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Abstra
t
The Large Hadron Collider beauty (LHCb) experiment at the Large Hadron Collider(CERN), is the next generation B physi
s experiment designed to pre
isely 
onstrainthe Cabibbo-Kobayashi-Maskawa (CKM) matrix measurements with unpre
edenteda

ura
y, as well as sear
h for new physi
s. The su

ess of the LHCb experiment reliesupon ex
ellent parti
le identi�
ation. The 
entral parti
le identi�
ation dete
tors forthe LHCb experiment are the Ring Imaging Cherenkov (RICH) dete
tors whi
h arereliant upon their opti
s being well aligned. The opti
al spe
i�
ations for the se
ondRICH dete
tor (RICH2) are for the mirrors to be aligned to within 0.1 mrad so asnot to degrade the inherent 0.7 mrad resolution of the dete
tor. As the mirrors moveout of alignment over time, the performan
e of the RICH will deteriorate, unless
orre
ted. This thesis des
ribes the design and 
hara
terisation of the Laser MirrorAlignment Monitoring System and its image analysis software for sele
ted mirrors ofRICH2. This thesis also des
ribes the results of a unique method of 
ombining datafrom the Laser Mirror Alignment Monitoring System and Tra
king system, to re
overthe positions of all mirror segments in the RICH2 dete
tor. The laser alignment mon-itoring system resolution has been measured to be 0.013 mrad for both �y and �xrotations, with a long term stability of 0.014 mrad in �y and 0.006 mrad in �x. Theresolution of the �nal mirror alignment pro
edure using data tra
ks is 0.18 mrad for�y mirror rotations and 0.12 mrad for �x mirror rotations.
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1 Introdu
tion 1
Chapter 1
Introdu
tion
Parti
le physi
s is a study of the stru
ture of matter. It 
ould be argued that the�rst modern parti
le physi
ist was Lord Rutherford who undertook the famous \GoldLeaf" experiment to probe the stru
ture of gold atoms in 1911 [64℄. To his amazementhe found that atoms have a dense positively 
harge nu
leus. In 1912, German physi
istNeils Bohr arrived in Man
hester to work with Lord Rutherford. Four years laterBohr returned to the University of Copenhagen in 1916 and 
ontinued to investigatethe stru
ture of atoms and the radiation emanating from them. He re
eived the 1922Nobel Prize for his work [59℄.Nearly one hundred years on and many dis
overies later, the study of the stru
tureof matter still 
ontinues and advan
es in te
hnology have brought great improvementsin the tools that 
an be used to aid this study. Today there are many parti
le fa
tories,a

elerators and dete
tors dedi
ated to the further study of the stru
ture of matter.The Large Hadron Collider (LHC) due to be 
ommissioned in 2007 [31℄ at CERN,is the latest generation a

elerator. It will be the �rst 
ollider 
apable of generating14 TeV (7 TeV + 7 TeV) pp hadron 
ollisions. These high energy 
ollisions 
an beused by the four experiments of the LHC, ATLAS, CMS, ALICE and LHCb to trulytest the validity of the Standard Model of parti
le physi
s and to sear
h for newphysi
s. Figure 1.1 shows the positions of the super proton syn
hrotron (SPS) thatinje
ts protons into the LHC and the four LHC experiments lo
ated around the LHCring.



2Of the four experiments lo
ated around the LHC ring, two of them, ATLAS andCMS are general purpose experiments. Their primary purpose is to sear
h for theHiggs and new physi
s su
h as Super Symmetri
 parti
les. The third experiment, AL-ICE is a dedi
ated heavy-ion dete
tor whi
h is designed to exploit the unique physi
spotential of nu
leus-nu
leus intera
tions at LHC energies. The aim of ALICE is tostudy the physi
s of strongly intera
ting matter at extreme energy densities, where theformation of a new phase of matter (quark-gluon plasma) is expe
ted. Finally LHCbis the dedi
ated B physi
s experiment that will measure CP violation in B mesonde
ays. The aim of LHCb will be to pre
isely 
onstrain the Cabibbo-Kobayashi-Maskawa matrix (see 
hapter 2) measurements with unpre
edented a

ura
y, as wellas 
ontinue the sear
h for new physi
s.

Figure 1.1: The LHC at CERN on the border of Fran
e and Switzerland.



3The LHCb experiment 
ontains a number of dete
tors, among these are two RingImaging Cherenkov (RICH) dete
tors. RICH dete
tors are very important in the par-ti
le identi�
ation pro
ess in that they are able to measure the speed of the 
hargedparti
les that travel through them. This allows the mass of a 
harged parti
le to be
al
ulated from its momentum and it 
an thus be identi�ed. It is therefore importantthat the alignment of the opti
al 
omponents inside the RICH dete
tors are 
ontinu-ally monitored, motivating the design of a system to pre
isely measure the positionsof the RICH opti
s. This thesis des
ribes the design, test and 
onstru
tion of theLaser Mirror Alignment Monitoring System for the RICH dete
tors of LHCb. Theaims of this thesis are to:1. des
ribe the purpose of the LHCb experiment,2. give an overview of the LHCb dete
tor paying spe
ial attention to the RingImaging Cherenkov dete
tors and RICH2 in parti
ular,3. explain the importan
e of the mirror alignment monitoring system in the RICHdete
tors, its role and justi�
ation.4. present the design, simulation and prototype test results of the Laser MirrorAlignment Monitoring System.This thesis 
ontains a 
hapter introdu
ing modern parti
le physi
s, a 
hapter onthe LHCb experiment with an emphasis on Ring Imaging Cherenkov dete
tors, a
hapter on the Laser Mirror Alignment Monitoring System in
luding image analysissoftware and results, a 
hapter on the simulation of the Laser Alignment MonitoringSystem, a 
hapter on the Final Alignment Monitoring System design, a 
hapter onthe full alignment simulation results and a Con
lusion.



2 Theory of CP Violation 4
Chapter 2
Theory of CP Violation
2.1 An Introdu
tion to Modern Parti
le Physi
sIn the early 1920's a physi
ists view of the stru
ture of matter would have beenrelatively simple. It was thought that there were only three di�erent types of parti
le
onsidered to be the fundamental 
onstituents of matter. The �rst two, the proton,and ele
tron were the building blo
ks of matter; and the photon was 
onsidered to bethe building blo
k of the ele
tromagneti
 system. But in the late 1920's this simpleview was soon to 
hange when in 1928 the British S
ientist Paul Dira
 postulated theexisten
e of the positron [58℄ [57℄. The �rst observation of this new parti
le 
ame fouryears later in 1932 by Carl D. Anderson, who gave the positron its name (Interestingly,Anderson also unsu

essfully suggested, to rename the ele
tron to \negatron") [15℄[16℄. Also, in 1932 the neutron was dis
overed by Chadwi
k [23℄.Only a year after Dira
's postulation, a further 
ompli
ation arose in 1929 whenthe Austrian physi
ist Wolfgang Pauli proposed the existen
e of an additional neu-tral parti
le released in � de
ay. The theoreti
al existen
e of the neutrino and themounting eviden
e that neutrons were not 
omposed of a proton and an ele
tron,led the Italian-born Ameri
an physi
ist Enri
o Fermi in 1933 to develop his theoryof � de
ay [40℄. Fermi suggested that in the de
ay pro
ess a proton, ele
tron andneutrino 
ome into existen
e at the moment of the de
ay as a result of intera
tionwith a new type of for
e, known as the weak nu
lear for
e.



2.1 An Introdu
tion to Modern Parti
le Physi
s 5In the early 1930's with the addition of the positron and the postulation of theneutrino to the list of parti
les, the view of the stru
ture of matter, though slightlymore 
ompli
ated, was still rewardingly simple. However, problems with this newpi
ture arose when physi
ists realised that they were unable to answer why it is thatthe many protons 
ontained in a nu
leus do not repel ea
h other in the way that theyshould. It was re
ognised that an unusually strong for
e far stronger than anythingen
ountered to that point, must be holding the nu
leus together.In 1935 the Japanese physi
ist, Hideki Yukawa put forward a suggestion to explainthis strong for
e [72℄. His thought was simple, Yukawa postulated that in the sameway that two atoms 
an form a 
ovalent bond together by sharing ele
trons, thattwo nu
leons 
an be brought together by ex
hanging a new postulated parti
le. Heestablished that the range of the for
e is inversely proportional to the mass of thisparti
le and thus predi
ted that its mass would be about 200 times the size of anele
tron. Be
ause the postulated parti
le would have a mass somewhere in betweenan ele
tron and a proton, it was to be 
alled a meson (from the Greek word meso,meaning \middle"). In 1936, Carl D. Anderson made yet another dis
overy, a newparti
le at 207 times the mass of an ele
tron [17℄. Although initially thought to be ameson, the new parti
le was later identi�ed as a muon. The meson (now known asthe � meson, or pion) was not found until 1947 by the British physi
ist Ce
il FrankPowell [24℄.On the 29th September 1954, signatories from 12 member states signed the es-tablishment of the European Centre for Nu
lear Resear
h (CERN) [60℄. The newparti
le a

elerator brought about a new era in experimental parti
le physi
s and bythe early 1960's many new parti
les had been dis
overed. Thus the early theoriesabout the stru
ture of matter had now been proved to be 
uriously inadequate. 1964ushered in the dis
overy of Charge-Parity (CP ) symmetry violation in the neutralKaon system [49℄, and also the suggestion from two independent sour
es (physi
istsMurray Gell-Mann and George Zweig) that protons, neutrons and mesons are madeup of quarks [46℄ [73℄. During the period of 1967-8, Weinberg and Salam indepen-dently developed the ele
troweak theory to explain the de
ays of newly dis
overedparti
les by in
orporating the weak for
e intera
tion with ele
tromagnetism [69℄ [66℄.



2.1 An Introdu
tion to Modern Parti
le Physi
s 6Ba
ked by new dis
overies and the development of new theories, from around1973, Yukawa's suggestion that the meson is the ex
hange parti
le between nu
leonswas largely superseded by the theory of quantum 
hromodynami
s (QCD). QCDpostulates that the strong nu
lear for
e is transmitted by the ex
hange of gaugebosons (for
e 
arriers) 
alled gluons between the quarks and antiquarks making upprotons and neutrons.These developments led to the establishment of an overall understanding regardingfundamental parti
les and how they intera
t. The theory, developed in the early tomid 1970's, be
ame known as the Standard Model. It in
orporated all that was knownat the time and su

essfully predi
ted the out
ome of many experiments. Over 30years on, the Standard Model, though under threat, remains the foundation stoneand doorway to understanding in our present world of modern parti
le physi
s.



2.2 The Standard Model 72.2 The Standard ModelThe Standard Model seeks to explain all the phenomena in parti
le physi
s in termsof the properties and intera
tions of a relatively small number of parti
les. Theseparti
les are of three distin
t types; leptons, quarks and gauge bosons. Leptons andquarks are spin-12 fermions and 
an themselves be 
lassi�ed into three families, whereea
h family has two generations, as shown in table 2.1.Generation leptons quarks anti-leptons anti-quarks1st Family 1st generation e� d e+ d2nd generation �e u �e u2nd Family 3rd generation �� s �+ s4th generation �� 
 �� 
3rd Family 5th generation �� b �+ b6th generation �� t �� tTable 2.1: Families and generations of fermionsGauge bosons, des
ribed in table 2.2, are spin-1 bosons and a
t as \for
e 
arriers"for the four fundamental for
es; ele
tromagneti
, weak, strong and gravitational.Intera
tion Field Parti
le Mass (MeV=
2) RangeStrong gluon 0 Short (�1 fm)Ele
tromagneti
 
 0 1Weak W+, W� 80220 Short (�10�3fm)Z 91187 Short (�10�3fm)Gravitational graviton 0 1Table 2.2: Fundamental for
es and their mediatory �eld parti
lesThe theory of strong intera
tions is unusual in that quarks are not dire
tly ob-servable ex
ept in bound states. This is be
ause in the theory of QCD, instead ofonly having a standard 
harge of + or -, quarks also have 
olour 
harge whi
h 
omesin three types, red, green and blue. Anti quarks have the 
olour 
harges anti-red,



2.2 The Standard Model 8anti-green and anti-blue (sometimes referred to as 
yan, magenta and yellow respe
-tively). The theory states that only parti
les of neutral 
olour (i.e. white or 
olour-less) 
an exist in an unbound state and therefore quarks must be bound. Withinthe Standard Model these bound states known as hadrons 
ome in two types; themeson (a bound state of two quarks with opposing 
olour 
harge e.g. pions (�) andkaons(K)) and the baryon (a bound state of three quarks of di�erent 
olour 
hargee.g. protons and neutrons). Strong intera
tions between quarks also give rise to theobservable nu
lear for
e between hadrons in atomi
 nu
lei. Some of the mesons andtheir properties that are 
onsidered later on in this 
hapter are given in table 2.3.Parti
le Quark Composition Mass (MeV=
2) Mean Life (s)�0 1p2 (uu+dd) 134.9766 8.4(+/-0.6) x 10�17�+,�� ud, du 139.57018 2.6033(+/-0.0005) x 10�8K0s, K0s ds, sd 497.648 0.8953(+/-0.0006) x 10�10K+, K� us, su 493.677 1.2384(+/-0.0024) x 10�8D0, D0 
u, u
 1864.6 410.3(+/-1.5) x 10�15D+, D� 
d, d
 1869.4 1040(+/-7) x 10�15D+s , D�s 
s, s
 1968.3 490(+/-9) x 10�15B0, B0 db, bd 5279.4 1.536(+/-0.014) x 10�12B0s, B0s sb, bs 5369.6 1.461(+/-0.057) x 10�12B+, B� ub, bu 5279.0 1.671(+/-0.018) x 10�12J/	 

 3096.916 (� = h/� = 91.0 keV)Table 2.3: Meson properties [38℄Within a meson, although the 
olour 
harge of ea
h quark is dynami
 throughgluon ex
hange, in relation to ea
h other bound quarks will always have opposing
olour 
harge.The 16 elementary parti
les of the Standard Model have quantum state properties.These in
lude, spin, the baryon number (Bn), lepton number (L), strangeness (S),
harmness (C), bottomness (B) and 
harge. All 16 elementary parti
les and their



2.2 The Standard Model 9properties, in
luding rest mass (m0), are given in table 2.4.Parti
le spin (�h)Bn L S C B 
harge (e) m0 (MeV)u 1/2 1/3 0 0 0 0 +2=3 2.75d 1/2 1/3 0 0 0 0 �1=3 6s 1/2 1/3 0 �1 0 0 �1=3 105
 1/2 1/3 0 0 1 0 +2=3 1250b 1/2 1/3 0 0 0 �1 �1=3 4750t 1/2 1/3 0 0 0 0 +2=3 174300e� 1/2 0 1 0 0 0 �1 0.511�� 1/2 0 1 0 0 0 �1 105.658�� 1/2 0 1 0 0 0 �1 1776.99�e 1/2 0 1 0 0 0 0 < 3� 10�3�� 1/2 0 1 0 0 0 0 < 0:19�� 1/2 0 1 0 0 0 0 < 18:2
 1 0 0 0 0 0 0 0gluon 1 0 0 0 0 0 0 0W+ 1 0 0 0 0 0 +1 80420Z 1 0 0 0 0 0 0 91187.6graviton 2 0 0 0 0 0 0 0Table 2.4: Quantum properties of elementary parti
les [38℄The di�eren
es between an elementary parti
le and its antiparti
le are that theantiparti
le has opposite 
harge and internal quantum numbers but its spin and massare identi
al.



2.2 The Standard Model 102.2.1 Model DiÆ
ultiesToday, the Standard Model is regarded as a well established theory. However, it isnot a

epted as being 
omplete for two main reasons:1. The model 
ontains 27 free parameters (or 29 for Majorana neutrinos) notin
luding ele
tri
 
harges [52℄. These parameters must be determined experi-mentally and 
annot be independently 
al
ulated.2. The model fails to des
ribe gravitational intera
tions.Though the Standard Model has been largely su

essful in its predi
tions, the�rst experimental deviation from the original theory 
ame in 1998 when Super-Kamiokande published results indi
ating neutrino os
illation [39℄. This implies theexisten
e of non-zero neutrino masses. Sin
e then, the Standard Model has beenrevised to allow neutrinos to have mass, but this revision has 
ome at the expense ofan additional number of free parameters.Though the balan
e of matter and anti-matter in the Standard Model is nominallysymmetri
, a small allowan
e is made within the model for imbalan
e through thepro
ess of Charge-Parity (CP ) violation as de�ned by the CKM matrix (see se
tions2.3 and 2.4). However, the Standard Model has no me
hanism that allows for CPviolation in the quark se
tor to ex
eed that whi
h is des
ribed by the CKM matrix.



2.3 CP violation in the Standard Model 112.3 CP violation in the Standard Model2.3.1 Introdu
tionCP violation has been observed in weak intera
tions and is the phenomenon wherethe 
harge 
onjugate state under a parity transformation behaves di�erently from theoriginal state. This was �rst observed for the neutral kaon system through indire
tCP violation in 1964 by James Cronin and Val Fit
h of Brookhaven National Labo-ratory. They showed, for example, that a Ks with a CP eigenstate of +1 
an de
ayto �+���0 with an eigenstate of -1 about 0.2% of the time [14℄ [49℄.Indire
t CP violation is where the violation is not in the observed de
ay, butthrough the mixing of the states of the parti
le that has de
ayed. To explain fur-ther, neutral kaons have the property whereby they 
an os
illate between a parti
le-antiparti
le state. The superposition (or mixing) of quantum me
hani
al states, pro-posed by Erwin S
hrodinger in 1935, implies that the state of any obje
t is not knownuntil a measurement of that state is performed. E�e
tively, the state is in a super-position of all available states until the measurement itself 
auses the obje
t to belimited to a single possibility. A neutral kaon 
an be in the parti
le (Ko) and antipar-ti
le (Ko) state simultaneously until it de
ays (or intera
ts) at whi
h point a parti
ledete
tor 
an measure one state or the other. In a perfe
t CP invariant world, thekaon would not have a preferen
e of state, and therefore statisti
ally kaons would bedistributed evenly between parti
le and antiparti
le �nal states. What Cronin andFit
h had dis
overed was a small hole in the pi
ture of a CP invariant world, andthis hole was waiting to be explored. Sin
e that time physi
ists have long predi
tedthat CP violation would also o

ur in the B meson system. This phenomenon hasonly re
ently been 
on�rmed in the de
ays of Bd mesons by the Babar and Belleexperiments where they observed CP violations in the de
ay of Bd ! J= Ks in2001 [7℄ [9℄.Dire
t CP violation was �rst dete
ted in 1999 by KTeV (Fermilab) [25℄ andNA48 (CERN) in neutral kaons [34℄. Dire
t CP violation and indire
t CP violationare both the result of quantum interferen
e. However, the interferen
e responsible fordire
t CP violation is not due to the mixing of the two possible states of a meson, but



2.3 CP violation in the Standard Model 12between the possible paths by whi
h it 
an de
ay. BaBar and Belle, the asymmetri
B fa
tories at SLAC and KEK respe
tively, re
ently showed eviden
e for dire
t CPviolations in B meson de
ays. For example, starting with equal numbers of B andB mesons, as they de
ay, it would be reasonable to expe
t equal numbers of K+��and K��+ pairs. However, from equal numbers of B and B mesons, 
ollisions atBaBar produ
ed 910 K+�� pairs but only 696 K��+ pairs [? ℄. In 2004 Babarpublished its results of dire
t CP violation in the de
ay Bo ! K+�� measuring anasymmetry of -0.113�0.030(stat)�0.009(syst) at a level of 4.2� [8℄. Also in 2004, theBelle 
ollaboration also published results on a similar analysis but with an asymmetrymeasurement of -0.088�0.035�0.013 at a level of 2.4� [10℄.2.3.2 Charge Conjugation (C)Classi
ally, the obvious appli
ation of the 
harge 
onjugation operator is the reversalof the ele
tri
 
harge. However this simplisti
 view of the 
harge 
onjugation operatoris entirely insuÆ
ient. Sin
e ele
tri
 and magneti
 �elds have their origins in 
hargesthey are also subje
t to reversal. Furthermore, 
harge 
onjugation has some furtherimpli
ations at the quantum level. The operator also involves the reversal of all theinternal quantum numbers su
h as lepton number, baryon number and strangeness.It does not however a�e
t mass, energy, momentum or spin. Thus, under 
harge
onjugation, a parti
le is repla
ed by its anti-parti
le su
h that its mass, energy,momentum, spin and position remain invariant.2.3.3 Parity Conjugation (P )The parity 
onjugation operator inverts all the spatial 
oordinates. The inversion issometimes referred to as mirror symmetry, but to be pre
ise, it is a mirror image thatnot only swit
hes left and right but also up and down. This means that (+x,+y,+z)under parity inversion are repla
ed with (-x,-y,-z). Spin, being a purely quantumme
hani
al phenomenon, is not 
hanged under parity inversion.
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Figure 2.1: The inversion of spatial 
oordinates by parity 
onjugation.2.4 The CKM MatrixThe beginnings of the CKM matrix started with the dis
overy of strange parti
les.They were 
alled \strange" �rstly be
ause they lived far longer than the 
al
ulatedexpe
ted weak de
ay rate, and se
ondly be
ause two of the strange neutral mesons(now known as the neutral kaons KL and KS) had identi
al states but di�erenthalf lifes. The reason was not known at the time. In the 1950's, Murray Gell-Mann suggested that these new parti
les had a 
onserved quantum number whi
h he
alled \strangeness" [41℄. In 1963, Ni
ola Cabibbo proposed a me
hanism, using anadditional new quark (aptly named the \strange" quark) that des
ribed quark mixingin the form of a 2x2 unitarity matrix in order to explain strange parti
le de
ays [13℄.Ten years later, based upon Cabibbo's earlier work, the dis
overy of CP violationand the re
ent proposition of a fourth quark (
alled \
harm"), Makoto Kobayashi andToshihide Maskawa realised that if 6 generations of quarks are assumed in 3 families,an expressive 3x3 unitary matrix with 
omplex phases 
an be produ
ed where ea
helement des
ribes mixing between quarks [51℄. The 
omplex phases allow for smallCP violations to o

ur in the mixing. The 3x3 Kobayashi-Maskawa (KM) unitaritymatrix (it is now more 
ommonly known as the Cabibbo-Kobayashi-Maskawa (CKM)matrix) was developed in 1973 and it measures the mixing probability of the di�erent



2.4 The CKM Matrix 14quarks. It 
an be expli
itly written asVCKM = 0BBBB� Vud Vus VubV
d V
s V
bVtd Vts Vtb 1CCCCA ; (2.1)where i=u,
,t (up-type quarks), j=d,s,b (down-type quarks) and Vij is the mixingbetween i and j. However, using 3 angles (�12, �13, �23) and 1 
omplex phase (Æ) thematrix 
an be 
onveniently written in the formVCKM = 0BBBB� 
12
13 s12
13 s13e�iÆ13�s12
23 � 
12s23s13eiÆ13 
12
23 � s12s23s13eiÆ13 s23
13s12s23 � 
12
23s13eiÆ13 �
12s23 � s12
23s13eiÆ13 
23
13 1CCCCA (2.2)Where sij = sin�ij, 
ij = 
os�ij = q1� s2ij and ij are the generation labels. �12is the Cabibbo angle (�
)2.4.1 Wolfenstein ParameterisationLin
oln Wolfenstein's 1983 parameterisation of the CKM matrix [71℄ re
e
ts thehierar
hy of the strengths of quark transitions between the three families of quark bymeans of 
harged 
urrent intera
tions. The parameterisation is an expression of theCKM matrix in terms of Taylor expansions, and 
an be derived by introdu
ing thefollowing terms. � = s12; A = s23s212 ; � = s13 
os Æs12s23 ; � = s13 sin Æs12s23 (2.3)
The matrix is expanded in terms of the sine of the Cabibbo angle, � = sin �12 �0:22, and is often approximated to the third order, O (�3),VCKM = 0BBBB� 1� 12�2 � A�3(�� i�)�� 1� 12�2 A�2A�3(1� �� i�) �A�2 1 1CCCCA+O ��4� : (2.4)
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With ea
h in
rease in order of the Wolfenstein parameterisation, the a

ura
y ofthe mixing in
reases. LHCb is expe
ted to measure mixings up to O (�5),

VCKM = 0BBBB� 1� 12�2 + 14�4 � A�3(�� i�)��+ 12A4�4 �A2�5(�+ i�) 1� 12�2 + 14�4(1� 2A2) A�2A�3(1� ~�� i~�) �A�2 +A�4 �12 � �� i�� 1� 12A2�4 1CCCCA+O ��6� ;(2.5)where ~� = �(1� �2=2) and ~� = �(1 � �2=2).



2.4 The CKM Matrix 162.4.2 The Unitarity TrianglesThe CKM matrix has a property known as unitarity due to the physi
al properties itrepresents. Three unitarity 
onditions 
an be produ
ed by taking ea
h element in a
olumn of the matrix, and multiplying it by the 
omplex 
onjugate of its neighbourfrom another 
olumn. A further three unitarity 
onditions 
an be produ
ed by re-peating this method but with rows instead of 
olumns. Thus the CKM matrix 
anbe de�ned by the six unitarity 
onditions,VudV �ub + V
dV �
b + VtdV �tb = 0 (db) (2.6)VusV �ub + V
sV �
b + VtsV �tb = 0 (sb) (2.7)VudV �us + V
dV �
s + VtdV �ts = 0 (ds) (2.8)and VudV �td + VusV �ts + VubV �tb = 0 (ut) (2.9)V
dV �td + V
sV �ts + V
bV �tb = 0 (
t) (2.10)VudV �
d + VusV �
s + VubV �
b = 0 (u
) (2.11)Ea
h term of a 
ondition is 
omplex and 
an be represented as a ve
tor on a 2-dimensional 
omplex plane. Sin
e the sum of the 
onditions is zero, the three ve
torsform a 
losed triangle su
h that the sum of the angles are equal to �. For example,the unitarity 
ondition (db), 
an be plotted as in �gure 2.2. The angles �, �, and 
are de�ned as,� � arg � VtdV �tbVudV �ub! ; � � arg �V
dV �
bVtdV �tb ! ; 
 � arg �VudV �ubV
dV �
b ! : (2.12)
In this arrangement, all the sides of the triangle have 
omplex 
omponents, but
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Figure 2.2: The unitarity triangle (db).its representation 
an be simpli�ed by making one of the terms real through normal-isation (�gure 2.3). Continuing to take the unitarity 
ondition (db) as an example,it 
an be rearranged to give an equivalent equation by dividing both sides by themiddle term. This gives,VudV �ubV
dV �
b + 1 + VtdV �tbV
dV �
b = 0 (db) (2.13)The 
orresponding representation of the (db) unitarity triangle will thus have onenon-
omplex side, and it is in this way that the unitarity triangle is most 
ommonlydisplayed.

