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Abstract

The Large Hadron Collider at CERN will offer an unparallelled opportunity to probe
fundamental physics at an energy scale well beyond that reached by current experiments.
The ATLAS detector is being designed to fully exploit the potential of the LHC for
revealing new aspects of the fundamental structure of nature.

In order to meet the stringent tracking requirements of ATLAS, it will be necessary
to determine the positions of over 100 million tracking elements to very high precision
during operation of the detector. The principles of the alignment and survey techniques
used to do this are introduced and the current activities concerning the development of
an alignment strategy for the ATLAS Inner Detector are presented. After consideration
of the motivation and requirements, descriptions of several of the candidate technologies
are given, together with explanations of how they might be applied in the various stages
of the alignment process.

A fast remote measurement system known as Frequency Scanned Interferometry
(FSI) which is capable of making precise measurements of absolute lengths has been
developed. This novel technique is likely to be used as the basis of a run-time survey
system for the ATLAS Inner Detector. The basic principles are explained and a detailed
design and laboratory test results are presented.

An element common to all types of survey system is the need to combine of a number
of measurements to form a three-dimensional picture of the positions of all the detector
elements. An introduction to measurement combination using geodetic networks is
given, and the results of a study of networks suitable for use with the FSI measurement
technique are presented.

As part of the process of deriving a detailed set of requirements for the survey
system, a full Monte Carlo simulation study has been performed to investigate how the
Inner Detector track fitting resolutions vary as a function of the alignment precisions of
the SCT barrel.

A physical signal which is important for defining the required momentum resolution
is the forward-backward asymmetry of a heavy analogue of the charged electroweak
gauge boson. The sensitivity to this signal is investigated as a function of alignment
precision.

Finally, work done during the development of the current layout of the ATLAS Inner
Detector is presented.
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Foreword

Early in the next century, the Large Hadron Collider will start to collide protons at
an energy of 14 TeV, so beginning a new era of investigation of the structure of nature at
an energy scale well beyond that presently attainable. The physical motivation for the
LHC and the designs of the LHC and the ATLAS detector are introduced in Chapter 1.

In order to meet the stringent tracking requirements of ATLAS, it will be necessary
to determine the positions of each tracking element in the Inner Detector to very high
precision. Chapter 2 serves as an introduction to alignment and survey systems and
to the current activities concerning the development of the Inner Detector alignment
strategy. After consideration of the motivation and requirements, descriptions of several
of the candidate technologies are given, together with explanations of how they might
be applied in the various stages of the alignment. This is followed by a brief outline of
an overall alignment strategy for the ATLAS Inner Detector.

The measurement technique likely to be used as the basis of the Inner Detector sur-
vey system is known as Frequency Scanned Interferometry (FSI). The basic principles,
the detailed design and laboratory test results are presented in Chapter 3.

An element which is common to all types of survey system is the need to combine
of a number of individual measurements to form an overall three-dimensional picture of
the positions of detector elements. An introduction to measurement combination based
on geodetic networks and a study of networks suitable for use with the FSI measurement
technique are given in Chapter 4.

As part of the process of deriving a detailed set of requirements for the survey system,
a full Monte Carlo simulation study has been performed to investigate how the Inner
Detector track fitting resolutions vary as a function of the Inner Detector alignment
precisions. The results are presented in the first half of Chapter 5.

An important signal for defining the required momentum resolution is the forward-
backward asymmetry of a heavy analogue of the charged electroweak gauge boson. The
sensitivity to this signal is investigated as a function of alignment precision in the latter
part of Chapter 5.

In Chapter 6, some work done during the development of the current layout of the
Inner Detector is presented.

Finally, in Chapter 7, the main results are summarised and some conclusions are

drawn.
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Chapter 1

Introduction

1.1 Physical context

1.1.1 The Standard Model

The experimental discoveries and theoretical developments of the last 50 years have led
to the development of the Standard Model (SM) of particle physics. Since it is described
in great detail in many textbooks [13]-[16], the discussion given here will be brief.

The uniting principle of modern fundamental physics is that of symmetry. In ad-
dition to the familiar space-time symmetries and discrete symmetries, it appears that
Nature exhibits local gauge symmetries. There exists a deep connection between local
gauge symmetries and physical interactions : the phase variation permitted by a local
symmetry is reconciled by a field which is considered to be the mediator of interac-
tions between matter particles. The Standard Model is a gauge field theory with local
gauge invariance based on the group SU(3)¢ x SU(2) x U(1)y. It describes all of the
known fundamental particles and their interactions via three of the four known forces
of nature : electromagnetism, the weak force and the strong force. Gravity is by far the
weakest of the four forces, and is not described in the SM.

There are three types of particle described in the Standard Model : spin-% fermions
(matter particles), spin-1 gauge bosons (which mediate interactions between matter
particles), and a spin-0 Higgs boson (which is a consequence of spontaneous symmetry
breaking). The up and down quarks, the electron, and the electron neutrino are all that
is needed to make up normal matter. For reasons unknown, this pattern is repeated
three times, that is, for three ‘generations’, each generation containing two quarks, a

lepton and a neutrino. See Table 1.1.
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gen 1 gen 2 gen 3 T = Y Q
v v v +1/2 0
’ g ' +1/2 .

e rf. 2 P -1/2 —1
€R UR TR 0 0 -2 =]
u ¢ t +1/2 +2/3

+1/2 +1/3
dl .l / g —
P b . 1/2 1/3

UR CR R 0 0 +4/3 | +2/3
dp sk b 0 0 -2/3| -1/3

Table 1.1: Fermion multiplet assignments and quantum numbers T (weak isospin), T>

(3rd component of weak isospin), Y (hypercharge) and Q (electric charge).

The electromagnetic force is described with extremely good agreement with experi-
ment by quantum electrodynamics (QED) , a gauge field theory with local U(1) gauge
invariance. It describes the interaction between particles carrying electric charge via a
massless spin-1 gauge boson — the photon.

The electromagnetic and weak forces are described in the Standard Model in the
‘unified’ framework of the SU(2),@U(1)y Glashow Salam Weinberg (GSW) electroweak
model. Experimental evidence suggested that the weak force should be mediated by
three massive vector bosons W= and Z° (to explain its short range) with a V — A4 (vector
minus axial vector) interaction structure (to explain the observed parity violation among
other things). One of the major stumbling blocks in the development of a field theory
description of the weak force was discovering a way of permitting the gauge bosons to be
massive whilst maintaining the renormalisability essential for a predictive theory. The
only known solution to this problem is the so-called Higgs mechanism. In certain field
theories, when the ground state does not possess the full symmetry of the Lagrangian,
there inevitably exist a number of scalar ‘Goldstone’ bosons. When this happens in a
local gauge theory however, the would-be Goldstone bosons are manifested as the lon-
gitudinal degrees of freedom of the gauge bosons of the theory, which thereafter behave
as massive vector bosons with three spin components. In the Standard Model, four
independent scalar fields arranged as a complex doublet are postulated. The Goldstone
bosons arising from the non-zero vacuum expectation value of this doublet are mani-

fested as longitudinal degrees of freedom of the three previously massless electroweak
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gauge bosons W* and Z°. The photon by contrast is chosen to remain massless, to
agree with empirical evidence. There remains one massive scalar particle, the Higgs
boson, whose mass is not specified in the theory. The quarks and leptons gain mass
(whilst maintaining gauge invariance) through Yukawa couplings to the Higgs field.

Perhaps as much can be learned from broken symmetries as from those which are
upheld. As mentioned above, the weak force violates parity conservation. The ob-
served particle spectrum is not left-right symmetric — only left handed neutrinos (and
right handed anti-neutrinos) have been detected. This asymmetry is reflected in the
SM multiplet assignment. Another precious symmetry, charge conjugation followed by
parity (CP), has been observed to be violated in the kaon system. CP violation can be
parametrised (though not explained) by means of a phase in the Cabbibo-Kobayashi-
Maskawa (CKM) matrix which is required to describe the coupling of the W to linear
combinations of quarks.

The strong force is described in the SM by quantum chromodynamics (QCD), a
gauge field theory with unbroken local SU(3) symmetry. There are eight gauge bosons
(gluons) which mediate the interactions of particles carrying a quantum number known
as colour. The quarks have three possible colour states and the gluons have eight.
The fact that the gauge bosons themselves are coloured results in three-gluon and four-
gluon vertices which have highly non-trivial consequences for the dynamics of the theory.
At high energy scales (and hence smaller distances), the strong force becomes weaker
(‘asymptotically free’). Conversely, at lower energies (and hence longer length scales),
the force between particles becomes stronger, which may explain the fact that coloured
objects have not been observed in isolation. It is suspected that this so-called ‘colour
confinement’ is exhibited by QCD, although a proof remains elusive. Calculations in-
volving the strong force are complicated by the large value of the coupling constant,
which makes the application of perturbation theory problematic.

At the time of writing, no experimental result has been conclusively shown to dis-
agree with the predictions of the Standard Model. The most significant vindication of
the approach taken in the SM is surely the discovery in 1984 of the W* and Z° at the
expected masses. The top quark was discovered in 1995 at Fermilab, leaving the Higgs
boson as the only remaining particle of the SM which has not been found. Resolution
of the puzzle of electroweak symmetry breaking is currently one of the most burning

issues in High-Energy Physics, and is one of the main reasons for constructing the Large

Hadron Collider.
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1.1.2 Inadequacies of the Standard Model

The remarkable agreement between theory and experiment notwithstanding, the Stan-
dard Model has a number of deficiencies and unexplained features. These indicate that

the SM cannot be a complete theory of fundamental particle physics.

The electroweak sector:
The most serious structural problem is associated with the Higgs sector of the
electroweak theory. This sector is responsible for the most noticeable feature of
electroweak symmetry, namely that it is broken. What is the mechanism of elec-

troweak symmetry breaking ?

19 free parameters:
There are 19 ‘free’ parameters in the SM which are not specified by the theory, and
which must therefore by put in by hand. This is at odds with our prejudice, fostered
by a history of repeated simplifications, that the world should be comprehensible
in terms of a few simple laws. A more fundamental theory would be expected to

specify their values.

Further unification:

In the SM, the strong and electroweak interactions are not unified. Gravity must
also be incorporated before we can truly claim to understand all fundamental
interactions. String theories are perhaps the precursor to a theory uniting gravity
and the gauge theories. However, their logical foundations remain, for the moment,

clouded in mystery.

Number of generations:

For an unknown reason, nature repeats herself (at least) three times. Why 7

Origin of P violation:
Why is the SM multiplet assignment of particles not left-right symmetric ? How

is the left-right symmetry broken ? Are there right-handed neutrinos ?

Origin of CP violation:
The SM has the ‘facility’ to incorporate CP violation phenomenologically by having
a non-zero phase in the CKM matrix. Even if this is the origin of the CP violation
observed in the kaon system, the Standard Model gives no explanation of the
values of the CKM matrix elements. An explanation would be expected from a

more fundamental theory.
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Strong CP problem:
fgcp must be very small to be compatible with the experimentally measured
neutron electric dipole moment. Why is this ‘free’ parameter forced to be so

small ?

Solar neutrino problem:
The observed number of neutrinos reaching the earth from the sun is significantly
less than that predicted by models of the interior of the sun. Neutrino mixing
may solve this problem, but this requires neutrinos to have a non-zero mass. Are

neutrinos Majorana or Dirac particles ?

Baryon asymmetry of the universe:
The universe appears to be made of matter rather than antimatter. If equal
amounts of both type of matter were created at the Big Bang, then the present

asymmetry implies the existence of a baryon number violating process.

Dark matter:
From observations of rotational velocity profiles within galaxies, astronomers have

shown that the amount of radiative matter accounts for perhaps only 10% of the

total mass of the universe.

The above list may be long, but the fact that we can pose such wide-ranging and
fundamental questions about nature and expect someday to find at least some of the

answers is at least encouraging.

1.1.3 New directions

In their quest for the final theory, theorists have explored many different models. The

element common to all these attempts is unification.

Unification :

Grand Unified Theories share some of the problems of the Standard Model (i.e.
too many arbitrary parameters, no interaction with gravity). However, they are
genuine unified field theories because they have only one gauge group (such as
SU(5) or SO(10)) and hence only one coupling constant. Furthermore they make
the prediction that the proton will decay. The existence of a desert of 12 orders
of magnitude in energy containing no new physics is one of the main criticisms of

the theory, but the proton decay prediction holds out some hope of testability.
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being strictly valid only in the MSM (one Higgs doublet), and the upper bound
being fairly model independent. If the My exceeds 1 TeV, weak interactions must
become strong on the 1TeV scale. This is perhaps the most compelling argument

that there should be new physics at or before the energy scale of O(1TeV).

o If My is greater than 1TeV the tree level amplitude for WTW~ — WTW~-

scattering diverges, leading to strongly interacting W and Z bosons.

e The coupling constant is not asymptotically free — at some energy A there is
a Landau pole where the coupling constant becomes infinite. The value of A
decreases as My increases and for the theory to make sense, A must be greater

than My . This imposes an upper limit of ~ 1 TeV on My.

e [t is possible to create construct a low-energy effective theory which has no Higgs
particle but has instead symmetry-breaking mass terms in the effective Lagrangian.
The cutoff scale for such an effective theory takes the place of the Higgs in the
calculation of radiative corrections, and so LEP limits on the Higgs mass translate
to limits on the cutoff scale. The available data points to a cutoff scale below

1TeV.

e Supersymmetric and other theories predict particles with masses below the 1 TeV

scale.

e Whatever the mechanism for solving the naturalness problem, it must involve new

physics at or below the scale of 1 TeV.

Although theoretical speculation is valuable and necessary, it is unlikely that we
will advance without new observations. The experimental results needed to answer our
most fundamental questions will come from a number of sources, the most important of
which is likely to be the next high-energy, high-luminosity hadron collider, namely the

Large Hadron Collider.



