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Abstract

The Precision Tracker of the muon spectrometer of the OPERA detector consists of �10000 aluminum drift tubes of 8m length. They

have an outer diameter of 38mm and a wall thickness of 0.85mm. The challenge of the detector design originates from the 8m length of

the drift tubes, a detector length, which has not been used before. Tight mechanical tolerances for positioning and alignment of the signal

wires are required in order to make a significant measurement of the sign of the muon charge.

The detector is manufactured in modules, which are 50 cm wide, each consisting of four adjacent drift tube planes. This guarantees

high efficiency and complete rejection of the left–right ambiguity. The details of the novel mechanical design are described in this

paper.

For safety reasons, the drift tubes are operated with an Argon=CO2 gas mixture. The gas volume of the drift tubes is entirely sealed

with O-rings, in order to avoid ageing problems. The total gas volume amounts to about 80m3.

The front end electronics of the drift tubes consist of a bootstrap amplifier followed by a commercial ultrafast comparator. Thus only

digital LVDS signals are transmitted over large distances.

We report on the development and performance of the first two prototype modules of the precision tracker including test

measurements of the resolution and efficiency obtained.

r 2005 Elsevier B.V. All rights reserved.

PACS: 14.60.Pq; 29.40.Cs; 29.40.Gx; 95.55.Vj
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1. Introduction

OPERA consists of two massive lead-emulsion target
sections followed by muon spectrometers, designed for a
long-baseline neutrino oscillation experiment [1]. OPERA
will search for nt appearance originating from nm !nt
oscillations in the parameter region indicated by the
atmospheric neutrino experiments. It exploits nuclear
emulsions for the unambiguous detection of the decay of
the t produced in nt CC interactions. This technique was
e front matter r 2005 Elsevier B.V. All rights reserved.
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successfully applied in Donut [2] and CHORUS [3].
OPERA will run at the LNGS2 in the future CNGS3

neutrino beam from CERN [4]. The detector target mass of
�1:8 kt is needed to reach the required sensitivity to
measure 11nt events in five years for Dm2 ¼ 2:4� 10�3 eV2

and 4:5� 1019 protons on target (pot) per year [5].
The spectrometers will be used for muon identification,

the determination of the muon momentum and sign of the
muon charge. The task of the muon spectrometer is to
clarify the signature of the muonic t decay and to remove
the background originating from charmed particles pro-
duced in m-neutrino interactions.
2Laboratori Nazionali del Gran Sasso.
3CERN Neutrinos to Gran Sasso.
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The muon spectrometers shown in Fig. 1 use warm iron
core dipole magnets. Each magnet consists of two vertical
walls of rectangular cross section having on top and
bottom flux return paths surrounded by coils. The magnet
walls are made of iron plates of 5 cm thickness interleaved
with RPCs, which measure the range of the muons.

This novel muon spectrometer design has the advantage,
that only one track coordinate has to be measured
precisely, whereas for the commonly used toroidal muon
spectrometers space points must be measured.

The precision tracker (PT) measures the muon track
coordinates in the horizontal plane. It is made of drift
tubes which are located in front and behind the magnet as
well as between the two magnet walls (Fig. 1). The PT
consists of 12 drift tube planes, each covering an area of
8m� 8m.

The present note describes the mechanical design of the
Precision Tracker, its readout electronics and the test
results of the first prototypes.
support structure
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2. The specification of the precision tracker

2.1. Resolution

The structure of the muon spectrometer is defined
by the task to measure the sign of the muon charge with
a significance of at least 4s. This means, that the
momentum resolution of the spectrometer must be
better than

Dp

p
p0:25 (1)

for all muon momenta p up to a maximum of
p ¼ 25GeV=c.
A muon traversing the spectrometer magnets is deflected

twice by an angle y=2, forming an S-shaped track. The
total deflection angle y is the sum of the amounts of
the two deflections. If the positions of the drift tube
planes are chosen as shown in Fig. 2 the deflection angle y
~9m
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is given by the measured track coordinates xi and the lever
arm a.

y ¼
x2 � x1

a
�

x4 � x3

2a
þ

x6 � x5

a
�

x4 � x3

2a

¼
1

a
ðx2 � x1 þ x6 � x5 � x4 þ x3Þ. ð2Þ

In this detector configuration all 6 coordinate measure-
ments enter with the same weight. Denoting the measure-
ment error of one coordinate measurement by � the
contribution of the coordinate measurement error to the
error of y is

Dyx ¼
�

a

ffiffiffi
6
p

. (3)

In addition, multiple scattering creates an error on the
deflection angle

DyC ¼
14MeV

pc

ffiffiffiffiffiffi
d

X 0

s
(4)

where d denotes the thickness of the iron of both magnet
sections and X 0 ¼ 0:0176m is the radiation length of iron.
The two errors are added in quadrature:

Dy ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
6
�

a

� �2
þ

d

X 0

14MeV

pc

� �2
s

. (5)

A muon traversing the magnets is deflected by the total
deflection angle

y ¼
eBd

p
(6)

where B ¼ 1:55T is the magnetic field in the iron at
saturation. Hence, the momentum resolution of the
spectrometer is given by

Dp

p
�

Dy
y
¼

1

eBd

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
6
�p

a

� �2
þ

d

X 0

14MeV

c

� �2
s

. (7)

This expression describes the dependence of the spectro-
meter performance on the various relevant parameters.