Figure 2.3: The unitarity triangle (db), represented su
h that the term V
dV �
b is real.In this way, ea
h of the six unitarity 
onditions 
an be represented by a unitaritytriangle. However, four out of the six 
onditions (sb; ds; 
t; u
) produ
e triangles that



2.4 The CKM Matrix 18have a very small angle asso
iated with them. Of the remaining two 
onditions,(db)is experimentally more a

essible than (ut), and so its 
orresponding triangle is oftenreferred to as \The unitarity triangle". Nevertheless, both the (db) and (ut) trianglesrepresent experimentally a

essible de
ays within LHCb and therefore both will beused to experimentally test the validity of the CKM matrix.

Figure 2.4: The unitarity triangle (db), represented su
h that the term V
dV �
b is real.The relationship of the Wolfenstein parameterisation to the angles �, 
, and � isgiven through � = tan�1 � ~�1� ~�� ; 
 = tan�1 �� ; and � = ��2: (2.14)The O (�5) Wolfenstein parameterisation of the CKM matrix implies that allbut three elements of the matrix are real, and thatargfVtdg = ��; argfVubg = �
; argfVtsg = �+ �; (2.15)Thus, by in
luding the angles that result from the 
omplex phase, the CKMmatrix 
an be 
onveniently expressed asVCKM = 0BBBB� 1� 12�2 � �jVubje�i
�� 1� 12�2 A�2�jVtdje�i� jVtsje�i� 1 1CCCCA (2.16)



2.5 The B Meson System 192.5 The B Meson SystemAs with neutral Kaons, B mesons 
an violate CP 
onservation both dire
tly andindire
tly and there 
an also be interferen
e between these two modes of CP violation.The �nal de
ay produ
ts are either in a 
avour spe
i�
 �nal state (
harged B de
ays),or a 
avour non-spe
i�
 �nal state (neutral B de
ays). For 
avour non-spe
i�
 �nalstates there are three types that 
an o

ur and these are1. CP eigenstates,2. non-CP eigenstates and3. mixed CP eigenstatesAsymmetries in the de
ay of 
harged B mesons o

ur only through dire
t CPviolation. Asymmetries in the de
ay of neutral parti
les 
an o

ur though dire
t CPviolation, indire
t CP violation and CP violation in the interferen
e. These threeforms of CP violation will now be 
onsidered.2.5.1 Indire
t CP ViolationIndire
t CP violation is an asymmetry that o

urs in the mixing of a parti
le Boand its antiparti
le Bo, su
h that the mixing rate of Bo!Bo is di�erent to the rateof Bo!Bo. Thus, under indire
t CP violation it is true that����qp ���� 6= 1 (2.17)with qp =vuutM�12 � i2��12M12 � i2�12 ; (2.18)where M12 and �12, are both o�-diagonal elements of the Hermitian 2�2 mass andde
ay matri
es (the o�-diagonal elements 
orrespond to the mixing). Hen
e, a B0
an 
onvert to a B0 with probability:P �B0 ! B0� (t) = ����qpf�(t)����2



2.5 The B Meson System 20where jf�(t)j2 = 14 he��1t + e��2t � 2e��t 
os(�Mt)i (2.19)and M1;M2;�1;�2 are the diagonal mass and de
ay matrix elements and � = (�1 +�2)=2.Indire
t CP violation 
an be measured through the observation and tagging ofjets and also through the observation of semi-leptoni
 B de
ays. Both Bo and Bo 
anos
illate between a parti
le-antiparti
le state due to se
ond order weak intera
tions(�gure 2.5).

Figure 2.5: Box diagrams of B os
illations.Assuming a pure state of Bo or Bo at time t = 0, the meson state will be
omea superposition of Bo, Bo at time t > 0 until the point of de
ay or dete
tion. IfCP symmetry is 
onserved, the �nal state of B mesons should be evenly distributedbetween parti
le-antiparti
le states. Under indire
t CP violation the distributionbe
omes asymmetri
.B mesons have a relatively long lifetime, and a 
onsiderable rest mass energy.These attributes play a positive role in the dete
tion of semi-leptoni
 de
ays. In asemi-leptoni
 de
ay, the b quark will de
ay to either a 
 quark or u quark throughthe mediation of a W boson and the W boson 
an then produ
e a 
harged lepton andits 
orresponding neutrino. This pro
ess is des
ribed by the Feynman tree diagramof �gure 2.6.Due to the high rest mass of the b quark, the mediating W boson in the semi-leptoni
 de
ay will produ
e a high momentum lepton that 
an be tra
ked and iden-ti�ed. The point at whi
h the B meson de
ays 
an be found by tra
king the paths of
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Figure 2.6: Feynman diagram of a semi-leptoni
 B de
ay.the resulting meson and lepton. Thus, the �nal state of the B meson 
an be dedu
edthrough the identi�
ation of the lepton produ
ed in the de
ay. This allows the iden-tity of one of the B mesons to be tagged, and a sear
h for the de
ay of the se
ond Bmeson to be made to determine whether it has os
illated or not. Given high enoughstatisti
s, an a

urate measurement of asymmetry 
an be made.2.5.2 Dire
t CP ViolationWith dire
t CP violation, the violation is in the de
ay, and the amplitude of thede
ay Bo!f di�ers from the amplitude of Bo!f , where f is a �nal state 
ommon toboth de
ays. The two de
ay amplitudes A and A are writtenA � hf jHjBi; A � hf jHjBi; (2.20)where H is the Hamiltonian, and these di�er su
h that�����AA ����� 6= 1 (2.21)In the measurement of dire
t CP violation, it is the �nal de
ay states that are impor-tant. For example, in a CP invariant world, starting with equal numbers of Bs and Bsmesons, after they de
ay, there should be equal numbers of K+�� and K��+ pairs.However, dire
t CP violation allows an asymmetry in the de
ay path, su
h that anunequal number of K+�� and K��+ �nal states o

ur. Therefore, in the measure-ment of dire
t CP violating de
ays, the whole de
ay path needs to be tra
ked, andthe produ
t parti
les need to be identi�ed.



2.5 The B Meson System 222.5.3 CP Violation in the Interferen
eA �nal form of CP violation is through the interferen
e of the mixing and the de
ayamplitudes and 
an be measured from the time dependent CP asymmetry [12℄,A(t) = �f � �f�f + �f (2.22)= (1� j�j2) 
os(�Mt)� 2Imf�g sin(�Mt)(1 + j�j2) 
osh(��t=2) + 2Ref�g sinh(��t=2) ; (2.23)where, � = qp AA: (2.24)Separating the dire
t CP violating 
ontribution from that whi
h des
ribes the CPviolating 
ontribution of the interferen
e between mixing and de
ay amplitudes, theasymmetry 
an be written in the formA(t) = AdirCP 
os(�Mt) +AmixCP sin(�Mt); (2.25)where AdirCP = (1� j�j2)(1 + j�j2) and AmixCP = �2Imf�g(1 + j�j2) : (2.26)For Bod de
ays where �� is small, AdirCP is negligible and so the CP asymmetry redu
esto A(t) = �Imf�g sin(�Mt): (2.27)



2.5 The B Meson System 232.5.4 Survey of Experimental Results and the Physi
s Aims of LHCbCompiled from the re
ent results of BaBar and Belle, the 
urrent status of the experi-mental 
onstraint upon the unitarity triangle is given by the table shown in �gure 2.7and the plot in �gure 2.8.

Figure 2.7: The 2005 table of 
onstraints on the unitarity triangle [36℄.Though these measurements would suggest that the theory of CP violation throughthe CKM matrix is 
orre
t, low statisti
al a

ura
y means the margins of error sur-rounding ea
h of the measurements are still too large for the theory to be properlyvalidated. Thus, the main B physi
s aims for LHCb and the general purpose LHC ex-periments, ATLAS and CMS, will be to pre
isely 
onstrain the CKM measurementswith unpre
edented a

ura
y, as well as 
ontinue the sear
h for new physi
s.2.5.5 Measurement of the angles of the unitarity triangle by LHCbSome of the B de
ay modes that will be studied by LHCb are given in �gure 2.9. Bymeasuring the asymmetries in the de
ays of the B B pairs for ea
h de
ay mode, withhigh enough statisti
s, the 
omplex phase angles 
an be a

urately 
al
ulated. Thiswill require the experiment to have very good 
apabilities to distinguish between �and K mesons, sin
e these parti
les are the produ
t parti
les of many of the de
ays
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Figure 2.8: Constraining the CKM triangle [36℄.and they both have relatively long lifetimes. Therefore, misidenti�
ation of theseparti
les 
ould lead to in
orre
t results for the unitarity angles. The following 
hapterwill dis
uss the LHCb experiment and its parti
le identi�
ation system (the RingImaging Cherenkov or RICH dete
tors) that will allow these measurements to beperformed.
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Figure 2.9: The relationship of CP violating de
ays and their respe
tive angles.2.6 SummaryThe foundation of many of the present theories in modern parti
le physi
s is theStandard Model. The Standard Model seeks to explain all the phenomena in parti
lephysi
s ex
ept gravity in terms of the properties and intera
tions of a relatively smallnumber of parti
les. Ea
h parti
le in the Standard Model, has an anti-parti
le. Inits basi
 form the balan
e between matter and anti-matter in the Standard Modelis nominally symmetri
. However, a small allowan
e is made within the model forimbalan
e through the pro
ess of CP violation as de�ned by the CKM matrix. TheCKM matrix des
ribes the mixing probability between the di�erent quarks in theStandard Model. With the CKM matrix, CP violation 
an o

ur through 
omplexphases shown more 
onveniently as the three angles �, � and 
 in the Wolfensteinparameterisation of the CKM matrix. This parameterisation 
an be representedby unitarity triangles, where the angles are representations of the 
omplex phaseelement. These angles have been measured but are yet to be measured to a suÆ
ienta

ura
y so that the CKM theory of CP violation 
an be properly tested. The LHCbexperiment is designed to measure and 
onstrain these angles with unpre
edenteda

ura
y and thereby test the validity of the theory. The Standard Model has nome
hanism that allows for CP violation in the quark se
tor to ex
eed that whi
h is
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ribed by the CKM matrix. Therefore, if the measurements show beyond doubtthat CP violation ex
eeds this maximum, the validity of the Standard Model itselfwill be 
alled into question.
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Chapter 3
The LHCb Experiment
3.1 Introdu
tion to the LHCb ExperimentLHCb is a B physi
s experiment at the Large Hadron Collider (LHC) at CERN, thatwill test the 
onsisten
y of the Unitarity Triangles by determining CP violations ina variety of de
ays of Bd and Bs mesons. Although the maximum luminosity of theLHC is 1034
m�2s�1, LHCb will operate at the lower luminosity of 2�1032
m�2s�1(where one inelasti
 intera
tion per bun
h 
rossing dominates), lowering the radiationlevels and simplifying the event re
onstru
tion [12, p.404℄. Taking advantage of thisoptimal luminosity and the high energy of the LHC, LHCb will be 
apable of gatheringthe high statisti
s unavailable to previous generations of dete
tors, ne
essary for a
omprehensive study of CP violation [12, p.401℄.
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tor Overview

Figure 3.1: LHCb [32, p.3℄The LHCb dete
tor is a single arm spe
trometer using forward dete
tor geome-try. Following Figure 3.1, LHCb 
onsists of a beam pipe, Vertex Lo
ator (VELO),two Ring Imaging Cherenkov (RICH) dete
tors, a dipole magnet, tra
king stations(TT, T1, T2 and T3) a 
alorimetry system (Ele
tro-magneti
 (ECAL) and Hadron(HCAL)) and a number of muon stations (M1-M5). The a

eptan
e of the dete
torranges from 10 mrad to 250 mrad in the verti
al plane and 10 mrad to 300 mrad inthe horizontal plane [27, p.2℄.
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ator (VELO)

Figure 3.2: The VELO va
uum vessel with the sili
on sensors, RF box, wake�eldguides and exit window [31, p.12℄.The role of the VELO is to provide pre
ise measurements of tra
k 
oordinates
lose to the intera
tion region. To perform this task, the VELO features 21 pairs ofhigh spatial resolution sili
on strip dete
tors arranged in two halves around the beamintera
tion region. The use of two types of 300 �m thi
k sensors (R-strip and �-strip)in the geometry allows for a fast tra
k �nding algorithm. To avoid damage from the

(a) R and � strip sensors (b) Arrangement of sili
on sensorsFigure 3.3: The sili
on sensors of VELO [31, p.17℄ [31, p.11℄.
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tion, the sili
on sensors are in two halves and are retra
table. Thedete
tor halves are lo
ated in a va
uum vessel and are separated from the beamva
uum by spe
ially formed 0.3 mm thi
k aluminium foils [31, p.11-18℄.3.2.2 Dipole MagnetThe stati
 magneti
 �eld of the LHCb spe
trometer is provided by a large warm dipolemagnet (Figure 3.4). The magnet 
onsists of a 1600 ton iron yoke and two 
oils thatare wound from a hollow aluminium 
ondu
tor. The 
oils have been designed sothat their shape follows the spe
trometer a

eptan
e. The magnet, positioned onthe beam line, provides an integral �eld of 4 Tm and 
onsumes about 4.2 MW ofpower [53℄.

Figure 3.4: The dipole magnet [29, p.62℄.3.2.3 Tra
king Stations (TT, T1-T3)The Tra
king System 
onsists of three parts, the Trigger Tra
ker (TT), the InnerTra
ker (IT) and the Outer Tra
ker (OT). The Inner and Outer Tra
kers are madeup of three tra
king stations lo
ated downstream of the dipole magnet. The InnerTra
ker is 
onstru
ted of sili
on dete
tors, where as the Outer Tra
ker uses strawtube te
hnology. The Trigger Tra
ker has an a
tive area of about 1.4 m � 1.2 m
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Figure 3.5: The tra
king stations [70, p.2℄.and 
onsists of four symmetri
al layers of sili
on strip dete
tors. Using the magneti
�eld in front of TT, this dete
tor, together with the VELO, provides the basis of theLevel-1 trigger to sele
t events 
ontaining parti
les with high transverse momentum(Pt).The three Inner Tra
ker Stations are subdivided into four boxes ea
h with eitherone or two sili
on strip dete
tors per 
olumn. Ea
h station of the Outer Tra
ker is
onstru
ted out of four planes of straw modules arranged with angular o�sets of 0,+5, -5 and 0 degrees with respe
t to the verti
al axis, totalling twelve planes. Ea
hmodule has 128 straw tubes [70℄.3.2.4 Pre-shower, Ele
tromagneti
 (ECAL) and Hadroni
 (HCAL)CalorimetersThe 
alorimeter system 
onsists of a preshower dete
tor, an ele
tro-magneti
 
alorime-ter and a hadron 
alorimeter. All three parts of the 
alorimeter system are dividedinto two halves that 
an be retra
ted laterally from the beam line.The pre-shower dete
tor is 
onstru
ted out of two layers of s
intillator that areseparated by 1.5 
m of lead. Light from the s
intillator is 
olle
ted by wavelengthshifting �bres that guide the light to multi-anode photomultipliers (MaPMT) thatare lo
ated both on the top and bottom of the dete
tor.
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tromagneti
 
alorimeter is divided into three regions with di�erent 
ellsizes. The hadron 
alorimeter is an iron/s
intillator 
alorimeter that has a tile ge-ometry. The readout 
hains of both the ele
tromagneti
 and the hadron 
alorimetersuse photomultiplier tubes [26℄.3.2.5 Muon Stations (M1-M5)The muon dete
tor 
onsists of �ve stations, four of whi
h are lo
ated behind the
alorimeter system and one that is lo
ated in front. The four stations that arelo
ated behind the 
alorimetry system are ea
h separated by iron �lters. The surfa
earea of the stations in
rease as the distan
e from the intera
tion point in
reases su
hthat the muon dete
tor follows the 120 mrad horizontal a

eptan
e of the LHCbspe
trometer. Ea
h of the stations are themselves divided into four regions, using atotal of 20 di�erent 
hamber types. With the ex
eption of the 
entral region of the�rst muon station, using triple GEM 
hambers [33℄, the �ve dete
tor planes will usemulti-wire proportional 
hambers. A GEM is a gas ele
tron multiplier and 
onsistsof a thin, metal-
lad polymer foil pier
ed with holes. Applying a potential betweenthe two sides of the foil, 
auses an avalan
he of ele
trons in the holes when a 
hargedparti
le passes through. Triple GEM 
hambers are 
onstru
ted of three 
onse
utiveplanes to in
rease the gain of the dete
tor [67℄. Ea
h muon station has four a
tivegaps, where two are in
luded in a logi
al OR, ex
ept the �rst station that has onlytwo layers to minimize material in front of the 
alorimeter. Depending on the tra
kdensity, the readout is performed using the signals of the wires, the pads or both.They are 
onne
ted to form logi
al pads and a total of about 26,000 
hannels areused in the Level-0 trigger [28℄.
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Figure 3.6: The arrangement of muon stations in LHCb [28, p.13℄.3.3 Ri
h Imaging Cherenkov (RICH) Dete
tors3.3.1 Physi
s Justi�
ation and Ne
essary Spe
i�
ationsA fundamental requirement of the parti
le identi�
ation for the LHCb experimentis the ability to distinguish between pions and kaons in a variety of �nal states.Without this separation, the LHCb experiment will be unable to make measurementsof asymmetries required to further 
onstrain the angles of the CKM martix. In orderfor the LHCb experiment to a
hieve su
h a high level of parti
le identi�
ation, RingImaging CHerenkov (RICH) dete
tors are required. The importan
e of the RICHsystem in LHCb 
an be shown through the example of the measurement of the CPasymmetry of Bod ! �+�� de
ays. This measurement requires the reje
tion of two-body ba
kgrounds with the same topology su
h as Bod ! K+��, Bos ! K��+ and
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tors 34Bos ! K+K�. Figure 3.7 (left) shows that if these two-body ba
kgrounds are notreje
ted, the signal from Bod ! �+�� de
ays is dwarfed by the ba
kgrounds.

Figure 3.7: The Bod ! �+�� de
ay signal without (left) and with (right) the RICH.Another ben
hmark 
hannel of LHCb is Bos !D�s K� and the 
harge 
onjugatestates. This 
hannel is used to extra
t the CP-angle 
 from a time-dependent �t tothe asymmetries. The ba
kground from Bos ! D�s �+ de
ays for this measurementis about 15 times greater and overwhelms the signal if parti
le identi�
ation fromRICH dete
tors is not available (see �gure 3.8 (left)).

Figure 3.8: The Bos !D�s K� de
ay signal without (left) and with (right) the RICH.
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tors 35Another method that 
an be used to a

ess the angle 
 is through the use of
hannels su
h as Bo ! DoK�o !K��+K+�� and Bo ! DoK�o ! ��K+K+��.Positive identi�
ation of parti
les is essential for the sele
tion of su
h rare de
ays.With the addition of the RICH dete
tors, the ba
kgrounds 
an be minimised andthus the asymmetries of the signal 
hannels 
an be measured (see �gures 3.7 (right)and 3.8 (right)).Using RICH to identify kaons from the b! 
! s 
as
ade de
ay (where the 
hargeof the kaon depends on the 
harge of the initial b quark) in the event also providesa valuable 
avour tag, and further ensures that the maximum number of eventsa

epted by the LHCb trigger are of potential use in CP violation measurements.For high mass parti
les, the RICH dete
tors 
an provide an improved momentumdetermination and are also able to 
omplement the 
alorimeters and muon system inthe identi�
ation of ele
trons and muons.The parti
le identi�
ation should 
over the full angular a

eptan
e of the LHCbspe
trometer, from 10 mrad to 300 mrad and 10 mrad to 250 mrad in the hori-zontal and verti
al proje
tions respe
tively. The upper limit in momentum requiredfor �-K separation is determined by tra
ks from two-body B-de
ay 
hannels, 90%of whi
h have a momentum of less than 150 GeV=
. The identi�
ation of taggedkaons and tra
ks from high multipli
ity de
ays determines the requirement for thelower momentum limit where it is preferable to have identi�
ation down to 1 GeV=
.�-K separation with 
on�den
e level of 99% (3�) or greater is desirable over themomentum range of 1-150GeV=
.3.3.2 Prin
iple of OperationRICH dete
tors determine the velo
ity of the 
harged parti
les that pass throughthem. When a 
harged parti
le ex
eeds the velo
ity of light in the diele
tri
 mediumof the RICH dete
tor, Cherenkov radiation is emitted in the form of a 
one of light.The emitted 
one of light 
an then be re
e
ted o� mirrors onto a photon dete
torplane, whi
h in turn will image the 
one of light as a ring. Ea
h 
harged parti
leis responsible for produ
ing photons that form a ring. As an example, �gure 3.9shows simulated rings 
reated from parti
les traversing the LHCb RICH2 dete
tor
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tion 3.4), where the diele
tri
 medium is CF4 gas.

Figure 3.9: Cherenkov rings in the RICH2 dete
tor of LHCb [27, p.13℄.The size of ea
h ring is dependent upon the velo
ity of the parti
le that 
ausedit. The VELO and tra
king stations, as well as the 
alorimeters, will determine themomentum and/or energy of the responsible parti
le. If the momentum or the energyis known for the parti
le and its velo
ity is determined by the RICH dete
tor, thenthe parti
le mass 
an be 
al
ulated and thus the parti
le 
an be identi�ed. Theperforman
e of the RICH dete
tors will be des
ribed in this 
hapter.3.3.3 Cherenkov RadiationThe Cherenkov e�e
t o

urs when a 
harged parti
le ex
eeds the speed of light withina diele
tri
 medium. Consider, for example, a proton travelling through a blo
k ofglass. As the proton passes through the diele
tri
 glass medium, the ele
trons ofthe neighbouring atoms will be
ome attra
ted to the passing proton and the nu
leirepelled, thus these atoms will be
ome polarised and elongated. As the proton movesout of the in
uential range of a polarised atom, the atom will qui
kly revert ba
k toits normal state; this pro
ess will 
ause a very brief ele
tromagneti
 pulse to o

ur.A slow moving proton travelling from A to B through glass, will 
ause the polar-
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tors 37isation �eld of neighbouring atoms to have both azimuthal symmetry and symmetryalong the axis of the tra
k. Therefore, the ele
tromagneti
 pulse emitted from anatom reverting ba
k to its original state will be 
an
elled through the destru
tiveinterferen
e of ele
tromagneti
 pulses originating from neighbouring atoms; and thusthere will be no resultant �eld at large distan
es [50℄. Figure 3.10 shows a Huygens
onstru
tion for this s
enario. It is 
lear to see that the velo
ity of light in the medium
m is greater than the velo
ity of the parti
le v and that no wave front is produ
ed.

Figure 3.10: Huygens 
onstru
tion for a parti
le travelling from A to B, where thespeed of light in the medium 
m is greater than the speed of the parti
le v in themedium.In the 
ase of a proton moving at a speed 
omparable to that of the speed of light,the polarisation �eld, though still azimuthally symmetri
, is no longer symmetri
alalong the axis of the tra
k. The resultant dipole �eld will be apparent even atlarge distan
es from the tra
k of the proton. However, sin
e the velo
ity of theproton is lower than the phase velo
ity of light in the medium, it is not possible forthe radiation to be in phase along all portions of the tra
k, therefore the radiatedwavelets interfere destru
tively so that the resultant �eld intensity is still zero at adistant point (�gure 3.11).For a proton travelling higher than the phase velo
ity of light within the mediumit is possible for the radiated wavelets from all portions of the tra
k to now be in phase
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Figure 3.11: Huygens 
onstru
tion for a parti
le travelling from A to B, where thespeed of light in the medium 
m is equal to the speed of the parti
le v in the medium.

onstru
tively and therefore resultant radiation is observable even at a distant point.The radiation is seen as a low intensity 
one of light emitted along the traje
tory ofthe proton. This is known as Cherenkov Radiation. The Huygens 
onstru
tion of�gure 3.12 shows that a wavefront is produ
ed when the parti
le velo
ity ex
eeds thespeed of light in the medium.