1.1 Physical context

One of the theoretical problems facing GUT theories is the ‘hierarchy’ or ‘natural-
ness’ problem : renormalisation effects mix the two mass scales (M and Mx) of
the theory, destroying the hierarchy. Even if the theory is fine-tuned to one part
in 10'? the scales still mix, ruining the separation. It turns out that an infinite
number of fine-tunings is necessary at each level of perturbation, which is clearly

undesirable.

Supersymmetry :

One appealing solution to the hierarchy problem is to include both local and global
supersymmetry. There are powerful non-renormalisation theorems in supersym-
metric theories which show that higher order interactions do not renormalise the
mass scale, so removing the need for fine-tunings at every order of perturbation

theory. One fine-tuning at the beginning is enough.

One of the main problems in building unified field theories is the inability to find a
gauge group which can combine the particle spectrum and quantum gravity. The
problem comes from the so-called ‘no-go theorem’ (actually a set of theorems of
which the Coleman-Mandula theorem is the most powerful), which states that a
group which non-trivially combines both the Lorentz group and a compact Lie
group cannot have finite-dimensional unitary representations. When this theorem
was discovered it was thought that the implication was that any attempt to build a
‘master group’ combining both gravity and the particle spectrum must be doomed
to failure. However, there does exist a way to evade the Coleman-Mandula theorem
which takes advantage of the fact that the theorem breaks down if non-commuting

(or Grassman) numbers are permitted in the equations.

Not only does supersymmetry give us a plausible solution to the hierarchy problem,
it also gives us theories of gravity in which the divergences are partially or even

completely cancelled.

1.1.4 The significance of the TeV scale

There are a number of theoretical reasons why it may be expected that new effects will

be seen below the energy scale of O(1TeV):

e In the SM, interactions of the Higgs are not prescribed in the same manner as
those for the intermediate gauge bosons. The mass of the Higgs is constrained

only to lie within the range 7 GeV (vacuum stability) to 1 TeV, the lower bound
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1.2 The Large Hadron Collider

In December 1994, delegates representing the 19 member states
of CERN unanimously approved a resolution permitting the
construction of the 14 TeV Large Hadron Collider (LHC). The
LHC, a high-luminosity proton-proton collider constructed from

more than one thousand superconducting magnets, will be in-

stalled in CERN’s existing 27-kilometre circular tunnel built
for the Large Electron-Positron (LEP) collider. It will recreate conditions believed to
have prevailed in the universe just 10712 seconds after the Big Bang. In doing so the
LHC will launch High Energy Physics into the next millennium promising to deepen
our understanding of nature.

The construction schedule will depend upon the available financial resources. At the
time of the formal approval of the LHC, no non-member states had committed to finance
the project. Assuming no financial contribution from non-member states, the machine
would be brought into operation in two stages: first with two-thirds of the magnets
(and a c.m. energy of 10 TeV) in 2004, and then completed to full energy (14 TeV) in
2008. Tt is currently expected that financial participation from non-member states will
permit construction of the 14 TeV machine in one stage, with the first physics run in
2005. The construction schedule will be reviewed in 1997.

Two general-purpose experiments, ATLAS [3][6] and CMS [5][6], are being designed
for the LHC. Both were approved by CERN in January 1996. A dedicated B-physics
experiment, LHC-B [7], is planned. The LHC machine may also be used to provide
heavy ion (Pb-Pb) collisions at 5.4 TeV per nucleon pair with a luminosity of up to
10*"ecm—2s~! using the existing CERN ion facility. For this a single detector, ALICE
(8], is envisioned.

In September 1995, following several years of extremely successful operation at the
Z° mass, the LEP beam energy was increased by inserting a number of superconducting
cavitites into the ring. The CM energy will be increased further during 1996, ramping
up to around twice its former energy. It is expected that LEP2, as it is now known,
will be operated until 2000, when it will be removed from the tunnel to make way
for the installation of the LHC. For the first three years following commissioning, the
LHC will operate at “low” luminosity (1033 cm™2s~1). Following this, the machine will

run at a higher luminosity (10%*cm™2s7!) for an expected period of at least 10 years.
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If physically justified on the basis of new discoveries, the LEP machine may be later
reinstalled in the tunnel on top of the LHC in order to provide electron-proton collisions
at unprecedented energy.

Considerable technical innovation is needed to fit the two rings of the LHC into the
tunnel cross section whilst leaving enough space for an eventual lepton ring. In order to
achieve the design energy within the constraint of the 27 km circumference LEP tunnel,
the magnet system must operate in superfluid helium at below 2 K. In addition, space
and cost limitations have resulted in a two-in-one magnet design, in which the two rings
are incorporated into the same cryostat. Some of the machine parameters are listed in

Table 5.10.

BOOSTER
= 2 C S LL
PS EPA s

proton linac

Figure 1.1: The Large Hadron Collider.

The LHC will be filled with protons delivered from the SPS and its pre-accelerators
at 450 GeV. Two superconducting magnetic channels will accelerate the protons to 7-
on-7 TeV, after which the beams will counter-rotate for several hours, colliding at the
experiments, until the beam degradation is such that the machine has to be emptied
and refilled. The magnetic channels will be housed in the same yoke and cryostat, a
unique configuration that not only saves space but also gives a 25% cost saving over

separate rings.
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LHC machine parameters (v4.1 22/03/95)

Ring circumference
Proton energy
Stored energy per beam

Expected luminosity (£)

26658.883m
7000 GeV
334MJ

1.00 x 1034 cm~2s~1

Luminosity lifetime 10 hours
Average no. interactions per crossing 18.84
Bunch collision frequency 40 MHz
Number of bunches (k) 2835
Number of protons per bunch 1.05 x 10%

Bunch separation
R.M.S. (x,y) beam size at IP

R.M.S. bunch length

7.49m (25ns)
15.9 um

7.7cm (0.257ns)

Crossing angle at IP (@) 200 prad
Depth of focus at IP (8*) 0.5m
Number of main bends 1232
Main bend magnetic field 8.386 T
Main bend length 14.200 m

Table 1.2: LHC machine parameters.
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Figure 1.2: Locations of the experiments on the LHC ring.
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1.3 The ATLAS experiment

The ATLAS detector ! is a general-purpose pp experiment designed
to exploit the full discovery potential of the Large Hadron Collider.
[t is being designed by a collaboration of over 1500 physicists working
at 140 institutions in 21 countries. A Letter of Intent [3] was submit-
ted to the LHC Committee (LHCC) by the ATLAS Collaboration in
October 1992. A more detailed design was presented in the ATLAS
Technical Proposal [6] which was published in December 1994. The
ATLAS project was formally approved by CERN in January 1996.

Given the schedule described in Section 1.2, the construction of the surface buildings
for the ATLAS facilities will start in 1997. Following the termination of LEP operations,
ATLAS will be installed at LHC Point 1 over a period of 2.5 years.

1.3.1 Basic design considerations

The LHC offers a large range of physics opportunities, amongst which the quest for
the origin of spontaneous symmetry breaking in the electroweak sector of the SM is a
major focus of interest for ATLAS. The Higgs search is therefore a prime benchmark for
the detector optimisation. Other important goals are the searches for supersymmetric
particles, for compositeness of the fundamental fermions, and for new heavy gauge
bosons, as well as the investigation of CP violation in B-decays, and detailed studies of
the top quark.

In order to maximise the chance of observing new physics, ATLAS will be designed
to operate at high luminosity (10*¢cm~2s!) with as many different physics signatures
as possible (e, u, 7y, jet, E&’Ji“, b-tagging...). Emphasis is also put on the performance
necessary for the physics accessible during the initial low-luminosity (10%*cm=2s71)
period, using in addition, more complex signatures such as 7 and heavy-flavour tags
from secondary vertices.

The basic requirements for ATLAS may be summarised as follows :

e Excellent electromagnetic calorimetry for e and v identification and measurements,

complemented by hermetic jet and E%““ calorimetry

e Efficient tracking at high luminosity for lepton momentum measurements, for b-

1 A Toroidal LHC ApparatuS
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quark tagging, and enhanced e and v identification, as well as 7 and heavy-flavour

vertexing and good reconstruction capability for a number of B-decay final states

at low luminosity

e Standalone high-precision muon momentum measurements up to the highest lu-

minosity and very low pr trigger capability at lower luminosity

The physics reach will be maximised by constructing a detector which has coverage
over a large n range and which has low-pr thresholds for triggering and for particle

momentum measurement.

1.3.2 Overall detector concept

The geometry is the familiar tracker—calorimeter-muon chamber onion skin configura-

tion. See Figure 1.3.

Figure 1.3: The ATLAS detector.,

The global layout is largely determined by the configurations of the magnetic fields.
A superconducting solenoid surrounds the inner tracking cavity. On the outside of
this is the calorimeter which is itself surrounded by superconducting air-core toroids
consisting of independent coils with eight-fold ¢-symmetry. This magnet configuration
makes it possible to build a high-resolution, large-acceptance, robust stand-alone Muon
Spectrometer with minimal constraints on the calorimeter and Inner Detector.

The Inner Detector is contained within a cylinder of full length 6.80m and ra-
dius 1.15m and is surrounded by a solenoid providing a 2T magnetic field parallel to

the beam axis. High performance pattern recognition, momentum and vertex mea-
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surements, and enhanced electron identification are achieved by combining ‘discrete’
high-resolution pixel and strip detectors in the part of the tracking volume closest to
the interaction point with ‘continuous’ straw-tube tracking with transition radiation
capability in the outer part.

Highly granular liquid argon (LAr) electromagnetic sampling calorimetry is em-
ployed in the pseudorapidity range |n| < 3.2. This will give excellent performance in
terms of energy and position resolutions. The LAr technology is also used for the end-
cap hadronic calorimeter, sharing cryostats with the e.m. end-caps. The same end-cap
cryostats also house LAr forward calorimeters which cover the pseudorapidity range
3.2 < |n| < 4.9. The LAr calorimetry is contained in a cylinder with an outer radius of
2.25m and extends to £6.65 m along the beam axis. The bulk of the hadronic calorime-
try is based on a scintillating tile technique and is situated in a cylinder outside the LAr
cryostats, extending to an outer radius of 4.25m and a length of +6.10m. It is divided
into a barrel cylinder and two ‘extended barrel’ cylinders. The whole calorimeter sys-
tem contributes to the very good jet and ER'** performance of the detector. The total
weight of the calorimeter system, including the solenoid flux return iron yoke, which is
integrated into the tile calorimeter support structure, is about 4000 tons.

The Muon Spectrometer surrounds the calorimeters. The air-core toroid system,
with a long barrel and two inserted end-cap magnets, generates a large field volume and
strong bending power with a light and open structure. Multiple scattering effects are
therefore minimal, and an excellent muon momentum resolution is achieved with three
stations of high-precision tracking chambers. For triggering, the muon instrumentation
is equipped with fast resistive plate chambers (RPCs).

The overall dimensions of the ATLAS detector are defined by the Muon Spectrom-
eter. The outer chambers of the barrel are at a radius of about 11 m. The length of the
barrel toroid coils is 13 m, and the third layer of the forward muon chambers, mounted

on the cavern wall, is located at 21 m from the interaction point. The total weight of

the ATLAS detector is about 7000 tons.
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Figure 1.4: The ATLAS Inner Detector (Morges layout).
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1.3.3 Inner Detector

The purpose of the Inner Detector is to make high-precision measurements of the kine-
matic parameters of charged tracks moving in a solenoidal magnetic field with maximal
capability for pattern recognition, particle identification and triggering. These require-
ments must be met in conditions of high track density at a high bunch crossing rate.
The physics goals define a set of requirements for the Inner Detector. The following is

a brief summary of the major requirements:

e coverage over the pseudorapidity range |n| = 2.5
e transverse momentum resolution of better than 30% at pr = 500 GeV

high-efficiency track finding for isolated and associated tracks

good electron and photon identification capability

high-efficiency b-tagging

e precise secondary vertexing

tracking trigger at Level 2

The high track density and the stringent momentum and spatial resolution targets
require the use of high-granularity tracking. In order to maximise the capability for
resolving the inevitable ambiguities caused by overlapping tracks, secondary interactions
and detector inefliciencies, it is desirable to make a large number of measurements along
the length of a track. It is believed that a combination of high-precision ‘discrete’
(i.e. few point) and low-precision ‘continuous’ (i.e. many point) tracking will offer the
best possible track finding and track fitting capabilities. The discrete tracking will be
composed of semiconductor pixel and strip detectors at radii close to the beam axis.
The continuous tracking will be provided by straw drift tubes situated at higher radii.

Semiconductor strip detectors will be used at radii between 30cm and 60cm from
the beam axis. In the barrel and at higher radii in the forward region, the substrate
will be silicon. In the region of highest fluence in the forward region, a gallium arsenide
substrate may be used if this is shown to confer higher radiation tolerance. The mea-
surement in the non-bending coordinate will be obtained through the use of a small

stereo angle, since the precision requirement for this coordinate is less stringent.
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The radiation levels at the LHC preclude the long-term operation of silicon strip
detectors within a radius of about 30 cm from the beam axis. Pixel detectors are ex-
pected to have a resistance to radiation damage of the order of 10 times better than
silicon strip detectors. This and the high track density have led to the choice of pixel
detectors for use close to the interaction point.

The relatively high cost per unit area of semiconductor layers and their high radiation
length mean that the number of precision layers must be limited. Straw tubes will be
used at radii greater than 60cm where the track density will be relatively low and the
> 36 track points produced by about 64 closely-spaced layers may be used to best
advantage for pattern recognition. The position resolution will be inferior to that of
the semiconductor detectors, but the cost per point and the power dissipation will be
much lower. Radiator material will be included to generate transition X-rays to give
an improved electron identification capability independent of the energy-momentum
matching between the calorimeter and the tracker. This information will be particularly
useful at lower transverse momenta (< 5GeV). The straw tube system is known as the
Transition Radiation Tracker (TRT).

The layout of the precision tracking layers will be chosen to ensure that a track
crosses two pixel layers and four silicon strip superlayers over the pseudorapidity range
In| < 2.5. The TRT will provide at least 36 straw hits over the same angular range. A
transition from barrel to disc geometry is made starting at 7 ~ 1 in order to minimise
the amount of material traversed.