For reasons of cost the iron thickness d is minimized. An
iron thickness of d ¼ 1:2m was chosen, such that the
contribution of multiple scattering to the momentum
resolution is

Dp

p
¼ 0:21 (8)

which is just small enough to reach the required
momentum resolution also at high momenta. Again for
reasons of cost and available space the lever arm a cannot
be made longer than a ¼ 0:5m. With these parameters
fixed, the required momentum resolution is reached if the
coordinate measurement error amounts to

� ¼ 636mm. (9)

Hence, the structure and the size of the spectrometer are
defined. The actual layout of the spectrometer has been
worked out accordingly. Fig. 3 shows a simulation of the
muon momentum distribution which is expected from the
final spectrometer design demonstrating that the required
momentum resolution is reached by this spectrometer
design. The measurement error � is composed of several
errors: the intrinsic error of the drift time measurement, the
error on the positioning of the signal wires within a drift
tube module and the error on the alignment of the drift
tube modules. All the contributions to the coordinate
measurement error � must be kept small enough, such that
the combined error does not exceed 600mm.
The intrinsic drift time measurement error of a drift tube

will be about 300mm. However, a detector plane will on
average have more than two hits and will perform at least
two measurements, therefore this error will reduce to
200mm. Since OPERA is a low rate experiment, the
individual wires cannot be aligned by tracks. However,
the rates are sufficient to align 50 cm wide detector modules
against each other. Thus, within a module the alignment
precision must be achieved by precise mechanical position-
ing of the wires. Here a precision of 150mm can be
achieved. Consequently, for the overall alignment of the
detector modules an error around 250 mm must be reached.
In addition to alignment by tracks optical surveying will be
applied to align the modules.

2.2. Tube arrangement and efficiency

The track detectors consist of 8m long aluminum tubes
with 38mm outer diameter and 0.85mm wall thickness. At
the center a gold-plated tungsten wire of 45mm diameter is
strung.
In order to reach high detection efficiency and good

rejection of the left–right ambiguity, a track must be
measured by several adjacent detector layers. A detailed
study shows that 3 layers are not sufficient. Too many
tracks are lost in the walls of the tubes. However, with 4
layers enough redundancy is obtained. Even a distance of
4mm between the tubes can be tolerated without any loss
of performance. The optimal staggering was worked out by
a Monte Carlo study using the expected angular distribu-
tion of the muon tracks produced. The resulting staggering
is shown in Fig. 4. The tubes are arranged in two double
layers. Within a double layer the tubes are packed as closed
as possible. The two double layers are shifted against each
other by 11mm. The excellent performance of this tube
arrangement is summarized in Table 1. For the reconstruc-
tion of a track, in two consecutive planes at least 4 hits are
required. Table 1 shows, that even at a quite moderate
single tube track efficiency of 85% (see Chapter 7.3.3), for
96.66% of the tracks 4 or more tubes are hit. In order to
compute the track reconstruction efficiency, three require-
ments are made: at least 4 hits must be found in two
consecutive planes, the track length in a tube must amount
to at least 5mm, and in case that a plane contains only one
hit, the distance of the track to the signal wire must be
larger than 3mm to avoid the left–right ambiguity. The
resulting track reconstruction efficiency is shown in Fig. 5.
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Fig. 4. Top view of tube arrangement and staggering.

Table 1

Frequency of observation of a number of hits in two consecutive planes

depending on the single tube track efficiency

# Of hits Ztube ¼ 100 ð%Þ Ztube ¼ 90 ð%Þ Ztube ¼ 85 ð%Þ

0 0.00 0.00 0.00

1 0.00 0.01 0.04

2 0.00 0.15 0.46

3 0.04 1.25 2.84

4 1.06 6.24 10.59

5 4.68 18.99 24.40

6 29.27 34.06 32.70

7 39.78 28.57 22.21

8 25.16 10.72 6.76

Fig. 3. Simulation of the muon momentum distribution measured by the OPERA muon spectrometer for muons with a momentum 25GeV=c.
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Fig. 5. Overall track reconstruction efficiency loss versus single tube track

efficiency for an active tube radius of ractive ¼ 17:98mm, requiring a

minimum track length of 5mm.
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The high track reconstruction efficiency demonstrates the
excellent performance of the tube arrangement chosen. For
a single tube efficiency of 90% only 1.5% of the tracks are
lost.

3. The mechanical design of the precision tracker

From the specification of the precision tracker the
mechanical design is a compromise to optimize the
following requirements:
�
 Precision of wire positions better than 150mm.

�
 Precision centering of the wires in the tubes.

�
 Mechanically secure HF-ground connection.

�
 Low resistance signal feed through covered by a
Faraday cage.

�
 Minimum number of gas connections to reduce possible
leaks.