Figure 3.12: Huygens 
onstru
tion for a parti
le travelling from A to B, where thespeed of light in the medium 
m is less than the speed of the parti
le v in the medium.
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ase of a 
harged parti
le travelling through a diele
tri
medium, the minimum velo
ity that the parti
le must ex
eed in order for Cherenkovradiation to be produ
ed is vmin = 
m (3.1)where 
m is the speed of light in the diele
tri
 medium. The refra
tive index nof the diele
tri
 medium is given by n = 

m (3.2)where 
 is the speed of light in va
uum. Therefore, equation 3.2 
an be substitutedinto equation 3.1 to give vmin = 
n: (3.3)
When a parti
le ex
eeds this minimum velo
ity, the Cherenkov 
one produ
edopens up with an angle dependent upon the speed of the 
harged parti
le, and thephotons produ
ed by this pro
ess have an inherent polarisation perpendi
ular to thesurfa
e of the 
one.Figure 3.12 also shows the geometry of the Cherenkov emission angle �
 followingHuygens' Prin
iple. Cherenkov light travels from A to C in the same time that ittakes the parti
le to travel from A to B. Sin
e the wavefront is perpendi
ular to thedire
tion the Cherenkov radiation travels, the angle at point C is 90o. Hen
e
os �
 = 
mv = 
vn = 1�n; (3.4)where v is the velo
ity of the parti
le, � is the ratio of the velo
ity of the parti-
le to the speed of light. The momentum p is related to � by
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� = v
 = p
pp2
2 +m2
4 (3.5)whi
h 
an be used to determine the mass m of the parti
le.In appli
ation to the LHCb RICH dete
tors, if 
m and n are known values, itis possible to use a measured value of �
 to �nd the velo
ity v of the originatingparti
le and hen
e 
al
ulate �. Given that the value for the momentum p of thatparti
le is found by using tra
king stations to measure the bend in the path of theparti
le as it travels through the dipole �eld of the magnet; it is also possible to
al
ulate the mass m of the parti
le and thus identify it. This is the prin
iple uponwhi
h Ring Imaging Cherenkov dete
tors are based. The wavelength distributionof Cherenkov radiation has a 1=�2 dependen
e and therefore peaks towards the UVregion of the ele
tromagneti
 spe
trum. This pla
es 
onstraints on the materials usedin the 
onstru
tion of RICH dete
tors.Chromati
 AberrationCherenkov radiation is not mono
hromati
 and it follows from opti
al refra
tion thatthe velo
ity of light within a transparent medium is wavelength dependent, su
h thatn is not 
onstant over the wavelength range. For this reason, there will be somevariation in the Cherenkov emission angle over the range of wavelengths produ
edwhen a 
harged parti
le travels at a 
onstant velo
ity in ex
ess of the speed of lightthrough a dispersive diele
tri
 medium. This phenomenon is known as 
hromati
aberration.Figure 3.13 shows the variation in refra
tive index for the radiative media of theLHCb RICH dete
tors as a fun
tion of photon energy [27, p.6℄. This 
overs thewavelength range of 124.3 nm (10 eV ) to 1243 nm (1 eV ).
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Figure 3.13: Spe
trum of refra
tive indi
es for the three radiators used for the RICHdete
tors of the LHCb experiment [27, p.6℄.3.4 LHCb RICH Dete
torsThe parti
le identi�
ation system of the experiment in
ludes two RICH dete
tors,RICH1 and RICH2. RICH1 measures the velo
ities of the lower momentum par-ti
les, and RICH2 measures the velo
ities of the higher momentum parti
les. Thebasi
 requirement for this 
ombined system is to provide parti
le identi�
ation overa wide momentum range from 1 to about 100 GeV/
 [30, p.2℄. Figure 3.14 shows themomentum range and a

eptan
e 
overed by the two RICH Dete
tors, 
ompared tothe expe
ted B de
ays in LHCb.
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Figure 3.14: Momentum range and horizontal a

eptan
e (�) of RICH1 andRICH2 [27, p.2℄.3.4.1 Overview of RICH1 and RICH2RICH1 has two radiators (see Figure 3.15), the �rst is aerogel and the se
ond isthe gas medium C4 F10, with refra
tive indi
es of n = 1.03 and n = 1.015 respe
-tively [32, p.3℄. These dense radiators allow RICH1 to measure the velo
ities of thelower momentum parti
les in the 1-60 GeV=
 range. RICH1 
overs the full LHCba

eptan
e of 250 mrad in the verti
al plane and 300 mrad in the horizontal plane.RICH2 has a single radiator, the gas medium CF4 with a refra
tive index ofn=1.0005 [27, p.6℄. This lower refra
tive index medium allows RICH2 to measurethe velo
ities of the higher momentum parti
les. Sin
e the high momentum parti
lestraverse LHCb at a lower polar angle with respe
t to the beamline, RICH2 
overs theredu
ed a

eptan
e of 100 mrad in the verti
al plane and 120 mrad in the horizontalplane.
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Figure 3.15: Design of RICH1 and RICH2 [32, p.3℄ [27, p.6℄.The general layout of the two dete
tors are similar in format. They both use a
ombination of spheri
al and 
at mirrors to re
e
t the Cherenkov radiation onto thephoto-dete
tor plane lo
ated outside of the dete
tor a

eptan
e. The main di�eringfeatures being that RICH1 
overs the full a

eptan
e of 300 mrad, has an additionalradiator and is mounted in a verti
al position. Both dete
tors share the same photondete
tors, the HPD (Hybrid Photon Dete
tor).Hybrid Photon Dete
torsThe HPD is a novel photon dete
tion devi
e 
omprising of a sili
on pixel dete
toren
apsulated inside a va
uum tube 
onsisting of a photo-
athode, fo
using ele
trodesand a

elerating high voltage. The HPD designed for the LHCb experiment uses a7 mm thi
k spheri
al quartz window with a multialkali photo
athode deposit on itsinner surfa
e that a
hieves a quantum eÆ
ien
y in ex
ess of 25% at its peak (see
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Figure 3.16: The Hybrid Photon Dete
tors for RICH1 and RICH2 (left) with itsquantum eÆ
ien
y as a fun
tion of photon energy (right) [27, p.7℄.Figure 3.16). The photoele
trons eje
ted from the photo
athode are a

elerated bya nominal voltage of 20 kV, whi
h are then fo
used by two intermediate ele
trodesonto an 8192 sili
on pixel array anode, at ground potential. Ea
h pixel has an areaof 0.5 mm by 62.5 �m. The pixel readout 
hip designed for LHCb performs a logi
alOR of 8 
onse
utive pixels forming square super-pixels of 0.5 mm by 0.5 mm. Thedemagni�
ation of the tube is a fa
tor of �ve, giving the HPD an e�e
tive pixel sizeof 2.5 mm by 2.5 mm at the photo-
athode.The HPD itself is 
ylindri
al and has an overall diameter of 83 mm, of whi
h, thea
tive area is 75 mm. There are total of 486 HPDs used within the RICH dete
tors,of whi
h 262 are used in RICH2 (131 per HPD panel). The 
lose pa
ked arrangementof HPDs in the photodete
tor plane gives an e�e
tive a
tive area of 67% of the totalarea of the HPD plane (see Figure 3.17(a)).Magneti
 �elds 
an distort the photoele
tron images of the HPDs. Longitudi-nal �elds of 10 G 
ause displa
ements in the ele
tron traje
tories (as seen in Fig-ure 3.17(b)). To minimise the e�e
t of the magneti
 �eld produ
ed by the dipolemagnet on the photoele
trons, ea
h tube is surrounded by a Mu-metal magneti
shield of 1 mm thi
kness, that extends 20 mm beyond the 
entre of the spheri
alquartz window of the HPD. With the Mu-metal shields, the HPDs 
an operate in
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(a) The photodete
tor plane (b) Deviation of photoele
trons in a ma-genti
 �eldFigure 3.17: Photodete
tor plane for RICH2 and distortions of photoele
tron imagesdue to the e�e
t of magneti
 �elds [30, p.21℄.�elds of up to 25 G.The expe
ted number of photoele
trons dete
ted from photons emitted along asaturated tra
k (where the velo
ity of the parti
le is � = 1), with a �nite length L ina Cherenkov medium is given by:Npe = � ��h
�L�A� Z QRTsin2�
dE
 ; (3.6)where �A = 0:67 is the 
overage of the HPD plane a
tive area, � = 0:9 is the HPDsingle photoele
tron dete
tion eÆ
ien
y (following 
onversion by the photo
athode),Q is the HPD quantum eÆ
ien
y (shown in �gure 3.16), R = (0:9)2 is the mirrorre
e
tivity and T = 0:92 is the transmission of a 5mm thi
k quartz plate whi
h sealsthe Cherenkov gas volume separating the gas from the HPDs [27, p.8℄. The expe
tednumber of dete
ted photons for ea
h Cherenkov media are given in table 3.1.
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tors 46Material CF4 C4F10 AerogelL (
m) 167 85 5n 1.0005 1.0014 1.03�max
 (mrad) 32 53 242P thresh(�) (GeV ) 4.4 2.6 0.6P thresh(K) (GeV ) 15.6 9.3 2.0�emission� (mrad) 0.36 0.74 0.60�
hromati
� (mrad) 0.50 0.81 1.61�pixel� (mrad) 0.22 0.83 0.78�tra
k� (mrad) 0.24 0.42 0.26�total� (mrad) 0.70 1.45 2.00Npe 23.2 30.3 6.8Table 3.1: Radiator 
hara
teristi
s, resolution 
ontributions per photoele
tron (�)and number of photoele
trons per ring (Npe) [27, p.6℄ [31, p.71℄.3.4.2 Parti
le Identi�
ationParti
le identi�
ation 
omes mainly from the RICH dete
tors in 
onjun
tion withthe tra
king stations and dipole magnet. Good parti
le identi�
ation is an essentialrequirement of LHCb. Without it, LHCb will not be able to determine ex
lusivede
ays of B parti
les, where the B de
ays hadroni
ally to either pions or kaons.Figure 3.18 shows the simulation result for the separation of pions and kaons overthe whole momentum range for the diele
tri
 media used in LHCb.Figure 3.19 shows the simulated �-K result of the media in both RICH1 andRICH2 as well as the separation with respe
t to parti
le momentum in the range up to150 GeV=
. One 
an observe at least 3� �-K mass separation in the momentum range3 - 100 GeV=
 (this implies a 0.1% misidenti�
ation in this momentum range). Atlow momentum the parti
le identi�
ation allows the experiment to perform taggingof B mesons by measuring the 
harge of a tagged kaon. At high momentum, theparti
le identi�
ation 
apabilities of the RICH 
an distinguish pions from kaons from
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Figure 3.18: Separation of pions and kaons for the LHCb radiators [32, p.17℄.the two hadron de
ay of B mesons.Without the RICH dete
tors, for example, it would be impossible to see theBs ! DsK de
ay signal (one of the CP violation 
hannels of interest, to be used tomeasure the unitarity triangle angle 
) due to the high Ds� ba
kground. However,with the use of RICH dete
tors a very well de�ned DsK de
ay signal 
an be seen(Figure 3.20).
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Figure 3.19: Separation of pions and kaons with RICH dete
tors [27, p.17℄.

Figure 3.20: Bs !DsK signal in LHCb, with and without RICH to identify kaons inthe dete
tor.



3.5 RICH2 493.5 RICH23.5.1 DesignThe RICH2 super-stru
ture is roughly 7 m high, 12 m wide and 2 m deep, weighsaround 30 tonnes and is 
onstru
ted mainly out of aluminium, ex
ept for the magneti
shielding made out or ARMCO iron (Figure 3.21).RICH2 has a single radiator, the gas medium CF4, with a refra
tive index ofn=1.0005 [27, p.6℄. The result of using this lower refra
tive index gas is that thephoton yield is redu
ed. This is partly 
ompensated by the fa
t that the path lengthof the parti
les through RICH2 is 2.3 m, in 
omparison to the 1 m path length ofRICH1.

Figure 3.21: RICH2 [30, p.6℄.The gas 
hamber 
omprises an aluminium skin, entran
e and exit windows, whi
h
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entral tube that houses the beam pipe. There are two 6 mmthi
k quartz windows either side of the dete
tor that separate the radiator gas volumefrom the photodete
tor assembly [27, p.6℄.The entran
e window must have as low a radiation length X0 as possible so as toavoid se
ondary intera
tions that 
an produ
e unwanted Cherenkov rings. Ba
k-ground rings a�e
t the pattern re
ognition 
apabilities of the RICH re
onstru
-tion software and 
an degrade the performan
e of the ring identi�
ation algorithm.Therefore the RICH 2 entran
e window is 
onstru
ted from a 28 mm thi
k poly-metha
rymide (PMI) foam layer sandwi
hed between two 1 mm thi
k 
arbon �brereinfor
ed epoxy skins. The radiation length for the entran
e window is 1% X0.The exit window has been 
onstru
ted from a 30 mm thi
k polymetha
rymidefoam layer sandwi
hed between two 1 mm thi
k aluminium skins. Aluminium wasused rather than 
arbon �bre to redu
e the 
ost of this window. The radiation lengthis 2.5%, but as it is downstream of the RICH2 dete
tor, it does not a�e
t the tra
kingand has a negligible e�e
t on the performan
e of the 
alorimeter.3.5.2 Sour
es of ErrorThe main sour
es of error within RICH2, aside from resolution limitations, 
omefrom the 
hromati
 aberration of Cherenkov radiation (as previously dis
ussed inthis 
hapter) and emission-point error (Table 3.1). With 
hromati
 aberration, thevarying Cherenkov angle with respe
t to the wavelengths produ
ed 
auses a slightsmearing around the Cherenkov ring. Emission-point error also 
auses a smearing ofthe Cherenkov ring, and is due to the fa
t that it is not possible to identify the pointof emission along the length of the dete
tor of a Cherenkov photon.Therefore, it is assumed that all the Cherenkov photons are emitted at the midwaypoint between the entran
e window and spheri
al mirrors of RICH2 (Figure 3.22).As mentioned earlier in this 
hapter, the diele
tri
 medium in RICH2 is the gasCF4. The expe
ted Cherenkov angle for photons produ
ed by saturated tra
ks inRICH2 is 31mrad [30, p.3℄. The �nal resolution for the Cherenkov angle of photons inRICH2 is 0.7 mrad dominated by the emission-point error and 
hromati
 aberration.In order not to degrade this resolution, the alignment error required needs to be
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Figure 3.22: Emission point.mu
h smaller than this, and 0.1 mrad has been set as a goal so that the alignmentresolution may remain negligible 
ompared to the resolution from other sour
es (seetable 3.1).3.5.3 RICH2 Mirrors and SupportsWithin the gas volume of RICH2 (Figure 3.23) there are four 
oor to 
eiling sandwi
hpanels for the 
at and spheri
al mirrors. These panels are 
onstru
ted from a 38 mmaluminium honey
omb 
ore embedded between 1 mm thi
k aluminium skins. Thefour panels di�er in size. The panels for the 
at mirrors are 5250 mm high by1480 mm wide, whereas the panels for the spheri
al mirrors are 6200 mm high by1480 mm wide in order to 
ater for the di�eren
e in size of the gas 
hamber fromthe front to the ba
k of the dete
tor. These panels hold the supports for the mirrorsegments [30, p.12℄.Due to the size of the mirrors, it has been ne
essary to segment them in order to
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al and radiation requirements. RICH2 has two spheri
al mirrors;

Figure 3.23: Mirrors of RICH2 [30, p.10℄.ea
h mirror has 20 hexagonal and 7 half-hexagonal segments, with an additionalspe
ial hexagonal segment that surrounds the beam pipe. In addition to the spheri
almirrors there are two 
at mirrors with 20 square segments per mirror. Ea
h segmenthas its own adjustable support held by the sandwi
h panels within the gas volume(these supports will be dis
ussed in further detail in the next 
hapter).The mirrors of RICH2 are made from a 6 mm thi
k Simax glass substrate. Theopti
al surfa
e has a roughness of 3 mm or better and is aluminium 
oated with SiO2as a prote
tive layer and MgF2 and HfO2 as anti-re
e
tive 
oatings. The re
e
tiveeÆ
ien
y is measured to be around 87% between 250 nm to 500 nm and better than70% between 210 nm to 250 nm over a wide range of in
ident angles.



3.6 Summary 533.6 SummaryThe LHCb experiment is a dedi
ated se
ond generation B physi
s experiment andwill be one of the four main experiments to be lo
ated around the LHC when it is
ommissioned in 2007. In order for LHCb to make a 
omprehensive study of theCKM parameters, it is essential that it has a good parti
le identi�
ation system. TheRICH dete
tors lay at the 
ore of this system and are the main parti
le identi�
ationdete
tors. It follows that any deviation in the performan
e of these dete
tors 
ouldhave profound negative e�e
ts upon the a

ura
y of LHCb. The small maximumCherenkov angle asso
iated with the CF4 gas medium of RICH2, together with thelarge opti
al path length that the Cherenkov photons must travel in order to rea
h thephotodete
tor plane, means that small angular movements of mirror segments 
ouldprodu
e large errors. Therefore these mirror segments must be monitored for angularmovements so that their original positions 
an be re
overed. The laser alignmentmonitoring system for the RICH2 mirror segments will the topi
 of the next 
hapter.
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Chapter 4
The Laser Mirror AlignmentMonitoring System
4.1 Justi�
ationA long-term behavioural analysis of mirror segment supports has shown that rota-tional movements as high as 0.15 mrad in the mirror segment positions 
ould o

urthrough 
hanges in temperature and humidity over time [43℄. In addition a �nite el-ement analysis of the sandwi
h panel 
hara
teristi
s 
an produ
e further movementsas high as � 0.15 mrads [42℄. Hen
e a system that 
an monitor these movementsmust be utilised to ensure the optimum performan
e of the RICH.Using saturated tra
ks (i.e. high momentum tra
ks where the maximumCherenkovangle is a
hieved) and tra
king data from the tra
king stations, it is possible to de-termine relative movements in the positions of mirror segments, by 
omparing theexpe
ted �nal destination of Cherenkov photons with the measured destination [61℄.The Cherenkov photons emitted along a parti
le tra
k in the RICH radiator aredistributed around a Cherenkov 
one that is re
e
ted o� mirrors and then imagedonto a photo-dete
tor plane as a ring. Therefore, the distan
e between the 
entre ofthe ring and its edge should represent the Cherenkov angle. If there are misalignmentsin the mirrors the re
onstru
ted 
entre of the Cherenkov ring and the measured 
entreof the Cherenkov ring will di�er.
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Figure 4.1: A Cherenkov ring misalignment leading to non-aligned 
entres [61℄.Figure 4.1 shows how the measured and re
onstru
ted 
entres of the Cherenkovring be
ome misaligned. Point C is the real 
entre of the ring, point C' is the re
on-stru
ted 
entre, �o is the real Cherenkov angle, �
h is the measured Cherenkov angle,and a; b and d are proje
tions of the Cherenkov mirror tilts. They 
an be related byequation 4.1 �� = �
h � �o = a
os(�
h) + bsin(�
h): (4.1)where �� is the 
hange in Cherenkov angle at the azimuthal angle �
h. As �
hin
reases from 0 to 2� rad (i.e. it follows the lo
us of all points along the ring), anymisalignment present will 
hange ��. A misalignment plot 
an be made by plotting�� as a fun
tion of �
h, showing a sinusoidal (eq. 4.1), where a represents the 
hangein x position of the 
entre and b represents the y position of the tilt (�gure 4.2).4.1.1 Justi�
ation of the laser based systemThe software alignment method for re
overing misaligned mirror segments performswell at re
overing any misaligned segments. However, this algorithm relies on aniterative approa
h, so it needs initial 
onditions that are suÆ
iently a

urate to de-termine the position of the mirror segments. It was found in ref. [61℄ that the initial
onditions need to be known with an a

ura
y of 0.5 mrad in order to a
hieve a �nal
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Figure 4.2: A 2D histogram of �� against �
h (top). The ba
kground was removedwith a 
ut at 30% of the maximum on ea
h 
olumn (bottom) [61℄.
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ation 57misalignment resolution of 0.1 mrad. The laser based system is designed to supplyalignment data about one or more key segments from ea
h mirror to better than 0.5mrad so it 
an feed the software system these initial 
onditions (named \seeds"). Inaddition, there is the issue of resolving ambiguous photons, where it is not knownwhi
h mirror 
ombination ea
h photon has hit, thereby adding tails to the distribu-tions in the residuals of the mirror positions. The laser system 
an help de�ne thesepositions more a

urately. Be
ause RICH2 
onsists of two mirrors per side, a 
hangein the spheri
al mirror 
an be in
orre
tly 
ompensated by a 
hange in the 
at mirror.To resolve these ambiguities, the laser system 
an �x the positions of some of thesegments.RICH 2 has been built and installed in the experimental area of LHCb. Themirrors were pre-aligned to an a

ura
y of 150 �rad before transporting from theassembly area to the underground experimental area. After transport, 
hanges of100 �rad have been observed. Installation of the laser alignment monitoring systemwill be done at the experimental site during the �rst half of 2006. The laser systemwill monitor any 
hanges in the positions of 
ertain key mirror segments during theperiod of 
onstru
tion of other LHCb sub-dete
tors in the vi
inity of RICH2. Thiswill monitor 
hanges in the mirror positions during the period before and after theinstallation of the RICH photon dete
tors and will provide the software alignmentalgorithm with initial seed data for the spe
i�
 alignment of these segments.The software alignment algorithm assumes that there is little error in the 
orre
tidenti�
ation of a Cherenkov ring and its 
orresponding parti
le tra
k. This assump-tion relies upon the performan
e of the Cherenkov ring identi�
ation software [61℄.Although simulation results from Monte-Carlo data show that the Cherenkov ringidenti�
ation software performs well, a degradation in both the performan
e of thering identi�
ation software and the software mirror alignment algorithm 
ould arisewith real data if the seeds to the algorithms are not properly known. Under su
h
ir
umstan
es, the laser based system would provide values for the mirror segmentpositions that feed into the initial 
onditions of the iterative alignment algorithm asa fun
tion of time, and 
ag any observed 
hanges. The laser based alignment sys-tem will provide 
ontinued evaluation and monitoring of the performan
e of the �nal



4.2 The Laser Alignment Monitoring System Design 58software alignment algorithm.4.2 The Laser Alignment Monitoring System Design4.2.1 System RequirementsThe aim of the laser mirror alignment monitoring system is to measure 
hanges in therotational positions of at least one of the mirror segments per mirror with a resolutionof 0.1 mrad or better. This will supply a referen
e point or \seed" to the data basedalignment monitoring system. All 
omponents of the laser alignment monitoringsystem must remain outside of the dete
tor a

eptan
e, so as not to unne
essarilyinterfere with parti
le traje
tories and/or momenta.The laser mirror alignment monitoring system must be able to a
hieve the requireda

ura
y, be able to monitor mirror positions throughout data taking and be able toidentify 
hanges in position of the mirror segments as they arise.4.2.2 Mirror Segment MovementTheoryConsider a laser beam re
e
tion on a uniform mirror surfa
e. There are three rota-tions that the uniform mirror 
an make in its lo
al 
oordinate system, only two ofwhi
h (X and Y) will have an e�e
t on the position of the re
e
ted image. Figures 4.3and 4.4 show a simple 2� relationship between the in
ident and exit beams for lo
alX and Y rotations of a given mirror segment.A rotation about the lo
al Z axis of the mirror (perpendi
ular to the mirror plane)will not a�e
t the re
e
ted beam sin
e there is no angular 
hange in the XY planefrom whi
h the beam is re
e
ted.
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Figure 4.3: X Rotation.4.2.3 RICH2 Mirror Support SystemEvery mirror segment in RICH2 has its own individual support and ea
h supporthas the potential to move. Thus, over time and relative to ea
h other, these mirrorsegments 
an move out of pla
e. In order for the data based alignment system to runwith optimal eÆ
ien
y when re
overing from these 
hanges, it is important to 
hoosekey mirror segments that are well used in the re
e
tion of Cherenkov photons. Thepossible key segments are lo
ated 
losest to the beam pipe on both spheri
al and 
atmirrors (Figure 4.5).The RICH2 Mirror SupportsThe supports of the RICH2 mirrors are lo
ated on the sandwi
h panels. Ea
h supporthas three parts; a poly
arbonate ring; an adjustment stage and a 
up. The poly
ar-bonate rings are bonded onto the ba
k at the 
entre of the segment (Figure 4.6(a))
reating a grip for holding the mirror in pla
e.The adjustment stage is s
rewed onto 
ups that extend the support away from thesandwi
h panel (
ups of various lengths are required for the spheri
al mirrors in orderto produ
e a 
on
ave surfa
e - Figure 4.7). The mirror segments with the bondedrings are then s
rewed into pla
e on the adjustment stage 
reating a 
omplete unit(Figure 4.6(b)).The adjustment stage of the mirror support has three adjustment bolts that 
an
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Figure 4.4: Y Rotation.



4.2 The Laser Alignment Monitoring System Design 61

(a) Spheri
al Mirror (b) Flat MirrorFigure 4.5: Possible key segments that 
ould be monitored (identi�ed with a dot onthe mirror segment).be a

essed from the ba
k of the support. These are labelled in �gure 4.8 as L, Rand T and provide �ne movement 
ontrol of the mirror segment.Me
hani
al Analysis of the RICH2 Sandwi
h Boards and Mirror SegmentsThe sandwi
h boards will 
ex slightly under the weight of the mirror segments andsupports. This 
an be seen by the �nite element analysis made by Christoph Frei(Figure 4.9) [30℄. This analysis shows a maximum angular de
e
tion (SMX) of�0.129 mrad.In the pro
ess of bonding the poly
arbonate rings onto the ba
k of the spheri
al
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(a) Hexagonal mirror segment with ring atta
hed (b) Ring bonded on glass plate and mounted on amirror supportFigure 4.6: Possible key segments that 
ould be monitored [42℄.mirror segments, the opti
al surfa
e at the bond point be
omes stressed as the gluedries and 
ontra
ts. This e�e
t 
an be 
learly seen in �gure 4.10 (work done byChristoph Frei).4.2.4 Alignment System Design OverviewDesign ConsiderationsThe driving fa
tors in the design of the Laser Mirror Alignment Monitoring Systemare to design a laser system that is able to transmit light into multiple single mode532nm �bres that will travel over a distan
e of 100m. Ea
h of the �bres should beresponsible for monitoring a single mirror segment through the use of a fo
using unitand additional referen
e opti
s. This se
tion des
ribes the initial design and design
onsiderations for su
h a system.
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Figure 4.7: Mirror supports on sandwi
h panel [42℄.

Figure 4.8: Adjustment at the ba
k of the mirror segment support.
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Figure 4.9: Finite Element Analysis of the Sandwi
h Panels [30, p.13℄.

(a) before (b) afterFigure 4.10: A polarised sour
e shows the stresses on the segment from the bondingpro
ess [42℄.



4.2 The Laser Alignment Monitoring System Design 65Laser Segment MonitorsThe system to monitor the positions of the mirror segments 
omprises 16 individualsegment monitors. Ea
h segment monitor has one fo
using unit that fo
uses lightfrom a �bre opti
 input, one 45o beam splitter, one 45o laser mirror and a 
amera.These 
omponents allow for a signal beam and a referen
e beam per segment monitor(Figure 4.11) to be measured by ea
h 
amera.