A ‘vertexing’ layer at low radius is included in the Inner Detector design for high-
performance vertexing for B-physics studies during the initial period of low-luminosity
running. It will have a short lifetime and will be removed for high-luminosity phase,
but will significantly enhance the B—physics potential of the experiment by virtue of its
smaller distance from the beamline and low multiple scattering. This layer is foreseen
as either an additional pixel layer at a radius of 4 cm or a double-sided silicon strip layer
at r ~ Gcm.

In order to meet the tracking precision requirements it is likely that a survey system
capable of determining positions of detector elements at a level of around 10 um during
operation of the detector will be required. Much of this thesis is concerned with the

specification and design of such a survey system.
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Figure 1.6: The ATLAS calorimeter system.
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1.3.4 Calorimetry

Many important physics processes require the identification and reconstruction of the
energy of electrons, photons and jets as well as measurement of missing transverse energy
(Emissy, The ATLAS calorimetry system is designed to meet these requirements in the
very high luminosity environment of the LHC, with an acceptance covering the region
ln| < 4.9.

Many of the important requirements for the electromagnetic calorimetry come from
the Higgs processes and from decays of new heavy gauge bosons W', Z’ to electrons.
The channels H — vy and H — ZZ — 4e place the most stringent requirements
on the energy resolution. The goal is an e.m. energy resolution of % ® 0.7%. Fine
segmentation of the e.m. calorimeter is required to reach a rejection of 10* against single
jets for sensitivity to H — yv. A wide dynamic range is required : from 2GeV (for i.d.
of electrons from semileptonic b decays) to 5TeV (for Z’ — ee and W’ — ev). The
channel H — ZZ — 4e also requires low-energy electron reconstruction down to a
transverse energy of 5 GeV.

Requirements for the hadronic calorimetry are the identification and measurement
of the energy and direction of jets, and precise measurement of missing transverse en-
ergy. In addition, the hadronic calorimetry will enhance the performance of the e.m.

calorimeter with measurements of quantities such as leakage and isolation. A hadronic

calorimeter energy resolution of %’ ®3% in the barrel (with segmentation 0.1x0.1) and
% ®10% in the forward regions (with segmentation 0.2 x 0.2) is considered sufficient.

The layout of the ATLAS calorimeters is shown in Figure 1.6. An annular cryostat
surrounding the Inner Detector cavity contains the barrel electromagnetic calorimeter
and the solenoidal coil which provides the magnetic field for the tracker. Two end-cap
cryostats enclose the electromagnetic and hadronic end-cap calorimeters as well as the
integrated forward calorimeter. The three cryostats are surrounded over their full length
by a scintillating-tile hadronic calorimeter which is divided into three sections (a barrel

and two ‘extended barrels’) and is contained within an outer support cylinder which

doubles as the the main solenoid flux return.

1.3.4.1 Liquid Ionisation Calorimetry

The inner barrel and end-caps are based on an intrinsically radiation-resistant tech-

nology using liquid argon (LAr) as the active material. In the electromagnetic barrel



Calorimeter

(7] absorber/active Xo/A An x A¢ channels
LAr calorimetry
Barrel em. PS | 0-1.4 Pb/LAr <2 Xp 0.003 x 0.100 28 000
Barrel e.m. 0-1.4 Pb/LAr 4.5 Xg 0.003 x 0.100 57 000
13-20 X, 0.025 x 0.025 29 000
7.5-12 X 0.025 x 0.050 14 000
End-cap em. | 1.4-3.2 Pb/LAr 29X, various 82 000
End-cap had. | 1.5-3.2 Cu/LAr 10X 4x0.1x0.1 8 800
Forward eem. | 3.1-4.9 Cu/LAr 26X0/2.5A | (n = 3.1-3.6) 0.120 x 0.100 6060
(n = 3.6-4.6) 0.140 x 0.200
(1 = 4.6-4.9) 0.150 x 0.400
Forward had. | 3.1-4.9| W+Fe/LAr | 94Xo/3.4A as forward e.m. 4040
93X0/3.4) 3030
Scintillator tile calorimetry
Barrel 0-1.0 | Fe/scintillator 1.5 0.1x0.1 6 000
4.2 0.1x0.1 6 000
1.9 0.2 x 0.1 6 000
Ext. barrel 1.0-1.6 | Fe/scintillator dxdx.d 4 000

Table 1.3: Summary of the ATLAS calorimetry.

juamitedxs §YILV YL €'1

1¢



1.3 The ATLAS experiment 22

calorimeter, lead absorber plates and Kapton electrode boards are placed in LAr in
an ‘accordion’ configuration. The end-cap cryostats contain a Pb/LAr e.m. accordion
calorimeter with the so-called ‘Spanish fan’ geometry, a Cu/LAr hadronic calorimeter
with flat absorber plates, and a Cu,Fe,W/LAr forward calorimeter with a tube electrode

structure.

The barrel electromagnetic calorimeter is constructed -

from identical half-barrels and covers the rapidity range

%
A
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In| < 1.4. It is preceded radially by a presampler layer
located immediately behind the cryostat inner wall de-

signed to correct for the energy lost in the material in

A\

front of the calorimeter (i.e. the Inner Detector, coil

A

&S

and cryostat) and to assist in measuring the direction

of e.m. showers with the necessary accuracy in 7. The

first sampling of the barrel e.m. calorimeter (at a depth
of 4.5 Xg) is finely segmented in 7 (0.003 x 0.100) and
plays the réle of a preshower detector. The second and third samples have granularities
of 0.025 x 0.025 and 0.025 x 0.050 respectively.

The end-cap hadronic calorimeter is a LAr calorimeter using kapton electrode boards
glued to flat copper plates with 8mm gaps. The segmentation is 0.1 X 0.1 with four lon-
gitudinal samplings. The use of copper rather than iron allows a lower cell capacitance
and hence lower electronic noise, a lower optimum integration time and reduced pile-up
noise.

The LAr forward calorimetry, integrated into the end-cap cryostats, will operate in
an environment of extreme particle and energy flux. Speed and radiation hardness are
achieved with a metallic tube and rod electrode structure with a very small LAr gap
(250 um), embedded in a copper absorber for the electromagnetic front module, and a

tungsten alloy absorber for the two hadronic modules behind it.

1.3.4.2 Hadronic Scintillator Calorimeter

The hadronic scintillating tile calorimeter occupies the radial interval r = 2.3-4.2m. [t
is divided into a 5.6 m barrel and two 2.6 m extended barrels which cover the regions
|n| < 1.0 and 1.0 < |p| < 1.6 respectively.

The calorimeter is based on a sampling technique using a steel absorber material and

3mm thick plastic scintillator tiles which are read out using 1 mm diameter wavelength-
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shifting fibres. Photomultiplier tubes for detection of the scintillation light and asso-

ciated electronics are housed in 512 identical drawers which slide inside iron girders

supporting the calorimeter modules. This design allows easy access to the PMTs and

the electronics with minimal interference with other parts of the detector.

An innovative feature of the design is the orienta-
tion of the scintillating tiles which are placed in planes
perpendicular to the colliding beams and staggered in
depth. Monte Carlo simulations have demonstrated that
this orientation provides good sampling homogeneity.
Radially the calorimeter is segmented into three lay-
ers with depths of 1.5, 4.2 and 1.9 radiation lengths at
n = 0. The nX ¢ segmentation will be 0.1x0.1 (0.2x0.1
n last layer). Prototype tests indicate that this system

will meet the requirements.
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1.3.5 Muon Spectrometer

The layout of the Muon Spectrometer is shown in Figures 1.7 and 1.8. High precision
tracking chambers are used to {ully exploit the advantages offered by the open supercon-
ducting air-core muon toroid magnet system. In the barrel, the natural layout consists
of three layers of chambers: at the inner and outer edges of the magnetic volume and in
the mid-plane. In the forward direction the chambers are placed at the front and back
faces of the toroid cryostats, with a third layer against the cavern wall, to maximise the
lever-arm. The high-precision chambers are complemented with an independent fast

trigger chamber system.

n=105-_ F12m

Figure 1.8: Side (rz) view of the Muon Spectrometer. The precision multilayers are
shown in dark grey, their support structures in light grey. The itrigger chambers are

drawn in black.

1.3.5.1 Precision chambers

The precision muon tracking is based on a new muon chamber concept : the Monitored
Drift Tube (MDT). MDT chambers can be used over a very large part of the 7 ac-
ceptance, although Cathode Strip Chambers (CSC) will be used in the highest rate
environment at large 7.

The MDT chambers consist of two multilayers of three or four planes of pressurised
thin-wall aluminium drift tubes with a diameter of 30 mm. When operated at a pressure
in the range 34 bar, single cell resolutions of about 60 um have been achieved, with

non-lammable drift gases. The precise location of the two multilayers is provided by
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three stiff comb plates of the support structure which define the wire positions at the
ends of the chamber.

The CSCs are fast multiwire proportional chambers for which precise position mea-
surements (typically 50 um) are achieved by determining the centre of gravity of the
induced charge on the segmented cathode strips. High rates can be handled by appro-
priate fine segmentation. Multilayers of CSCs will be assembled in a similar way as for
the MDT's to provide local track vectors.

The momentum resolution of the muon spectrometer relies heavily on the ability to
master the alignment of the large muon chambers spaced far apart. The alignment will

be monitored using optical straightness monitors. These are discussed in Chapter 4.

1.3.5.2 Trigger system

The high-rate environment combined with cost considerations make it necessary to use
two trigger chamber technologies: Resistive Plate Chambers (RPC) in the barrel and
Thin Gap Chambers (TGC) in the forward regions. The RPC is a gaseous parallel plate
detector with a time resolution of a few nanoseconds. Position information is obtained
from external pick-up electrodes segmented into strips. The TGC is a wire chamber
operating in saturated mode. Capacitive readout on pads or strips is used, with a time
resolution of typically less than 5ns.

In addition to their primary function, the trigger chambers complement the MDT
chambers with the bunch crossing assignment and the measurement of the ‘second
coordinate’ in the non-bending plane, which is needed to cope with the ¢-variations of

the magnetic field and is required in the alignment procedure.
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1.3.6 Trigger, DAQ and computing
1.3.6.1 Requirements

The ATLAS trigger system has the task of selecting interesting events from the mass of
collisions at LHC. The trigger must reduce the event rate from the bunch crossing rate
of 40 MHz to around 101z for recording onto mass storage media. The data rates are

immense : after compression the rate is 1Mb/event or 40Tb/second.

1.3.6.2 Architecture

The ATLAS trigger is organised in three trigger levels :

e Level 1: a synchronous (i.e. fixed latency) system of dedicated hardware acting
at 40MHz on reduced-granularity data from a subset of the detector subsystems
(calorimeters and muon spectrometer). During the Level 1 processing, the data
from all parts of the ATLAS detector are held in pipeline memories. A yes/no

trigger decision is delivered for each bunch crossing with a fixed latency of around

2.5 us.

e Level 2: an asynchronoussystem of programmable processors using full-granularity,
full-precision data from much of the detector, but examining only regions of interest

(Rols) of the detector identified by Level 1 as containing interesting information.

e Level 3: an event building and reconstruction system using farms of commercial
processors (~ 10° MIPS), operating on the assembled full event data arriving at
10-100Hz, to make the final selection of events to be permanently recorded at

around 10 Hz for offline analysis.

The overall DAQ architecture is shown in Figure 1.9.

1.3.6.3 Offline computing

In the LHC environment, the boundary between offline and online computing will be
less clearly defined than in previous experiments because ‘offline’ algorithms will be
applied in real-time for event selection (at Level 3) and first-pass reconstruction may be
done online. With improved understanding of the detector, data and algorithms, more

and more tasks may be migrated from the offline to the online environment.
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1.3.7 Physics at ATLAS

The following is a brief summary of the physics which will be studied with the ATLAS
detector. The total cross-section for proton-proton collisions at 14 TeV is expected to

be ~ 70 mb.

1.3.7.1 Higgs search

Since one of the prime reasons for building LHC is to solve the puzzle of electroweak
symmetry breaking, considerable attention has been paid during the detector design

process to the sensitivity to Higgs signatures.

low mass (80 < my < 120 GeV) :
For a SM Higgs in the mass range 80 < My < 120 GeV, the decay modes important

for discovery are H — vy and H — bb.

H — 7y places severe demands on the performance of the electromagnetic calo-
rimeter. Excellent energy and angular resolution will be required to observe the
narrow mass peak above the irreducible prompt v+ continuum. Powerful particle
identification capability will be needed to reject the large jet background and, for

mpy ~ myz, the potentially dangerous resonant background from Z — ee decays.

For a SM Higgs boson in the mass region below the threshold for H — WW and
H — ZZ, the branching ratio for H — bb is essentially 100%, since in this scenario

the b-quark is the heaviest accessible particle.

The first years of running at low luminosity will not be sufficient for statistically
significant discovery in any single channel. However, the combination of the various

channels should provide enough evidence for a SM Higgs boson even in this difficult

mass range.

intermediate mass (120 < my < 180 GeV) :
The H —+ ZZ* — 4¢ mode provides a very clean signature for a SM Higgs boson
in the mass range from ~ 130 GeV to ~ 800 GeV. However, for my < 2mgz (i.e.
below 180 GeV), although the event signature is very distinctive, the Higgs boson
is narrow, the expected signal cross-sections are small, and the backgrounds are

significant. Good mass resolution is required to find a signal.

high mass (myg > 180 GeV) :
For 180 < my < 800GeV the H — ZZ — 4£ channel has a large rate and small
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background, and is considered to be the most reliable for SM Higgs discovery. The
major background from continuum ZZ production can be reduced considerably
by requiring one Z to have py > mp /2, resulting in a signal-to-noise ratio of 20:1

for my < 500 GeV.

For masses greater than 800 GeV, the channel H — ZZ — £lvv may be consid-
ered. It benefits from a six times higher rate, but the decay cannot be completely

reconstructed because of the escaping neutrinos.