�
 No contact of adhesives with the gas volume.

�
 No out-gassing materials.

�
 Staggering of the tubes to minimize ambiguities.

3.1. Mechanical layout

Each drift tube plane of the PT is built by 16 single
modules, each module by 48 tubes. A schematic overview
of a single module is shown in Fig. 6. The following chapter
describes the mechanical design of the PT modules.

3.1.1. Tubes

The PT drift chambers consist of aluminum tubes
(AlMgSi0.5) (Fig. 6(a)) similar to the ATLAS monitored
drift tubes [6]. The specifications are summarized in
Table 2. Straightness deviation 300 describes the maximum
bending of a tube over a length of 300mm, straightness
deviation 1000 corresponds to a length of 1000mm.

3.1.2. Bending

The 8m long aluminum tubes are not perfectly straight.
They are bent due to mechanical and thermal effects.

To study the influence of tube bending on the wire
deflection and on the spatial resolution a GARFIELD
simulation has been used. The results up to a bending of
2mm using a wire tension of 190 g are shown in Fig. 7.
The GARFIELD simulation shows that the maximal
force perpendicular to the wire is in all cases less
than 5� 10�6 N cm�1 and the additional elongation is
o2� 10�7. Since the spatial resolution will be around
300mm an additional deflection in the order of 100mm
is tolerable. Thus a tube bending up to 1mm can be
accepted.

The simulation was checked by an optical measurement
on a tube prototype with two holes in the middle. This
arrangement enables the observation of the wire during
switching the high voltage while bending the tube up to
1mm. Within an accuracy of 100mm no visible wire
deflection has been observed. From this study we conclude,
that a deviation from a perfectly straight tube up to 1mm
can be safely tolerated and that the signal wire does not
need any mechanical support over the total tube length
of 8m.

3.1.3. Perforated aluminum sheets

Instead of aluminum plates as described in the ATLAS
muon drift tube chamber design [6] we are using perforated
aluminum sheets (Fig. 6b) to fix the tubes. The tubes are
arranged in 4 rows with 12 tubes. The thickness of the
perforated aluminum sheets is 8mm. The distance of the
sheets is about 1m along the tubes. In this way small
straightness deviations of the tubes will be corrected.
The side shape of the perforated sheets results from the

necessity to mount the single modules side by side with the
same tube distance as inside a module. No change in the
tube distance should occur along a Precision Tracker wall.
The accuracy of the hole position in the perforated

aluminum sheets is �50mm. The oversize of the drill hole
diameter is in a range from 100mm up to 150mm, space
needed for fitting the tubes into the sheets and for the
epoxy adhesive. Taking into account the tube production
tolerances misalignment of the tube center is 350mm in the
worst case as shown by Table 3.

3.1.4. End plates

Different from the ATLAS design [7] the PT drift tubes
are not closed by single end plugs. Special end plates
(AlMgSi0.5) (Fig. 6 top end plate c, bottom end plate d)
cover the ends of a drift tube module.
The tube ends fit into blind holes of the end plate. The

position of the blind holes and the side shape are the same
as at the perforated aluminum sheets. The thickness of the
top end plate is 25mm, due to the blind holes and space for
the wire support, while the bottom end plate has 30mm
accounting for the tolerances of tube length.
Fig. 8 shows a sectional drawing of a top end plate. Two

grooves are milled in the blind holes. The outer one takes
an o-ring (Fig. 8 part e) for sealing and to separate the
mounting adhesive from the gas volume. The inner
one takes a sharp-edged copper–beryllium spiral spring
(Fig. 8 part f) to get a mechanical secure HF-ground
connection. The elastic spiral will scratch the aluminum
tube and destroy the oxide film to guarantee a safe
grounding.
The plastic insert (Fig. 8 part k) acts as chamfer to

reduce the forces during fitting the tube into the blind hole
of the end sheet. It protects o-ring and spiral spring against
damage during assembly. In addition the insert defines the
stop position to prevent the closing of the gas channels by
the tube wall.
The 48 tubes of a module have a serial built in gas

connection. The hose connection (Fig. 6 part i) for the gas
supply of the module is realized at the bottom end plate
(Fig. 6 part d). Milled gas channels (Fig. 8 part g) between
the blind holes connect the tubes. The cross-section is
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Table 2

Technical data of a single tube

Description Value (mm)

Length 7900þ0�5
Outer diameter 38:00þ0�0:15
Wall thickness 0:85þ0�0:15
Straightness deviation 300 0:15
Straightness deviation 1000 1:00

washer

glide

lifting−eye nut

O−ring 24x2.5

wire

position helper

preassure plate

tapping screw

end cap
hexagon nut

washer

O−ring 14x1.5

tapping screw

(a) tube

(b) perforated sheet

(c) top end plate

(d) bottom end plate

(e) O−ring 37.5x1.25

(f) spiral

(b) perforated sheet

(h) wire support

hexagon bolt

insulating plate

(i) hose nozzle

(j) adjusting screw

(k) insert

(m) crimp pin
(n) end cap

(p) pressure plate

(q) hexagon bolt

hexagon nut

Fig. 6. Schematic view of a PT module.
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65mm2. At both tube ends only one o-ring per tube is
needed for sealing the gas flow from tube to tube. Pipes
with a connecting system are not necessary. If the o-ring
sealing fails the outer glue will act as sealing. Therefore we
use a glue without out-gassing (AW103).
A groove at the bottom side of the top end plate acts as

the suspension. The groove fits into a rail, which is
mounted at the magnet. Two screws (Fig. 6 part j) tilt the
module for vertical alignment with a pendulum.
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Fig. 7. GARFIELD simulation of the wire deflection by tube bending.