Figure 4.11: Segment Monitor.The 
oor 
omponents of the segment monitor have a 
ommon mounting platform.This ensures that movement between individual 
omponents is minimised. Usingthis referen
e and signal beam setup it is possible to identify the movement of theindividual 
omponents of the segment monitor and the mirror segment itself.
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omponent mounts of the laser mirror alignment monitoring system 
omprisetwo parts: roof mounts for the 
ameras and 
oor mounts for the fo
using unit, beamsplitter and laser mirror. On ea
h side of the dete
tor there is a 
ommon top platefor the roof 
omponent mounts and a 
ommon base plate for the 
oor 
omponentmounts. These 
ommon plates redu
e the risk of movement between the 
omponentmounts.Material RequirementsThe 
uoro
arbon environment of the RICH2 dete
tor prohibits the use of 
ertainmaterials due to CF4-indu
ed et
hing, that will ultimately degrade the CF4 gas pu-rity. Also materials like PVC or nylon 
annot be used, be
ause when they 
ome into
onta
t with CF4 gas, the solvents that keep the materials from going brittle (\plas-ti�ers") di�use out of the materials and into the dete
tor gas. These solvents willthus 
ontaminate the gas, redu
ing the Cherenkov photon yield. Therefore, 
arefulsele
tion of materials is required.Due to the magneti
 �eld in RICH2 and the sensitivity of the alignment moni-toring system, the use of non-magneti
 materials is preferred. Considering that theRICH dete
tor is 
onstru
ted mainly out of aluminium, it follows that this is thebest material to use for the 
ommon plates and 
omponent mounts in order to avoidadditional stresses.Geometri
 Range Requirements and Design ConstraintsThe opti
al arm of the signal beam (the distan
e from the 
entre of the mirror segmentand the 
amera) will be approximately 3.5 m for �x segment rotations, and about1 m for �y segment rotations. This means that small angular deviations in the mirrorsegment positions will result in relatively large movements a
ross the a
tive surfa
eof the 
amera, espe
ially for �x segment rotations where the opti
al arm is large.The explanation for this is as follows. Assuming �gure 4.4 with a 
amera pla
edperpendi
ular to the exit beam, with its YZ plane in line with the lo
al YZ plane of
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tion in �
0 
auses a 
hange in beam position on the 
amera fordy only (see �gure 4.12). Then, to a �rst approximation, the relationship between a

Figure 4.12: Camera pla
ement in Y Rotation.�y segment rotation and the resulting dx movement a
ross the a
tive surfa
e of the
amera is therefore: dx = D tan �t (4.2)where �t = 2�y, and D = R sin �
0. Similarly for a given �x segment rotation, the dymovement a
ross the a
tive surfa
e of the 
amera will be:dy = Rtan(2��x): (4.3)where R is the beam length between the mirror segment and the 
amera, and��x is the X rotation misalignment of the mirror segment.
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ture in a Magneti
 FieldIn addition to monitoring the positions of 
ertain key mirror segments, the laseralignment monitoring system 
an also monitor distortions in the super stru
ture ofRICH2. A

ording to work performed by P. Loveridge, the magneti
 �eld of the dipolemagnet will 
ause minor distortions in the shape of the RICH2 super stru
ture [56℄.These distortions 
an be pi
ked up by the 
olle
tive analysis of movement in thereferen
e beam positions of the segment monitors.Component Position OptimisationThe 
omponent position optimisation is 
al
ulated by an algorithm dis
ussed in thenext 
hapter. The method of 
al
ulation is to take the lo
al 
oordinate system ofthe mirror segment to be monitored (instead of the global 
oordinate system of theRICH dete
tor) and 
al
ulate the positions of the 
omponents needed to monitorthat segment with respe
t to the 
oordinate system of the segment itself. In the lo
al
oordinate system, the Z axis is perpendi
ular to the mirror segment, while in theglobal 
oordinate system the Z axis is perpendi
ular to the super stru
ture. The mainreasons for taking this approa
h are, �rstly, to make the method of 
al
ulation thesame for all segments monitored, and se
ondly to make the analysis of mirror move-ments less 
ompli
ated, by having a generi
 solution that remains in the 
oordinatesystem of the monitored segment. Thus, the �rst step is to pi
k a mirror segmentand the se
ond step is to de�ne a point at a distan
e along the lo
al Z axis of themirror segment at whi
h to pla
e the fo
using unit. However, when using the lo
al
oordinate system, one has to take 
are that the re
e
ted beam does not for
e thepla
ement of the 
amera to be within the dete
tor a

eptan
e (�gure 4.13).Thus, the point at the de�ned distan
e along the z plane of the segment for thepla
ement of the fo
using unit must be with respe
t to the XZ plane of the global
oordinate system of the RICH dete
tor (�gure 4.14).Having de�ned the Hxz distan
e (�gure 4.15), the pla
ement of the 
amera willbe at the XZ position of this point in the global 
oordinate system but will have anegative Y position.
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Figure 4.13: Alignment monitoring 
omponents are within the red lines of the dete
tora

eptan
e, by only 
onsidering the lo
al 
oordinate system.4.2.5 Fibre Opti
sThe method for supplying a mono
hromati
 
oherent light sour
e to ea
h of thesegment monitors is to use �bre opti
s that supply this light from a laser that is100m away in the 
ontrol room. The main advantage of supplying laser light in thisway as opposed to using small laser diodes within the gas volume of the RICH dete
toritself is that, in the event of failure, a laser in the 
ontrol room 
an be qui
kly andsafely repla
ed; whereas individual laser diodes pla
ed in the gas volume will have toremain in a state of failure until the LHCb dete
tor is s
heduled for maintenan
e -and this 
ould be a 
onsiderable amount of time!There are a number of ways in whi
h light from the laser in the 
ontrol room 
anbe delivered to the fo
using units in RICH2. One way is to use �bre 
ouplers to splitone �bre into two, two into four, four into 8 and so on. However, the eÆ
ien
y of ea
h
oupler is around only 40-50% and they are also very expensive. Another way is topla
e a �bre bundle in front of the laser and transmit the light to individual fo
using
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Figure 4.14: Alignment monitoring 
omponents are outside the red lines of the de-te
tor a

eptan
e, when taking into a

ount the distan
es in the global 
oordinatesystem.

Figure 4.15: Plan view.



4.2 The Laser Alignment Monitoring System Design 71units through individual �bres. These �bres will need to be radiation hard to survivethe harsh environment of the dete
tor, and radiation hard �bres are expensive. So a�nal solution is des
ribed in �gure 4.16.

Figure 4.16: Opti
al Fibre Arrangement.A lens system will be used to dire
t light from the laser into a single radiation hardsingle-mode �bre opti
. This in turn will feed light into a radiation hard �bre opti
bundle lo
ated within the gas volume of the RICH dete
tor. The arms of the �brebundle will �nally transmit this light to the individual fo
using units. The advantageof pla
ing the �bre bundle inside the RICH dete
tor is that a gas tight seal only needsto be made around one �bre opti
. The disadvantage is that the �bre bundle needsto be 
onstru
ted from materials that 
an withstand the high radiation 
uoro
arbonenvironment of the gas 
hamber.4.2.6 Fluoro
arbon Toleran
e and Radiation HardnessAll of the 
omponents to be used within the laser alignment monitoring system mustbe able to withstand a pure 
uoro
arbon environment and have to be 
hosen 
arefully.
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ameras that will be used in the �nal system (see se
tion 4.7) are inside an alu-minium 
asing resistant to 
uoro
arbon and 
ontain a glass window. The opti
 �breswill have PVDF (polyvinylidene 
uoride), 
uorine based plasti
 ja
kets 
ompatiblewith a 
uoro
arbon environment. The mirrors and beam splitters (see se
tion 4.3.1)have durable 
oatings that are insoluble in laboratory solvents.The 
omponents must also be able to remain stable and reliable in high energyradiation (1 kRad=year). This means that materials su
h as heavily doped sili
a andBK7 opti
al quality glass 
annot be used as opti
al elements sin
e they go 
loudyand lose their opti
al transparen
y when exposed to radiation. Fused sili
a will beused for the beam splitter and should withstand this radiation dose without losingtransparen
y.4.3 Laser Alignment Prototype System4.3.1 Component Performan
e TestsThe system shown in �gure 4.17 was 
onstru
ted in order to test the performan
e ofall the opti
al 
omponents and mimi
 the operation of the laser alignment system.The system 
onsisted of a NuFern 460HP single mode 532 nm �bre opti
 (with a
ore diameter of 3.5 �m �0.5 �m and 125 �m 
ladding) 
oupled to a 532 nm diodepumped Nd:YAG 
ontinuous wave 50 mW laser. The opti
 �bre is atta
hed to anopti
al fo
using unit that houses a single graded lens that is designed to fo
us thelight at a distan
e of 10 m. The light is fo
used onto a series of CVI Y2-1025 thin�lm 
oated laser mirrors designed to operate at 45o atta
hed to an opti
al ben
h toa
hieve the desired lever arm. These have durable 
oatings designed to be insoluble inlaboratory solvents [1℄. The beam is read out by a 12" analogue Pulnix CCD 
amera.Ea
h pixel is 13.5�m2 and 
ontains an a
tive 
ell of 8.6 �m � 8.3�m. The pixels forman a
tive area of 10.15 mm � 7.86 mm with an output image of 768 � 576 pixels. Thetests 
arried out with the prototype system in
luded 
he
king for ghosting (multipleinternal re
e
tions) from the �lm 
oated laser mirrors and beam splitter. But theprimary 
on
ern was the ability of the fo
using unit to fo
us light from a �bre opti
down to a diameter of 1mm or less at a distan
e of 10 metres.
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Figure 4.17: Component Test Layout.The method for testing the 
onvergen
e performan
e of the fo
using unit was touse mirrors to boun
e the transmitted light around the opti
al ben
h and monitor thediameter of beam 
ross-se
tion at various re
orded distan
es along the pathlength ofthe beam ranging from 5 m to 11 m.Results/Opti
al AnalysisThe mirrors and beam splitter performed extremely well with no dete
table ghosting(�gure 4.18) when tested in the setup shown in �gure 4.21. Pla
ing the laser mirrorso� axis did not result in any dete
table ghosting, but their re
e
tive eÆ
ien
y fell,and a dot on the ba
k wall 
ould be 
learly seen with the naked eye as light beganto be transmitted through the mirror substrate when the angle di�ered signi�
antlyfrom 45o.The results of the fo
using unit performan
e tests were, however, rather surprising.The initial 
onvergen
e of the beam from 0 m to 7.5 m suggests that the beam will
arry on 
onverging to a point at 10m (by extrapolating the trend towards a diameterof 0�m). However, at around 7.5 m the beam starts to in
rease in diameter (see�gure 4.19).A sele
tion of three images shown in �gure 4.20, taken at pathlengths of 5 m,7.5 m and 10 m from the fo
using unit give good insight into the reasons for this.
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Figure 4.18: CCD image of signal beam (right) and referen
e beam (right).

Figure 4.19: Beam 
onvergen
e over 10.5 m.High order transverse laser modes 
an be seen at the shortest re
orded pathlengthof 5 m. These high order modes 
an penetrate into the 
ladding region and alsopropagate as 
ladding modes. This produ
es a 
omplex pattern at the output of the�bre. It is expe
ted that as the �bre length is in
reased, the 
ladding modes areredu
ed. At a distan
e of 7.5 m the image has 
hanged and is possibly the resultof interferen
e between transverse laser modes and the initial eviden
e for a Fresneldi�ra
tion pattern (most likely originating from the 3.5 �m 
ore of the single mode�bre opti
 a
ting as an aperture). At 10 m, any tra
e of transverse laser modes seemsto have been repla
ed by a pure Fresnel di�ra
tion pattern, with the outer diameterof the �nal ring extending beyond the diameter of image taken at 7.5 m.
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Figure 4.20: Images taken at 10 m, 7.5 m and 5 m from the fo
using unit and theirpro�les.
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tive of the prototype system is to prove the ability of the laser mirroralignment system design to dete
t mirror segment movements of 0.1 mrads or less.The prototype system has been set up as shown in �gure 4.21 with one of the RICH2mirror segment supports also in
luded into the setup.

Figure 4.21: The prototype of the laser mirror alignment monitoring system.As previously mentioned, the mirror segment support has three adjustments boltson the ba
k labelled L, R and T. The orientation of the mirror segment support inthe prototype system di�ers by 90o when 
ompared to the orientation of the supportsmounted on the RICH2 sandwi
h panels (
ompare �gures 4.22 and 4.8). This is

Figure 4.22: Rotated adjustment stage in the prototype system.
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ause the aluminium blo
k on whi
h the mirror segment support is mounted in theprototype system is physi
ally too high if not properly orientated. Therefore, it hasbeen rotated by 90o to over
ome this problem.To test the sensitivity and range of the prototype system, ea
h adjustment bolton the ba
k of the mirror segment support is adjusted by making 
onse
utive 45oturns until the beam starts to move o� the edge of the CCD 
amera, at whi
h point
onse
utive -45o turns are applied to return the beam ba
k to its original position.Images are taken in between turns.Results/Opti
al Analysis of the Prototype SystemFigures 4.23 and 4.24 show results for turns made on the L adjustment bolt. Thedi�eren
e in angle between the verti
al (V) and the horizontal (H) position betweenthe monitored beam and the referen
e beam (see �gure 4.18) is re
orded as a fun
tionof the number of 45o turns. One 
an observe a horizontal movement of 1.33 mradper turn and a verti
al movement of 2 mrad per turn. There is a good 
orrelation

Figure 4.23: Verti
al and Horizontal movement against number of turns.between the movement of the mirror segment and the di�eren
e between the signaland referen
e beam of the prototype segment alignment monitor (�gure 4.23). Asmall amount of hysteresis 
an be seen (�gure 4.24), whi
h 
ould possibly be due to
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Figure 4.24: L Adjustment hysteresis.small di�eren
es in the 45o rotations of the L adjustment bolt. The 
entre of thebeam was determined by visually sear
hing for the maximum.The movement plane of the L adjustment bolt, 
an also be produ
ed by makingequal movements of both the T and R adjustment bolts. Figure 4.25 is a graphshowing the relationship of equal 45o rotations. The ratio of horizontal movementto verti
al movement is almost identi
al, whi
h is expe
ted. There is an in
rease in

Figure 4.25: verti
al and Horizontal movement against turns.hysteresis (�gure 4.26), with the adjustment of two bolts instead of one. However,the 
orrelation between horizontal and verti
al movements agrees very well with the
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Figure 4.26: TR Adjustment hysteresis.The stability of the segment alignment monitor is very important. This 
an besubse
tioned into two areas: long term stability, and short term stability. The longterm stability of a segment alignment monitor is di
tated by the long term stabilityof the mounts on whi
h the monitoring 
omponents are lo
ated. In the design of thelaser alignment monitoring system, all of the 
omponents are mounted onto 
ommonbase plates. These plates provide a stable platform for the 
omponents mounted onthem. There are the 
omponents of four segments mounted on to ea
h 
ommon baseplate and therefore any movement between these plates 
an be dete
ted by monitoringthe net movement in the referen
e beams of the segment alignment monitors theyhold.The 
omponent mounts and their setup in the prototype system (where both 
oorand roof mounts are mounted onto the same opti
al ben
h), are not the same as themounts and setup that will be used in the �nal system. And though the long-termstability 
hara
teristi
s between the proto-type and �nal system will be di�erent, theshort-term stability 
an be assumed to be similar. This is be
ause both systems willbe subje
t to vibration and opti
al anomalies that 
an 
ause beam movements. It istherefore important to show that the segment alignment monitors have short termstability (i.e. that the di�eren
e between signal and referen
e beam positions on the
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onditions).Under test 
onditions both beams 
ould be seen to intermittently vibrate ba
kand forth at a rate greater than 1Hz. Over the period of 720 se
onds, one image wasre
orded every 30 se
onds. The distan
e between the signal and referen
e beams wasthen plotted into the results table that has produ
ed �gure 4.27.

Figure 4.27: The stability of the prototype segment alignment monitor over a periodof 720 se
onds.The stability result shows that the movement between the two beams was 
oherentand that the total movement between the two is relatively small at only 4 pixels.The short term instability results of the prototype segment alignment monitor arenegligible, as they 
ontribute an un
ertainty in the segment alignment of less than7 �rads. The sour
e of the movement 
ould be due to vibration and/or interferen
efrom transverse laser modes.Re
overing a Misaligned Mirror SegmentThe method for �nding the distan
e the beam has moved a
ross the a
tive surfa
e ofthe 
amera for any given 
hange in mirror rotation has already been dis
ussed. Thisse
tion deals with the reverse order (i.e. �nding out the 
hange in mirror rotationsfor given distan
es that the beam has moved a
ross the a
tive surfa
e of the 
amera).
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al
ulations 
an be made, the positions of the signal and referen
ebeams must �rst be extra
ted from the images retrieved from the 
amera. Thispro
ess is des
ribed in the following se
tion under Image Analysis Software.On
e the initial beam spot positions of the signal and referen
e beams are known,the di�eren
e between them 
an be re
orded (�gure 4.28). As the signal beam moves,the di�eren
e in x and y between these two beams will 
hange.

Figure 4.28: Measurement of the di�eren
e between x and y of the signal and referen
ebeams.Multi-mode Fibre TestsThe large beam spot of the prototype segment alignment monitor is believed to belargely due to di�ra
tion 
aused by the small 3.5 �m 
ore diameter of the single mode�bre and transverse modes from the laser. To test the theory the Fresnel di�ra
tionpattern 
an be redu
ed in size by in
reasing the size of the end of the opti
al �bre.Therefore a 200 �m multi-mode �bre has been tested to 
he
k for a Fresnel di�ra
tionpattern. The tests have been 
arried out with the setup shown in �gure 4.17 butwith a Lumenera LE-175 CMOS APS 
amera (des
ribed in se
tion 4.7) instead of
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amera. A

ording to the opti
s equationm = �s0s (4.4)where s is the distan
e between the obje
t and the lens and s0 is the distan
e betweenthe image and lens. The magni�
ation of the end of the 200 �m multi-mode �brewill be about 250 when s is 0.04 m and s0 is -10 m. Therefore, at 10 m the spotsize supplied by the multi-mode �bre would be about 5 
m whi
h is far larger thanthe CMOS a
tive surfa
e of the 
amera. Thus, in order to �t the image on thea
tive surfa
e and test the beam 
hara
teristi
s of the multi-mode �bre the distan
ebetween the �bre and the lens needs to be in
reased su
h that the obje
t is fo
usedat a distan
e of 0.5 m. The magni�
ation at 0.5 m is about 12.5 and therefore theimage is expe
ted to be about 2.5 mm. An example beam spot image at this distan
eis given in �gure 4.29.

Figure 4.29: A beam spot image of a 200 �m multi-mode �bre at a fo
al point of0.5 m.There is no eviden
e of a di�ra
tion pattern forming around the image. Thissuggests further eviden
e that the rings surrounding the images at the fo
al pointof 10 m with the single-mode �bre are Fresnel di�ra
tion rings. A plot of the beamdiameter against the distan
e from the CMOS 
amera is given in �gure 4.30.The smallest beam diameter is at 0.5 m. The diameter of the beam spot imageat this distan
e shown in �gure 4.29 spans about 435 pixels of the Lumenera LE-175



4.4 Beam Spot Tra
king using the Gaussian Fit Method 83

Figure 4.30: The fo
used 200 �mmulti-mode �bre beam spot diameter over a distan
eof 0.3 m to 0.65 m.CMOS 
amera with pixel dimensions of 6 �m2, this equates to 2.6 mm, whi
h is 
loseto the expe
ted magni�ed value of 2.5 mm.Thus, it has been shown that a multi-mode �bre with large aperture (i.e. 200 �m)
annot be fo
used on a 1/2" APS, so we will use single-mode �bres for the laseralignment monitoring system.4.4 Beam Spot Tra
king using the Gaussian Fit MethodThe requirement of �nding the di�eren
e between the beam spot 
entres produ
ed bythe laser mirror alignment system means that an a

urate automated measurementmethod must be utilised. The Gaussian �t method is an established method of �ttingto a beam that has a Gaussian pro�le. The equation of the ellipti
al 2D Gaussianfun
tion for the two dimensional variates x and y, means �x and �y and varian
es �2xand �2y is f(x; y) = Ne�h (x��x)22�2x + (y��y)22�2y i; (4.5)
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where N is a normalisation fa
tor.4.4.1 Gaussian AlgorithmThe Root pa
kage was developed at CERN and is an obje
t-orientated data analysisframework [6℄. Root was used to write a 2D Gaussian �tting algorithm to �t 2DGaussians to the output beams of the laser alignment system. To test that thealgorithm was working properly it was tested on a series of 5 arti�
ially generatedGaussian images shown in �gures 4.31(a), 4.32(a). 4.33(a), 4.34(a) and 4.35(a), whi
hin
lude a small and a large Gaussian image, a trun
ated Gaussian image and a smalland large Gaussian image on the edge of the �eld of view.With the ex
eption of the edge and o�-edge tests, the results shown are for the�t algorithm output when its start lo
ation was at the 
entre the image. The edgeand o�-edge tests failed to 
onverge unless the Root algorithm was given an initialstarting pla
e within a few pixels of the 
entre of the beam.

(a) A small simulated Gaussian image. (b) The Gaussian �t to the small simulated Gaus-sian image.Figure 4.31: Small simulated Gaussian image and its �t.The results in �gures 4.31(b), 4.32(b) and 4.33(b) and table 4.1 show that thealgorithm works well at �nding the 
entre of the Gaussian pro�le under normal 
on-ditions. However, the table of results also shows that when the beam is on the edge ofthe image, even though a start lo
ation for the �t is given that is dire
tly on the 
en-tre of the spot, the Gaussian �t does not 
orre
tly �nd the 
entre (see �gure 4.34(b)).
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(a) A large simulated Gaussian image. (b) The Gaussian �t to the large simulated Gaus-sian image.Figure 4.32: Large simulated Gaussian image and its �t.

(a) A saturated large simulated Gaussian image. (b) The Gaussian �t to the saturated large simu-lated Gaussian image.Figure 4.33: Saturated large simulated Gaussian image and its �t.The result gets worse if the 
entre of the Gaussian spot moves o� the edge of theimage (see �gure 4.35(b)).4.4.2 Tests with Real DataThe pro�les of the beams produ
ed by the laser system are not really Gaussian inshape, and so the Gaussian �t method has been tried with di�erent values for theparameters �2x, �2y , N and initial �x and �y. The 2D Gaussian �t was applied to areferen
e beam image and then to a signal beam image (see �gures 4.37(a) and 4.36(a)respe
tively). Due to the non-ideal shape of the beam spot pro�les, the �ts took 50
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(a) A small simulated Gaussian pro�le where the
entre is on the edge of the image. (b) The Gaussian �t of the small simulated Gaus-sian pro�le on the edge of the image.Figure 4.34: Small simulated Gaussian pro�le where the 
entre is on the edge of theimage and its �t.

