wire-and-endplug assembly, precise location of the endplug leads to precise positioning of the wires157

within the tube. A schematic of the combs in particular can be seen in Fig. 20.158

First, a layer of tubes is placed into the appropriate slots in the combs. As each tube is installed, their159

number, the chamber they are installed in, and their position inside that chamber is recorded in theMySQL160

database. Grounding pins are also inserted into the combs. After the first layer is in place, epoxy is laid161

down to prepare for the next layer of tubes. A weight is used to keep the tubes from shifting as the epoxy162

is left to set. This process is repeated until the first multilayer (four layers’ worth of tubes) is installed.163

This process takes approximately two days.164

Once the first multilayer is completed and set, it is moved off the table and a second multilayer is started.165

The tubes are laid down in the same manner as before until the second multilayer is also completed. Once166

the second multilayer is completed and set, a frame is set on top of the multilayer. A schematic of the167

spacer and alignment frame can be seen in Fig. 21. This must be properly aligned so that the RasNiK168

system can accurately measure any deformations on the chamber. Furthermore, this RasNiK system is169

used to make sure that the BME chamber returns to the proper “run” position with 30 µm with respect to170

the ATLAS Muon Spectrometer. Once the frame and alignment system is properly placed and glued, it is171

allowed to set.172
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Once the frame is in place, the first multilayer is brought on top of the frame and glued into place. Once the173

epoxy has set, the combs are removed and the chamber is ready for testing. A schematic for the chambers174

can be seen in Figs. 23 and 24.175
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Figure 22: Image of the spacer and alignment frame.
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7 sMDT BME Chamber Testing176

7.1 Wire Position Measurement and Fitting177

The concentricity between the wire and the tube endplug allows for a measurement of the wire position by178

measuring the position of the endplug for each tube (see Fig. 25). This is then fit to the ideal grid positions179

of the wires. The measurement is done on both sides of the chamber (the RO, or “South”, and HV, or180

“North”, sides, so called for the orientation of the chamber during testing). Each side is fit separately,181

then a combined fit is done. The results of these fits can be seen in Tab. 5 and the residuals can be seen in182

Tab. 27.183

The fitted chamber parameters can be seen in Tab. 5, with a graphical explanation of the chambers in184

Fig. 26. Every chamber constructed is within nominal values. The RMS and σ of the z- and y-residuals of185

the fitted distributions are shown in Tab. 27. Overall, the RMS and σ of these decrease as more chambers186

were constructed.187

y 

z 

RO side 

             External reference surface                                                         
for sense wire positioning                                                 
and measurement (brass insert) 

Wire locator (brass spiral) 

Plastic insulator 

Figure 25: Cutaway of tube endplug (left), and wire measurement using endplugs (right).
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Figure 26: Graphical desciption of the various fit parameters in Tab. 5.

Grid parameters [mm] BME-A BME-C2

dz 15.09923 ± 0.00001 15.09907 ± 0.00001
dy 13.09062 ± 0.00010 13.09112 ± 0.00010

zskip −7.55186 ± 0.00023 −7.54861 ± 0.00023
s (∆zML) 0.01860 ± 0.00023 0.00110 ± 0.00023

yML (North) 135.35655 ± 0.00043 135.37440 ± 0.00044
yML (South) 135.26665 ± 0.00044 135.28142 ± 0.00041

Residuals [mm] BME-A BME-C2

z σ Gauss fit 0.0097 0.0093
z RMS 0.0133 0.0119

y σ Gauss fit 0.0116 0.0122
y RMS 0.0163 0.0172

Table 5: Fitted wire positions. The quantities are illustrated in Fig. 26. The fit with ATLAS detector constraints is
in Tab. 7.

A second fit was done to the wire position measurements based on constraints in the ATLAS detector.188

These second fit results are in the Appendix, in Tab. 7.189

7.2 Gas, HV, and Electronics Installation190

While the fits are done, the on-chamber electronics and gas systems are installed. This includes the high191

voltage connections to the wires, the electronics to read a signal from each tube and Faraday cages to192

reduce noise on the electronics. The basic schematic for the readout, HV, and gas system is similar to an193

MDT tube (see Fig. 3 for a basic schematic). For more details about the electronics boards, see [2].194

The gas system is first installed, with inputs on the RO side and outputs on the HV side. The gas manifold195
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Figure 27: Residulas from the grid fit. The left are the Z residuals, and the right are the Y residuals. The top is
chamber BME-A, and the bottom is BME-C2.

runs across the width of the chamber, and distributes the gas in columns of four tubes per multilayer. Each196

multilayer has one pair of gas bars, one for input and one for output. On the RO side, gas is filled, while197

on the HV side, the gas is drawn out of the tubes. These are then connected to the input and output valves198

installed on the RO side of the chamber. A wire-frame of the gas system can be seen in Fig. 28. A cutaway199

of the gas distribution into four tubes can be seen in Fig. 29. The connection of one tube to the gas system200

can be seen in the lower left of Fig. 8.201

Two boards are installed for the readout of the tubes on the RO side. First, a signal hedgehog board, which202

connects directly to the tubes, is installed. These boards read the signals from up to 24 tubes. Depending203

on the chamber, there are locations where these hedgehog boards are not installed. These correspond to204

the cutouts in the tubes for the ATLAS alignment system.205

On top of the hedgehog board is an aluminum plate to reduce the noise seen from the chamber. A206

mezzanine board is installed above this, and connected directly to the hedgehog boards. These can read207

out the same number of tubes (24) as the hedgehog boards underneath. There are also mezzanine cards208

not installed which correspond to the cutouts in the chamber (see Fig. 32). These are connected to the209
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CSM on the top of the chamber. The CSM provides communication between the chamber and the ATLAS210

system, providing the triggers to the chamber and delivering data from the chamber via optical fiber.211