The closed circles show the additional wire deflection by tube bending at

an operating voltage of 2.4 kV. The open circles show the same simulation

with an additional wire shifting of 200mm (due to mispositioning of the

sense wire).

Table 3

Maximum misalignment of the inner tube center

Deviation originates from Maximum deviation ðmmÞ

Outer tube diameter 75

Wall thickness 150

Oversize of the drill hole 75

Accuracy of the hole position 50

Total 350

(m) crimp pin 

(n) end cap

o) socket contact

(q) hexagon bolt

(p) pressure plate

(k) insert (l) wire

(h) wire support

(f) spiral

(e) o−ring

(g) gas canal

(a) tube

Fig. 8. Sectional drawing of a top end plate.

Table 4

Technical data of the CWF-wire

Outer diameter 45mm
Collapse load 400 g

Elastic limit 288 g

Tension 186 g

R. Zimmermann et al. / Nuclear Instruments and Methods in Physics Research A 555 (2005) 435–450 441
3.2. Signal transmission

3.2.1. Wire

As the wires (Fig. 8 part l) will not have any centering
support between the bottom and the top, mechanical
stability at the HV limits is important. In order to operate
after large temperature variations during transport of the
modules, the thermal expansion of the aluminum tubes
should not increase the tension over the elastic limit. On
the other hand the tension has to ensure, that wire
deflections due to electrostatic effects will not occur, or
be negligible (see also bending).

The test results of several wires are summarized in Ref.
[8]. Table 4 summarizes the data of the chosen gold plated
tungsten wire from CWF.4

The nominal value of the tension of 186 g is big enough
to ensure only negligible wire position deviations due to
electrostatic forces (see also bending). On the other hand
4California wire factory.
the tension will not exceed the elastic limit in case of an
additional load due to a temperature increase. Assuming a
40K temperature increase the additional load will be
around 40 g.

3.2.2. Wire support

18mm diameter holes are on the outer sides of the end
plates. They are centered to the blind holes and take the
wire support (Figs. 6 and 8 part h). The wire fits through a
hole of 0.4mm. Along 2.5mm the diameter increases to
0.7mm to take the crimp pin (Figs. 6 and 8 part m) with an
outer diameter is 0.7mm and inner 0.2mm. The crimp pin
hole of 0.2mm centers the wire.
In this way the position of the wire depends only on the

tolerances of the hole position ð50 mmÞ for the wire support
and the tolerances of the wire support itself ðo100mmÞ
including the wire positioning by the crimp pin. Even in a



ARTICLE IN PRESS

0

50

100

150

200

250

300

350

400

450

350 400 450 500 550

safe region

smallest crimp thickness [µm ]

te
n

si
o

n
 [

g
] 

Fig. 9. Crimping collapse load vs. remaining thickness of the crimp pin

after crimping.

top end plate

perforated sheets

positioning device

Fig. 10. Mounting table.

R. Zimmermann et al. / Nuclear Instruments and Methods in Physics Research A 555 (2005) 435–450442
worst case of adding up all tolerances the wire position is
known with an accuracy better than 150 mm concerning the
module.

The wire support is produced by injection moulding. For
the prototype a turned version of the wire support is in use.

3.2.3. Crimping

Copper crimp pins on both sides of the tube fix the wire.
The outer diameter is 0.7mm the inner 0.2mm. The length
of the crimping is about 10mm. The crimp tool consist of a
standard crimp tool5 with modified jaws.

The crimping is defined by the remaining thickness of the
crimp pin, independent of the necessary force. Fig. 9 shows
the collapse load of different crimps as a function of the
remaining thickness of the crimp pin. There is no crimp, if
the remaining thickness of the crimp is bigger than
0.51mm. The wire slips in the region 0.48mm up to
0.50mm. The production tolerances of the crimp pin are
the reason for different tensions at the same remaining
thickness. Decreasing the remaining thickness lower than
0.48mm the collapse load of the wire was always reached
before the crimping fails. For safety reasons a remaining
thickness of 0.44mm was chosen for crimping of the
prototypes.

3.2.4. End cap and signal feed through

The end cap (Figs. 6 and 8 part n) closes the gas volume
and feeds the signal outside the tube to the HV-board with
a socket contact (Fig. 8 part o). An o-ring seals between
end plate and end cap. The socket contact is pressed in the
end cap. Pressure tests shows tightness up to 4 bar. The
used end cap is also a turned version of the designed
moulded one.