(a) A large simulated Gaussian pro�le where the
entre is o� the edge of the image. (b) The Gaussian �t to the large simulated Gaus-sian pro�le where the 
entre is o� the edge of theimage.Figure 4.35: Large simulated Gaussian pro�le where the 
entre is o� the edge of theimage and its �t.
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)Small 
entre 4.31 127 63 127.8 63.5 2:19Large 
entre 4.32 127 63 127.6 62.8 1:40Saturated 4.33 128 64 128.2 62.9 1:23Edge 4.34 255 63 251.8 63.2 2:00O�-edge 4.35 265 63 255.8 63.2 2:14Table 4.1: Results of the Gaussian �ts on the simulated Gaussian test images (inpixel number).minutes 12 se
onds and 34 minutes 23 se
onds of CPU time respe
tively.Table 4.2 shows that the referen
e beam result was 11.5 pixels out in the x dire
-tion and 10.3 pixels out in the y dire
tion. Similarly the signal beam result was 23pixels out in the x dire
tion although it was only 0.2 pixels out in the y dire
tion. Toredu
e the pro
essing time, the images were resized to 1/4 of their original size. TheGaussian �t was then applied to the 1/4 sized images. The referen
e beam 
onvergedafter 1 minutes 40 se
onds and the signal beam took 1 minute 55 se
onds to 
onverge.Image Figure Real x Real y Gauss x Gauss y Time (min:se
)Signal 4.36 178 260 154.9 259.8 34:23Referen
e 4.37 203 260 214.5 270.31 50:121/4 size signal 45 65 38.5 64.6 1:551/4 size referen
e 46 70 46.2 66.4 1:401/4 size signal (edge) 4.38 80 2 69.7 -25.9 10:06Table 4.2: Results of the Gaussian �ts on real images taken from the prototype lasermirror alignment system.The results for the quarter sized images 1=4 size signal and 1=4 size referen
ein table 4.2 show that the Gaussian �t method is sensitive to 
hanges in resolutionwhen the pro�le is already not ideal. The referen
e beam Gaussian �t lo
ation hasnow moved below the real lo
ation in the y dire
tion, where as for the full size image
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(a) A full size signal image (b) The Gaussian �t of the full size signal imageFigure 4.36: A quarter sized image and a Gaussian �t of the full size image.the Gaussian �t lo
ation was above the real 
entre in the y dire
tion. The result forthe signal beam has s
aled ni
ely. However, the results show that the signal beamis 6.5 pixels out in the x dire
tion and the referen
e beam is 3.6 pixels out in the ydire
tion. This is equivalent to deviations of 13 pixels and 7.2 pixels respe
tively fora full size image.Sin
e the signal beam 
entre is not Gaussian, it was thought that a good test wouldbe to see how the 2D Root algorithm 
opes when some of the image surrounding the
entre is removed. Therefore, the 1=4 size signal (edge) image in �gure 4.38 wastested and the results are also in
luded in table 4.2. The �t failed to 
onverge unlessa lower 
ut of 1% was applied to remove some of the ba
kground noise. Even withsome of the ba
kground removed, the �t took a very long time to 
onverge and theresult was extremely poor. The Gaussian �t output lo
ations are -25.9 in the y
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(a) A full size referen
e image (b) The Gaussian �t of the full size imageFigure 4.37: A quarter sized signal image and a Gaussian �t of the full size image.dire
tion and 69.7 in the x dire
tion, this is a deviation from the 
entre of 27.9 pixelsin y and 10.3 pixels in x.The 1=4 size signal (edge) image no longer provides enough useful informationto make an a

urate �t. Changing the input parameters of the Gaussian �t methodto further optimise the �ts for the quarter sized images failed to make a signi�
antimprovement to the pro
essing time or �t a

ura
y.Gaussian Fit SummaryThe Gaussian �t method is a very reliable and established way of �tting to Gaussiandistributions and Gaussian image pro�les. The initial results in this se
tion haveshown that for Gaussian images, the Root 2D Gaussian �t method was very a

urate,with a reasonable pro
essing time. The latter results in this se
tion however, have
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(a) A quarter sized signal beam pro�le on the edgeof the image. (b) The Gaussian �t of the quarter sized signalbeam pro�le on the edge of the image.Figure 4.38: A quarter sized signal beam pro�le on the edge of the image and its �t.shown that for images that do not have a perfe
t Gaussian pro�le or where a largedegree of saturation o

urs, the Gaussian �t method takes a large amount of timeto 
onverge and the a

ura
y of the �t is 
ompromised. De
reasing the image sizeto improve the pro
essing time does not improve the �t a

ura
y but does redu
ethe �tting time. The poor performan
e of the Root 2D Gaussian �t method whenapplied to the laser alignment system images provoked the development of anothermethod of �nding the beam spot 
entres.4.5 Image Analysis SoftwareFollowing the results of the 2D Gaussian �t method for �nding the beam spot 
entres,another method was developed to �nd the 
entres of the beam spots using methodsborrowed from image analysis te
hniques. With this Image Analysis Software method,
hanges in the positions of the monitored mirror segments 
an then be tra
ked. This
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tion of the thesis des
ribes the design and results of the Image Analysis Software.The role of the Image Analysis Software is to a

urately determine the di�eren
e indistan
e between the two beam spots in a reliable and 
onsistent manner. The soft-ware needs to a

ommodate beam pro�les of diverse 
hara
teristi
s (e.g. di�ra
tionpro�le, asymmetries, non-Gaussian shapes) and needs to be robust so that it mayoperate automati
ally while the system monitors the alignment. Assuming opti
alstability of the laser alignment monitoring system, a 
hange in distan
e between thesetwo beams will point to a movement in the angular position of the monitored mirrorsegment. The image analysis software therefore needs to be able to lo
ate primarilythe two beams spots in the image, and then �nd their 
entres. A di�eren
e 
al
ula-tion between these two points 
an then be made. In order to a

urately lo
ate the
entres of the beam spots, the image pro
essing is applied in a number of steps. The�rst stage is to apply a smoothing �lter, then a 1st image 
ut to enhan
e the edgesof the image, then a Sobel mask edge dete
tion algorithm, a Hough a

umulator todetermine the 
entre of the edges, a 2nd image 
ut in 
onjun
tion with an anomalyremoval algorithm to remove spurious peaks, a spot lo
ation algorithm to extra
t thereal peaks and, �nally, a weighted 
entre of mass 
al
ulation to determine the 
entreof the peaks. These steps will now be 
onsidered in turn.4.5.1 The Smoothing FilterAn example of a typi
al image taken from the prototype system is given in �gure 4.39.One of the steps of the image analysis pro
ess is to use a Sobel Mask [35℄ edgedete
tor. Although the prin
iple behind this edge dete
tion te
hnique will be 
on-sidered shortly, it is useful to mention its use in order to understand the need of thesmoothing �lter. It 
an be 
learly seen in �gure 4.39 that there is a pixel aliasinge�e
t in the form of evenly spa
ed parallel diagonal lines that run a
ross the image.If these lines are not �ltered out, then they will be 
onsidered as edges by the SobelMask edge dete
tor, and will thus 
ause unwanted diÆ
ulties in the determinationof the two beam spot 
entres. It is therefore ne
essary to apply a smoothing �lter toremove them.
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Figure 4.39: An example of a typi
al image taken from the prototype laser mirroralignment monitoring system.MethodThe smoothing �lter used in the image analysis software is a 5�5 pixel averager that
an be applied multiple times. Ignoring a two pixel border around the edge of theimage, the 5�5 pixel mask is pla
ed over every pixel in the image (�gure 4.40).The average of the pixels in ea
h mask is written to an output �le (�gure 4.41).Note that the border pixels are ignored, but instead are written un
hanged to the out-put �le. The reason for not dis
arding 
ompletely the border pixels will be 
onsideredlater on.The method of averaging the pixels in the pixel mask is as follows. Taking a 5�5mask as shown in �gure 4.42, the sum of the pixel values within the mask is dividedby the number of pixels in the mask su
h thatAverage = (a1 + a2 + a3 + ::::an)=n: (4.6)The average value is then written out to the pixel lo
ation in the output image thatis in the equivalent lo
ation of mask pixel a13 in the image.
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Figure 4.40: A se
tion of image taken at the top left of the image with the 5�5 pixelmask applied. The number on ea
h pixel depi
ts the brightness level for the pixel.

Figure 4.41: The averages of ea
h mask are written to the output image �le.
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Figure 4.42: The 5�5 pixel mask.The Determination of the Optimal Mask SizeIn prin
iple, the size of the smoothing �lter mask 
an be de
reased or in
reased insize, giving �ner or 
oarser degrees of smoothing respe
tively. If the mask is toosmall, its e�e
t on the image will be negligible, but if the mask is too large, as wellas removing noise it will also degrade the image by introdu
ing fuzziness and loss of
larity.It is possible that one appli
ation of a given �lter mask is not suÆ
ient to removethe aliasing noise. Also, if the mask is too large then it applies too mu
h �ltering.Thus, the solution is to use the smaller mask size and apply it multiple times toa
hieve the optimal degree of �ltering. The optimal mask size is dependent upon thesize of the noise that needs to be removed. In the 
ase of the image given in �gure 4.39,the distan
e between the peaks of two adja
ent lines is somewhere between 5 and 6pixels. Therefore a 5�5 pixel mask is used and applied multiple times.ResultsThe output image of the smoothing �lter is given in �gure 4.43. When 
ompared tothe original image as shown in �gure 4.39, the improvement is immediately evident.The noise has been redu
ed to a level whereby its e�e
t on the Sobel mask edgedete
tor will be minimised, and at the same time, the redu
tion in 
larity on theimage is minimal.
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Figure 4.43: The output image of the pixel averaging smoothing �lter.4.5.2 The 1st Image CutIn order for the Sobel Mask edge dete
tor to work eÆ
iently, it is ne
essary to supplystrong edges. Therefore a 
ut needs to be made. The method of applying the 
utmust take into 
onsideration the intensity range of the image so that an optimal 
ut
an be made. To illustrate this point, if an absolute 
ut level is applied to the imagewith respe
t to the maximum measurable range of the 
amera pixels (i.e. 0-255 foran 8 bit pixel), then as the relative intensity of the beam spots 
hanges over time (dueto a redu
ed transmission rate in the �bre opti
s through a

rued radiation damage),then the position at whi
h the 
ut is made with respe
t to the beam spot intensitieswill also 
hange. It is therefore important to mat
h the 
ut to the intensity range ofthe beam spots and not to the absolute measurable range of the 
amera pixels.MethodThe method of applying the 
ut follows two steps:1. Find the intensity range of the beam spots within the image;2. Apply the upper and lower 
uts to the image relative to the intensity range ofthe beam spots
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ut algorithm s
ans the image for the highestvalue and the lowest value. In the �nal system, over time, the 
ameras will experien
eradiation damage. This damage may 
ause some pixels to stay permanently at valuesof 255 or 0. However, be
ause the image that the 
ut algorithm re
eives is alreadyaveraged, dead pixels in the image are already a

ounted for. Therefore this methodof �nding the intensity ranges of the beam spots is still valid and appli
able. Withoutthe image �lter, dead pixels on the 
amera would 
ause the 
ut algorithm to make abad judgement with respe
t to �nding maximum and minimum intensities.In the se
ond part of the method, the 
ut algorithm applies upper and lower 
utsto the image based upon the result of the intensity range found in the image. Forexample, for a lower 
ut limit of 60% and an upper
ut limit of 80%, the 
ut algorithmwould make all pixels that have values below 60% of the intensity range equal to the60% intensity range value and all pixels that have a value greater than 80% of theintensity range equal to the 80% value.ResultsThe results of the 
ut are given in �gure 4.44. Clear edges are visible, giving a goodinput for the Sobel Mask edge dete
tor.

Figure 4.44: The output image after the 1st 
ut has been applied to the smoothedimage.
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tionThe Sobel Mask method [35℄ of edge dete
tion is a well de�ned method of �ndingedges in images. It works by performing 2-D spatial gradient measurements a
rossthe image using a 3�3 pixel mask that is made up of two 3�3 
onvolution masks.Regions of high spatial gradient found by this method 
orrespond to edges.MethodThe two 
onvolution masks of the Sobel operator are shown in �gure 4.45.

(a) Gx (b) GyFigure 4.45: The 
onvolution masks of the Sobel operator.These masks are designed to have optimal response to verti
al and horizontaledges respe
tively relative to the pixel mask. The Gx operator measures the verti
alspatial gradient value of the mask, and the Gy operator measures the horizontalspatial gradient value of the mask. The de�nitions of magnitude for the Gx and Gyspatial gradient operators arejGxj = j(a3 + 2a6 + a9)j � j(a1 + 2a4 + a7)j (4.7)and jGyj = j(a1 + 2a2 + a3)j � j(a7 + 2a8 + a9)j: (4.8)
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ombining the two 
onvolution masks together, the absolute Sobel magnitudeof the pixel mask 
an be found. This value is the total spatial gradient that the pixelmask 
ontains and is given by jGj = qGx2 +Gy2 (4.9)or by approximation jGj = jGxj+ jGyj: (4.10)The dire
tion of the total spatial gradient is given by the Sobel angle � (see �gure 4.46)where, � = tan�1(Gy=Gx): (4.11)From the Sobel Mask 
al
ulations, the image analysis software produ
es two ar-rays, one for the absolute Sobel magnitude values and one for the 
orrelating Sobelangle. When 
reating the array for the absolute Sobel magnitude, the Sobel algorithmapplies a 
ut so that only the top 95% of the Sobel magnitude values are re
orded,the remaining values are set to zero. Both the Sobel magnitude array and the Sobelangle array are required as inputs to the Hough Transform a

umulator (see below).

Figure 4.46: The Sobel gradient dire
tion.
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ontaining the Sobelmagnitude values after the 
ut has been made. For ea
h pixel shown there is a
orrelating Sobel angle stored in a separate array.

Figure 4.47: The output image of Sobel Mask edge dete
tor when applied to the 
utimage.4.5.4 The Hough A

umulatorThe Hough A

umulator [63℄ [48℄ plots a line along the Sobel angle from the pixello
ation of the 
orrelating Sobel magnitude. For every pixel that the line traverses,the Hough Transform a

umulator adds a 1 to the equivalent pixel on the outputimage. The Hough A

umulator algorithm has a default line length of 100 pixelseither side of the pixel of interest.MethodTo give an example of the method for the Hough Transform a

umulator, take theimage shown in �gure 4.48(a). The red pixel points represent high Sobel edge mag-nitudes at the point in the image at whi
h they are lo
ated and the arrows represent
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tion given by the Sobel Angle. When the Hough A

umulator is applied,an a

umulation arises at the 
rossing point of the two lines. This is represented by�gure 4.48(b), whi
h also in
ludes the pixel values to show the prin
iple that appliesto the a

umulator.

(a) (b)Figure 4.48: The method of applying the Hough A

umulator to an image with Sobelmagnitudes and Sobel angles.If this prin
iple is applied to a few points of a 
ir
le in a larger image as shown in�gure 4.49, a 
entral a

umulation arises. Figure 4.48(a) shows an example HoughTransform a

umulation of a hypotheti
al small number of Sobel magnitude andSobel angle inputs.It may be noted that the a

umulator lines drawn in �gure 4.49 have been drawnin both dire
tions from the pixels of Sobel magnitude. This is be
ause when theHough A

umulator is applied to an image with a 
ir
ular di�ra
tion pattern, thegradient dire
tion on a fringe going from a peak to a trough will be in the oppositedire
tion to the 
entre of the 
ir
le. Therefore, it is ne
essary to also apply the HoughA

umulation in the opposite dire
tion of the Sobel angle.
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Figure 4.49: A Hough A

umulation for a small number of points in a 
ir
le.It is also interesting to note that if a beam spot starts to move o� the edge of theimage, in prin
iple, it is still possible to tra
k the 
entre of the spot. As long as thereis a 
ir
ular edge on the image, the edge will always point to the 
entre of the spot,and therefore an a

umulation will gather there and the 
entre 
an be found. Forthis reason, the Hough A

umulators output image is larger than the input images,so that the beam spot 
entres 
an be tra
ked when they are o� the edge of the image.
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umulator are shown in two se
tions. The �rst se
tionshows the results for an image where both beam spots are held 
ompletely within thea
tive area of the 
amera. The se
ond se
tion shows what happens to the a

umu-lation for an image where one of the beam spot 
entres is o� the edge of the a
tivearea of the 
amera.Figure 4.50 shows the output image of the Hough A

umulator where both beamspots remain within the bounds of the a
tive area of the 
amera. The distortions atthe 
entres of the a

umulations represent very high a

umulations (i:e: a

umula-tions that are in ex
ess of the standard 255 limit of an 8 bit image).

Figure 4.50: The output image of the Hough A

umulator.The output images from the Hough A

umulator algorithm are 400 pixels larger
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tions when 
ompared to the output images of the previousalgorithms of the Image Analysis software. They are therefore shown as larger imagesin this 
hapter. Figure 4.51 shows the Hough A

umulator output when one of thebeam spot 
entres moves o� the edge of the a
tive area of the 
amera. To illustratethis point further, the output image of the smoothing �lter has been super-imposedonto �gure 4.51 to show the boundaries of the output image from the 
amera.

Figure 4.51: The output image of the Hough A

umulator superimposed with theoutput image of the Smoothing Filter.The 
entral a

umulation intensities between the two beam spots di�er due tothe redu
ed amount of edge that the se
ond spot has. This highlights the point thata 
areful 
ut will need to be made on the Hough A

umulator output if the se
ondbeam spot is to remain tra
kable after the 
ut has been made.
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ut that is made to the Hough A

umulator output is referred to as the 2nd
ut. This 
ut removes unwanted low value a

umulations, leaving only the highervalue a

umulations for pro
essing. Without this 
ut it is very diÆ
ult to pro
essthe image to �nd the 
entres of the two beam spots. By making the 
ut, the twoa

umulations will be better de�ned and therefore easier to pro
ess.MethodThe 2nd 
ut works on a similar prin
iple to the 1st 
ut in that it �rst �nds theintensity range in the image and then applies a 
ut relative to that range. However,the intensity range on the output of the Hough A

umulator 
an be far greater thanthe maximum range of 0-255 that an 8 bit greys
ale image should have. Nevertheless,the 
ode used in the 1st Cut algorithm is able to 
ope with this and is thereforealso used for the 2nd Cut algorithm to �nd the intensity range. After the intensityrange in the image has been found, and the optimal 
ut range 
al
ulated, the two 
utalgorithms begin to di�er in their implementation.As with the 1st Cut algorithm, the 2nd Cut algorithm is able to take a sli
ethrough the intensity range of the image. However, this approa
h does not work aswell as simply only applying a lower 
ut limit. The reason for this is that the pointsof highest a

umulation are also the points that should have the highest a

ura
yand therefore applying a 
ut to them does not make sense. The lower 
ut limit is
al
ulated using the intensity range and an arbitrary per
entage 
ut limit value set bythe user. For example, if the per
entage 
ut limit value is set to 70%, then anythingbelow that 70% value will be reje
ted. The method of applying this 
ut is to take70% of the maximum range value from every pixel in the image. On
e this has beendone, there will be pixels in the image that have a negative value. These negativevalues are found within the image and set to a value of zero. The per
entage 
ut limitshould be set high enough so as to remove a

umulation lines visible in �gure 4.50,but low enough so as not to remove the low 
entre a

umulation that o

urs when aspot 
entre moves o� the edge of the a
tive surfa
e of the 
amera.
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umulator, the results in this se
tion are pla
edinto two se
tions. The �rst se
tion shows the result of the 2nd Cut applied to theHough A

umulator output where both beam spots are 
learly within the boundaryof the a
tive surfa
e of the 
amera. The se
ond se
tion shows the result of the 2nd
ut applied to the Hough A

umulator output where one of the beam spot 
entreshas moved o� the edge of the a
tive surfa
e of the 
amera. Figure 4.52 shows theresulting output image of the 
ut applied to the Hough A

umulator output whenthe lower 
ut limit is set at 70%. The beam spot 
entres are 
learly better de�ned,enabling a more eÆ
ient spot lo
ation pro
ess.

Figure 4.52: The output image of the Hough Transform a

umulator after the 2nd
ut has been applied.
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ut applied (with a lower 
utlimit of 70%) to the Hough A

umulator output when one of the beam spot 
entreshas moved o� the edge of the a
tive surfa
e of the 
amera.

Figure 4.53: The output image of the 2nd Cut algorithm superimposed with theoutput image of the Smoothing �lter.The beam spot 
entre of the 2nd spot, though still there has be
ome faint. Thissuggests that if the beam spot 
entre is still to be tra
ked when the beam spot movesfurther o� the edge of the a
tive surfa
e of the 
amera, then the lower limit 
ut levelwill need to be lowered. However, the smaller the edge that the Hough A

umulatorhas to work with, the greater the error in determining the 
entre of the beam spot.Therefore, a small study has been made at the end of this 
hapter to show the
orrelation between the distan
e that the beam spot 
entre has moved o� the edge of
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tive surfa
e of the 
amera and the asso
iated error in the determination of thebeam spot 
entre. The results of this study will help to determine the optimal lower
ut limit. If the error due to low 
entre a

umulation 
auses the resolution of thesegment monitor to fail the 0.1 mrad requirement, then the segment monitor shouldbe made redundant, and the lower 
ut limit should be set to re
e
t this 
ut o� point.4.5.6 Anomaly RemovalAnomaly removal is an important stage of the image analysis. We de�ne an anomalyas a lo
al spurious maximum that may mimi
 the 
entre of a spot. As a result of the
ut on the Hough A

umulator output, it is most likely that small a

umulations willremain in the image that are not 
onne
ted to the main a

umulations lo
ated at the
entres of the beam spots. Therefore, if the spot lo
ation algorithm is run withoutanomalies being removed �rst, the spot lo
ation algorithm may �nd more than twospots.MethodFigure 4.54 shows the three masks that are used in the Anomaly Removal algorithm.The �rst image, �gure 4.54(a), is a 3�3 pixel mask and is the �rst mask that isapplied. The pixel denoted by the letter `p' is the pixel of interest around whi
h themask is applied and the pixels that are marked with an `x' are the border pixels ofthe mask.

(a) (b) (
)Figure 4.54: Anomaly removal masks.
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ans every pixel in the image (ex
ept for a1 pixel wide border) and applies the �rst mask around ea
h pixel that has a valuegreater than zero. Ea
h time the mask is applied the algorithm asks an anomaly
he
k question \Are all the border pixels zero?". If the answer is yes, then pixel pis given a zero value, if the answer is no, then pixel p is ignored and the algorithmmoves on to the next pixel.When the whole image has been s
anned the pro
ess is repeated with the largermask sizes shown in �gures 4.54(b) and 4.54(
). With these larger masks of 5�5 and7�7 pixels, if the answer is yes to the anomaly 
he
k question, and all the borderpixels are zero, then not only is pixel p given a zero value but also are all the pixelswithin the borders of the mask.The maximum size of anomaly that 
an be removed by a mask size of n�n pixelsis m�m pixels, where m = (n� 2). By applying these three masks to the image witha maximum mask size of 7�7 pixels, any small a

umulation with an area of 5�5pixels or less in size will be removed. It should be noted that if the mask size is 5�5pixels, then the mask 
an be applied to any pixel in the image ex
ept for those thatare 
ontained within a 2 pixel wide border around the image. Similarly, if the masksize is 7�7 pixels, then the mask 
an be applied to any pixel in the image ex
ept forthose that are 
ontained within a 3 pixel wide border around the image.It is possible that the maximum mask size used by the Anomaly removal algo-rithm 
ould be determined in an automated manner by imposing that it 
ontain thelargest a

umulation in the image. However, by making the pro
ess automated inthis fashion, it is possible that the Anomaly Removal algorithm 
ould remove a validlow 
entral a

umulation 
aused by the 
entre of the beam spot being o� the edge ofthe a
tive surfa
e of the 
amera. Therefore, the maximum mask size of the AnomalyRemoval algorithm is manually determined and set by default to 7�7 pixels.ResultsFigure 4.55 shows a blown up image of the right hand beam spot taken from �g-ure 4.52. The blue squares outline areas that 
ontain non-zero pixels when all ofthe blue pixels are equal to zero. Ea
h of the areas highlighted are re
orded as spot
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entres in addition to the 
entre of mass lo
ation if the Anomaly Removal algorithmis not applied.

Figure 4.55: Anomaly Removal from the right hand beam spot of �gure 4.52.4.5.7 Spot Lo
ationThe Spot Lo
ation algorithm uses masks that are based on the same prin
iple asthose used in the Anomaly Removal algorithm. By s
anning the image until a non-zero pixel is found, the algorithm begins the pro
ess of in
rementally in
reasing themask size until it en
apsulates the whole of the beam spot. This pro
ess 
ontinuesfor ea
h non-zero pixel found in the image. The algorithm will ignore any non-zero`pixel of interest' en
ountered that is determined not to be a pixel at the 
entre of ana

umulation but instead a pixel that is lo
ated on the edge of the a

umulation. Inthe method of lo
ating the beam spot a

umulations, the Spot Lo
ation algorithmmust determine whether or not the pixel of interest is adja
ent to the 
entre of thea

umulation. In order for the algorithm to run in a 
on
ise manner, the �rst se
tionof the method assumes that the pixel of interest is adja
ent to the 
entre until itdetermines otherwise.
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ation algorithm starts with a mask size of 9�9 pixels. It will then beginto s
an the whole image with this mask 
olumn by 
olumn, row by row (ex
ept fora 4 pixel wide border) . Eventually, the mask will �nd non-zero pixels. At this pointthe algorithm asks two 
entre determination questions in order:1. Are there non-zero pixels on opposing sides or diagonally opposing 
orners ofthe mask?2. Are all of the border pixels zero?In the example shown in �gure 4.56, by asking the �rst 
entre determinationquestion, the algorithm will determine that it has found an edge pixel be
ause theanswer will be no.

Figure 4.56: 9�9 spot lo
ation pixel mask.However, at this point, the algorithm 
annot be entirely sure that it really doeshave an edge pixel, sin
e the only information that the algorithm has at this stageis 
ontained within the mask. As far as the algorithm understands, it may be that,if it in
reases the mask size by one in
rement around its 
urrent lo
ation, the wholea

umulation 
ould then be 
ontained within the borders of the mask. Thereforethe algorithm will in
rease the mask size by one in
rement from 9�9 to 11�11 (�g-
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ond 
entre determination question andif the answer is no then the algorithm will 
on
lude that the pixel of interest 
annotbe a 
entre pixel and will therefore ignore that pixel and move on to the next. Everytime the algorithm moves to a new pixel of interest, the mask size returns to a squareof 9�9 pixels.

Figure 4.57: 11�11 spot lo
ation pixel mask.Following the above pro
ess, the algorithm will qui
kly 
ome to a pixel of interestwhere the answer to the �rst 
entre determination question is yes. In the exampleshown in �gure 4.58, the algorithm has 
ome to a pixel of interest p that is adja
entto the 
entre of the a

umulation.

Figure 4.58: 9�9 spot lo
ation pixel mask.
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reases in size as in �gures 4.59(a) and 4.59(b), the number ofnon-zero pixels on opposing sides and diagonally opposing 
orners de
reases.

(a) 11�11 spot lo
ation pixel mask (b) 13�13 spot lo
ation pixel maskFigure 4.59: In
remental in
rease of the mask size.When the mask size has in
reased to a suÆ
ient size, diagonally opposing 
ornersand opposing sides will 
ontain pixels of zero value. However, the mask size maystill not be large enough for all of the pixels to be 
ontained within the borders ofthe mask (�gure 4.60(a)). Then the algorithm asks the se
ond 
entre determination

(a) 15�15 spot lo
ation pixel mask (b) 17�17 spot lo
ation pixel maskFigure 4.60: Continued in
remental in
rease of the mask size.question. In the 
ase of �gure 4.60(a), the answer to this se
ond question is no.
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annot de
ide whether the pixel width and/orheight of the a

umulation is even or odd. Given the fa
t that the pixel mask is anodd number of pixels, if the a

umulation is an even number of pixels in width orheight, then it is possible that an in
rease of the mask size by one further in
rementwill en
apsulate the whole a

umulation. Therefore the algorithm in
reases the masksize by one further in
rement from 15�15 to 17�17 as shown in �gure 4.60(b). If theanswer to the se
ond 
entre determination question still remains no (i.e. there arenon-zero pixels along the border), then the algorithm knows that it is still not at the
entre of the a

umulation and will therefore ignore the pixel of interest and move onto the next pixel (resetting the pixel mask to 9�9 pixels). In this example though,from �gure 4.60(b), the answer to the se
ond 
entre determination question is nowyes and it has found a region fully 
ontaining the 
entre of a

umulation. It 
an nowpro
eed to �nd the 
entre of the beam spot by applying a 
entre of mass 
al
ulationto the mask, writing the result to the output array and then 
ontinuing to sear
h theimage for further a

umulations.
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ulationBy taking the mask shown in �gure 4.60(b) one 
an 
al
ulate the 
olumn and rowtotals (numbers in blue) from the grey-s
ale values of ea
h pixel. For example, pixel7(p) has a value of 7, the (p) shows that it is the pixel of interest and is thus the
entral pixel in the mask.

