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Abstract. The muon spectrometer of the ATLAS detector at the LHC has been designed to provide a good
stand-alone momentum resolution for muons up to about 1 TeV. For this purpose, muon drift tube chambers
with very high spatial resolution were developed; in addition, a precise online alignment monitoring system
is required. This system is based on optical sensors measuring the individual deformations and the relative
positions of muon chambers; temperature sensors are used to monitor their thermal expansion. In the
endcap, the alignment system has to make use of additional alignment bars, used as precision reference
rulers. In the year 2002, the ATLAS muon collaboration has installed a large-scale test setup of the muon
spectrometer barrel and endcap in the H8 test beam line at CERN; one of its aims is to test the concepts
and the final prototypes of the components of the alignment system before starting the mass production.

1 Introduction

The world’s highest-energy particle collider to date, the
LHC (Large Hadron Collider), is under construction at
CERN. It will provide colliding proton beams of 7TeV
each with a luminosity of 103* cm~2s~!. The start-up of
LHC operation is currently foreseen for the year 2007. The
general-purpose experiment ATLAS [I] is one of the four
LHC detectors, with a total length of 44 m, height of 22 m,
and a weight of 7000 tons. One of the key components (and
the largest by volume) of ATLAS is its muon spectrom-
eter [2], designed to provide a good stand-alone momen-
tum measurement of muons up to the highest energies: pr
should be measured with a resolution of Apr/pr = 10%
at pr = 1 TeV. The spectrometer consists of MDT (mon-
itored drift tube) chambers, composed of 6-8 layers of
cylindrical (30 mm diameter) aluminum drift tubes with a
single-tube design resolution of 80 um. The high position
resolution of the MDT chambers is complemented by fast
trigger chambers with a good time resolution.

2 ATLAS muon spectrometer alignment
2.1 The challenge

The MDT chambers are placed in the field of an air-core
toroidal magnet, which has the advantage of causing only
slight multiple scattering. The drawback of this design
is the relatively low magnetic field strength that can be
reached: the bending of a 1TeV muon track is such that
the track sagitta varies between 500 ym in the barrel and
1mm in the endcap. Consequently, in order to measure
the momentum of a 1 TeV muon to 10%, the error on the
sagitta measurement must be less than 50 ym. Each track

is detected in three almost equally spaced layers of cham-
bers; thus the MDT resolution contributes a sagitta error
of 40 ym, and the additional error from the chamber align-
ment must not exceed 30-40 um. As long-term stability
in ATLAS cannot be guaranteed at such small scales, an
alignment monitoring system has been designed, which
is based on optical and temperature sensors. The infor-
mation from this system is used in the offline track recon-
struction to correct for chamber misalignment; no physical
adjustments are made to the chamber positions.

The chambers themselves are high-precision objects by
construction: sense wires and tubes are assembled with a
precision of 20 ym. In addition, each chamber has an in-
plane alignment system to monitor deformations; thermal
expansion is derived from temperature measurements on
the chamber. Only the relative alignment of triplets of
chambers that can be traversed by the same muon track
is of relevance; neither their global position in space, nor
the relative alignment of other groups of chambers affects
the measured sagitta in first order. The most straightfor-
ward solution is thus to install 3-point straightness moni-
tors (RASNIKSs) on chambers, parallel to the muon tracks;
these devices are also used for the in-plane alignment.

2.2 The RASNIK system

The heart of the RASNIK (Red Alignment System of
NIKHEF) system [3] is a mask with a chessboard-like pat-
tern, illuminated by infrared LEDs and projected through
a lens onto a CCD. The CCD typically has a size of some
mm?, while the mask has a size of some cm?, and so the
image seen by the CCD corresponds to only a small part
of the mask. To determine from the incomplete image its
location on the mask, the chessboard pattern is modified
in every 9th column and row such that a coarse position