Pressure plates (Figs. 6 and 8 part p) squeeze down the
end cap with hexagon bolts (Figs. 6 and 8 part q). By this
way an individual access to each single wire support is
possible. In addition a coarse Faraday cage is realized at
the tube end.

4. Assembly of modules

4.1. Tube preparation

For a high efficiency of the PT the gas volume must be
oil and lubricants free. As the tubes are extruded pipes,
lubricants are used during extrusion which are not totally
removed by the cleaning procedure of the supplier. An
additional purification is necessary. Cylindrical sponges
drenched in Isopropyl alcohol are pushed by cleaned
compressed air through the tubes several times until no
contaminations are visible. Afterwards the tubes are
flushed with air to get free of the Isopropyl alcohol, whose
vapors could oxidize the inner surface in combination with
air humidity. Both tube ends are covered with caps during
storage to avoid any new contamination.
5Thomas and Betts WT-4454G.
4.2. Mounting table

In order to achieve the required precision in positioning
the wires, a possible bending or twisting of the modules has
to be minimized. High precision tools have to guarantee
the proper position of all parts during assembly of the
module. The top end plate, the seven perforated aluminum
sheets and the positioning device at the bottom of the
module are mounted on a special frame, the mounting
table, Fig. 10. The position of the aluminum sheets is
manually adjustable in all 6 degrees of freedom (rotation
and translation). A laser tracker was used to measure
and adjust the position of the sheets relative to the top
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end plate. The accuracy of the laser tracker amounts to
�10mm.
4.3. Glueing

A single tube at a time is slid through the perforated
aluminum sheets until it reaches the front of the top end
plate. Before fitting the tube in its final position, the ‘‘epoxy
adhesive’’ for its connection to end plate and perforated
sheets is applied. Turning the tube results in bonds over the
full circumference. Afterwards the tube is pressed into the
top end plate. The force needed is reduced by the insert at
the tube end, which in addition defines the stop position
such that the flow through the gas channels is not affected.
This sequence is repeated until all 48 tubes of a module are
in place.

After curing the bonds overnight, the bottom end plate
can be mounted. All 48 tubes have to be pressed into the
blind holes of the bottom plate at the same time. The
unglued positioning device at the bottom of the module
serves to center the tube ends to their holes.

Glue is applied only to the tubes at the outer sides
surface of the module because application in between
would need complicated tooling due to the limited space.
This does not affect the suspension of the modules as their
load is only taken by the top end plates.

The force needed to press the tubes with the inserts into
the plates is a factor of about 50 higher than in the case of a
single tube. It is mediated by a gadget (see Fig. 11)
consisting of a pressure plate behind the bottom end plate,
pull rods and a dedicated frame encompassing the last
perforated sheet at the bottom side, which takes over the
pressing forces. The nuts on the pull rods are screwed in a
step by step procedure in order not to fill the end plate.
Their stop position defines the penetration depth of the
tubes into the end plate.
4.4. Wiring

The wire is threaded through the 8m long tube by means
of compressed air acting on a cushion with the inner tube
diameter, which can be compressed to insert it through the
narrow holes of the end plate. After fixing the wire on one
side by crimping a weight of 186 g stress the wire on the
other side and the second crimp is applied.
frame

pull rods

pressure plate

bottom end plate

perforated sheet

Fig. 11. Gadget for mounting the bottom end plate.
4.5. Wire tension

To check the wire tension after crimping, it has to be
measured carefully. For quality control during mass
production a fast and simple method is required.
The wire tension measurement is done by applying a

magnetic field in the middle of the tube and producing a
mechanical deflection onto the wire induced by a short
(3.75ms) square pulse of high current (153mA). By
determining the time between the start of the wave pulse
at the magnet and its arrival at the magnet with the original
polarity, after two reflections at the tube ends, the wire
tension can be calculated. The advantage against previous
methods described in literature [9–14], is the robust ability
to complete a measurement in a few seconds. Other
methods suffer from the disadvantage that in searching
for resonant frequency, one must scan many frequencies in
the range where is the resonance is expected. This is time
consuming and for large wires there is a danger of
mistaking a higher harmonic for the fundamental, thus
greatly overestimating the wire tension. These effects can
be avoided by the described method.
The wave velocity v is related to the two equations:

v ¼
2l

t
and v ¼

ffiffiffiffiffi
Tl

m

r
(10)

where l denotes the wire length, T is the tension, t the
period and m the wire mass. Replacing the mass m by the
density r and the wire diameter d we get a relation for the
wire tension:

T ½N� ¼ rpd2 l2

t2
. (11)

The used apparatus is shown in Fig. 12. A measured result
is shown in Fig. 13. To suppress noise peaks the scope
average mode has been used. The result in the given
example is 69.4ms. The accuracy of this method is limited
by the display resolution of the used scope, thus for our
case better than 2%.