Figure 4.61: Column and row totals used to 
al
ulate the two 
entres of mass.MethodThe method of �nding the values for the 
entres of mass in the x or y dire
tions isgiven by the equations:WeightedX = �(x1�R1 + x2�R2 + ::::xn�Rn)N (4.12)and WeightedY = �(y1�C1 + y2�C2 + ::::yn�Cn)N (4.13)
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olumn number,Cn is the 
olumn value at yn andN = (R1 +R2 + ::::Rn) = (C1 +C2 + ::::Cn): (4.14)These equations give the 
entre of mass position with respe
t to the top left 
ornerof the mask. The 
entre of mass 
an also be expressed with respe
t to the pixel ofinterest (pX; pY ), as followspX =WeightedX � (M + 1)2 (4.15)and pY =WeightedY � (M + 1)2 (4.16)whereM is the mask size. Thus the 
entre of mass lo
ation (Xout; Yout) to be writtento the output image is Xout = ximage + pX (4.17)and Yout = yimage + pY (4.18)where ximage and yimage are the x and y lo
ations of the pixel of interest in the image.In the example in �gure 4.61, Xout = 9:5 and Yout = 9:5.Following the method given for the Spot Lo
ation algorithm, the same a

umu-lation may be found more than on
e by di�erent pixels of interest. However, on
ethe weighted 
entre of mass 
al
ulation has been made, the ultimate lo
ation resultof the beam spot 
entre with respe
t to the output image will be the same for ea
hinstan
e in whi
h the a

umulation is found, regardless of the pixel of interest.The a

ura
y of the measurement depends upon size, but for typi
al beam spotimages we observe an a

ura
y with regard to the geometri
 
entre of under 5 pixels.
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ation and WeightedCentre of Mass algorithms is an output image that only has two non-zero pixels.Ea
h non-zero pixel represents the 
entre of a beam spot. The result of applyingthese algorithms to �gure 4.52 is given in �gure 4.62. The two non-zero pixels arehighlighted by blue 
rosses.

Figure 4.62: The result of the 
entre of mass 
al
ulations for the two 
entres of mass.Figure 4.63 shows the �nal result superimposed with the 2nd 
ut and smoothing�lter output images (�gures 4.52 and 4.43). These two points are required as repeat-
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e points so that a

urate 
al
ulations of the di�eren
e between the twobeam spots 
an be made. However, the Image Analysis software produ
es a resultthat visibly supplies an a

urate representation of the two beam 
entres.

Figure 4.63: Final image analysis result.4.5.10 Beam Spot Tra
king o� the Edges of the Cameras A
tiveSurfa
eThis �nal se
tion of the Image Analysis software is a short study of how the a

ura
yof the image analysis software degrades as one of the beam spots moves o� the edgeof the a
tive surfa
e of the 
amera. This is not designed to be a 
omprehensive study,but an indi
ator of what to expe
t. The results in �gures 4.64 and 4.65 have beenprodu
ed by editing an image so that the se
ond beam spot 
an be moved by a known



4.6 Comparison Image Analysis Software and Gaussian Fit Method 118quantity. The se
ond spot (the signal spot lo
ated on the right side of the image)was pla
ed at the right hand side of the image �rst minima was on the edge. Thebeam spot was then moved by known quantities in the horizontal dire
tion only tothe right su
h that the beam moved o� the edge of the a
tive surfa
e of the 
amera.Ea
h time a movement was made, the image was analysed by the Image AnalysisSoftware. The �nal position of the beam spot is given in �gure 4.51. The results in�gures 4.64 and 4.65 show that the error in tra
king the image in
reases as the beammoves further o� the edge.

Figure 4.64: Error in beam spot 
entre in dx as the beam moves o� the edge of thea
tive surfa
e of the 
amera.4.6 Comparison Image Analysis Software and GaussianFit MethodThis se
tion of the thesis is a dire
t 
omparison of the Gaussian �t method and ImageAnalysis Software. The following results are for the same images, on exa
tly the same
omputer. The 
omputer used is a PIII 1GHz with 384MB of RAM. Tables 4.3 and 4.4show the real x; y 
entre for ea
h beam spot for ea
h image, and the 
entres given bythe Gaussian �t method (GFx,GFy) and the Image Analysis Software (IASx,IASy).The x axis and y axis of the Gaussian �t method have their points of origin at thebottom left 
orner of the image, where as the x and y axis of the Image Analysis
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Figure 4.65: Error in beam spot 
entre in dy as the beam moves o� the edge of thea
tive surfa
e of the 
amera.Software have their points of origin at the top left 
orner of the image. Therefore,the results of the Image Analysis Software have been verti
ally inverted so that adire
t 
omparison of the two methods 
an be made in table 4.3 for perfe
t Gaussianimages and in table 4.4 for real data.Image Figure Real x GFx IASx Real y GFy IASySmall 
entre 4.31 127 127.8 127 63 63.5 63Large 
entre 4.32 127 127.6 127 63 62.79 64Saturated 4.33 128 128.2 128 64 62.92 64Edge 4.34 255 251.8 254 63 63.2 64O�-edge 4.35 265 255.8 263 63 63.2 63Table 4.3: A 
omparison of the Gaussian �t method and the Image Analysis softwareon Gaussian test images (in pixel number).The results show that for real Gaussian images, both the Gaussian �t method andthe Image Analysis Software perform very well under normal 
onditions. However,when the Gaussian spot moves o� the edge of the image, the Gaussian �t methoddoes not 
orre
tly �nd the 
entre of the spot, whereas the Image Analysis software
ontinues to perform very well.



4.6 Comparison Image Analysis Software and Gaussian Fit Method 120Image Figure Real x GFx IASx Real y GFy IASySignal 4.36 178 154.9 178 260 259.8 263Referen
e 4.37 203 214.5 203 260 270.31 2631/4 size signal 45 38.5 43 65 64.6 651/4 size referen
e 46 46.2 46 70 66.4 671/4 size signal (edge) 4.38 80 69.7 79 2 -25.9 0Table 4.4: A 
omparison of the �t a

ura
y for the Gaussian �t method and theImage Analysis Software on images taken from the laser alignment system.As 
an be seen from table 4.4, the Image Analysis Software is a more a

uratemethod of �nding the beam spot 
entre for the non-Gaussian images produ
ed by thelaser alignment system. Table 4.5 shows the results of the 
omparison of pro
essingtime for the two �t methods.Data Image Figure GF time (min:se
) IAS time (min:se
)Small 
entre 4.31 2:19 0:01Large 
entre 4.32 1:40 0:01Simulated Saturated 4.33 1:23 0:01Edge 4.34 2:00 0:01O�-edge 4.35 2:14 0:01Signal 4.36 34:23 0:06Referen
e 4.37 50:12 0:06Real 1/4 size signal 1:55 0:021/4 size referen
e 1:40 0:021/4 size signal (edge) 4.38 10:06 0:02Table 4.5: Results of the Gaussian �ts on the simulated Gaussian test images (top)and real data (bottom).The pro
essing time for the Image Analysis Software is signi�
antly faster thanthe Gaussian �t method when used with the Gaussian test images. When 
ompared
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hnologies 121using real full size images from the laser alignment system, the pro
essing time forthe Gaussian �t method greatly in
reases. In 
ontrast, the Image Analysis Software
ontinues to be a fast and reliable algorithm under all test 
onditions.The Gaussian �t method for 
entroid lo
ation works very well when the pro�lebeing �tted is Gaussian in shape and within the bounds of the image. However,the performan
e of the �tting method degrades signi�
antly both in a

ura
y andpro
essing time when used on full size images that deviate from a perfe
t Gaussianrepresentation. Furthermore, the Gaussian �t method fails to a

urately lo
ate the
entres of the pro�les as they move o� the edge of the image. This handi
ap redu
esthe e�e
tive measurement range of the alignment system. Under the 
onsiderationthat there are 16 segment monitors that will ea
h produ
e an image for pro
essing,the poor performan
e of the Gaussian �t method with the alignment system imagesdrove the development of the Image Analysis Software with the aim of 
reating amethod of 
entroid lo
ation that remains robust and a

urate under the varyingpossible 
ir
umstan
es of the alignment system (su
h as when the beams start tomove o� the edge of the image).The Image Analysis Software in all of the tests has shown itself to ful�ll allexpe
tations. It is robust, very fast and more a

urate than the Gaussian �t methodwhen used with real images from the prototype laser alignment system. The error isnever more than a few pixels. For this reason it is the software of 
hoi
e for the �nallaser mirror alignment monitoring system.4.7 Sensor Te
hnologiesCharged Coupled Devi
es (CCD's)A CCD is a pixelated sili
on based photon sensing devi
e that stores 
harge from asignal produ
ed by an in
ident photon on the sili
on. When a photon of greater than1.26 eV is absorbed into the photosensor of a pixel by an ele
tron in the valen
e bandof a sili
on atom, the ele
tron be
omes ex
ited into the 
ondu
tion band and is thusfree to move in the sili
on 
rystal latti
e. A small ele
tri
 �eld guides the ele
tron tothe 
orresponding 
harge bu
ket for that pixel.
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hnologies 122CCD's are read out row by row. To read out a row of a CCD, the 
harge of therightmost bu
ket is measured and stored into memory. The 
harges in ea
h of theremaining bu
kets in the row are then shifted one pixel to the right and the pro
essis repeated until the whole row has been read out. Upon 
ompletion of the readoutof the row, the 
harges in ea
h of the remaining rows are read out until the wholeimage has been obtained [47℄. For most appli
ations this method of readout is robust,however, a 
harge bu
ket badly damaged by radiation 
an 
ause a severe loss of datathrough in eÆ
ient 
harge passing as 
harges are transported through it. For thisreason, CCD's are generally 
onsidered to be radiation soft.Complementary Metal Oxide Semi
ondu
tor (CMOS) SensorsLike CCDs, CMOS A
tive Pixel Sensors (APS) in
lude an array of photo-sensitivediodes, one diode within ea
h pixel. However, in 
ontrast to the CCD, ea
h pixel ina CMOS sensor has its own individual integrated ampli�er and hen
e this type ofsensor is referred to as an "a
tive pixel sensor". Ea
h pixel 
an be read dire
tly on anx,y 
oordinate system, rather than the sequential readout pro
ess of a CCD. Whilethe 
harge of a CCD pixel is always transferred to an adja
ent pixel until it 
an beread out, the 
harge held by a CMOS pixel is read out dire
tly [65℄. This means thata CMOS pixel damaged by radiation will not a�e
t the readout of neighbouring pixelsand thus the damage is 
ontained. This makes the CMOS APS a more radiation hardsolution.There are additional bene�ts of CMOS APS te
hnology. When exposed to highlight intensities CCD sensors su�er from artefa
ts 
aused by 
harges 
owing to neigh-bouring pixels, that in turn 
hange the information of the whole 
olumn in the image.This e�e
t is known as blooming. Be
ause CMOS APS pixels are read out dire
tlythey are more resistant to blooming. In addition to this, logarithmi
 
ompressionsu
h as Photonfo
us' LINLOGTM 
an be used on a CMOS APS at the pixel level tofurther redu
e blooming e�e
ts and even allow in-s
ene 
ontrasts of over 120 dB [5℄.
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hnologies 123Ele
troni
 ShuttersThere are two types of ele
troni
 shutter that 
an be found in both CCD and CMOSAPS te
hnologies. These are known as ele
troni
 rolling and ele
troni
 global (frame)shutters.In the 
ase of the ele
troni
 rolling shutter, the rows of the sensor are exposed ina staggered timed sequen
e, starting at the top row and ending at the bottom row,su
h that ea
h row is exposed for the same amount of time. While the other rowsare still being exposed the readout sequen
e starts at the top row of the sensor andstarts to make its way down the sensor. The ele
troni
 rolling shutter provides a highspeed, high frame rate through-put of data, however it is sus
eptible to the in
orre
t
apture of high speed movements.With the ele
troni
 global shutter the whole sensor is exposed at the same timefor a �xed period. On
e exposure of the sensor is 
omplete, the read out pro
ess 
anbegin. Be
ause there is no simultaneous readout of parts of the sensor while otherparts are being exposed, 
apture of a single image takes longer than it does with theele
troni
 rolling shutter. However, the advantage of the ele
troni
 global shutter isthat the sensor 
orre
tly 
aptures images where high speed movements are involved.Due to the in
reased 
ir
uitry required at the pixel level for the ele
troni
 globalshutter to fun
tion, devi
es that use these shutters tend to have larger pixels.Sensor Choi
eIn this appli
ation, it is important to 
hoose a sensor that is radiation hard with asmall pixel size for high resolution measurements. The expe
ted radiation dose inthe RICH2 region is 1 kRad (10 Gy) per year. CMOS sensors have been shown tobe radiation tolerant up to 0.6 kGy [37℄. The sensor 
hosen for the laser alignmentmonitoring system is the Lumenera LE-175 CMOS APS 
amera.The Lumenera LE-175 [2℄ utilises the MT9M001 CMOS a
tive pixel sensor [3℄.This sensor has a 5.2 �m � 5.2 �m pixel size with an 800 nm spa
ing between pixels.The number of pixels in the a
tive surfa
e are 1312 � 1048 pixels. The �rst 16 andlast 7 
olumns and the �rst 8 and the last 7 rows are bla
k pixels. The bla
k pixel



4.8 Results with the Final System and Software 124data is used internally by the sensor for automati
 bla
k level adjustment. There isthen a 4 pixel border of a
tive pixels and an additional 
olumn and row of a
tivepixels that are not in
luded in the SXGA image. The remaining pixels form the 1280� 1024 SXGA output image. Ea
h SXGA frame takes 33.34 ms to read out using anele
troni
 rolling shutter.4.8 Results with the Final System and SoftwareThe �nal prototype system and software tests used the opti
al 
omponents and 
am-era that will be used in the �nal RICH2 Laser Mirror Alignment System. The setupdi�ers from the previous prototype setup in geometry and in the repla
ement ofthe Pulnix CCD with a Lumenera LE-175 CMOS APS 
amera with a resolution of1280 � 1024 pixels and e�e
tive pixel size of 6 �m2. The Lumenera LE-175 also fea-tures an ethernet 
onne
tion and so the shutter and gain fun
tions 
an be 
ontrolledremotely.4.8.1 Beam Chara
teristi
sBefore the �nal prototype system was setup, beam 
hara
teristi
s of the single-mode�bre were obtained using the setup shown in �gure 4.66.Single-mode Fibre TestsUsing the above setup the beam 
hara
teristi
 tests in se
tion 4.3.1 have been repeatedin further detail using the Lumenera LE-175 CMOS 
amera. The two areas in thistest are the repetition of the measurement of beam diameter against distan
e fromthe fo
using unit and to examine the bare �bre with no fo
using unit to 
he
k fora Fresnel di�ra
tion pattern. Figure 4.67 shows the result of the beam diametermeasurements from 4.5 m to 10.5 m. The plot 
losely agrees with �gure 4.19 with aproje
ted fo
al point at 9.9 mFigure 4.68 shows the beam spot image of the 3.5 �m single-mode �bre withoutthe fo
using lens at about 12mm�1mm away from the APS 
amera. There are somefaint rings surrounding the beam spot that are 
onsistent with Fresnel di�ra
tion.
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Figure 4.66: Beam 
hara
teristi
 test station.

Figure 4.67: A plot of beam diameter against distan
e for the single-mode �bre afterthe fo
using unit.
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tion pattern for the simpler Fraunhoferdi�ra
tion and show that the ring minima in the image are 
onsistent with thisexplanation. The zeros of the Fraunhofer di�ra
tion pattern are when: ���J1(x0)x0 ��� = 0,with the �rst zero at: x0 = 2��a sin � = 3:83; (4.19)where J1(x) is a Bessel fun
tion, � = 532 nm is the wavelength, a = 3:5 �m is the�bre diameter, sin � = l=D, with l the distan
e from the 
enter of the beam to the�rst minimum, and D = 12 mm the distan
e from the opti
 �bre to the APS. Thus:l = 3:83�D2�a = 1:1mm: (4.20)The measured distan
e from the 
entre of the beam to the �rst minimum is1.17 mm. This is 
onsistent with the 
al
ulated value of 1.1 mm, sin
e the 
al
ulatedvalue with D = 13 mm is 1.2 mm. Figure 4.69 shows a plot of the beam diameteragainst distan
e for the bare �bre. The plot suggests that the distan
e value of 12mmfor the �rst image taken (�gure 4.68) is out by about 1 mm, making the real valueabout 13 mm. The angle of divergen
e is 6.1o.

Figure 4.68: A beam spot image at a distan
e of 12 mm from the end of a baresingle-mode �bre.
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Figure 4.69: A plot of beam diameter against distan
e for the single-mode �bre withno fo
using unit.4.8.2 Final Prototype SetupThe geometri
 setup of the �nal prototype system is shown in �gure 4.70, where theblue beam is the referen
e beam and the green beam is the signal beam.The distan
e along the signal beam from the fo
using unit to the signal mirror(a small spheri
al mirror with a 
entre of 
urvature of 8.6 m mounted on a RICH2mirror support, shown in red in �gure 4.70) is 2.96 m and the distan
e from the signalmirror to the CMOS 
amera is 1.893 m. The in
ident angle of the signal beam on thesignal mirror is 37.9o and the total path length of the signal beam from the fo
usingunit to the CMOS 
amera is 4.853 m. The total path length of the referen
e beamfrom the fo
using unit to the CMOS 
amera is 5.039 m. An example image 
apturedin this setup is shown in �gure 4.71.Stability MeasurementsStability measurements were performed to test the 
onsisten
y of the system with theImage Analysis software in tra
king the di�eren
e between the two beam spots. With
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Figure 4.70: Final prototype system setup.

Figure 4.71: Final prototype system setup.
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al set-up shown in �gure 4.70, the path lengths of the signal and referen
ebeams di�er slightly. This means that any beam movement that o

urs before thebeam splitter will a�e
t one beam more than the other adding to opti
al instability.The stability measurements presented here have been produ
ed by taking oneimage every 30 se
onds for 10 minutes and analysing the images using the ImageAnalysis Software. To give an example of the results obtained, �gures 4.72 and 4.73show the movement of the signal and referen
e beams over the test duration in the ydire
tion.

Figure 4.72: The stability of the signal beam in y over a period of 10 minutes.

Figure 4.73: The stability of the referen
e beam in y over a period of 10 minutes.Though there is very small movement from one measurement to the next, bothsignal and referen
e beams show a general downward trend, suggesting 
orrelated
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t from the heating ofthe opti
al ben
h by the laser head as a fun
tion of time.

Figure 4.74: The stability of the signal beam in x over a period of 10 minutes.

Figure 4.75: The stability of the referen
e beam in x over a period of 10 minutes.For the signal beam, the total range of pixels moved in the horizontal dire
tionis 6 pixels and 5 pixels in the verti
al dire
tion. The number of pixels moved in thereferen
e beam is 6 and 14 pixels respe
tively. Both signal and referen
e beams showa greater average horizontal stability than verti
al stability over time and this is tobe expe
ted when 
onsidering a new setup with the e�e
ts of gravity. The systemhas been designed to only a
knowledge di�eren
es between the signal and referen
ebeams. Therefore the �nal stability results are given as di�eren
e results (�gures 4.76and 4.77).
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Figure 4.76: The stability of the di�eren
e measurement for x over a period of 10minutes.

Figure 4.77: The stability of the di�eren
e measurement for y over a period of 10minutes.
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e measurement, both the horizontal and verti
al movements showgood stability with no dete
table downward movement over time. The total range ofpixels moved is 11 pixels in both the horizontal and verti
al dire
tions. Figures 4.78and 4.79 show histogram plots of the instabilities of the horizontal (x) and verti
al(y) dire
tions.

Figure 4.78: The stability histogram of the di�eren
e measurement for x (�y) over aperiod of 10 minutes.The resolution of the stability measurement is 12.6 �rad for �y rotations and12.8 �rad for �x rotations. This is well within the 0.1 mrad required of the LaserAlignment Monitoring system.Movement MeasurementsFigures 4.80 and 4.81 show repeat results of se
tion 4.3.1 but with the �nal prototypesetup and 90o in
remental turns of the L adjustment bolt instead of 45o. As with theoriginal results, one 
an observe a verti
al movement of about 2 mrad per turn anda horizontal movement of 1.33 mrad per turn.A small amount of hysteresis 
an be seen in �gure 4.81 whi
h is possibly due tosmall di�eren
es in the 90o rotations of the L adjustment bolt.
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Figure 4.79: The stability histogram of the di�eren
e measurement for y (�x) over aperiod of 10 minutes.

Figure 4.80: Verti
al and horizontal movement against number of turns.
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Figure 4.81: L adjustment hysteresis.The movements made by the L adjustment bolt have been reprodu
ed by makingequal turns of the T and R adjustment bolts. The results of this reprodu
tion aregiven in �gure 4.82 and 4.83.

Figure 4.82: Verti
al and horizontal movement against number of turns.The 
orrelation between horizontal and verti
al movements agrees very well withthe result of the L adjustment bolt (see �gure 4.82). The results show a small in
reasein hysteresis over the full 
y
le, with respe
t to the L-mirror adjustment. This is due
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Figure 4.83: TR adjustment hysteresis.to the simultaneous use of two adjustment bolts when moving T and R, instead ofone bolt in the 
ase of the L-movement (see �gures 4.83 and 4.81).4.9 Long Term Stability4.9.1 Me
hani
al StabilityThe long term stability of the laser alignment monitoring system has been testedusing data a
quired over a period of just over 3 months. Data taken using the �rstset of measurements a
quired ea
h day (soon after turning the laser on, before it hashad time to heat up) have been plotted as a fun
tion of date. Figures 4.84 and 4.85show the movement in the signal and referen
e beams in the x dire
tion and �gures4.86 and 4.87 show the movement in the y dire
tion. The beams show very littledis
ernible di�eren
es over the three month period of measurements, with maximumdrift in the x dire
tion of 7 pixels and 4 pixels in the signal and referen
e beamrespe
tively, and maximum drift in the y dire
tion of 15 pixels and 9 pixels in thesignal and referen
e.The results in �gures 4.88 and 4.89 show that the maximum di�eren
e betweensignal and referen
e translate into an angular stability of 20 �rad in the �x (RMS
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Figure 4.84: The long term stability of the signal beam in x.

Figure 4.85: The long term stability of the referen
e beam in x.
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Figure 4.86: The long term stability of the signal beam in y.

Figure 4.87: The long term stability of the referen
e beam in y.



4.9 Long Term Stability 138�x = 6.4 �rad) and 40 �rad in �y (RMS �y = 13.7 �rad) over the full measurementperiod of three months. Long term measurements at the beginning of ea
h datataking period are shown to be more stable than the measurements taken throughouta given day. The short-term drift observed over time is attributed to heating of thelaser head a�e
ting the stability of the opti
al ben
h. The laser head was bolted ontothe opti
al ben
h, whi
h a
ts as a heat sink under the 
onditions of prolonged use.With little ventilation, the laser head heats up qui
kly, 
ausing an uneven expansionof the ben
h surfa
e. This a�e
ts measurements taken over a period of a day, and isa feature of the prototype system, rather than the �nal laser alignment system forthe RICH.

Figure 4.88: The long term stability of the di�eren
e measurement in x.One Day Stability TestTo test the theory that the main 
ause of drift in the short term measurements isdue to heat transfer from the laser to the opti
al ben
h, results over a period of oneday have been 
ollated. These results for the referen
e beam have been plotted for xand y dire
tions in �gures 4.90 and 4.91 respe
tively. The results show that for the�rst period between 10am and 12pm, the referen
e beam lo
ation gradually de
reasesin both x and y lo
ations. Over the lun
h period when the laser was swit
hed o�
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Figure 4.89: The long term stability of the di�eren
e measurement in y.(between 12pm and 2pm), eviden
e of 
ooling 
an be seen as the referen
e beamlo
ation at 2pm has moved 
loser to its original 10am position. As the laser remainson between after 2pm until 7pm, the de
reasing x and y lo
ations of the referen
ebeams seem to be stablising. This is 
onsistent with the system rea
hing the point ofthermal equilibrium. This also supports the long term stability results that show astable system over a period of 3 months, sin
e these measurements were always takenat the beginning of ea
h day.4.9.2 Algorithm StabilityThe stability of the algorithm was tested by varying the range of the 1st image 
utparameters. The results of the tests are shown in table 4.6.The algorithm is very stable at re
overing X rotations, moving less than 0.005mrad,however, a movement of 0.10 mrad is dete
ted in the Y dire
tion as the 
ut range ismoved from 65-100% to 40-75%. This is be
ause the lower 
ut limit of 40% in
ludespixels with lower Sobel gradients that do not proje
t to 
entral a

umulations. Thismeans that without 
hanging program variables, large spurious a

umulations are
reated near the 
entral a

umulation and are not removed in the anomaly removalstage. The spot lo
ation stage expands its mask to in
lude the spurious a

umula-
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Figure 4.90: A one day stability measurement of the referen
e beam in the x dire
tion.

Figure 4.91: A one day stability measurement of the referen
e beam in the y dire
tion.