1000

information is coded into it. Typical square sizes lie in the
range 85-340 um, and fine position information of the or-
der of some pm is obtained from the many black-white
transitions in the image. Longitudinal position informa-
tion of the order of 107° times the mask-CCD distance
comes from the measured magnification of the image.
The CCD, lens, and mask of the RASNIK form a three-
point straightness monitor: the measured quantity is the
distance of the mask center from the straight line join-
ing the CCD and lens centers. Thus, by placing each of
these elements on a different MDT chamber, the relative
chamber alignment, i.e. the false sagitta introduced by
their misalignment, can directly be measured and used
to correct the measured sagitta of a track traversing the
chambers. The dominant contribution to the error of this
measurement is the mounting accuracy of the elements on
the chambers, of the order of 10 um. A useful variation of
the RASNIK principle is to integrate CCD and lens in a
box, i.e. to build a camera. This converts the three-point
monitor into a two-point monitor, or proximity sensor.

2.3 From principle to practice

The idea to use RASNIKs in ATLAS for the relative cham-
ber alignment is confronted with a fundamental difficulty.
As the alignment is of interest in the coordinates trans-
verse to the muon track, the RASNIK lines have to be
projective, i.e. pointing to the ATLAS interaction point.
Accommodating four free lines of view for the four corners
of each triplet of MDT chambers turns out to be techni-
cally impossible. In the barrel region, at least a smaller
number of projective lines can be accommodated; in the
endcap region, projective lines are impossible to realize at
all, because the two cryostats of the endcap toroid magnets
block them. Only a very small number of nearly projective
lines can pass through special tubes in the cryostats.

As a solution in the barrel region, the reduced system
of projective lines is complemented by a system of ax-
ial lines, connecting chambers in the same layer to form
larger ‘logical’ chambers and thereby compensating for the
reduction in the number of projective lines. In the end-
cap region, the alignment relies instead on large precision
reference rulers, the so-called alignment bars, which are
aligned with respect to each other using BCAMSs, and rel-
ative to which chamber positions are monitored in turn.

2.4 The BCAM camera

The BCAM (Boston, or Brandeis, CCD Angle Monitor) is
a camera [4], consisting of a CCD and a lens, which looks
at a laser diode at a large distance (in the range 0.5m to
16 m). The CCD-lens distance approximately equals the
focal length of the lens, and the image seen by the camera
is thus a blurred circular light spot. The measured quan-
tity is the position of this light spot on the CCD, which can
be translated into a transverse angle with respect to the
BCAM optical axis. Low-precision longitudinal informa-
tion can be obtained from the relative angle under which

C. Amelung: The alignment system of the ATLAS muon spectrometer

two laser diodes appear. BCAMs are attached to align-
ment bars on platforms with three stainless-steel balls;
one or two cameras (facing opposite directions) and two
or four laser diodes are integrated in a single BCAM box.

BCAMSs can be used in two configurations: a pair of
BCAMs is a 2-point angular monitor, where each BCAM
measures the absolute angular position of its partner to an
accuracy of 50 urad (limited by the camera calibration and
mounting accuracy). A triplet of BCAMs on a straight line
is a 3-point straightness monitor, where each of the outer
BCAMSs measures the relative positions of the two others.
This relative measurement has an accuracy of V2.5 prad
(limited by the small systematic effects of the centroid-
finding algorithm). In addition, each pair of BCAMs in
such a triplet also provides 2-point information.

2.5 Alignment bars

Alignment bars [5] are large precision objects, built inside
and around an up to 9.6 m long aluminum tube. BCAMs
mounted on platforms on the bars monitor their relative
alignment; RASNIK masks for proximity sensors on end-
cap MDT chambers are mounted in the same way and per-
mit to align the chambers with respect to the bars. The
purpose of an alignment bar is to provide a well-defined
spatial relationship between all the BCAMs and masks
mounted on it: their positions on the bar must be known
to 20 pm, the BCAM orientations in addition to 50 urad.
During construction, the bars are calibrated by measur-
ing the positions of mounting balls for BCAMs and masks
using a large coordinate-measuring machine (CMM).