On the opposite (HV) side, the components for high voltage distribution are installed. The HV hedgehog212

cards, like the readout hedgehog boards, provide high voltage for up to 24 tubes. These are connected213

together via jumpers at five points: one for each of the four layers plus an additional for the ground. One214

card has an additional connection to the high voltage distribution box mounted on top of the chamber. The215

voltage distribution box takes two high voltage inputs, one for each multilayer, and distributes them, with216

one output cable per layer in the chamber and one last cable for ground.217

Throughout the chamber, 14 temperature sensors are installed to ensure the chambers are at nominal218

temperature. These are connected to the MDT-DCS board on top of the chamber. This MDT-DCS board219

also takes input from the CSM (and thus from the mezzanine cards), providing parameters to the CSM and220

mezzanine cards for operation. The MDT-DCS board also provides for status and error monitoring of the221

CSM and mezzanine cards. Finally, Faraday cages are installed around the HV and RO electronics, and222

the boards on top of the chamber (CSM, DCS and HV distribution board) are also covered. A schematic223

of the Faraday cages can be seen in Fig. 30.224

The completed chamber can be seen in Figs. 31–33. The physical parameters of the completed chambers225

can be seen in Tabs. 6. The chamber is then run though the final set of tests.226

Figure 28: A wire-frame view of the gas system on the BMG chambers. Inset are closeups of the distribution of the
gas over a vertical column of four tubes on the RO side. A similar setup is on the HV is used to consolidate the gas
outputs in each multilayer.

Figure 29: A side-view cutaway of the distribution of the gas over a vertical column of four tubes.
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Figure 31: Chamber seen from HV side (right) and RO side (left) with gas and HV system installed.

Figure 32: Chamber with readout system installed. Note: the two gaps correspond to the cutouts required for the
ATLAS alignment system. In the center are the four valves, two for gas in (left side of the chamber) and two for gas
out (right side of the chamber).

Figure 33: Completed chamber with Faraday cages seen from HV side (left) and RO side (right).
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Table 6: Physical chamber parameters for BME chambers.
Type BME-A BME-C
Number of chambers 1 1
Radial distance from beam (mm) 7606 7606
Chamber width in z (mm) 1185 1185
Tubes width in z (mm) 1094.7 913.5
Chamber length in x (mm) 2325 2325
Aluminum tube length (mm) 2150 2150
Assembled tube length (mm) 2159 2159
Tube layers 2 × 4 2 × 4
Tubes/layer 78 78
Tubes/chamber 624 624
Spacer height (mm) 135.4 135.4
Tubes height (mm) 229 229
Chamber height (mm) 315 315
Gas volume/chamber (l) 212 212
Chamber weight (kg) 145 145
Mezz. cards (24 ch.)/chamber 26 26
Mezz. cards/CSM 2/1 (LH RO Side) 12 14
Mezz. cards/CSM 1/2 (RH RO Side) 14 12
Temperature sensors/chamber 16 16
In-plane systems/chamber 4 4
Survey targets 4 4
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8 Conclusions227

Testing conducted at MPI showed that tubes could be consistently constructed to within acceptable228

specifications: the tubes were gas-tight and sealed properly; the tubes had the proper tension on the wires;229

the wires did not loosen over time to unacceptable levels; and the tubes did not draw excessive current230

when brought to (and even above) their operating voltage. In the end, almost 73% of the constructed tubes231

pass all tests (See Tab. 4). Furthermore, this allows for spare tubes (over 50% of the required number)232

should any tubes become damaged.233

The chambers were constructed using these tubes, and once completed, were themselves tested. In234

particular, the chambers were tested for their gas tightness, noise, and response to cosmic rays.235

The chambers were therefore installed in the ATLAS Muon Spectrometer. The expertise gained in the236

construction of these chambers is being applied to the BMG and BIS7/8 projects.237
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Appendix238
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A Additional Chamber Fits239

Grid parameters [mm] BME-A BME-C2

dz 15.09923 ± 0.00001 15.09940 ± 0.00001
dy 13.08872 ± 0.00009 13.08986 ± 0.00009

zskip −7.54391 ± 0.00020 −7.54026 ± 0.00020
yML 135.31410 ± 0.00037 135.32960 ± 0.00037

Residuals [mm] BME-A BME-C2

z σ Gauss fit 0.0158 0.0140
z RMS 0.0196 0.0156

y σ Gauss fit 0.0356 0.0320
y RMS 0.0316 0.0294

Table 7: Fitted wire positions done with ATLAS detector constraints. The quantities are illustrated in Fig. 26. The
general fit is in Tab. 5
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