SUSY Higgs :

In the MSSM, two Higgs doublets are required, resulting in five physical states,
usually referred to as H*, H~, h, H and A. At the tree level, their masses can be
computed in terms of only two parameters, usually quoted as m4 and tan S (the
ratio of the vacuum expectation values of the two doublets), where the parameter
space is usually shown as extending over 0 < my < 500 GeV and 0 < tan 3 < 50.
Important channels are A/H — 77, h/H — vy, H - ZZ — 4¢, and t — bH™, of
which the A/H — 77 mode has been studied in detail. Increasing the calorimeter
coverage as far as the beam pipe (i.e. to || < 7.6) could significantly improve the

acceptance.

Strongly interacting Higgs :

A Higgs of high mass myg > 1TeV is very broad and leads to strong scattering
of gauge boson pairs, which would eventually violate unitarity for the s-wave scat-
tering amplitude. At this energy scale, longitudinally polarised Wy, s play the role
of the Goldstone bosons of the Higgs symmetry-breaking mechanism. Thus, WW
fusion will be dominated by the longitudinal components, and studies of the cross-
section regularisation mechanism using the rate of production of Wy, pairs at the
LHC will provide information about the Higgs boson, if it exists, or alternatively

about the nature of whatever dynamical process is responsible for electroweak

symmetry breaking.

1.3.7.2 Top-quark physics

The LHC will be the world’s first top factory. Even at very low initial luminosities of
1033 cm—2s71, approximately 6000 tt pairs will be produced per day for m; =170 GeV,
yielding about 100 reconstructed ¢t — (Ivb)(jjb) decays per day and about 10 clean

isolated ey pairs per day.
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The mass of the top-quark will be measured at LHC using ¢ — jjb and multilepton
events, yielding an expected ultimate accuracy of about 42 GeV.

In extensions to the SM with charged Higgs, such as the MSSM, the decay t — bH,
if kinematically allowed, can compete with the ¢ — bW decay.

Rare decay modes such as t —+ Z¢, t — Ws or Wd, and t — Wgb — jjb will also

be studied.

1.3.7.3 B-physics

The very large cross-section for b-quark production at the LHC will allow a wide range
of precision measurements to be performed in the rich field of B-physics. The ATLAS
programme will include studies of CP-violation using the decays By — J/¢ K, By —
nm, and By — J/1 ¢. Other topics are the measurement of B, mixing, searches for rare
decays such as By — pup and B; — ppu, the study of B-baryon decay dynamics, and
spectroscopy of rare B hadrons.

B-physics will be experimentally easiest during the first few years of LHC operation
when the low luminosity will be low and hence the effect of pile-up will be reduced. The
vertex detector, located close to the beam axis, is expected to survive this initial phase.
Although much of the B-physics studies will be performed during this period, B-physics
may also be usefully pursued at ATLAS during the high luminosity phase of the LHC.

Strong features of the ATLAS detector for the B-physics programme are a powerful
and flexible trigger system, high-resolution secondary vertex measurement, and efficient

track reconstruction and electron identification down to low pp .

1.3.7.4 Supersymmetric particles

Supersymmetric (SUSY) extensions of the SM predict a wide spectrum of new particles.
The many theoretical advantages of supersymmetric extensions of the SM require that
the scale for the masses of the supersymmetric partners of ordinary particles cannot be
significantly larger than the scale for electroweak symmetry breaking. Thus the masses
of the SUSY particles (and also the production rates) are such that the ATLAS detector
could discover them over a large fraction of the parameter space.

In addition to the SUSY Higgs signatures, three main signatures allowing the ex-
ploration of a significant region in parameter space will be pursued, namely multijets +
E’Tnm , same-sign dileptons from squark and gluino production, and three-lepton events

from chargino/neutralino production.
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1.3.7.5 Other searches

New neutral or charged vector gauge bosons occur naturally in several models, e.g.
some minimal extensions of the Standard Model and models for electroweak symmetry
breaking through compositeness. The sensitivity of ATLAS to these signals is discussed
in Chapter 2.

Leptoquarks (LQs) are predicted in many theoretical models beyond the Standard
Model (SM), inspired by the symmetry between the quark and lepton generations.

Recent results from the Tevatron, though not statistically significant, have tanta-
lisingly raised the prospect of quark compositeness. If quarks and/or leptons contain
more fundamental constituents, deviations from Standard Model predictions would be
expected to be seen by ATLAS.

Measurements of gauge-boson pair production provide tests of the SM SU(2) triple-

gauge-boson vertices, and so could be useful probes of the structure of the Higgs sector.

1.4 Conclusion

About ten years from now, the Large Hadron Collider will offer unmatched opportunities
for the discovery of new physics. The ATLAS detector promises to exploit its potential

to the full.
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Chapter 2

Alignment of the ATLAS Inner

Detector

2.1 Introduction

Ior many of the interesting channels expected at the LHC, good sensitivity will require
precise measurement of the kinematic parameters of high-pr charged tracks. In order to
do this, the Inner Detector is designed to make precise position measurements of points
on these tracks as they curve through a solenoidal magnetic field. The precision with
which this can be done is dependent upon both the intrinsic measurement precision
of the detector elements employed and the accuracy with which their locations are
known. The intrinsic precision of a detector is simply a property of its design. The
positioning accuracy of a detector element is a combination of the accuracy with which
it was positioned at assembly and the stability of its location subsequently. The overall
process of accurately determining the positions of detector elements both before and
after assembly is known as alignment.

Since the precision with which the positions of detector elements must be known
during running will in general be higher than that which can be inferred from knowledge
of the detector just after assembly, it will be necessary to determine the location of each
element during operation of the detector. This may be done either indirectly using the
track data, or directly using a survey system. Survey measurements must be made

with a precision sufficient for the total combined precision to be within the specifications

derived from the physics requirements.

Ototal = Tintrinsic &P Osurvey < Orequired
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Since the detectors are optimised for maximal physics performance with minimal chan-
nel count, the choice of the intrinsic detector precisions is influenced by the expected
alignment precision — in some cases good alignment may permit slightly lower intrinsic
precisions and hence savings in cost.

Survey measurements will be combined geometrically to produce a three-dimensional
picture of the locations of the detector elements.

It is useful to factorise the alignment problem into the local or internal alignment
of individual subdetectors which are then spatially related to each other with a global
alignment of these large blocks. If these blocks are internally aligned then they may
be considered as rigid bodies, leaving only 6 degrees of freedom for the relative location
of any pair of subdetectors.

The detector will be referenced to the beam pipe, the interaction point, and to
selected points on the wall of the underground cavern.

Eventually the survey measurements will be made available for use in the offline
data analysis software (and to some extent in the trigger system) as a set of corrections
to the ideal element locations.

Precise knowledge of detector positions will be required at every stage of the con-
struction of ATLAS. There are at least five distinct phases during the design and con-
struction of the Inner Detector during which precise position measurements will be

necessary :
e at the design stage for choosing materials and evaluating mechanical designs
e during module construction, testing and calibration

during barrel/wheel preassembly

after installation of the detector into the underground area

periodically during running

2.2 Inner Detector alignment requirements

2.2.1 Physics requirements

High sensitivity to a wide range of physics processes places stringent requirements on

the performance of the Inner Detector. The physics requirements may be translated
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into three classes of performance specifications : those for track finding (i.e. pattern
recognition), track fitting and triggering.

As discussed above, the effective track fitting resolutions of the Inner Detector are
combinations of the intrinsic detector resolutions and the alignment precisions. The
alignment requirements for acceptable track fitting resolutions are investigated in de-
tail in Chapter 5. The physically-motivated specifications for each of five track fitting
resolutions are reviewed in Section 5.2.4.

There is currently little information available on the alignment requirements which

may be derived from a need for good pattern recognition performance.

2.2.2 Engineering requirements

Ultimately the need for a run-time alignment system and the performance required of it
will be determined by the positional stability of the detector elements over time. This
involves detailed knowledge of the performance of both the modules and the support
structures under the expected mechanical and thermal loads. The innovation required
in the mechanical design and the use of new materials has made it difficult to predict
this stability. The detailed design of the alignment system will depend on the degree of
stability expected. Prototyping will be used to tune the FEA models.

The luminosity of the LHC will vary considerably during each machine fill. The
variation in power dissipation in the front-end electronics that this will cause (perhaps
10% of the total) may be large enough to cause significant changes in the shape of the
detector. In such a case, a direct survey system would need to operate fast enough to

permit several complete surveys during a run.

2.2.3 Alignment requirements for the Level 2 trigger

In the offline track finding, alignment errors will be corrected in software using survey
and other measurements. However, it is desirable that the Level 2 tracking trigger
can be implemented in hardware without the requirement that it include alignment
corrections. This means that the correct functioning of the tracking trigger may impose
requirements on the assembly tolerances of the Inner Detector.

The Level 2 tracking trigger uses the four r¢ silicon layers at radii of 30-60cm from
the beam pipe. The readout granularities for the trigger are given in Table 2.1.

The dependence of the tracking trigger performance on the assembly tolerances of

the silicon barrel has been investigated using the high-pr track trigger and the ‘Panel’
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Layer | readout pitch | radius
L 150 um 30cm
2 200 pm 40cm
3 200 pm 50cm
4 200 pm 60 cm

Table 2.1: Tracking trigger granularity.

layout [3]. The effect of alignment errors was simulated by increasing the effective strip
widths in the four silicon layers. The electron efliciency and the jet rejection of the

trigger were investigated.

e Electron efficiency : increasing the strip width reduces the pr resolution of the
trigger algorithm and so smears out the pr threshold of the electron trigger. This

will cause more fake triggers.

e Jet rejection : Table 2.2 shows the jet rejection performance of the Level 2 track
trigger on jets which pass Level 1 in the presence of a mean of 20 minimum
bias events. Any reduction in resolution results in deterioration of the standalone
track trigger performance. At %—resolution the effect may be reduced by requiring
tracker-calorimeter matching. However, for %—resolution, the effect of this match-

ing is not sufficient to prevent deterioration of the global rejection.

Si resolution % events passing trigger

(excluding genuine high pr )

trk | trk+calo | trk4-calo+match
full 4.7 1.5 0.4
3 27 6 0.4
: 39 9 3.0

Table 2.2: Jet rejection performance of the L2 track trigger.
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At L-resolution (300-400 m) the global Level 2 trigger performance remains satisfac-
tory, but at };—resolution (600-800 um) it is inadequate. Hence the assembly precision
requirement from the Level 2 track trigger is that the silicon barrels be placed within

about 300 um of their correct positions.

2.3 Alignment techniques and technologies

There are three basic types of alignment technique
e charged particle tracks
e non-optical position sensors

e optical metrology

It will be seen that of these methods, optical metrology is the most attractive for making
the high precision measurements needed to determine the locations of element positions
in the Inner Detector.

Non-optical methods are not favoured for the alignment of the Inner Detector and
will not be discussed here.

In the following sections a few of the techniques which are candidates for various
stages of the alignment of the ATLAS Inner Detector are introduced. In some cases
the techniques have been suggested for use in other parts of the detector, and their

adaptation for use in the Inner Detector is under consideration.

2.3.1 Alignment using charged particle tracks

Historically the run-time alignment of particle detectors has been done predominantly
using the detected tracks themselves for lining up detector elements. However, in many
cases this has been a very slow process. In addition, it is possible that there could be
significant movement of the detector elements during the integration time required to
accumulate enough data for an alignment using tracks.

The following is a simple calculation of the time required to collect enough track
data to be able to perform a track-based alignment.

Consider a module with dimensions 12cm by 6 cm (An = 0.2, A¢ = 0.1) at a radius
of 60cm from the beam pipe. The total charged particle fluence through such a module
is about 0.02 tracks per proton-proton event. If 100 tracks are required per module for

an alignment run, then, assuming a Level 3 trigger rate of 10 Hz, at low luminosity (i.e.
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1 collision per trigger) one obtains the figures given in Table 2.3 for the time required
for a low-pr track alignment as a function of the pr threshold. It can be seen that even

for low-momentum tracks, the collection times are long.

pr threshold | % tracks over threshold | 100-track alignment time

0.5 GeV/c 44% 20 mins
1.0 GeV/c 14% 60 mins
2.0 GeV/c 2.9% 280 mins

Table 2.3: Data acquisition lime for a track-based alignment vs. py threshold of the
tracks. The data collection time grows exponentially with the pr threshold. Calculated

using GENCL.

Due to the high amount of material in the Inner Detector, it is possible that a precise
alignment could only be done using tracks with momenta, of at least 40 GeV where the
effect of multiple scattering becomes small. Since the track multiplicity falls exponen-
tially with momentum, the collection times required for even a first pass alignment are
likely to be very long. This and the complexity of the data analysis required for track-
based alignment make it attractive to examine direct ways of determining the positions

of detector elements.

2.3.2 Optical metrology
2.3.2.1 Frequency-Scanned Interferometry (FSI)

Frequency Scanned Interferometry is a novel measurement technique which is currently
the baseline for the SCT run-time alignment system. The basic principles, the detailed
design and laboratory test results are presented in Chapter 3.

The technique requires that the Inner Detector be instrumented with a large number
of specially-designed interferometers. These novel interferometers are constructed from
two millimetre-dimensioned objects and have low volume, very low mass, no moving
parts, no active components and require no careful adjustment. Pairs of single mode
optical fibres are used for remote laser illumination and for remote detection of the
interference fringe signal. This means that all the complex optical components are

located at the surface facility where they may be accessible.
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The absolute distance between the two components of the interferometer is measured
by counting interference fringes seen at the detector whilst the optical frequency of the
laser is scanned over a measured range. The measurement is directly referenced to a
length standard. A single laser serves many interferometers and many measurements
are made simultaneously. The precision is expected to be of the order of 1 um for a
measured length of 1 m.