Like for MDT chambers, expansion and deformation of
alignment bars are monitored by using temperature sen-
sors and in-bar RASNIKs. As the three RASNIKs inside
a bar are sensitive to the bar shape only in five points,
an interpolation procedure is required; since bars deform
by up to 4mm (much more than chambers) under their
own weight and that of the sensors mounted on them, this
interpolation must be accurate to 0.5%. Simple interpola-
tion by splines or polynomials produces errors far beyond
this; the finally adopted method makes use of the analytic
solution of the differential equations describing the defor-
mation of a bar as a function of the known discrete and
continuous forces acting on it, by combining it with the
RASNIK measurements.

3 Alighment system tests

In the H8 beam line at CERN, a part of one endcap of
the ATLAS muon spectrometer, as well as a part of the
barrel, have been set up in order to test the alignment
concept, and to gain experience with the operation of the
complex system of chambers and alignment sensors. Six
endcap and six barrel chambers are present and can be
illuminated by a muon beam from the SPS accelerator. In
addition, six alignment bars, four of 9.6 m length and two
2.6 m long ones, are installed in the endcap setup.
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There are two strategies for making use of the data
provided by an alignment system. The absolute concept
is the straightforward one: to ask that the alignment sys-
tem provides sagitta corrections at any time and without
using any external references. The other concept is rela-
tive: assuming that at one moment the sagitta corrections
are known (e.g. from the use of straight muon tracks in
special runs with the magnetic field switched off, or using
muons from Z° decays recorded in normal running), the
alignment system is used only to follow variations of the
sagitta corrections from this point on. The advantage of
the latter strategy is that all sensor positioning accura-
cies and many sensor calibration parameters cancel out in
first order. Data for a test of this strategy, with muons
from the test beam and measurements from the (partially
uncalibrated) system of alignment sensors being recorded
simultaneously, have been collected in 2002/2003.

In order to become independent of the beam and of
tracking-related systematic effects, the muon beam can be
replaced by the so-called muon simulator, a device consist-
ing of a camera looking approximately along the beam line
at light sources attached to the MDT chambers. From the
relative movements of the light sources, the sagitta vari-
ations can be directly extracted. Data for this test have
also been collected in 2002/2003 with the endcap setup.

The alignment, i.e. the chamber positions and orien-
tations, is reconstructed from the sensor measurements
by a global x? minimization with e.g. MINUIT. By com-
paring the resulting sagitta variations to those observed
using tracks, one obtains r.m.s. differences of typically 10—
20 pm both in the barrel and the endcap setup. The com-
parison to sagitta variations measured by the muon sim-
ulator in the endcap setup (Fig. ) yields an r.m.s. accu-
racy of 16 um over a continuous period of 2.5 days, during
which daily temperature-induced sagitta variations of up
to 500 um were complemented by artificial variations of
up to 5mm from shifting and/or rotating chambers. The
total x2/ndf of the alignment fit varies in an acceptable
range of 0.9-1.5. The observed resolution of the alignment
system of 10—20 pum agrees well with the expectation from
simulations for the relative alignment (the sensor mount-
ing accuracies, which do not contribute here, dominate the
absolute alignment design resolution of 30—40 pm).

4 Summary

The design of the ATLAS muon spectrometer requires a
relative alignment of individual muon chambers to a preci-
sion of 30—40 um. Two large-scale test setups for the bar-
rel and endcap alignment systems have been completed
in 2002, and the relative alignment concept has been suc-
cessfully tested using the data collected in 2002/2003.
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Fig. 1. Top: sagitta variations reconstructed from the align-
ment system (blue) and measured by the muon simulator
(green, shifted by 100 um for clarity of presentation), over
a period of 2.5 days. Smooth variations are temperature-
induced, steps come from chamber shifts and rotations. The
total x?/ndf of the alignment fit is also shown (cyan); the yel-
low band indicates the range 0 < x?/ndf < 1. Bottom: sagitta
difference between alignment system and muon simulator
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