4.9 Long Term Stability 141Cut Range x(pixels) y(pixels) ��y (mrad) ��x (mrad)60-100 (default) 0 0 0 060-95 0 0 0 055-90 3 0 0.02 050-85 0 0 0 045-80 11 2 0.07 0.00440-75 17 2 0.10 0.00435-70 failed failed failed failed30-65 failed failed failed failed25-60 failed failed failed failed20-55 failed failed failed failed15-50 failed failed failed failed10-45 failed failed failed failed5-40 failed failed failed failed0-35 failed failed failed failedTable 4.6: Stability results for varying 
ut levels for version 1 of the image analysissoftware.tions and the 
entral a

umulation, displa
ing the measured 
entre away from thereal 
entre of the beam.To make the Image Analysis Software less sensitive to 
hanges in image pro�le, ase
ond version of the software was redeveloped. The steps for the original version ofthe Image Analysis Software des
ribed in this 
hapter are shown in �gure 4.92.The weakest part of the software is the anomaly removal stage. This is be
ause iflarge spurious a

umulations are allowed to pro
eed to the output of the 2nd image
ut, they will not be removed by the anomaly removal stage be
ause it will 
onsiderthem as possible 
entre a

umulations. To make the software more stable, version 2of the Image Analysis Software does not use the anomaly removal stage but insteaduses a di�erent method of removing spurious a

umulations. Figure 4.93 shows theprogram steps for version 2 of the Image Analysis software.
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Figure 4.92: Steps of version 1 of the Image Analysis Software.In version 2, the Hough a

umulator output is 
opied and a 2nd smoothing �lteris applied to the 
opy. The 2nd smoothing �lter (3 � 3 multipass �lter) redu
es theheight of the large spurious a

umulations su
h that when the 2nd image 
ut(2) isapplied, the large spurious a

umulations are no longer high enough to get past the
ut threshold. Therefore, the output of the 2nd image 
ut(2) only 
ontains a smoothedversion of the real 
entral a

umulations. The spot lo
ation stage is then applied tothis output. It generates a mask for ea
h 
entral a

umulation and re
ords the masklo
ation for ea
h beam.The masks are then applied to the un�ltered output from the 2nd image 
ut(1),
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Figure 4.93: Steps of version 2 of the Image Analysis Software.sin
e the �ltered output might bias the position of the 
entres. The end result is thatthe 2nd version of the Image Analysis Software has improved the stability in �ndingthe position of the 
entre, as 
an be seen from table 4.7. It should be noted that itis unlikely that the real system will experien
e su
h 
hanges in input images. Therange in whi
h the software has been tested in this se
tion is equivalent to the pro�leranging from an extremely saturated beam to a beam with very low intensity.Version 2 of the algorithm was applied to the stability measurements in se
-tion 4.8.2. The results in �gures 4.76 and 4.77 remain un
hanged with respe
t tothe default parameters of version 2 of the algorithm. Hen
e, the stability observed is



4.10 Summary 1440.013 mrad in the x dire
tion (�y) and 0.013 mrad in the y dire
tion (�x).Cut Range x(pixels) y(pixels) ��y (mrad) ��x (mrad)60-100 (default) 0 0 0 060-95 0 0 0 055-90 0 0 0 050-85 -4 5 -0.02 0.0145-80 -1 5 0.07 -0.0140-75 6 0 0.04 035-70 11 -4 0.07 -0.00830-65 7 -4 0.04 -0.00825-60 13 -11 0.08 -0.02220-55 18 -16 0.11 0.03215-50 14 -17 0.08 -0.03410-45 19 -20 0.11 -0.045-40 21 -19 0.13 -0.0380-35 27 -24 0.16 -0.048Table 4.7: Stability results for varying 
ut levels for version 2 of the image analysissoftware.
4.10 SummaryThe RICH dete
tors of LHCb play a vital role in the identi�
ation of parti
les leadingto 
onstraints upon the CKM matrix. The mirrors of RICH2 are segmented and 
anpotentially move over time. Therefore to maintain optimal performan
e of RICH2,the angular positions of these segments must be monitored in order to re
over per-forman
e lost due to random misalignment. The solution to the monitoring of mirrorsegments 
omes in two parts, a data based alignment monitoring system, and a laserbased alignment monitoring system that feeds alignment referen
e points to the databased system. The basi
 design of the laser based system has been shown to be
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essful in the determination of the 
hange in angular movements of a mirror seg-ment. The short term stability measurements that de�ne the a

ura
y 
apability ofthe system have a resolution of 0.013 mrad for both �y and �x rotations. The longterm stability measurements have a resolution of 0.014 mrad in �y and 0.006 mradin �x. Both results are better than the required 0.1 mrad resolution.
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Chapter 5
The Laser Alignment SystemSimulation
5.1 Introdu
tion to SimulationThe software framework of LHCb is 
alled GAUDI [18℄ and it is the skeleton stru
tureon whi
h the simulation and re
onstru
tion software of LHCb is based. The aimbehind GAUDI is to provide a familiar standardised development environment of
lasses and interfa
es written in C++, by whi
h all GAUDI based pa
kages 
an
ommuni
ate. In pra
ti
e, this software stru
ture also allows for individuals to easilyplug in and run their own 
ode within the framework with the advantage of beingable to a

ess all of the available framework tools.Integration of non-GAUDI based pa
kages is done through the use of GAUDIbased interfa
e pa
kages su
h as GiGa [21℄ [11℄, the GEANT4 [20℄ [45℄ interfa
e toGAUDI. GEANT4 is a toolkit developed by high energy physi
ists to simulate thepassage of parti
les through matter. The use of su
h a tool in LHCb is imperativefor a

urate simulation and re
onstru
tion of events. GiGa has been developed atCERN to be a seamless 
ommuni
ation interfa
e that a
ts between GEANT4 andthe GAUDI based simulation and re
onstru
tion pa
kages of LHCb.The simulation pa
kage for the LHCb experiment is 
alled GAUSS [55℄, it is basedon the GAUDI framework and heavily uses the GEANT4 toolkit. Figure 5.1 shows
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Figure 5.1: A simple view of Gauss.All of the 
omposition and position information about any part of the dete
toris held in the XML database. There is one logi
al volume for ea
h type of 
reatedobje
t. The logi
al volume for an obje
t will have parameters su
h as size, shape andthe material it is made from. The XML 
ode for ea
h obje
t is then 
onverted intoC++ using a pa
kage 
alled DetDes
. The advantage of 
reating obje
ts in this wayis evident, in that it would be very diÆ
ult and time 
onsuming for the developerto dire
tly write the C++ 
ode for ea
h obje
t. For example, the C++ 
ode for a
omplex shape su
h as a sphere 
ould run into hundreds of lines, whereas the XMLequivalent may be written in only a few lines.In order for a logi
al volume to be physi
ally pla
ed in the simulation, it musthave at least one physi
al volume. The physi
al volume holds the information forthe pla
ement of the logi
al volume. Therefore it has su
h parameters as translation,rotation and s
ale. For ea
h physi
al volume, a 
opy of the obje
t referred to in theobje
ts logi
al volume is 
reated and pla
ed with the position information 
ontainedin its physi
al volume.



5.2 Mirror Segment Geometry 1485.2 Mirror Segment Geometry5.2.1 Flat Mirror Segment Constru
tionThe 
onstru
tion of the 
at mirror segment in XML is very simple sin
e there is onlyone shape involved, a 6 mm thi
k square of dimensions 410 mm � 380 mm made ofRi
h2MirrorGlass (�gure 5.2). Ri
h2MirrorGlass, is a hypotheti
al material 
reatedto simulate the properties of glass with a 
oated re
e
tive surfa
e. Ri
h2MirrorGlasshas therefore all the properties of glass, but with the additionally spe
i�ed propertyof 100% re
e
tion. The 
entre of the logi
al volume is at the 
entre of the inside ofthe segment.

Figure 5.2: Logi
al Volume of the Flat Mirror Segment.When all twenty of the mirror segments are put together to a 
at mirror, the totalre
e
tivity of the mirror drops to 98.4%, with a 1.2% loss due to 
learan
es betweensegments and a further loss of 0.4% due to the 
hamfers on the edge of ea
h segment.
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al Mirror Segment Constru
tionThe 
onstru
tion of the spheri
al mirror segment is far more 
omplex than the 
atmirror segment. The basi
 spheri
al mirror segment is 
reated by taking the produ
tof two shapes, a large hollow sphere and a hexagon with a �nite depth.The large hollow sphere is 
onstru
ted by 
reating a sphere of radius 8606 mmand subtra
ting from its inside a sphere of radius 8600 mm. The produ
t is a largehollow sphere with inner radius 8600 mm and outer radius 8606 mm (�gure 5.3).

(a) Sphere before subtra
tion (b) Sphere after subtra
tionFigure 5.3: The 
reation of a large hollow sphere through subtra
tionThe hexagon is 
onstru
ted by 
reating a 
uboid of dimensions 441.7 mm�441.7 mm� 50 mm, and subtra
ting four rotated 
uboids from its 
orners, leaving ahexagon with the dimensions of 441.7 mm between any two parallel fa
es (�gure 5.4).

Figure 5.4: The subtra
tion of four rotated 
uboids to 
reate a 
at hexagonal segment



5.2 Mirror Segment Geometry 150These two shapes are pla
ed together at the edge of the sphere (�gure 5.5(a)).Any part of the subsequent volume that is not a produ
t of the two volumes is thensubtra
ted away, leaving a hexagon with a 
on
ave surfa
e(�gure 5.5(b)).

(a) The overlap of volumes before subtra
tion (b) The overlap of volumes aftersubtra
tionFigure 5.5: The 
reation of a hexagonal 
on
ave (spheri
al) segment through thesubtra
tion of logi
al volumesUnlike the 
at segment, the 
entre of the logi
al volume for the spheri
al mirrorsegment is at the 
entre of the original sphere that 
reated the volume, and not atthe 
entre of the segment itself.



5.3 Coordinate Systems 1515.3 Coordinate Systems5.3.1 Misaligning Mirror SegmentsIn the simulation of the laser mirror alignment monitoring system, it is ne
essary tobe able to misalign the mirror segments in order to show that the segment monitorsare 
apable of a

urately monitoring small segment rotations.However, the simulation framework for LHCb only allowed for an obje
t to bepla
ed in the lo
ation given in its physi
al volume in the XML database, no additionalpro
ess of misalignment was allowed. It was therefore ne
essary to �nd a way offor
ing GAUSS to misalign mirror segments.On
e an XML obje
t has been 
onverted into C++ by the DetDes
 pa
kage, allthe position information for that obje
t is held by a matrix 
alled a HepTransform3D.By a

essing the HepTransform3D for an obje
t, 3-dimensional 
hanges 
an be madeto translation, rotation, s
ale and re
e
tion. If any misalignment is to be done, it isimportant that it is done at this stage, before the HepTransform3D is passed ontoGiGa, the GAUDI interfa
e to GEANT4 (�gure 5.6).

Figure 5.6: Implementation point of the misalignment algorithm.
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al Mirror SegmentsDue to the nature of the 
onstru
tion of the spheri
al mirror segments in the XML, itis intrinsi
ally diÆ
ult to simply rotate them. This is be
ause the 
entre of the logi
alvolume is the 
entre of the sphere they are 
onstru
ted from (Cx;Cy;Cz), and not the
entre of the mirror segment itself (Sx; Sy; Sz). Therefore, if the HepTransform3Dfor a spheri
al segment is 
hanged only with respe
t to rotation, the mirror segmentwill also experien
e a translation (�gure 5.7 (left)), sin
e the rotation will be madearound its 
entre of 
urvature (the 
entre of the sphere).

Figure 5.7: Rotation point for a spheri
al mirror segment.Therefore, any rotation made to the volume will rotate the mirror segment aboutits 
entre of 
urvature and so a translation must be made to the 
entre of 
urvaturein order to prevent the 
entre of the mirror segment translating from its original posi-tion (�gure 5.7 (right)). The relationship of the movement of the 
entre of 
urvaturewith respe
t to an angle in 3D spa
e is given by (see �gure 5.8):Cx � Sx = sin�xz:R
os�yz (5.1)Cy � Sy = Rsin�yz (5.2)Cz � Sz = 
os�xz:R
os�yz; (5.3)



5.3 Coordinate Systems 153where �xz, �yz are the rotations around the y axis and the 
entre of 
urvature respe
-tively, and R is the radius of 
urvature.

Figure 5.8: Mirror segment rotations in the global 
oordinate system.Flat Mirror SegmentsBe
ause the 
entre of the re
e
tive surfa
e of the 
at mirror segment is only 3 mmfrom the 
entre of its logi
al volume, any rotation of the logi
al volume does notrequire a translation, sin
e the 
entre of the re
e
tive surfa
e of the mirror segmentwill have only moved by a negligible amount for rotations in the order of 1 mrad.



5.3 Coordinate Systems 1545.3.2 The Misalignment AlgorithmSoftware Ar
hite
tureThe misalignment algorithm is designed to read in the original Heptransform3D of aphysi
al volume and identify what obje
t the volume refers to, and whether or notit is to be misaligned. At this point it will either apply a random misalignment, 
all�xed misalignments from a �le, or apply no misalignment at all, depending on theinstru
tion it is given from its MisAlignment.opts �le.

Figure 5.9: Misalignment Algorithm.Algorithm OverviewThe algorithm itself implements a number of 
he
ks and 
hanges. The standardmethod of making a 
hange to a HepTransform3D is to multiply it by another 3Dtransform matrix that 
ontains the 
hange by whi
h the obje
t should be moved.However, the non-inverted HepTransform3D does not give its position with respe
tto the origin (0; 0; 0), but the position of the origin with respe
t to itself. Thus a
hange made to the HepTransform3D 
ould have an undesired e�e
t.
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hanges, the misalignment algorithm �rst reads theHepTransform3D, keeps the inverted matrix values in memory and applies the oppo-site non-inverted matrix values to the original HepTransform3D. This returns all theposition and rotation information ba
k to 0. The reason for this 
an
ellation is �rstlyto 
he
k that the algorithm is handling properly the HepTransform3D, and se
ondlyto limit unwanted errors when applying the new HepTransform3D values.

Figure 5.10: Misalignment Algorithm.Before applying any 
hanges to the original values stored in memory, the algorithmreads its options �le (MisAlign.opts) to �nd out what type of misalignment to make.The options are (see Figure 5.9):1. Fixed misalignment from �le.2. Random misalignment (seed supplied in �le).3. No misalignment.The rotation information for �xed misalignments is presently held within theMisAlign.opts �le itself and is split into four se
tions (Spheri
al X rotation, Spheri
alY rotation, Flat X rotation and Flat Y rotation). Ea
h mirror segment has its own�xed misalignment value.



5.4 Optimisation of Component Lo
ations 156For random values, a simple uniform randomiser is implemented that starts itsnumber generation from a given seed value. This means that random values 
anbe reprodu
ed. The range of the random number generator 
an be restri
ted withrespe
t to minimum and maximum allowed values.For both �xed and random values, the algorithm takes the misalignment valueand adds it to the original value kept in memory. It then 
reates a misalignment Hep-Transform3D with the new values and multiplies it with the empty HepTransform3D.The �nal produ
t of this pro
ess is a HepTransform3D that has been su

essfullymisaligned (veri�
ation of the new position 
an be made by re
alling the HepTrans-form3D and 
he
king its values). A s
hemati
 of the full algorithm is shown in Figure5.10.5.4 Optimisation of Component Lo
ationsWithin the RICH dete
tors it is important that all of the 
omponents for the lasermirror alignment monitoring system 
an be kept within the bounds of the dete
torand outside the dete
tor a

eptan
e, whilst still allowing for the segment alignmentmonitors to be opti
ally sensitive.In a plan view, the 
loser the APS 
amera is to the mirror segment, the lesssensitive the segment aligment monitor is going to be to 
hanges in the Y rotation ofthe segment being monitored.For monitored mirror segments that are not at a translation of y = 0 mm, thepath of the light from the fo
using unit to the mirror segment and the mirror segmentto the APS 
amera are no longer equal in length or symmetri
al in geometry (seeFigure 5.11). With a given starting point, the destination of the light after re
e
tion
an be 
al
ulated.The aim of the 
omponent lo
ation algorithm is to �nd suitable positions for thekey 
omponents of the laser mirror alignment monitoring system. The suitability ofthe positions are determined by the sensitivity of the segment alignment monitors andthe feasibility of the physi
al positions of the 
omponents within the RICH dete
tor.
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Figure 5.11: Misalignment Algorithm.5.4.1 Software Ar
hite
tureSin
e it is the job of the 
omponent lo
ation algorithm to �nd the ideal lo
ations of the
omponents for the laser mirror alignment monitoring system, it should be a
tivatedat a time when all of the mirrors are in their ideal lo
ations in the simulation pro
ess.Therefore, within the software stru
ture, the 
omponent lo
ation algorithm must byne
essity 
ome before any misalignment of the mirror segments o

urs (i.e. beforethe misalignment algorithm), as shown in Figure 5.12.5.4.2 Component CreationThe simulation of the key 
omponents of the laser mirror alignment monitoring systemare ea
h 
onsidered in turn.
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Figure 5.12: Component Algorithm.The Fo
using UnitThe fo
using unit of a segment alignment monitor is simpli�ed to a point light sour
eusing a modi�ed version of the parti
le gun fun
tion in GAUSS. By default theparti
le gun only has a

ess to Parti
le Data Group (PDG) 
odes to sele
t a parti
leto be generated by the parti
le gun. Although there is a PDG 
ode for a photon, itis a high energy photon (non-opti
al), and therefore 
annot be used to simulate there
e
tions of visible wavelength photons. However, GEANT4 
an simulate opti
alphotons, and be
ause the photon energy 
an be spe
i�ed within the parti
le gunoptions, the problem 
an be solved by writing a line of 
ode into the GiGa pa
kage,that says \if a PDG 
ode photon is sele
ted and its energy is below 3 MeV , 
hangeit to a G4Opti
alPhoton".By making this 
hange, the parti
le gun 
an now be used to produ
e opti
alphotons and a
t as the fo
using unit. These are lo
ated at the base of the RICH2dete
tor, as shown in Figure 5.11.The APS CameraThe XML logi
al volume 
onstru
tion for the APS 
amera in the simulation is asimple aluminium blo
k of dimensions 100 mm� 50 mm� 50 mm. The positional
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ations 159information for the physi
al volume of the APS Camera is a
quired from the outputof the 
omponent lo
ation algorithm (�gure 5.13).

Figure 5.13: The logi
al volume of the APS 
amera.Referen
e Beam ComponentsBe
ause the referen
e beam 
omponent mounts are designed su
h that they 
an dire
tthe referen
e beam to wherever the APS 
amera is pla
ed, it is not ne
essary to
al
ulate their optimal positions.
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ations 1605.4.3 Optimal GeometryChoi
e of Mirror SegmentsThere are 96 mirror segments in total in RICH2 (56 spheri
al and 40 
at). Sin
ethe software alignment pro
edure will perform the �nal alignment of the segments,it is not ne
essary to monitor all of them. However, it is ne
essary to monitor arepresentative sample of the mirrors to keep tra
k of 
hanges due to pressure andtemperature or other fa
tors. We will limit the number of segments to be monitoredto sixteen (four per mirror) due to 
ost 
onstraints and to simplify the 
omplexityof the system. It is therefore important to make a 
areful sele
tion on whi
h mirrorsegments should be monitored.The most useful mirrors to sele
t are those that are heavily used in the re
e
tionof Cherenkov Photons. These mirrors are 
losest to the beam pipe at y = 0. Thesemirrors also o�er a more ideal geometri
 position with respe
t to in
ident and re
e
tedalignment beam angles.If a 
at mirror segment is sele
ted that is too far above y = 0 (�gure 5.14(a)), thenthe fo
using unit will need to be positioned further ba
k in the dete
tor to preventan inevitably short opti
al arm for the Y axis of the mirror (a short opti
al arm (L)will produ
e a low sensitivity).Similarly, if a 
at mirror segment is sele
ted that is too far below y = 0 (�g-ure 5.14(b)), then the fo
using unit will need to be pla
ed further towards the mirrorsegment to prevent the resultant extended re
e
ted beam hitting the exit window.Sin
e the exit window is within the a

eptan
e, 
omponents 
annot be pla
ed withinthis region.Unlike the 
at mirror segments, the 
urvature of the spheri
al mirror 
auses there
e
ted beam geometry to di�er from that of 
at mirror segments. If a spheri
almirror segment is sele
ted that is too far below y = 0 (�gure 5.15(a)), the resultantXZ opti
al arm will be very short and the sensitivity will be very low. This is be
ausethe mirror segments have an inherent X rotation asso
iated with them, that 
ausesthe re
e
ted beam angle to be signi�
antly di�erent.If a spheri
al mirror segment is sele
ted that is too far above y = 0 (�gure 5.15(b)),
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(a) Monitored segment isfar above y = 0 (b) Monitored segment isfar below y = 0Figure 5.14: Flat segment alignment beam re
e
tions

(a) Monitored segment isfar below y = 0 (b) Monitored segment isfar above y = 0Figure 5.15: Spheri
al segment alignment beam re
e
tions.
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al arm,as is the 
ase with the 
at mirror segments, another less obvious potential problemo

urs. The (x; z) position at whi
h the re
e
ted beam interse
ts the roof of RICH2does not di�er mu
h from the (x; z) position of another re
e
ted beam 
oming froma spheri
al mirror segment of the same (or neighbouring) 
olumn where y is greaterthan 0. This means that if two neighbouring mirror segments near the top of thespheri
al mirror are sele
ted for monitoring, then the APS 
ameras will have someoverlap with respe
t to their nominal positions.Cal
ulation of Optimal Component PositionsTo 
al
ulate the optimal position of the 
omponents, the fo
using unit and APS
amera are pla
ed along the lo
al Z plane of the mirror segment, perpendi
ular tothe 
entre of the segment on the global XZ plane of RICH2 (�gure 5.16). Thisredu
es the number of axis variables of the alignment 
omponents relative to themirror segment being monitored. Therefore, all of the 
omponents of the segmentalignment monitors should be lo
ated along the lo
al Z plane of the mirror segmentmonitored (�gure 5.16).This means that any 
al
ulations that are made to �nd the optimal positions ofthe alignment 
omponents should be made in a hybrid 
oordinate system, using thelo
al XY plane of the mirror segment and then the global XZ plane of the RICHdete
tor. These 
an then be 
onverted into the global 
oordinate system of RICH2to obtain the �nal pla
ement values.Taking the more 
omplex example of a spheri
al mirror segment not at y = 0, themethod for 
al
ulating the optimal positions of the alignment monitoring 
omponentsfollows a number of steps.Firstly, a mirror segment must be sele
ted for monitoring. As has been mentionedpreviously, the best mirror segments for monitoring are those that are near the beampipe and thus more heavily used in the re
e
tion of Cherenkov photons. In thisexample, a spheri
al mirror segment above y = 0 has been sele
ted (see Figure 5.17).(Note that the 
oor of RICH2 is at y = �3150 mm, the roof is at y = 3150 mm andy = 0 mm goes through the 
entre of the mirror).
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Figure 5.16: Component Lo
ation along the lo
al Z plane of the mirror segment (topview).The �rst step is to sele
t a suitable distan
e (Hxz) along the lo
al Z (on theglobal XZ) plane of the mirror segment at whi
h to pla
e the fo
using unit. If thisdistan
e is too short, sensitivity will su�er, and if it is too large, the fo
using unitmay be potentially pla
ed outside of the RICH dete
tor (see Figure 5.17).
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Figure 5.17: Step 1 of the Component Lo
ation Algorithm (side view).Taking the lo
al YZ plane of the mirror segment, the se
ond step is to 
al
ulatethe position and rotation of the fo
using unit with respe
t to the mirror segment(see Figure 5.18). This point will be at the point Hxz from the mirror segment, andy = �3150.
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Figure 5.18: Step 2 of the Component Lo
ation Algorithm (side view).Taking into a

ount the X rotation of the mirror segment, the third step is to
al
ulate the traje
tory of the re
e
ted beam, and thus the position and rotation ofthe APS 
amera along the lo
al YZ plane of the mirror segment (Figure 5.19).
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Figure 5.19: Step 3 of the Component Lo
ation Algorithm (side view).The fourth and �nal step of the Component Lo
ation Algorithm is to 
al
ulatethe positions and rotation of the fo
using unit and APS 
amera in the global 
oor-dinate system XZ plane of RICH2. This �nal step requires the plotting of Hxz andAPSxz along the global XZ traje
tory of the 
entre of 
urvature and expressing the
oordinates in terms of the global 
oordinate system (see Figure 5.20).
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Figure 5.20: Component Lo
ation along the lo
al Z plane of the mirror segment.5.4.4 Algorithm OverviewThe original plan for the 
omponent lo
ation algorithm was for it to work au-tonomously within the software framework along with the misalignment algorithm.In this way, the user 
ould input the mirror segment number they wanted to monitor,and the algorithm would automati
ally pla
e the photon gun and APS 
amera intheir optimal positions. The ar
hite
ture of su
h an algorithm is given in �gure 5.21.However, it is te
hni
ally diÆ
ult to implement 
hanges to the parti
le gun lo-
ation after GAUSS has started. With this diÆ
ulty, further time 
onstraint, andthe fa
t that the main aim of the algorithm is to de�ne the positions of the laseralignment system 
omponents, the best solution was to implement the 
omponentlo
ation algorithm as a stand-alone pie
e of software.5.4.5 ResultsIn obtaining the �nal results from the 
omponent lo
ation algorithm, ideal values forthe 
entre of 
urvature of the spheri
al mirror (8600 mm) and mirror positions were
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Figure 5.21: Misalignment Algorithm.used [44℄. These 
an be veri�ed by making ve
tor 
al
ulations.Ea
h result has three parts; information about the mirror segment monitored,
al
ulation results for the position and rotation of the fo
using unit and 
al
ulationresults for the position and rotation of the APS 
amera. Figure 5.22 shows an example
omponent lo
ation algorithm output for mirror 2 of the spheri
al mirrors as givenin ref. [44℄.The rotation results for the fo
using unit are given as angles � and � in the polar
oordinate system of the parti
le gun. Rotation results for the APS 
ameras are givenin the Cartesian 
oordinate system of the RICH2 dete
tor.On
e suitable positions (i.e. they are lo
ated within the bounds of RICH2 outsidethe a

eptan
e) for all 16 of the fo
using units and APS 
ameras have been obtained,the results 
an then be plotted to make sure that there are no potential positionoverlaps for the mounts for the 
omponents (see next 
hapter). Figures 5.23 and 5.24show respe
tively the resulting positions for the fo
using units and APS 
ameras.On both sets of results, the four positions at the left of the �gures are the fo
using
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Figure 5.22: Component Lo
ation Algorithm output.
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Figure 5.23: RICH2 fo
using unit positions for positive x.

Figure 5.24: RICH 2 APS 
amera positions for positive x.units and APS 
ameras monitoring the 
at mirror segments, and the remaining fourpositions are the lo
ations of the fo
using units and APS 
ameras monitoring thespheri
al mirror segments. The mirror segments that will be monitored are shown in�gure 5.25.
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(a) Spheri
al Mirror (b) Flat MirrorFigure 5.25: The key segments that will be monitored (identi�ed with a dot on themirror segment).5.5 Final Laser Alignment Performan
e5.5.1 Misalignment Re
overy AlgorithmThe Misalignment Re
overy Algorithm is a slight modi�
ation of a sample analysisalgorithm written by Sajan Easo (RAL/CERN). Its fun
tion is to re
ord the startpoint and end point of the photon beam. Through this, a

urate studies 
an be madein the determination of the theoreti
al a

ura
y of the laser alignment monitoringsystem through use of the misalignment algorithm.In the previous se
tion, 
onsideration was given to the path of the laser beam
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e 172through both X and Y rotations of the mirror segment. Be
ause there is an in
identangle on the lo
al YZ plane of the mirror segment, a 
hange in the Y rotation of themirror segment 
ould potentially 
ause a non-linear beam movement (�gure 5.26).