The one-dimensional length measurements are combined using a highly overcon-
strained, three-dimensional geodetic network. In addition to permitting the calculation
of the locations of the nodes in three dimensions, a highly redundant geodetic network
allows internal cross-checking of the measurement data in order to identify measurement
biases caused by measurement mistakes (such as miscounted fringes) and localised gas
refractive index changes. The performances of geodetic networks suitable for alignment
of the SCT barrel using FSI are investigated in Chapter 4.

Clearly the alignment of a tracker as complex as the ATLAS Inner Detector requires
the reduction of a very large number of degrees of freedom. Finite element analysis
(FEA) and laboratory measurements of the behaviour of modules and barrels under
thermal and mechanical loads will provide a parametrisation of their static deformation
modes. By monitoring the movement of a number of carefully selected reference points
in the Inner Detector it will be possible to infer the positions of individual detector

elements by interpolation.

2.3.2.2 Electronic Speckle Pattern Interferometry (ESPI)

When an optically rough surface is illuminated with coherent light from a laser, the
resulting optical field is a complex yet coherent pattern known as a speckle pattern.
Electronic speckle pattern interferometry (ESPI) or TV holography is a tech-
nique for electronically extracting information contained in a laser speckle pattern in
order to measure microscopic motions of macroscopic objects [10]. Two speckle patterns
are recorded using a CCD camera: one before distortion of the object under study and
one after distortion. The two patterns, which individually are apparently featureless,
when electronically subtracted yield a fringe contour map of the distortion of the object.
Each fringe corresponds to motion of half a wavelength either out of the plane of the
object or in-plane motion in a direction defined by the setup of the interferometer. See
Figure 2.1.

The main application of ESPI is during the design process for analysis of the be-
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haviour of the materials and structures which will be used in the Inner Detector and
for development and tuning of finite element analysis (FEA) models. It is currently
being used to analyse the behaviour of silicon detector modules and parts of the TRT
support structure under mechanical and thermal loads. The current system is capable
of making both in-plane and out-of-plane measurements of the deformation of objects
with dimensions from a few centimetres square to about 1.8 m square. The precision is

better than 0.25 ym.
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Figure 2.1: An electronic speckle pattern interferometer, set up for sensitivity to motions

out of the plane of the object.
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2.3.2.3 X-ray alignment

X-ray techniques may be used for a survey just after assembly of the detector. A narrow
beam is scanned across the detector and sensed in one of two ways : either by shadowing
on to a layer of scintillator placed behind the module under examination, or detection
of the X-rays using the detector elements themselves.

A system for a post-assembly survey of the Transition Radiation Tracker has been
demonstrated [4][5]. A finely collimated (10-50 um) monochromatic X-ray beam (36 keV)
is scanned across a TRT cell and is detected using the TRT straws themselves. It has
been shown that this technique can be used to measure both the positions of the anode
wires in space and the positions of the wires relative to the tube walls. The position of
the anode wires is measured with a precision better than 1 um.

An X-ray survey system for the muon drift tubes using a scintillator detection
method has been demonstrated. See Figure 2.2.

Work is currently in progress to investigate whether the Semiconductor Tracker could
be surveyed with X-rays. In semiconductor detectors the absorption does not vary across
a wafer, so the X-rays must be detected using the strips themselves. The low energy
of the X-ray photons (a Bremsstrahlung distribution with a maximum photon energy
of 50keV) means that a low threshold is needed, and the narrow collimation means
that the photon rate is low (108s71), so the first tests will focus on checking that the
signal-to-noise ratio will be adequate. If the initial proof-of-principle is successful, post-
assembly survey methods will be investigated. It is possible that an X-ray tube could
be placed at the beam axis and swept over the SCT using a (6, ¢) or a (2, ¢) scanning
device. It may be useful to emit two collimated beams back-to-back.

Although an X-ray technique could be used for run-time surveys of the Muon Spec-
trometer, it is likely that an X-ray system would require too much space to be perma-
nently installed in the Inner Detector. It is most likely that such a technique would be

used for a post-assembly survey of the SCT and the TRT.

2.3.2.4 RASNIK

A straightness monitor is a device for measuring the collinearity of three or more
objects: if an axis is defined between the first and last object, a straightness monitor
measures the transverse distance(s) of the middle object(s) from this axis.

The RASNIK system is a straightness monitoring technique which has been used
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Figure 2.2: X-ray survey of a drift tube detector using the shadow detection method.

successfully applied in the L3 experiment [9]. A more developed version, the CCD-
RASNIK system, shown in Figure 2.3, has been proposed for use in the ATLAS Muon
Spectrometer [6]. It has three components: an illuminated coded mask, a lens, and a
CCD sensor. Since movement of the lens by a distance d in a direction perpendicular to
the axis defined by the mask and the CCD causes displacement of the image of the mask
by a distance 2d, the transverse position of the lens can be calculated {rom the image
position by means of image processing of a CCD frame. Since only a small section of the
mask is seen, the coded non-repeating pattern shown in Figure 2.4 is used to obtain a

unique position. The observed magnification gives the longitudinal position of the lens.
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Figure 2.3: Schematic of the CCD-RASNIK system.

The resolution of the CCD-RASNIK system in terms of lens displacements perpen-
dicular to the axis is better than 1um for a system with a mask-to-CCD distance of
5.5m. The resolution in the longitudinal direction is better than 30 um. The maximum
transverse measurement range of the system is limited only by the diameter of the mask.

Although the RASNIK system is simple and is well tested, the size of the lens (and

the material and amount of required space that this implies) is a major limitation in its
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Figure 2.4: The non-repeating coded mask used in the CCD-RASNIK system.

application to the alignment of the Inner Detector. In addition, it is unlikely that the
CCD would be sufficiently radiation hard for use in the Inner Detector. The techniques
which could be used to to overcome this (such as fibre bundle detection) are not very

attractive.

2.3.2.5 MPI multipoint laser straightness monitor

A multipoint straightness monitor is currently under development at MPI Munich [8].
It has been proposed for use in the run-time survey of the ATLAS Muon Spectrometer
(7], and is currently under consideration for use in the Inner Detector. Collimated
laser beams are used as alignment references, and are detected using multiple layers of

semi-transparent optical position sensors. See Figure 2.5.

collimators transparent sensors
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—-—

sm fibres
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Figure 2.5: The principle of the MPI multipoint laser siraightness monitor using trans-

parent silicon photodiodes. The laser light is distributed using single mode fibres.

A novel type of silicon strip detector has been developed for this application. This
provides very precise and uniform position information with a precision of the order of
1 um over a wide measurement range. At suitable wavelengths (such as those of common

laser diodes), the sensors have an optical transmission of over 90%, which allows more
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than 30 sensors to be positioned in a line along one laser beam. See Figure 2.6.
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Figure 2.6: Structure of the amorphous silicon-strip photodiodes. The indium-tin ozide
(ITO) layers are segmented into orthogonal strip rows, shown parallel here for the sake

of simplicity.

If the readout requirements and radiation hardness of the silicon photodiodes prove
to be satisfactory, the multipoint straightness monitor may be used in the Inner Detec-

tor, probably in combination with another technique such as FSI.
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2.4 Overview of the Inner Detector alignment process

As explained above, there are at least four distinct phases during which precision metrol-
ogy will be used for alignment purposes — during assembly of modules and barrels, at
assembly of prefabricated units at the Surface Assembly Facility, at installation under-
ground, and during operation of the detector during running. In addition, metrological
techniques are required during the design phase for evaluation of the behaviour of ma-
terials and support structures under the mechanical and thermal loads expected during
operation. The following is a brief outline of current thinking on the overall alignment

process for the ATLAS Inner Detector.

2.4.1 Design-phase metrology

The most important metrological technique for evaluating the performance of materi-
als and structures at the design is likely to be ESPI. Its capability in measuring small
multidirectional distortions over large surfaces and complex structures is now well es-
tablished. At the time of writing it has already been used for measuring the distortions
of a number of different module designs, and has been used to make unprecedented
measurements of the distortions of carbon fibre under the very small loads expected in
the TRT support structure. The ESPI facility at Oxford now has planned a vigorous

programme of measurement work.

2.4.2 Module prefabrication / preassembly

The assembly of modules and barrels will be done at a number of institutes in Europe,
Japan and the U.S.. There are a number of technical and organisational issues which
must be resolved before a detailed assembly and alignment procedure can be drawn up.
The technical issues include the handling of wafers and modules, choice of temperature
and the degree of automation of the assembly process. Suitable technologies for this

stage of the alignment include optical microscopy, X-ray and laser systems and FSI.

2.4.3 Surface assembly

The techniques suitable for surveys during the surface assembly are similar to those

envisaged for module construction.
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2.4.4 Installation

The Inner Detector will be one of the last subdetectors to go underground. Most of
the pre-assembly will be done at institutes other than CERN. The final assembly of the
prefabricated barrels and wheels will be done in a surface building near the pit. When
the solenoid tests have been completed the Inner Detector barrel will be lowered into the
pit and slid into the solenoid on rails. At this time a number of techniques will be used
to ensure correct positioning, for which optical microscopy, X-ray alignment and FSI are
among the candidates. It seems reasonable to expect that the most useful survey would
be a full X-ray scan of the fully assembled Inner Detector including services. Whether

this would be best done after installation or just before is under consideration.

2.4.5 Running

[t is likely that the run-time survey system for the precision layers of the Inner Detector
will be based on FSI, with the possible addition of a straightness monitor such as the
MPI device. Data from such a survey system would be combined with a relatively
small amount of information from tracks and discrete sensors to provide a real-time
map of the positions of a large number of carefully selected points within the Inner
Detector. Track-based alignments will undoubtedly be attempted, and if successful will
offer precise direct measurements of every module, but for the reasons given above they

may be slow and limited by the required integration time.

2.5 Conclusions

In this chapter the motivation and requirements for an alignment system for the Inner
Detector have been examined. A number of the available and developing technologies
which are candidates for various stages of the alignment process of the Inner Detector
have been described. An overview of the overall alignment process of the ATLAS Inner

Detector has been presented. There remains much work to be done before a detailed

alignment strategy can be developed.
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Chapter 3

Frequency-Scanned

Interferometry

here thou viewest, beholdest, surveyest, or seest

— LovE’s LABOURS LosT

3.1 Introduction

Motivation

Traditionally, once an HEP experiment has been assembled, the positions of the tracking
elements have been determined by long and labour-intensive software analyses of large
quantities of tracking data. Such processes, besides being difficult and laborious, require
the assumption that the detector positions were reproducible over the data collection
period.

There are a number of reasons why it is possible that the ATLAS Inner Detector
will not be stable over the periods of time necessary for the collection of sufficient
data for such track-based alignment calculations. One possible cause of significant
movements in the silicon subdetector is the dependence of the power dissipation of the
front-end electronics on the occupancy levels and trigger rates, and hence on the varying
luminosity of the LHC during a run. Overall, the average temperature of the detector
should be held constant by the cooling system, but it is possible that the changes in
the temperature distributions between the heat sources (front-end chips) and the heat

sinks (cooling pipes) will be large enough to cause significant changes in the shape of

the silicon subdetector.
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Reasons such as these make it attractive to investigate direct, fast, automatic, remote
and computationally simple ways of surveying the positions of critical parts of the Inner

Detector during operation. The survey system described here is one possible solution.
Requirements

The essential requirement is for a system capable of producing a 3D map of the positions
of strategically chosen parts of the detector in a time short enough for any mechanical
or thermal drifts of the detector during that period to be small compared with the
measurement precision. The alignment precision must be below about 10 um in order
to meet the physics specifications (see Chapter 5).

Due to shut-downs and maintenance, continuous operation is likely to be impossible,
so a system is needed which can make absolute measurements of position with no «
priori knowledge. Many existing metrological techniques are only capable of monitoring
variations in position and are therefore ruled out by this requirement.

As for any system used in ATLAS, the in-detector elements must have low radia-
tion length, very low mass, small physical size, must be radiation hard, must have no
moving parts, must require no maintenance or adjustment during operation, and must

communicate with the outside world via wires, pipes or fibres.

The proposed solution

The solution which has been proposed to satisfy the requirements given above is a direct
survey system based on a large number of simultaneous interferometric length measure-
ments of the absolute distances between selected points (nodes) in the Inner Detector,
each point being common to several such measurements. The 1D measurements are
combined using a highly overconstrained, 3D geodetic network for computation of the
positions of the nodes in three dimensions. The measurements will be made using a
metrological technique known as Frequency Scanned Interferometry (FSI).

The FSI technique requires that the Inner Detector be instrumented with a large
number of interferometers. A novel, very low mass interferometer, which will have no
moving parts or active components and will require minimal pre-alignment has been
designed for the task. See Figure 3.1. The interferometers will be remotely illuminated
and the resulting interference patterns remotely detected via pairs of single mode optical
fibres, possibly several hundred metres long. One fibre is coupled to a tunable laser

located outside the detector, and delivers light to the interferometer. The other fibre
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Figure 3.1: The basic concept of the FSI system.

is used to collect light for delivery to a photodetector, also located externally. The
actual length determination is made by scanning the optical frequency of the laser and
calculating the ratio of the change in frequency to the number of fringe oscillations seen
at the photomultiplier.

In order to meet the specification of a 3D precision of 10 um, the 1D precision must
be of the order of 1 um to take account of the errors associated with the positioning
of the measurement endpoints and the triangulation. This precision is determined by
the length of the frequency scan and the precision with which the phase of the fringe
pattern is measured. The possibility that within the detector there could be mechanical
vibrations with an amplitude greater than % has led to the development of a technique
which should permit both rejection and analysis of vibrations.

The interferometer is designed to be capable of measuring to micron precision the
positions of nodes in a 3D network with a shape known to only the millimetre level. To
this end it employs a retroreflector (see Section 3.2.7). This minimises the pre-alignment
of the optics during assembly of the Inner Detector and ensures that no adjustment is
needed during operation or normal maintenance cycles. In each interferometer, the
measured distance is between a known point near the closely positioned ends of the
fibre pair and the corner-point of a retroreflector mounted some distance away. A single
interferometer design is capable of making measurements in the range ~10cm to ~1.5 m.