5. Tests of the assembly materials

To avoid efficiency loss due to interferences with
emissions of the used materials in the detector out-gassing
tests of these materials were done. The used setup for these
studies is shown in Fig. 14. The OPERA gas mixture
Argon and CO2 in a ratio of 80% and 20% was used. The
gas flow was defined by the flow meter, the valves were
used for closing the gas flow completely. As detector acts a
brass drift tube with a length of 1m, an inner diameter of
36mm and a gold-plated tungsten sense wire with a
diameter of 45mm. The drift tube was operating with
cosmics. A test volume with the materials to investigate
was included into the gas flow in front of the drift tube. The
efficiency was measured by the ratio of the hits by
coincidence of the scintillators and the drift tube and the
number of hits by the coincidence of both the scintillators.
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Fig. 12. Schematic view of the tension-measuring apparatus.

Fig. 13. Tension measurement waveform from 8m OPERA tube.

R. Zimmermann et al. / Nuclear Instruments and Methods in Physics Research A 555 (2005) 435–450444
The efficiency study was going over several days with
different gas flows. Starting with a flow of 4V/h (volume
means the drift tube volume) the flow was decreased to
0.2V/h and after some hours stopped completely as shown
in Fig. 15. The efficiency was measured over this time and
the flow was increased again up to 0.2V/h. To find out the
quality of the used materials an inverse quality factor K

was calculated:

K ¼ �
dZ
ZtS

%

½d�½m2�

� �
(12)

with dZ=Z as efficiency loss, S as active surface of the
material in ½m2� and t as the given time in ½d�. The smaller
the value of K is the better the quality concerning the out-
gassing. The results are summarized in Table 5. Except for
the Araldite glue AW106 the tested components have
negligible influence on the efficiency at the nominal
OPERA gas flow of 1V/72 h. As glue we therefore use
Araldite AW103 instead of AW106 due to negligible out-
gassing as described in Ref. [16].
6. The front end electronics

The OPERA front end electronics consists of four parts:
the distribution board, the amplifier & discriminator board
(ADB), the support board and the TDC board. Except for
the TDC board which is a development of the University of
Rostock all boards are developed by the University of
Hamburg. The requirements for the front end electronics
are:
�
 Massive grounding.

�
 Safe signal transmission.

�
 Ability for remote controlling and monitoring.

�
 Low cost system.
Such boards which fulfill all these requirements will be
described in the following subsections.

6.1. HV-distribution-board

The PT distribution-board shown in Fig. 17 is developed
to supply the drift tubes with high voltage and to transmit
the analog signals from the tubes and to provide the low
voltage to the ADB. One board covers twelve channels in
one layer of a module (see 3.1) thus we need 792 boards in
total. The board is designed as multilayer board with six
layers. That’s the requirement to feed the grounds for
digital, analog and high voltages separately to optimize the
grounding. By the same reason the board is fixed to the
tubes by a massive ground connection made of brass bolts
and copper beryllium nuts. The HV is connected by an
1MO resistor R2 (Figs. 16 and 17) to each sense wire. The
coupling of the signals is done with an capacitor C2 of 1 nF
for each channel. To avoid influences by noise catching on
the long HV cable there is a filter elements consisting of a
capacitor C1 of 1 nF and a resistor R1 of 1 kO on the HV
input. The low voltages for the amplifier and discrimina-
tors are daisy chained from board to board with standard
power lines. This low cost supply avoids also crosstalk
from signal lines to the power lines over long distances. For
the HV we spend one cable per board to have the
possibility to switch off the boards separately if necessary.
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Fig. 14. Test setup for the out-gassing measurements. The test volume was filled by the material used in the drift detector.
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Table 5

Inverse quality factor K of the tested material

Tested material Surface ðm2Þ K ð%=day�m2Þ

POM shavings 1.40 0.06

Rubber rings 0.25 0.12

PVC pieces 0.30 0.14

Araldite glue AW106 0.01 7.5
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The signal transmission to the ADB and the power supply
is done by three 20 pin connectors.

6.2. Amplifier and discriminator board

The amplifier and discriminator board is carrying the
amplifier, the discriminator and circuits for threshold
setting, temperature monitoring and test pulse generation
on board. It is designed equivalently to the distribution
board as six layer board to optimize the grounding.
To avoid self oscillation behavior analog and digital
parts are strictly separated. The analog part mainly consists
of the amplifier. As amplifier we are using the forward
muon detector amplifier of the L3 experiment which is
described in Refs. [17,18]. It is a low power two stage
four-fold hybrid linear amplifier with feedback stabilized
current gain and an amplification factor of 2� 60mV=mA.
The first stage has an extensive input protection net-
work against discharges up to 3 kV. The L3 amplifier is
designed as bootstrap amplifier and guaranties a sharp
leading edge. The resistive feedback produces a low
dynamic input impedance. The second stage is a post
amplifier with a balanced complementary output signal
AC coupled on the first stage. The main specifications
are listed in Table 6. As discriminator acts the low-
power, ultra-high-speed comparator MAX963 from the
company MAXIM described in Ref. [19]. With its internal
hysteresis of 3.5mV a clean switching is given. The
propagation delay is 4.5 ns. The differential output signals
of the circuit are transformed by a resistor network
consisting of R6 and R7 into LVDS signals, which drive
the TDC input stage. The coupling to the amplifier is done
by a 0:1mF capacitor C3 (Fig. 16). Amplifier and
discriminator are placed on the same board. This has the
advantage that only digital signals are transmitted over
long distances to the TDC and the disturbing noise
catching can be avoided. The cable to the TDC can be
unshielded as well.
The threshold settings can be controlled individually for