By using optical splitters, many interferometers can be served simultaneously by one
tunable laser and one frequency measurement system. All of this is located outside the
detector and is the same regardless of the number of measurements made. Since the
external optics is the major cost in the FSI system, the incremental cost of additional

measurements is comparatively low, which makes FSI a suitable choice for the present
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application in which many (possibly several hundred) simultaneous length measurements
will be required.

It is important to note that the desired quantities, namely spatial positions, are
measured directly, with no coupling of other variables such as the (non-uniform) B-
field. This means that there are no intrinsically preferred directions, which is not the
case with track-based alignment techniques.

The control system, the data acquisition and the geometrical analysis will be au-
tomated to provide a continuous quasi-real-time survey of the detector with minimal
human intervention. Since it makes absolute measurements of distance, the system may

be powered down at any time without penalty.

STRUCTURE
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Figure 3.2: A measurement is made between two sections of the SCT support structure.
Part of the diverging laser beam is reflected back towards the return fibre by a corner-cube
retroreflector. A glass sliver placed in the beam acts as a weak beamsplitter to return
a small fraction directly to the return fibre. The fundamental measurement is made
between the point midway between the two fibres and the corner-point of the corner-cube.
Corrections are applied to relate it to points on the support structure : the pathlength of
the reference beam is measured in a laboratory calibration and the lengths such as ‘@’

and b’ are measured during assembly.
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3.2 Frequency Scanned Interferometry

3.2.1 Introduction

In any interferometer a light beam is divided into two or

more parts which travel along different paths and subse-

quently recombine to form an interference pattern. The
form of the interference at any point in the pattern is determined by the vector sum of
the electric fields at that point, and so depends on the amplitudes and phases of the
electric fields in each of the interfering beams.

If there are just two beams then the combined intensity I(r) at a point r is given by

I(r) = I, + Iy + 2¢/T1 I cos(¢1 (r) — da(r)) (3.1)

where I; and I are the individual intensities of the two beams, and ¢ (r) and ¢5(r) are
the spatial parts of the phases of the two electric fields.

With no loss of generality, the phases of both beams may be taken as zero at the
point where they are split from one common beam. The total change in the phase of
the electric field over the path of beam 1 is proportional to the optical path D; (the

equivalent path length in vacuo), which may be expressed as

D= Z gl =Tily 1=1,2 (3.2)

subpaths j

where n;; is the refractive index for each section of the path, l;; is the geometric length

of each section, 7; is the overall path-averaged refractive index, and L; is the total

geometric path length.

The phase difference in Equation 3.1 may now be written as

v
d = ¢1 . ¢2 = 271'(D1 = Dz)z (33)
where D; and D, are the optical paths of the two beams, v is the optical frequency

of the light, and c is the speed of light. Thus the combined intensity depends on the
optical path difference (OPD) and on the optical frequency of the light 1

The phase terms at the heart of the description of any interferometer have the same

form, namely

lSince the wavelength of light changes depending on the refractive index of the medium in which it

is propagating, it is more convenient to talk in terms of optical frequency since it is invariant in this

respect.
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phase o (length; xindex; — length, * index;) * frequency (3.4)

By looking at the the manner in which the interference pattern varies as one of the
five quantities in the above equation is changed, one may obtain information about
any one of the other four provided that the other three are known. Clearly there are
three physical quantities which are measurable with an interferometer (either singly
or in combination) : length, refractive index and frequency. Commonly it is either the
geometric length or the refractive index of one of the paths (arms) which is varied, with
the optical frequency remaining constant. If an interferometer is not permitted to have
any moving parts and all the refractive indices are constant, i.e. the optical paths are
fixed, then the only remaining variable is the optical frequency.

In the past, a commonly used technique for obtaining length measurements from a
fixed-path interferometer was to record the detected intensity for a number of different
wavelengths and to solve the resulting set of simultaneous equations using the method
of exact fractions [10][11]. The use of such a technique, known as multiple discrete
wavelength interferometry, requires some a priori knowledge of the length which is
to be measured, and is not suitable for the simultaneous measurement of many widely
different lengths since the choice of wavelengths depends to some extent on the lengths
to be measured.

Recent advances in tunable laser technology have made it feasible to consider the
simultaneous, absolute measurement of many different lengths with no such prior knowl-
edge. If the optical frequency in a fixed-path interferometer is varied (scanned) con-
tinuously over the range Av, then the phase ® also varies continuously, resulting in

oscillations in the combined intensity I, with the number AN of oscillations or fringes

being given by

AN=22 - A% p _p, (3.5)
2m ¢
A

" -—cﬂmL]—ng] (3.6)

where AN is not necessarily an integer.

In order to extract one of the the geometric paths L, it is necessary to know the

values of 7; and @iz Ly. Then the measured length is given by

1 feAN
Ly=— (c g '77sz> (3.7}
ny Av
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If the interferometer is constructed in such a way as to make the reference path Ly stable
by design then Ly need only be determined once by means of a calibration measurement.
The required stability may be achieved by choosing Ly to be much shorter than L; so
that for mechanical or thermal changes %1 is much less than %L. This also reduces
the sensitivity to changes in 7,. If the error on oL, is negligible then the precision of

the measurement of L, is given by

oL _ (9aNY g (980 o (Om
2 =(3%) e (ar)e (3) @9

where o1, oan, 0a, and o,, are the measurement errors of Ly, AN, Av and

respectively, and @ represents summation in quadrature. The errors are discussed in
more detail in Section 3.2.4.

It should be noted that multiple lengths may be measured simultaneously by using
light from a single laser to illuminate multiple interferometers and recording the detected
fringe intensity for each one concurrently. If the the phase measurement accuracy oay
and the required length precision o, are both independent of the length measured,
then a single frequency sweep Av is suitable for all the interferometers.

Thus the geometric path lengths of one of the arms of each of a set of fixed-path
two-beam interferometers may be determined simultaneously by scanning the optical
frequency of a single laser and recording the fringes seen at a set of detectors. This is
the basic principle behind FSI. The next step is to design an interferometer in which
the measured geometric path length L, is related in a simple way to a desired length (R
say), and to examine whether the required accuracy can be attained, whilst satisfying

the constraints imposed by the use of such a technique within ATLAS.

3.2.2 Interferometer design

Since the structure to be measured will be inaccessible and in a hostile environment, it
will not be possible to place a laser source, photodetectors or any moving parts inside the
detector. The only viable method of constructing interferometers in such conditions is to
use optical fibres for the delivery and reception of light. Each interferometer is therefore
connected to a pair of radiation hard fibres (single mode for reasons explained below).
The laser is coupled into one fibre of each pair, using a series of splitters, whilst the
second fibre of each pair returns light from the interferometer to a small photomultiplier
or avalanche photodiode. The fibres may be several hundred metres long, meaning that

all the complex optics may be accessible and in a non-hostile environment.
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Figures 3.1 and 3.2 illustrate schematically the interferometer design which is pro-
posed for use in ATLAS. The measurement is made between two accurately known
points on two millimetre-sized objects precisely positioned within the Inner Detector.
The first is a mounting block in which the two fibres are fixed parallel to each other
a short distance apart with a small sliver of glass mounted in front them to act as a
beamsplitter. The second object is a retroreflector (see Section 3.2.7) mounted some
distance away on another part of the structure.

There are no lenses in front of the fibres, so the beam emitted from the delivery
fibre is conical, as is the acceptance region of the return fibre. The intensity distribution
within the laser cone is Gaussian with a usable width of about +3° and a sharp cutoff
at about £5°. See Appendix 3.C for details of the coupling properties of single mode
fibres.

A small fraction of the light emitted from the delivery fibre is reflected directly into
the return fibre by the beamsplitter. Most of the light in the laser cone passes through
the beamsplitter towards the retroreflector. The retroreflector returns a fraction of this
forward-going light cone back towards the fibres, of which a fraction is coupled into
the return fibre. Thus there are two paths within the interferometer and hence two
interfering beams incident on the return fibre. Detailed calculations of the optical path
lengths are given in Appendix 3.A.

It is essential that both optical fibres are monomode. The phase relationship between
the different modes of a multimode fibre is not constant, depending strongly on the
temperature and mechanical state of the fibre. For this reason, a multimode laser
delivery fibre would result in a light field with insufficient spatial coherence. Use of a
monomode delivery fibre ensures that there is a constant phase relationship between
the light at all points within the interferometer independent of the state of the delivery
fibre. Similarly, the return fibre must be monomode. It can be shown that, using a
monomode return fibre, the intensity at the photodetector is simply proportional to
the intensity at the centre of its input face (see Appendices A and D). Thus the use
of monomode fibres ensures that the measured optical path difference is intrinsically
independent of the fibres.

The optical efficiency of the interferometer is calculated in Appendix 3.B. If photo-
multipliers or avalanche photodiodes are used to detect the interferometer fringe signals

then the required fringe phase accuracy should be attained with an input optical power

of around 10 mW for each interferometer.
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It is possible that there may be vibrations of the Inner Detector support structure
with an amplitude greater than 5\ Immunity to such vibrations can be achieved by
utilising a technique known as phase-shift interferometry (PSI). This is explained in
detail in Section 3.3. An acousto-optic modulator is used to produce a small, rapid
dithering of the laser frequency (in addition to the long, slow, monotonic FSI frequency
sweep). Provided that the modulation is performed at a sufficient rate (determined by
the maximum vibratory velocity), the phase of the fringe pattern may be determined
directly for each point in the FSI scan, which allows analysis and hence rejection of the
vibration. See Figure 3.5.

It is essential to examine the geometry of the interferometer in detail in order to find
out precisely how the measured optical path length is related to the desired length. It is
shown in Appendix 3.A that if R, is the radial distance from the point midway between
the fibres to the corner-point of the corner-cube, n, is the refractive index of the gas
near the beamsplitter, @, is the path averaged refractive index of the gas, n; is the
refractive index of the beamsplitter material and d is the thickness of the beamsplitter,

then

- i np _ g
bl (nch +i [cos 0, cosel]) ]

where ¢, is the angular position of the corner-cube with respect to the axis defined by
the fibres and ngsin 6; = nysin ;. See Figures 3.16-3.19.

Note that Equation 3.9 contains two angular terms. These terms account for the
fraction of the path D; which is within the (flat) beamsplitter and so they vary according
to the angle of the measurement axis with respect to the axis defined by the fibres. It is
likely that the angular position of the corner-cube with respect to the fibres will always
be known to within £1° (i.e. within £1.7cm at 1m distance). If d =1 mm, ny, = 1.0
and n, = 1.5, then if the position of the corner-cube is imagined to be swept around

the arc R, =1m, the fractional variation in the optical path D; may be expressed as

=1.6x1077

This ratio rises to 4.6 x 1077 for o, = 3°. The beamsplitter thickness d will in fact be

much less than 1 mm and so the small angular effect may be ignored, giving

[% (cill/\f + Dz) —d(mp — ng)J (3.10)

1
Rc= e
g
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The value of D; is a constant for each fibre/beamsplitter unit, and will be measured
in a laboratory calibration so that each measured length R, may be related to a set of
fiducial marks on the outer faces of the two endpoint blocks. These fiducials will be
used as positioning guides during the microscopic assembly of the Inner Detector, with
the result that each measured R. will be related to a distance Rgtructure Petween two

known points on the support structure, i.e.

Rgtructure = Re + end corrections (3.11)

Given that the (constant) end corrections are known, it only requires knowledge of
the path-averaged refractive index of the gas to be able to calculate the distance between

two sections of support structure from an FSI scan.

3.2.3 Refractive index

In order to be able to extract spatial dimensions from measurements of optical path
lengths in a gaseous medium, an accurate estimate of the path-averaged refractive index
of the gas is required. The refractive index of a gas is a function of its temperature and
pressure and of the partial pressures of water vapour (humidity), carbon dioxide, and
of any other significant gaseous constituent of the local atmospheric environment which
is active at the wavelength used. Temperature sensors isolated from the structure will
be used to measure the gas temperature at a large number of selected points within the
Inner Detector.

A widely used parametrisation [12] for the refractive index of dry air under standard
conditions of temperature and pressure (15°C, 1013.25 mbar) is

2406030 15907

(nsta — 1).10° = 8342.13 + B 5 (3.12)

where 0 = \LC is the vacuum wavenumber in um~!. This formula is correct to within
0.01 ppm over the range Ayo. =200-1000nm. In Figure 3.3 this variation is shown over
a wavenumber range typical of an FSI scan. The variation is about 0.05ppm over the

whole scan.

The refractive index, nTp at any temperature T °C and pressure P mbar may then

be computed using the formula

100 P[1 4 P(61.3 - T)1078] ;
1) = —1). 1
(n1p = 1) = (mota — 1) ( 96005.4(1 -+ 0.003661 T) (3.13)
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Further small corrections need to be made for the partial pressures of water vapour and
CO2. The variation of (ntp — 1)/(ngq — 1) as a function of temperature is shown in

Figure 3.4. This translates to a variation of nrp of about 1ppm per °C.
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Figure 3.3: Variation of (ngq — 1) with  Figure 3.4: Variation of (ntp —1)/(nstd —
optical frequency over a typical FSI scan 1) with temperature over the range —5.0
length, from ¢ = 1/0.840um to ¢ = to +5.0°C. P = 1000 mbar.

1/0.830 um .

It can be shown that a bias in the measured optical path difference of 0.1 ppm will

be induced by each of the following
e a temperature change of 0.1°C
e a pressure change of 0.3 mbar
e a humidity change of 10%
e a CO; level change of 600 ppm

The figures for a dry nitrogen environment are very similar. Those for helium are better
by about a factor of ten.

Pressure variations will be global, at least within each subdetector, but for temper-
ature a distinction should be made between global variations (which affect the overall
scale of the measurements but not the measured 3D shape), and local variations (which
may affect individual measurements differently).

The path-averaging means that even quite large local temperature changes are not
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serious provided that the path lengths through them are small compared with the total
path lengths.

It may be possible to distinguish local gas temperature changes from mechanical
movement of the inner detector using the 3D geodetic analysis. In the language of
Chapter 4, localised heating or cooling will cause a bias in one or more measurements.
It may be possible to use the internal redundancy of the geodetic network to identify
measurements which have been affected in this way, and hence to exclude them from

the analysis. See Section 4.4.

3.2.4 The frequency scan

In order to meet the specification of a 3D precision of around 10 um, it is expected
that the 1D length measurement precision must be of the order of 1 um to take account
of the trigonometric combination and the positioning precisions of the measurement
endpoints. From Equation 3.8 it can be seen that the precision g, of the length
measurement extracted from an FSI scan is a function of the fractional errors of the
measured change in fringe order AN and of the measured optical frequency change Av.
Assuming that the error on the refractive index is small, the measurement precision is

given by

2 2 2

OR OAN TAv
5% o 14
) =% +(5) (3.14)
From Equation 3.10 it can be seen that if d, Dy € R, and ng ~ 1, then for a measured

length R. the number of fringes seen over a frequency sweep Av is given by

2R Av
g

AN ~ (3.15)

Eliminating AN from Equation 3.14, the [requency sweep required to obtain a length

measurement precision g, is given by

Av ~ /A2 + B? (3.16)

RC v
where A= (CGAN) and B= ( e ) (3.17)
QURC URC

If the required measurement precision is og, = 1 pm, and if the signal-to-noise ratio of

the detected fringes is sufficient to be able to determine the phase & to within 2% (i.e.

OAN = ﬁ), then A = 1.5THz, independent of R.. A represents the lowest possible

value of Av for a given measurement precision and fringe signal-to-noise ratio. For
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reasons of scan time and laser limitations it is desirable to make the scan as short as
possible, and so the value of B should be comparable to or less than A.

From the form of B it can be seen that for a given scan length Av the frequency
measurement requirement becomes more stringent as R, increases. For the long length
R. ~ 1m, if B is required to be similar to or less than A, then the frequency mea-
surement error ga, must be of the order of 1.5MHz. Thus a reasonable choice of scan

parameters is:

Av ~ 3THz o, ~ 0.75MHz
AN ~ 20,000x R[m] oan < 15

The fractional frequency measurement error (EAA;-) is a constant of the optical equipment
(i.e. independent of R.) and is required to have a value of 0.25 x 1076 or better.

The fractional phase error (QAAAA,’-) may vary with the measured length. The number
of fringes AN is proportional to R., and thus is lower for shorter lengths. The received
power will be inversely proportional R?, and so cap is expected to decrease for lower
values of R..

Since the exact dependence of the overall measurement error on R, requires exper-
imental investigation, for the remainder of this thesis a conservative assumption 2 will
be made that the absolute length error op, is constant at 1 um for all values of ..

Tunable lasers are available which will sweep over the required 3 THz, although not
continuously : during tuning, the optical frequency of most tunable lasers goes through
discontinuities due to mode hops between different cavity modes. A scan must there-
fore be composed of a number of shorter frequency sweeps, or sub-scans, which are
then linked together using absolute optical frequency measurements. See Figure 3.5.
The sub-scans must be close enough in frequency to be able to determine exactly the
integer number of fringes between one sub-scan and the next by extrapolation of @ vs.
v. This use of several short sub-scans is anyway highly desirable since it considerably
reduces the amount of data collected and hence the time required for the full scan.

The need to combine several short scans necessitates the measurement of absolute
laser frequencies and not just relative frequencies. In order to extract relative optical

frequency changes Ay with an accuracy of 1.5 MHz from the difference of two absolute

*The most optimistic position would be to assume that there are no unforeseen systematic limits
and that the signal to noise ratio will improve sufficiently to maintain a constant value for the fractional

phase error (EAAIGL) and thus a constant fractional length measurement error (%),
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frequency measurements, the precision of the latter must be around 0.75 MHz.
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Figure 3.5: Several sub-scans are needed to cover the required scan range. If the un-
wrapped phase ® (see Section {) is plotted against laser frequency v then the gradient
of the best fit line yields the OPD and hence the measured length. A single frequency
component vibration is shown, appearing as a sinusoidal deviation from the best fit

straight line. For a 1.0 m measured length A® = 2m X 20,000 and Av = 3 THz.



3.2 Frequency Scanned Interferometry 66

3.2.5 Tunable laser selection

The choice of laser is determined by the required frequency stability, power, and tun-
ing capability. The frequency stability must be less than the frequency measurement
precision of 0.75 MHz. The optical power required for each individual interferometer
is around 10mW (see Appendix 3.B), so a laser power of the order of 1W would be
suitable. The total tuning range must be greater than 3 THz, with a mode-hop-free
tuning range which is as large as possible. An insufficiently smooth rate of change of
laser wavelength would result in degradation of the measurement precisions for both
the fringe phase and the laser wavelength. One way to achieve smooth tuning is by me-
chanically scanning the length of the laser cavity using a piezo-electric actuator locked
to a variable reference cavity.

Commercial tunable single frequency titanium-sapphire lasers exist which meet the
specifications given above. A typical example [44][45] delivers 1 W/2 W optical power
when pumped by a 7W /13 W argon ion laser and is tunable over the range 700-1050nm.
The mode-hop-free tuning range is 30 GHz. The laser cavity is piezo-stabilised to a
reference cavity, resulting in a frequency stability better than 100 kHz RMS. A servo-
controlled piezo-electric scan provides better than 0.5% scan linearity. The scan is
digitally controlled up to 30 GHz, and the scan time can be set digitally from 5-4000
seconds.

Whilst not prohibitive, the cost and complexity of titanium-sapphire lasers has
prompted the establishment of a research programme at Oxford to investigate cheaper
and more convenient alternatives. Due to considerable commercial pressure, the rate of
development of tunable lasers is high. It is therefore likely that the performance and

cost will improve before the final laser selection for the ATLAS FSI system has to be

made.

3.2.6 Optical frequency measurement

As explained above, the FSI scan is composed of a number of sub-scans linked together
using measurements of absolute optical frequency.

A commonly used technique for measuring the absolute optical frequency of a laser is
to compare the unknown laser wavelength with that of a known laser using a two-beam
interferometer in which the path difference between the two arms is varied periodically,

typically by several centimetres several times a second. The ratio of the rate of fringe
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detection for each of the two sources is equal to the ratio of the two wavelengths. Such
a device is known as a wavemeter. Commonly available wavemeters have a maximum
accuracy of about one part in 108 and typically give a reading several times per second.
Higher precision is possible at the cost of a longer measurement time. The reference laser
is typically a frequency-stabilised He-Ne laser which is integrated with the interferometer
into a single benchtop unit.

Very precise measurements of relative optical frequency may be obtained by using
a Fabry-Pérot étalon [11]. This is an interferometric device constructed from two
partially reflecting optical flats which are mounted parallel a short distance apart to
form an optical cavity. The interference caused by multiple reflections between the
inner surfaces results in a transmission pattern which is an infinite set of equally spaced
sharp peaks. See Figure 3.6. The optical frequency spacing between the transmission
maxima is known as the free spectral range (FSR), and is given by FSR= 5—2—
where ¢ is the speed of light, d is the width of the gap between the two glass sheets, n is
the refractive index of the material in the gap (often air), and 6 is the angle of incidence
of the laser beam on the étalon. The finesse of an étalon is a measure of the sharpness
of the peaks. It is numerically equal to the ratio of the FSR to the full width at half
maximum (FWHM) of the peaks. For good quality étalons the finesse is generally of
the order of 100.

By recording the intensity of the transmitted beam whilst sweeping the optical
frequency, and fitting the data to find the positions of the transmission peaks, it is
possible to obtain a set of precisely known markers of relative frequency vs. time.

The frequency measurement technique proposed for FSI combines the absolute fre-
quency measurement capability of a wavemeter with the high precision of a set of Fabry-
Pérot étalons. Each device is fed with a beam extracted from the main laser beam. The
transmitted signals of the étalons are all recorded continuously during the scan. The
wavemeter is used for a single stationary measurement of frequency at the beginning
and/or end of each sub-scan.

The basic idea is to make use of an étalon (E;) with a free spectral range (FSR)
greater than twice the frequency uncertainty of a wavemeter measurement. If one trans-
mission peak of this étalon is arbitrarily taken as order zero and its frequency is measured
with the wavemeter, then the order of any other peak relative to this zeroth peak can be
determined with a single wavemeter measurement, provided that the FSR of the étalon

E; is known sufficiently accurately. Hence the frequency relationship between sub-scans
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Figure 3.6: The transmission pattern of a Fabry-Pérot étalon. The horizontal azis is
light frequency, or wavelength, or fringe order number, or time when frequency-scanning.
The free spectral range (FSR) of an étalon is the spacing of the transmission peaks,
usually quoted in Hz. The finesse, F, is a measure of the sharpness of the peaks and

is given by F = F‘I,:V?M, where FWHM is the full width at half maximum of the

peaks.

can be determined by using the wavemeter to measure the optical frequency of an E;
peak in each sub-scan.

A second étalon (E;) may be used to increase the accuracy and number of the
frequency markers within a sub-scan. As for E; the transmitted signal is recorded
continuously during the scan. The FSR of E; is chosen to be more than twice the
frequency error which arises in fitting the peaks of the E; trace. If the ratio of the
FSRs of E; and E, is very stable and is measured independently to high precision, it
is possible to use a fitted E; peak to determine the order of an E5 peak relative to an
arbitrarily defined zero order peak in a previous sub-scan. The frequency measurement
error is then the fitting error for the narrower E, peaks.

The final precision of the FSI measurement is determined by the precision and sta-
bility of the last element in the optical frequency measurement chain. Since this device
must provide an optical frequency for each recorded point in the scan, it is advanta-
geous to use a device which will provide a continuous reading of optical frequency, as
opposed to the the periodic frequency measurements which are obtained from étalon
peaks. This may be done using a two-beam interferometer by employing a novel instan-
taneous phase readout technique. The operation of such a reference interferometer

will be explained in detail in Section 3.4 following the introduction of the basic priciples
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of its operation in Section 3.3.

It is likely that the étalons and the reference interferometer will be placed in a
temperature-controlled and evacuated enclosure to ensure their stability. The reference
interferometer may be actively stabilised by locking its length to a small reference laser
such as a He-Ne laser, itself locked to a saturated absorption feature of an iodine vapour
cell. In this way, the ratios of the cavity lengths will be held constant to within 0.05 ppm

or better. The FSRs of each of the étalons will be measured optically, and recalibrated

as necessary.

3.2.7 Retroreflectors and jewels

A retroreflector is a reflecting object which returns a light ray parallel to its incident
direction. One of the best known devices of this type is is the corner-cube or cube
corner retroreflector 39, 40, 41, 42, 43]. It is formed from three reflecting surfaces
arranged as in one corner of a cube. Any light ray hitting the inside surface of such
a. cube corner will be reflected up to three times before being returned parallel to the
incident ray. A corner-cube may either be constructed from three mirrored surfaces, in
which case the reflection takes place externally, or it may be a prism such as the one
shown in Figure 3.7, in which case there is total internal reflection. For the purposes of
a system intended for use in the ATLAS environment, an externally reflecting corner-
cube is preferred. It is expected that this will result in lower optical losses, lower mass,
and elimination of any problems which might be associated with loss of transparency

due to radiation damage or variation of refractive index with wavelength.

Figure 3.7: A prism type corner-cube. The reflecting surfaces are internal. Externally

reflecting corner-cubes are preferred for use in the ATLAS environment.

The geometrical properties of the corner-cube retroreflector are discussed in detail in
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Appendix 3.A where it is shown that the use of retroreflectors in FSI makes the system
intrinsically insensitive to the exact relative positions and orientations of the end points

of the the measurement. This has a number of important advantages :

e No pre-alignment of the interferometers is necessary, and changes in the shape of

the detector have no effect on the performance of the optics.

e More than one measurement may be made simultaneously to a single corner-cube.
That is, a corner-cube may be the target of more than one laser light cone. If,
conversely, there is more than one corner-cube within a laser light cone, then
provided that the lengths are sufficiently different, it may be possible to extract

more than one length from a single fringe pattern.

e The above features result in a certain amount of freedom in the design of the
network nodes since the number of corner-cubes may be less than the number of

lengths measured.

As already explained, each interferometer is composed of two basic units, the first
being a pair of fibres and a beamsplitter (i.e. a fibre head), and the second being
a retroreflector. It is intended that several retroreflectors and/or fibre heads will be
combined to form a node of the 3D geodetic network. This complex multifacetted
object is known as a jewel. Two configurations are under consideration : a ‘half-half’
scheme in which fibre heads and retroreflectors are combined in a single object, and
an ‘AB’ scheme in which each jewel consists of either fibre heads or retroreflectors.
See Figures 3.8 and 3.9. A conceptual design for a half-half type jewel is shown in
Figure 3.10. The symmetry of the network will be used to keep the number of different
jewel designs to a minimum. It is possible that the jewel may be made of reflection-
coated injection-moulded plastic or constructed from silicon. The design of geodetic

survey networks is discussed in detail in Chapter 4.
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Iigure 3.8: A half-half scheme, with a single type of jewel containing both fibre heads

and retroreflectors.

An AB scheme
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Figure 3.9: An AB scheme, with two basic types of jewels, one consisting of a number

of fibre heads, the other composed of retroreflectors.
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Figure 3.10: Conceptual design for a half-half jewel. Three corner-cubes and four
fibre/beamsplitter units are combined in a manner appropriate to form one node of an
end-plane alignment grid in which all nodes are identical. The corner points of the

retroreflectors are common, which simplifies the post-scan geometrical analysis.
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3.3 Vibration rejection

It is possible that there could be mechanical vibrations within the Inner Detector during
running. With the FSI system as described so far, vibration of the interferometer length
with an amplitude greater than half the laser wavelength would result in loss of the fringe
signal. Smaller vibrations would reduce the possible measurement precision. The critical
dependence of the measurement precision upon the phase accuracy and the possibility
that the interferometer signal could be rendered useless by the presence of vibrations
with an amplitude smaller than the required length measurement precision have led to
the invention of the vibration rejection technique described below. It is designed to
provide immunity to vibrations whilst maintaining the phase accuracy. In the sections
which follow, the basic principle is introduced and the basic method for extracting the

fringe phase from the received signal is described.