each channel by means of the support board. This gives the
possibility to switch off hot channels by increasing the
threshold value. The threshold voltage V th will be supplied
via the resistor R5 as shown in Fig. 16. Both the resistors
R4 act to define the potential on the discriminator input.
Furthermore the test pulses are produced on board for
odd, even and all channels for operating tests, calibration
and crosstalk measurements. For one board one channel
for temperature monitoring is spent. The sensor can be
placed via maximum 10m long lines somewhere in the
spectrometer. The controlling and monitoring is done by
the support board via an I2C like bus connection as part of
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Table 6

Specification of the L3 amplifier

VCC 5:0V� 5%

Gain 2� 60mV=mA
Rise time 6 ns

Output impedance 2� 50O
Output drive 420mA

Output asymmetry o5%

Fig. 18. Plot of the analog and digital output signal measured with a Fe55

source.

R. Zimmermann et al. / Nuclear Instruments and Methods in Physics Research A 555 (2005) 435–450446
the signal output cables. An analog and digital output
signal taken with a Fe55 source is shown in Fig. 18.

6.3. TDC system and support board

The TDC system is developed by the University of
Rostock in cooperation with DESY Hamburg. This system
will have a dynamic range of 3:2ms with a LSB of 1.6 ns. In
addition the OPERA TDC has the possibility to measure
the pulse width and store it in three classes (o15:5,
12.5–81.25, 481:25 ns). Since at this time no OPERA TDC
is available because the development is ongoing we use the
VME TDC V1190A from CAEN. It is a 6U Multi-Hit/
Multi-Event TDC with 128 independent time to digital
conversion channels. We use it with a dynamic range of
52ms with a LSB of 100 ps [20].
For controlling and monitoring the ADB the support

board was developed by the University of Hamburg. This
board is responsible for setting the threshold and the test
pulse pattern (odd/even/all channels). The generation of
the test pulses is done on the ADB directly. For each ADB
one measurement point for temperature is foreseen. The
support board can be used with a CAN bus system.
7. Results

7.1. Gas tightness

The total gas volume of the entire detector amounts to
80m3. For reasons of cost and logistics, the gas cannot be
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exchanged more often than once per 3 days. This condition
poses strict requirements on the gas tightness of the drift
tubes. In order to estimate the leak rate, a drift tube
module was filled with a gas mixture of Ar=CO2 at an
initial overpressure of 150mbar. Taking variations of
temperature and atmospheric pressure into account, after
6 weeks no noticeable pressure decay was observed within
the measurement error of a few mbar. After removing the
gas supply and closing the detector, for 10 days the detector
efficiency was still unchanged. This showed that the
detector is sufficiently gas tight.

7.2. Signal attenuation

The read out electronics is placed on top of the drift
tubes. The electronic signal of a particle which traverses a
tube near the bottom, has to travel over 8m through the
tube until it reaches the amplifier on top. Therefore it is
important to measure the attenuation of the signal
introduced by the signal transmission. For this purpose
into an 8m long tube 15 equidistant tiny holes were drilled
and closed with adhesive tape. Through these holes the gas
inside the tube was irradiated by a Fe55 source. For each
hole i, located at a distance from the amplifier xi ¼ i 0:5m
with i ¼ 0215, the pulse height Ui was measured. The
observed pulse heights are shown in Fig. 19. They are well
described by an exponential

Ui ¼ U0 exp�
xi

l
.

The attenuation lengths l was obtained by a fit of an
exponential to the data and amounts to

l ¼ ð32:1� 0:2Þm.
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Fig. 19. Pulse heights measured with a Fe55 source at positions i ¼ 0215,

which are located at a distance from the amplifier xi ¼ i � 0:5m. The

curve is an exponential fitted to the data.
For this measurement the signal wire was terminated with
the wave resistance at the far end in order to avoid
reflections, however, actually the tubes are operated
without termination to reduce signal attenuation. We
conclude that the attenuation of the signal is small enough
to enable a safe operation over the full drift tube length
of 8m.

7.3. Measurements with the prototypes

To study the performance of the drift tube detector and
the associated front end electronics, short and large
prototypes were built. The small prototype consists of
1m long tubes. Two modules with 48 tubes are placed on
top of each other. Hence this tube arrangement consists of
eight layers of drift tubes. They are covered on top and
bottom by large scintillators and a suitable lead layer for
triggering by minimum ionizing cosmic ray particles. The
large prototype consists of only four layers of 8m long
tubes and is covered only at the end by large scintillators to
have a signal transmission over almost the whole length to
have possible run time and attenuation effects included
into the measurements. Both prototype versions are
equipped with the final high voltage boards and the final
amplifier boards. The readout is performed via the CAEN
V1190A TDC. The drift tubes were operated with an
Ar=CO2, 80/20 gas mixture. Measurements with this gas
mixture for the ATLAS monitored drift tubes are
published in [21–24]. The high voltage was varied between
2.1 and 2.4 kV. The trigger rates were around 15 s�1 for the
small prototype and 2 s�1 for the large prototype. The data
thus collected were analyzed by a reconstruction program
described in [25]. It reconstructs straight tracks with a ‘‘line
to circles’’ fit in an iterative procedure and simultaneously
generates the r–t relation which are updated each iteration.
The r–t relation (Fig. 20) converts the measured drift time
into a track coordinate. The spectrum of the TDC times is
shown in Fig. 21. The maximal drift time is about 1:3ms. In
addition the spatial resolution and the tube hit and track
efficiencies are computed.

7.3.1. Wire alignment

An advantage of the used track reconstruction software
is the alignment of the wire positions. The actual positions
of the signal wires were determined by the track
reconstruction and compared with the nominal values of
the wire positions. The measured deviations of the actual
position from the nominal position have a Gaussian
distribution with a rms of 50mm. This result reflects the
high mechanical precision of this drift tube detector design.

7.3.2. Spatial resolution

To get the mean resolution of the single drift tube the
residuals, that means the difference of the fitted and
the measured drift distance, will be saved for each event.
The r.m.s. value of the residual distribution yields the
spatial resolution of the drift tube. Fig. 22 shows the spatial
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resolution for a coordinate measurement as a function of
the high voltage applied. The closed circles show the
measurement with the small prototype, the open circles
show the results with the long prototype. A discriminator
threshold of 50mV was chosen, which corresponds to a
current of 0:5mA at the input of the amplifier. This
threshold enables a good suppression of noise and cross
talk signals. Above a high voltage of 2.3 kV a spatial
resolution of s ¼ 285mm for the small prototype and s ¼
269mm for the large prototype is reached. The spatial
resolution for the small prototype corresponds to a track
resolution of strack ¼ 285mm=8 layers ¼ 100mm for the
small prototype and strack ¼ 269=4 layers ¼ 135mm for
the large prototype respectively. Actually the drift tubes
can be safely operated up to a high voltage of 2.4 kV,
without noticeable after-pulsing. The good spatial resolu-
tion shows that the electronics chain developed does not
deteriorate the intrinsic spatial resolution of the drift tubes
and is adequate for our demands. Compared with the total
resolution of � ¼ 600mm calculated in Eq. (9) of Section 2.1
we can allow nearly 450 mm for misalignment of the
modules if we use a upper limit for the track resolution of
strack ¼ 150mm and add up the errors absolutely.

7.3.3. Detection efficiency

The reconstructed tracks traversing the 8 drift tube
layers of the short prototype provide an excellent
possibility for a precise determination of the detection
efficiency of the drift tubes. The drift tube under study is
excluded from the track reconstruction. After a track,
which passes through this particular tube, is reconstructed
it is checked whether this tube has fired. The ratio of fired
to not fired gives the single tube hit efficiency Z. Fig. 23
shows the single tube hit efficiency Z for the small
prototypes. At the operating voltage of 2:3 kVZ498%. In
Fig. 24 the hit efficiency distribution over the tube radius
for the small prototype is shown. Excluding the outer 3mm
of the drift tube Z amounts to 98.96%, independently of the
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distance of the track to the wire. An important drift tube
parameter is the single tube track efficiency. It is defined as
product of the single tube hit efficiency Z and the
probability � that the hit gives the correct drift radius.
The single tube track efficiency is shown in Fig. 25. At
operating voltage the maximum of Z� � ¼ 90% has been
reached.
8. Summary

In this paper we have described the design of the PT of
the muon spectrometer of the OPERA detector. The
challenge of the detector design originates from the tube
length of 8m, which has not been used before. An
advantage of our design is the fact that no wire supports
are necessary. Thus dead regions are avoided. The wire
position accuracy of better than 150mm is given by the
endplates decoupled from the tube position accuracy. To
minimize possibilities of gas leaks the gas connections
between the tubes are located inside the endplates. The
front end electronics was developed. The amplifier and
discriminator are placed on the same board. Thus only
digital signals are transmitted over long distances which
reduces noise from the outside. The low cost electronics
shows no oscillation behavior and does not need an
additional shielding. Two small prototypes with 1m tube
length and one 8m long prototype were successfully
assembled in our mass production line. These modules
were equipped with the electronic boards and operated in a
cosmic setup. The bending of the vertical 8m prototypes
was measured to less than 300 mm. Adequate gas tightness
was obtained. The signal attenuation over a tube length of
8m is small enough to enable a safe operation. The spatial
resolution was determinated to be better than 300mm. Thus
a momentum resolution of Dp=pp0:25 can be achieved to
guarantee a significant measurement of the muon sign. The
single tube hit efficiency Z was measured to better than
98%, the single tube track efficiency Z� � was measured to
90%. This results in a track efficiency of 97% for two PT
planes.
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