3.3.1 The phase-shift technique

In the absence of significant vibration it would be possible to simply scan the laser
wavelength monotonically and to record and fit the received fringe intensity in order to
extract the phase of any given point. However the possible presence of vibrations larger
than % has led to consideration of a modified version of a technique known variously as
direct phase detection, phase-shift interferometry (PSI), digital wavefront
measurement or phase-stepping [65]-[81]. Conventionally the technique involves
directly changing the fringe phase @ of the received signal I by altering the optical path
length of either the reference beam or the measurement beam by a known amount.
Since the received fringe intensity varies cosinusoidally with the optical path difference,
it is possible to calculate ¢ if I is measured for several known values of §¢.

The change in path length is commonly achieved by using a piezo-electric actuator
to move a mirror by a fraction of a wavelength. In the present system however, there
is 1o access to either the reference beam or the measurement beam, both being remote
and having rigid path lengths. Nevertheless, the phase-shift technique may still be
applied by using a small change in the laser frequency to produce the required phase
change. It is expected that an acousto-optic modulator will be used to shift the laser
wavelength by a variable amount under electronic control [70].

The received intensity is given by
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27T(D12 inmb(t))}} (318)

where P is proportional to the power delivered into the interferometer, f, and f, are

10 = P{+ 2+ 2fsfecos

the fractions of the incident power returned from the beamsplitter and the corner-cube
respectively, D12 is the optical path difference in the absence of vibration and z;(¢)
represents any vibration of the interferometer dimensions or turbulence in the gaseous

medium. This is more conveniently written as

I=Ig{1+’)/oCOS(I)(t)} (319)

where Iy is the d.c. intensity, yg is the magnitude of the fringe modulation, and the

fringe phase ®(t) is given by

27 (D1 + 224 (t))
3 (3.20)

Whatever the form of the vibration/turbulence/noise represented by z,;, there exists a

o(t) =

mean interferometer phase (®(t)), corresponding to a mean optical path difference, and
to a mean measured length. The cosine in Equation 3.19 complicates the extraction
of the mean phase (®(t)), since any technique applied to extract a phase from an

interferometer fringe pattern returns not ® but ¢ where

¢ = ® mod 27 (3.21)

Simple averaging of the received intensity I or of the phase ¢ is useless since taking the
average of the modulus of a distribution will not return the correct value for the average

value of the distribution, that is

((1)) # (2(2) (3.22)
In order to extract ® and hence (®), the 2r modulus must be resolved by tracking
¢ across the boundaries where it changes abruptly from 27 to 0 and wvice versa and
correcting subsequent measurements by adding or subtracting 27. This process is known
as phase unwrapping and ® is known as the unwrapped phase. Clearly the rate
of measurement of ¢ must be sufficiently high for ¢ not to have changed by more than
T between measurements. Hence if phase-shift interferometry is to be used, the phase-
shifting must operate faster than the vibration or, put another way, for a given rate of

phase-shifting there is a maximum possible vibration frequency which can be analysed.
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3.3.2 Fringe analysis

The following analysis shows the general technique for extracting the phase ¢ from a
set of phase-shifted measurements of fringe intensity 7.
If 6v; is the 1 th frequency shift in a series of N shifts, then the interferometer phase

¢ and phase-shift §¢; are given by

2y

¢ = 7(9124—2%55)
21 (v — by,
¢ = ¢-4¢; = —i—g—)(f’lz-f-Q%ib)
2mdy; 2mdy;
b = T (Dig+2ui) X ——Diy (3.23)

So for a measurement range K. of 1 m a phase shift d¢ of = requires a frequency shift

év of 75 MHz.
Unless truly discrete phase steps are used, the detector will integrate the fringe

intensity over a phase shift range A. The recorded intensity is then

1 54’;"1“%‘
Lo= 5 [ Iof1+v0cosls + 6601} d(66(6)
§di—5
. A
= Io{1 + yosinc 5 cos[¢ + 0¢]} (3.24)
If discrete steps are used then A = 0 and the sinc function has a value of unity. Consider
an alternative representation of this received fringe intensity [66][79]

I; = ap+ aycosd¢p; +bysindp; i=1,2,...,N (3.25)

where

ap = Io
A
ay, = Ipypsinc 3 cos ¢

A
ay = Iofyosinc—_z—smqb (3.26)

The least-squares solution to this set of simultaneous equations is then
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o |=A'B
a9 }
where
N > ;cos b, >, sin ¢y
= i cosdg; i cos? 8¢y >, cos 8¢h; sin &¢p;
\ Yoisindg; > cosde;sin e, S sin? §¢;
and

Pk

B=1 .71 cosb¢;

Yo lisind¢g; )

Hence the phase may be calculated to within modulus 27 :

. A s
az _ Iyyosinc 5 sin ¢

tan ¢ = = -
ay Iyvo sinc % cos ¢

® = ATAN2 (ag, a1) + 2n7

(3.27)

(3.28)

(3.29)

(3.30)

(3.31)

where n is any integer and ATAN2 is the FORTRAN function which returns ¢ to within

modulus 27 (not just 7) by checking the signs of the numerator and denominator. Phase

unwrapping then returns ® by keeping track of n.

Since there are three unknowns ({Iy, 70, ¢} or {ao,a1,a2}) the minimal number of

phase steps which can be used is three. The use of a greater number of steps leads to

greater accuracy in the phase determination, or equivalently, the same accuracy for ¢

for a less precise knowledge of the phase shifts d¢;. It is expected that 5-10 steps will

be used, arranged in such a way as to ensure three or more useful steps for each of the

measurement lengths, which are likely to vary in value by about a factor three.

Once the phase unwrapping has been used to extract ® from ¢, values of ® from the

whole FSI scan may be plotted against the laser frequency and fitted to a straight line.
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See Figure 3.5. The optical path difference is simply given by the gradient of this line:

cdo
2 dv

D12 =| Dl - Dg I = (332)

In this way the effect of vibration is eliminated and the path difference corresponding

to the average positions of the optical components is found.

3.3.3 Numerical example

For a vibration with a single frequency component, the displacement z;;, may be written

as

Ui
By [B) = 2’b cos(27 fuibt + Pvib) (3.33)

where fuib, Gvib and ¢yip are the frequency, peak-to-peak amplitude and phase of the
vibration respectively. If the intensity signal at the detector is observed, an oscillating
signal is detected with the form of Figure 3.11(a) which has an average frequency fyes

given by

2avib:fvib
det = ———— 3.34
Jaer Af2 ( )

The maximum velocity during the motion is

12 yin (1
« FVII)(I) — vaiba/vib (3.35)
- A N—

For a vibration with a single frequency component fy;, = 100 Hz, an amplitude ayj, =

1.0pm, and a wavelength of A = 800 nm, the detected fringe frequency would be fyer =

0.800/2

would be sufficient to detect vibrations with a frequency-amplitude product up to around

fvib@yib = 100 Hz um, which corresponds to a maximum velocity of about 0.3 mms™!.

——7—2"100“'000 = 500Hz. Thus a sampling frequency of fiample = 5 kHz (fstep = 25kHz)
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Figure 3.11: Ezample plots of (a) the fringe intensity I(t) (ignoring the d.c. offset Iy),
(b) the fringe phase ¢(t), and (c) the unwrapped phase ®(t), for a single frequency (i.e.
sinusoidal) vibration. ®(t) is related to T,ip(t) by Equation 3.20. The vibratory motion
reverses direction every half-unit on the horizontal (time) azis. The peak-peak amplitude

of the vibration is 4.6 wavelengths (4.6 x 2 = 28.9).
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3.4 Reference interferometer with direct phase detection

As already mentioned in Section 3.2.6, the most suitable device for the final element in
the frequency measurement chain is a stabilised two-beam interferometer referenced to
an absolute length standard. Whereas étalon peaks are very sharp and are separated
by large featureless gaps, the signal from a two beam interferometer is a continuous
sinusoidal curve which permits a continuous measurement of optical frequency. This
is important for the final frequency measurement stage because high precision tracking
of the optical frequency will allow reduction of several possible sources of error (laser
jitter, modulator behaviour etc.).

Using a direct phase detection technique similar in principle to the frequency-shift
technique introduced in Section 3.3, it is possible to extract the phase of the reference
interferometer fringes instantaneously with no temporal fringe fitting. Temporal fringe
fitting is based on an assumption of continuity in the frequency between samples. In-
stantaneous phase calculation requires only the assumption that the phase changes by
less than 27 between samples.

A Michelson interferometer in which the longer arm has a length of 0.5-1.0m will
be a suitable reference interferometer, the optimal length being of the same order as the

measured distance. See Figure 3.12.

CONSTANT TEMPERATURE ENCLOSURE

INVAR BAR

CUBE
BEAMSPLITTER

PIN DIODE ARRAY OR CCD
WITH FAST READOUT

INSTANTANEOUS PHASE CALCULATION

Figure 3.12: Reference interferometer with direct phase detection and fast readout (100~

500kHz). The length of the long arm will be of the order of 0.5-1.0m.

If one component of the interferometer is slightly misaligned, the measured phase
will have a spatial dependence. If several detectors are used to measure the intensity

at several different positions, each one will sit at a different point on the sinusoidal
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curve of intensity vs. frequency, i.e. there will be a constant set of phase-shifts between
the detectors. Using the calculational technique of Section 3.3, a single phase may be
extracted mathematically from the set of phase-shifted intensities. Because the phase-
shifts are obtained by spatial separation of the detectors (rather than by shifting the
optical frequency as in the previous section), the set of intensities is obtained simul-
taneously. Since the laser beam in the reference interferometer will be collimated and
may have a high optical power, the signal-to-noise ratio of the received intensity signals
will be extremely good, and will allow a very accurate determination of the fringe phase
with a very short integration time. This will permit very high rate monitoring of the
optical frequency delivered to the measurement interferometers.

Precise tracking of the optical frequency will be of particular importance when an
optical frequency modulator is used for vibration rejection since it will be important for
reasons of error reduction to measure the behaviour of such a device as it is stepped
or ramped. In the previous section it was shown that in order to be able to measure
vibrations with a frequency-amplitude product of up to 100Hz pum, a step frequency
of the order of 25kHz is needed. Thus readout rates for the reference interferometer
of 100-500kHz would allow precise evaluation of the integral of Equation 3.24 for high
accuracy in the phase calculation.

A fast reference interferometer will also be useful for analysis of the stability of the
laser as it is tuned. The optical frequency stability of a laser is a combination of three
distinct components : the natural linewidth of the laser transition (very narrow), drifts of
the optical frequency (monotonic and slow), and optical frequency jitter (bi-directional
and fast). For this reason the quoted ‘linewidth’ of a laser is generally accompanied
by an integration time to give an indication of the maximum deviation from a given
frequency to be expected over a given time period. A fast readout rate would correspond
to a short integration time and hence a smaller instability-induced frequency error.

More information may be obtained by using two input beams to the reference in-
terferometer, one directly from the laser and one after the frequency modulator. The
beams would propagate side-by-side and would hit different detectors or different parts
of a single CCD. Another possibility is that in order to give optimum performance for a
range of measured lengths, the reference interferometer could have several mirrors along

its length at different transverse positions. Again several input beams would be used.
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3.5 Laboratory demonstration system

3.5.1 Introduction

A laboratory demonstration system was built in order to demonstrate the validity of
the basic principles introduced in this chapter and to investigate the issues important
in the development of an FSI system for ATLAS.

The system was based around a single fully-remote interferometer illuminated with
a tunable semiconductor diode laser operating in the near-infrared part of the spectrum.
A photomultiplier was employed to detect the interference fringes. Three étalons and
a wavemeter were used to measure the laser frequency. The scan control and data
acquisition were based on a Pentium PC with a CAMAC interface. A realistic optical

power level and data acquisition bandwidth were used. See Figure 3.13 and Plate 3.1.

3.5.2 Remote interferometer

The basic design of the interferometer was discussed in Section 3.2.2. The interferom-
eter used in the demonstration system was intended to be optically similar to the one
proposed for use within ATLAS and therefore employed all of the important elements
of the device envisaged for the final system (namely a pair of long single-mode optical
fibres, a plate glass beamsplitter and a retroreflector) used within similar operational
parameters (namely those of range, power level, and data acquisition bandwidth).

Two fibre ends, one from each of two standard 100 m-long single-mode optical fibres,
were mounted parallel about 1 mm apart in a metal block which was secured to a
vibration-damped optical table. The two free fibre ends were connected to the laser and
to the PMT. The half angle of the Gaussian laser cone emitted from the delivery fibre
(and conversely the acceptance angle of the return fibre) was about 5°.

The beamsplitter was a 2 mm-thick glass plate mounted 1-5cm from the fibre mount-
ing block, rotatable about the vertical axis.

The retroreflector was a 7.16 mm prism-type corner-cube mounted at a variable

range of between 10cm and 1.5m from the fibres. See Plate 3.2.
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Figure 3.13: The FSI laboratory demonstration system.
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3.5.3 Semiconductor diode laser

The choice of laser was forced by the technology which was available at low cost and
within a short period of time. The expense and complexity of a Ti:sapphire laser
and its associated pump laser would have been unjustified at this early stage, and
since high power was not a priority for the demonstration of a single interferometer, a
semiconductor laser diode was chosen.

There are two basic types of semiconductor diode lasers: those based on an optical
cavity formed by the cleaved ends of the semiconductor die which contains the laser gain
structure, and those in which the optical cavity contains components which are external
to the semiconductor. External-cavity diode lasers have the advantage that the tuning is
independent of the properties of the semiconductor crystal, and is typically achieved by
precise movement of the external cavity components using piezoelectric actuators <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>