Figure 5.26: Non-linear beam movement for Y rotations vs. linear beam movementfor X rotations.This leads to a potential non-linear relationship on the a
tive surfa
e of the APS
amera when measuring Y rotations (�gure 5.27). It is therefore important to makesure that any signi�
ant measured non-linearity is 
orre
tly 
hara
terised.Software Ar
hite
tureThe analysis algorithm is written within the GaussRICH pa
kage [19℄ - an analysistool for analysing spe
i�
 aspe
ts of events that pass through the RICH dete
tors.
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Figure 5.27: The potential 
ase of measured non-linear beam movement for Y rota-tions vs. linear beam movement for X rotations as re
orded on the a
tive surfa
e ofthe APS 
amera.Algorithm OverviewThis algorithm tra
ks the opti
al photons from the point they are 
reated in RICH2until the point that they are destroyed. Every time a photon intera
ts with an obje
tand given a new traje
tory, the algorithm re
ords a pre-step point and a post-steppoint. The pre-step point is the point where the photon starts along a parti
ulartraje
tory, and the post-step point is the point where the photon is prevented from
ontinuing along that traje
tory either through non-destru
tive intera
tion (at whi
hpoint the photon is given a new pre-step point) or a destru
tive intera
tion (termi-nation of the photon).5.5.2 ResultsThe plotted results of the re
overy algorithm, show that the non-linearity in Y ro-tation is negligible over the range of -0.5 mrads to 0.5 mrads (see �gures 5.28, 5.29and 5.30).The results also show that an X rotation of 0.5mrads equates to a dy displa
ement
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Figure 5.28: dx and dy movements for independent mirror segment rotations of0.5 mrad in X and Y.

Figure 5.29: dx movements for Y rotations of 0 mrad to 0.5 mrad.
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Figure 5.30: dy movements for X rotations of 0 mrad to 0.5 mrad.a
ross the APS 
amera a
tive surfa
e of about 3.1 mm. For a 1=200 APS where themaximum range of y on the a
tive surfa
e is about 15 mm, the maximum dete
tablerange of mirror segment movement is 2.5 mrads. The Y rotations of 0.5 mradsprodu
e a displa
ement of 1 mm in dx, making the maximum range in dx to be7.5 mrad.As mentioned in 
hapter 4 dx movements for �y misalignments to a �rst approx-imation are given by: dx = D tan �t (5.4)where �t = 2�y, �y is the Y rotation misalignment, D = R sin �
0 and R is the beamlength between the mirror segment and APS 
amera. This approximation assumesno dy 
rosstalk and so the beam displa
ement a
ross the APS surfa
e for a given
hange in Y rotation of the mirror segment 
an be approximated to a straight line.With this approximation, the error on re
overing from a 0.1 mrad Y rotation is lessthan 0.001% in both x and y (see Figure 5.31).Consider the following, in 
hapter 4, it was found that the resolution of the pro-totype laser alignment system was approximately 0.013 mrad for both �y and �xrotations taking a pixel size of 6 �m and a �tting un
ertainty of �6 pixels. Fig-ure 5.31 shows that over a range of 0.5 mrads the largest re
overy error is of order0.0001mrad. By adding these two errors in quadrature the total resolution remains
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Figure 5.31: Table showing that approximation error is negligible, where ��x, ��y,x and y are measured in mrad.to be 0.013 mrad for both �y and �x rotations. Therefore, the re
overy error isnegligible.5.6 SummaryThe software development of the misalignment algorithm, 
overed in this 
hapter, hasprovided a method whereby mirror segments in the simulation 
an be individually anda

urately misaligned. The development of the 
omponent lo
ation algorithm has ledto the optimisation of the lo
ations of the key geometry 
omponents of the laser mirroralignment monitoring system. The misalignment algorithm used in 
onjun
tion withthe 
omponent lo
ation algorithm and the re
overy algorithm, has been used to makea study of the 
hara
teristi
s of the laser mirror alignment system segment monitors.The result of this study has shown that non-linearity for segment movements over adete
table range are negligible, and that a APS 
hip of size 1=200 
an dete
t movementsof up to 2.5mrad, so this is the minimum size APS that should be used for the system.
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Chapter 6
RICH2 Final Alignment SystemDesign
6.1 Alignment System Components6.1.1 FibresThe �bres of the laser alignment monitoring system must be radiation hard (forexample, radiation hard �bres manufa
tured by NUFERN [4℄). There are two optionsunder 
onsideration for delivering the light from the laser to ea
h of the fo
using unitsin RICH2.The �rst option is to have a �bre bundle in the 
ontrol room with the laser, andto atta
h it to sixteen 100 m ja
keted radiation hard �bres that will then transportthe light to gas-tight opti
al so
kets on the side of RICH2. On the other side of thegas-tight so
kets are further runs of radiation hard �bre that 
arry the light to theindividual fo
using units. This option has the advantage that a break in a length ofopti
al �bre will not prevent light getting to the remaining fo
using units. However,sixteen 100 m lengths of radiation hard �bre opti
 will 
ompli
ate the system andwill add to the 
ost and, therefore, other options must be 
onsidered.The se
ond option has three variations, but two of whi
h are similar in that theyboth have a single 100 m length of prote
ted radiation hard �bre to transport thelight from the laser in the 
ontrol room down to a �bre bundle at RICH2. The �rst



6.1 Alignment System Components 178variation pla
es the �bre bundle outside of the RICH dete
tor, and uses sixteen gastight so
kets to transfer the light to the opti
 �bres inside RICH2 that are 
onne
tedto the fo
using units. The se
ond variation pla
es the �bre bundle inside the RICHdete
tor, using only one gas tight so
ket to transfer the light from the 100 m long�bre to the �bre bundle. Though this variation lowers the likelihood of a gas leakin that there is only one gas tight so
ket, the �bre bundle must be 
overed in anon-re
e
tive light-tight 
asing to prevent stray light from the �bres interfering withthe HPD plane. The third variation is to use the laser to supply light to both sidesof RICH2 via two 100 m lengths of �bre. Ea
h �bre will 
onne
t to a bundle of 8�bres that will then supply the light to the 8 fo
using units on either side of theRICH dete
tor. This latter variation of the two options is the solution that will beemployed sin
e it has a low gas leak risk, is easy to engineer and provides a separateopti
 �bre for ea
h side of RICH2.6.1.2 Opti
sThe opti
s to be used in the �nal system for ea
h of the mirror segment alignmentmonitors, as mentioned in previous 
hapters, 
onsists of a fo
using unit, a beamsplitter and a mirror.It is imperative that these 
omponents are radiation hard. Materials that are notradiation hard su
h as opti
al quality BK7 glass turn 
loudy when they are exposedto radiation. This lowering of transparen
y 
auses the light passing through them tos
atter. Su
h a s
enario in the RICH dete
tors 
ould 
ause light to spray over theHPD planes and thus 
reate a large amount of ba
kground stray light, lowering theeÆ
ien
y of the ring dete
tion algorithms. The mirrors and splitters are supplied byCVI [1℄ and have durable 
oatings, insensitive to laboratory solvents. The splitter ismade out of fused sili
a, so should be radiation tolerant.6.1.3 Camera Te
hnologyThe 
amera te
hnology to be used in the �nal design must be able to withstand a
uoro
arbon gas environment, therefore they may need to be en
apsulated in a gas
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ontainer. Furthermore, they must be able to withstand the radi-ation environment of the dete
tor. Radiation hard CCD 
ameras are prohibitivelyexpensive. CCD 
ameras that are not radiation hard experien
e spe
kling over timewhen exposed to su
h environments. The longer they are there, the spe
kling deterio-rates until they are eventually unusable. The radiation levels outside the a

eptan
eof the RICH2 dete
tor should be relatively low. The radiation levels expe
ted at�y �3000 mm at the 
entre of RICH2 are 1 kRad per year [68℄. A radiation tolerant
amera that 
an withstand su
h a radiation level for a period of time equivalent to thelifetime of the experiment (about 5 years) should be utilised. The 
amera of 
hoi
ein the �nal design is the Lumenera LE-175 APS CMOS 
amera [2℄. APS CMOS
ameras are more radiation tolerant than standard CCD 
ameras and the LE-175also has the advantage of ethernet, whi
h means that data 
an be transmitted tothe 
ontrol room without using signal boosters. The 
amera is en
apsulated in analuminium 
asing and the sensor is prote
ted by a glass 
over.6.2 Design of Component Mount HoldersThe proposed 
omponent mounts for holding the opti
al 
omponents and se
uringthem to the mount holders are o�-the-shelf 
omponents. Therefore, it is ne
essary todesign 
omponent mount holders to whi
h the 
omponent mounts will atta
h to thetop plates and base plates.6.2.1 Floor Mount HoldersFigures 6.1 and 6.2 show the top view of the proposed design for the 
omponentmount holders.
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Figure 6.1: The plan view of the 
oor 
omponent mount holder for the fo
using unit,beam splitter and mirror.The design 
an be seen to be symmetri
 (�gures 6.2 and 6.4) so that the mounts
an be layed out in a symmetri
al way between the left and right hand sides of RICH2.

Figure 6.2: Plan view dimensions of the 
oor 
omponent mount holder for the fo
usingunit, beam splitter and mirror.The previous 
hapters have referred to the fo
using unit as one of the key geometry
omponents, and mu
h time has been spent in the 
onsideration of its spe
i�
 lo
ation.However, to be more pre
ise, the important fa
tor is the point that the signal beamis dire
ted on a traje
tory towards the mirror segment. Therefore the key geometry
omponent in the �nal design is not the fo
using unit but the laser mirror that dire
tsthe light to the mirror segment (�gure 6.3).The fo
using unit, beam splitter and laser mirror 
an be seen to be 
ompletelyaligned with ea
h other, both on the verti
al and horizontal global 
oordinate planes(�gure 6.5).
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Figure 6.3: The side view of the 
oor 
omponent mount holder for the fo
using unit(bla
k), beam splitter (blue) and laser mirror (green).

Figure 6.4: Side view dimensions of the 
oor 
omponent mount holder for the fo
usingunit, beam splitter and mirror.
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Figure 6.5: The end view of the 
oor 
omponent mount holder for the fo
using unit,beam splitter and mirror.Figure 6.6 shows the end view dimensions of the 
oor mount holder. The holderis atta
hed by M6 s
rews down to the base plate that holds all of the mount holdersfor that side of the RICH2 dete
tor.

Figure 6.6: End view dimensions of the 
oor 
omponent mount holder for the fo
usingunit, beam splitter and mirror.



6.2 Design of Component Mount Holders 1836.2.2 Roof MountsThe roof mounts that hold the APS 
ameras do not require mount holders, sin
e onlyone 
omponent is involved per mount. The APS 
amera is held at an angle roughlyparallel to the in
ident beam (�gure 6.7).

Figure 6.7: The side view of the roof 
omponent mount for the APS 
amera.The dimensions (with the 
orre
t angle) of the mount are given in �gure 6.8.The signal beams in
ident on the APS 
ameras are on average at an angle of 72o.Therefore the angle of the APS 
ameras on the mount is �xed at 72o.

Figure 6.8: Side view dimensions of the roof 
omponent mount for the APS 
amera.The positioning of the 
amera is 
entral on the mount, and enough room is given
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onne
tion of the 
ables (�gure 6.9).

Figure 6.9: The end view of the roof 
omponent mount for the APS 
amera.The APS 
amera roof mount is atta
hed to the top plate by four M6 s
rews(�gures 6.10 and 6.11). There are no means of adjustment on these mounts andtherefore little room for movement over time. All the adjustment of a mirror segmentalignment monitor is done using the 
oor mounts for that segment monitor.

Figure 6.10: The plan view of the roof 
omponent mount for the APS 
amera.The dimensions of the APS roof mount are given in �gure 6.11. Both the roofmount and the 
oor mount holder were 
onstru
ted out of aluminium and 
oated ina matt bla
k paint.
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Figure 6.11: Plan view dimensions of the roof 
omponent mount for the APS 
amera.6.3 Pla
ement of Floor Mount Holders and Roof mounts6.3.1 Floor Mount HoldersAs has been previously explained, the key 
omponent on the 
oor mount holder isthe laser mirror. This means that the laser mirror position is the pivot point forany rotation that the mount holder will be subje
t to. The mirrors that have beensele
ted for monitoring are spheri
al mirrors 2; 3; 6b; 6t and 
at mirrors 5b; 5t; 6b and6t (see Figure 5.25). Figure 6.12 shows a diagram of the s
rew holes for the 
oormount holder. The point of rotation where the laser mirror is, has been set at (0; 0).

Figure 6.12: Hole positions in relation to the rotation point, before the rotation.The next stage of the pla
ement of the 
oor mount holder is to rotate it so that it is
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ted towards the mirror segment it will monitor, after the required translation hasbeen made. This example follows the pro
ess for pla
ing spheri
al mirror segment 2.The rotation is 
entred around the pivot point whi
h is the laser mirror (�gure 6.13).

Figure 6.13: Hole positions in relation to the rotation point, after the rotation.The �nal stage of the pla
ement of the 
oor mount holder is to make a translationso that the pivot point is at the pre
ise point that the Component Lo
ation Algorithmhas given for that fo
using unit (�gure 6.14). Using this pla
ement method for all

Figure 6.14: Hole positions after pla
ement in the global 
oordinate system.of the 
oor mount holders, in 
onjun
tion with the output values of the Component
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ation algorithm, the produ
t of all the hole positions for the 
oor plates 
an beshown (�gure 6.15).

Figure 6.15: All of the 
oor mount holder hole positions in RICH2 that are to belo
ated on 
oor plates (one plate per side of the dete
tor).6.3.2 Roof MountsThe pla
ement of the APS 
amera mounts follow the same pro
ess, but the pivotpoint is the XZ lo
ation of the a
tive area of the APS. The pla
ement results aregive in �gure 6.16.

Figure 6.16: All of the APS 
amera mount hole positions in RICH2 that are to belo
ated on the roof plates (one plate per side of the dete
tor).
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ement of Floor Mount Holders and Roof mounts 1886.3.3 The Floor Plate and Roof Plate SizesFloor PlateThe �rst part of the pro
ess of de
iding the size of the 
oor plate is to rotate all ofthe hole lo
ations that are to be 
ontained on the plate, so that only a small platesize is used and the border of the plate 
an be drawn parallel to the axis (�gure 6.17).

Figure 6.17: All of the holes are rotated round so that the holes for the monitoring
omponent mounts of mirror segments 6b and 6t are parallel to the z axis.The point of rotation is the bottom right M6 s
rew hole. The angle by whi
h theholes have been rotated is equal to the Y rotation of spheri
al mirrors 6b and 6t. Asmall translation is then made to move the holes away from the axis, this will preventany overhang of the 
oor mount holders. The 
oor plate dimensions 
an now beproperly 
onsidered. The 
orners of the 
oor plates are shown by pla
ing four dotsaround the total area used and lines are drawn to indi
ate the borders of the plate6.18.The dimensions of the 
oor plates shown are 700 mm� 1650 mm. The positionalresults shown in �gure 6.18 allow all of the hole lo
ations for the 
oor mount holders tobe given in relationship to the lo
al 
oordinate system of the 
oor plate on whi
h theyare to be atta
hed. These results are then supplied to the engineers for fabri
ation.The �nal stage of the pla
ement pro
ess is to rotate all of the holes and 
oor platesba
k by the angle equivalent to the angle of the spheri
al mirrors 6b and 6t, and thenmake a translation to position the holes and 
orners to their 
orre
t lo
ation in RICH2(�gure 6.19). The global lo
ations given will enable the engineers to 
orre
tly pla
ethe plate and all the 
omponents it holds within RICH2 and also to lo
ate suitable



6.3 Pla
ement of Floor Mount Holders and Roof mounts 189

Figure 6.18: The 
orners of the 
oor plate are pla
ed so that 
onne
ting lines wouldbe parallel to the axis.pla
es to �x the plates to the RICH2 superstru
ture. Figure 6.19 
learly shows thatthere is one 
oor plate per side of RICH2 and that both plates and hole lo
ations aresymmetri
al about the z axis.

Figure 6.19: The �nal pla
ement of the 
oor plate into position.Roof PlateThe pla
ement of the roof plate follows the same methodology as the pla
ement of the
oor plate. Figure 6.20 shows the results for the pla
ement of the roof plate. Boththe 
oor plates and roof plates are the same size to make pla
ement and fabri
ationeasier to engineer.The �nal engineering drawings produ
ed by M. Woodward have been in
luded inAppendix A.
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Figure 6.20: The �nal pla
ement of the roof plate into position.6.4 Installation StatusFigure 6.21 shows a pi
ture of RICH2 when it was in its 
onstru
tion phase in Septem-ber 2004. The 
oor and roof plates of the laser alignment system have now beenmanufa
tured and installed into RICH2 (February 2005). The Lumenera LE-175CMOS 
ameras and roof mounts have also been installed and 
abled (July 2005).The RICH2 dete
tor was lowered into the pit in November 2005. The 
oor mountsand opti
al system will be installed in the RICH2 dete
tor in the experimental areaduring the summer of 2006.6.5 Temperature StabilityThe long term stability of the segment monitors is 
riti
al to the proper fun
tional-ity of the laser alignment monitoring system. For this reason, the mounting platesand 
omponent mount holders have been 
onstru
ted out of Aluminium - the samematerial that the RICH2 super stru
ture is 
onstru
ted from. Aluminium has anexpansion rate of 23 ppm per degree Kelvin. With respe
t to the 
oor 
omponentmount holders, the distan
e that is important to maintain is the separation of 70 mmbetween the beam splitter and mirror. A 
hange in the separation between these two
omponents has a dire
t impa
t on the separation of the signal and referen
e beamsas they interse
t the 
amera and introdu
e error into the measurement. Be
ausethe 
omponent mount holders and 
oor plates are made out of aluminium, they will
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Figure 6.21: RICH2 in 
onstru
tion (September 2004).expand at the same rate as the RICH2 super stru
ture. The 
hange in separationbetween the beam splitter and mirror is expe
ted to be 1.61 �mK�1. This meansthat a 
hange in temperature of 3.7 K is needed to make a 
hange in the measurementof one 
omplete pixel for a 
at segment measurement (where the 
at segment is aty = 0 mm). Su
h a 
hange is insigni�
ant sin
e variations of 15 pixels or more arerequired to have a signi�
ant impa
t upon the alignment system measurements.



6.6 Summary 1926.6 SummaryThe pla
ement of the roof mounts and 
oor mount holders in the �nal alignment sys-tem design has followed pre
isely the 
al
ulated lo
ations of the 
omponent lo
ationalgorithm. The 
oor mount holders and roof mounts are 
ustom designed to meetthe spe
i�
 geometry requirements of the laser mirror alignment monitoring system.There are 
oor plates and roof plates on whi
h to mount respe
tively the 
oor mountholders and APS 
amera roof mounts. These plates undertake a dual purpose; toredu
e the number of s
rew holes to be made in the super stru
ture of RICH2 and toprovide stable platforms on whi
h to mount the laser mirror alignment monitoringsystem 
omponents.
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Chapter 7
Full Alignment Simulation
As dis
ussed in se
tion 4.1 of 
hapter 4, individual mirror segment tilts 
an be ex-tra
ted using data from high energy tra
ks and their resultant Cherenkov rings. Thetotal misalignment of the 
ombined mirror tilts and the 
hange in Cherenkov angleis related by the equation �� = a
os(�
h) + bsin(�
h); (7.1)where a and b are proje
tions of the Cherenkov mirror tilts in x and y respe
tivelyand �� is the 
hange in Cherenkov angle at azimuthal angle �
h. This 
hapter willdis
uss the new results of the software 
ompensation for misaligned mirror segmentsusing seeds from 16 laser mirror alignment segment monitors.7.1 Extra
tion of Mirror Tilts from DataBe
ause RICH2 is a two mirror system, the method for extra
ting the individualmirror tilts is a two stage pro
ess [61℄. The �rst part of the pro
ess is to �ll his-tograms for every spheri
al/
at mirror 
ombination that a Cherenkov photon 
oulduse between the emission point and the photo-dete
tor plane to extra
t parametersa and b. The se
ond part of the pro
ess is to extra
t the individual mirror tilts byminimising the �2 equation of the form�2 =Xi;j 24(aij � xsi � xfj )2�2aij + (bij � ysi � yfj )2�2bij 35 (7.2)



7.2 Mirror Combination Contributions 194where a and b are total tilts, x and y are the individual tilts for the ith spheri
al (s)and jth 
at (f) mirrors, � = 1pN and N is the number of events in the histogram.The 
ontributions to the total error in x and y for ea
h segment are dependentupon the geometry of the path that the Cherenkov photons takes for ea
h mirror
ombination. Therefore equation 7.2 
an be rewritten to in
lude 
orre
tions to ea
hof the tilts, that take into a

ount a geometri
al e�e
t for ea
h of the spheri
al/
atmirror 
ombinations. We 
all these 
oeÆ
ients p and q, and they need to be extra
tedfrom the simulation. The modi�ed �2 equation to be minimised is as follows:�2 =Xi;j 24(aij � pxijxsi � qxijxfj )2�2aij + (bij � pyijysi � qyijyfj )2�2bij 35 : (7.3)7.2 Mirror Combination ContributionsIn the pro
ess of extra
ting the individual tilts of the mirror segments, it is importantto know the 
ontributions of ea
h segment in a spheri
al/
at mirror 
ombination tothe total tilt. Due to the longer path length that a Cherenkov photon must travel be-fore �nally arriving at the photo-dete
tor plane, the spheri
al mirror will always havea larger 
ontribution to the error than the 
at mirror. However, the 
ontributionsbetween any two pairs of spheri
al and 
at mirrors 
an be 
omparatively di�erentdue to slightly di�erent Cherenkov photon path lengths for ea
h spheri
al/
at mir-ror 
ombination. Table 7.1 shows the 
oeÆ
ients due to 
ontributions of various
ombinations of spheri
al and 
at mirror segments. From this table it 
an be seenthat ea
h mirror segment is involved in more than one 
ombination. The table onlyin
ludes spheri
al and 
at mirror segments 00-06, however, the full simulation usesthe 
ontributions from the whole range of spheri
al and 
at mirror segments. Themirror numbering is shown in �gure 7.1. The meaning of, for example, 
oeÆ
ientspxij for the mirror 
ombination 00/00 is that the tilt in the spheri
al mirror has tobe multiplied by 1.9143 to obtain the observed 
oeÆ
ient amplitude aij of 
os(�
h),where �
h is the azimuthal angle. These 
oeÆ
ients were obtained empiri
ally froma simulation of the mirror misalignments by A. Papanestis.
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Comb. Sph(i)/Flat(j) pxij qxij pyij qyij00/00 1.9143 1.03797 1.59502 0.49115701/00 1.989 1.08956 1.75052 0.54733101/01 1.93199 0.980127 1.64221 0.5344601/02 1.85975 0.745694 1.54807 0.32894502/01 2.07562 1.13113 1.75019 0.59898202/02 1.94133 0.878648 1.60072 0.43804902/03 1.92559 0.746576 1.58648 0.36401303/02 2.16898 1.12185 1.75697 0.249903/03 1.89801 0.747529 1.63827 0.52703404/00 1.84485 1.0385 1.56929 0.4803504/01 1.83147 0.858623 1.49365 0.52295204/04 1.9217 1.08201 1.71064 0.60033404/05 1.87442 0.908197 1.66337 0.5197805/01 1.94994 1.0286 1.65394 0.48179305/02 1.81299 0.770431 1.48256 0.52797105/05 1.99063 1.05409 1.721 0.53818605/06 1.88963 0.817863 1.62971 0.49520306/02 1.91661 0.955344 1.66915 0.85597606/03 1.80354 0.655605 1.49658 0.455742Table 7.1: A limited table of 
oeÆ
ients from mirror 
ontributions for spheri
al and
at mirror segments 00 to 06, where i and j are spe
i�
 spheri
al and 
at mirrorsegments (see �gure 7.1), pxij and qxij are the individual 
ontributions of segments iand j in x and pyij and qyij are the individual 
ontributions of segments i and j iny [62℄.
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Figure 7.1: Mirror numbering in the full alignment simulation [62℄.7.3 SimulationThe results of this 
hapter have been produ
ed using 800,000 simulated Bd ! ��events with mirror misalignments of between 0.7 mrad and 1 mrad introdu
ed ran-domly. These events have been generated using the full GEANT4 [20℄ based GAUSS[55℄ Monte Carlo simulation for LHCb, then digitised using the Ri
hReadout pa
k-age [19℄ and re
onstru
ted using BRUNEL [54℄. Be
ause the alignment from datarequires near saturated Cherenkov rings, a 
ut is applied so that parti
les with amomentum of less than 30GeV are ex
luded. A. Papanestis (RAL) 
arried out this



7.3 Simulation 197simulation.7.3.1 Mirror Combination HistogramsFigure 7.2 shows a well populated histogram of the di�eren
e in Cherenkov anglebetween the observed and referen
e angle (�� = �
h� �o), as a fun
tion of azimuthalangle (�) for all Cherenkov photons in a given mirror 
ombination (spheri
al 1, 
at1). A misalignment of 1 mrad in x for the spheri
al mirror and 0.7 mrad in y forthe 
at mirror was introdu
ed in this example. Although there is a well de�nedmisalignment 
urve there is also a large amount of ba
kground. In order to removethe ba
kground, the histogram is se
tioned into bins and a 
ut is made based on twoparameters. The �rst parameter is a de�ned de
imal per
entage of the number ofphoton events held in the largest bin in the histogram. The se
ond parameter is ade�ned de
imal per
entage of the number of photon events held in the largest bin ofea
h 
olumn. If a bin fails to ex
eed either of these two threshold parameters it isex
luded in the 
ut.Figure 7.3 shows the results of the 
ut made on �gure 7.3. All bins that have failedto ex
eed 61% of the number of photon events held in the largest bin of ea
h 
olumnand 25% of the number of photon events held in the largest bin of the histogram havebeen ex
luded. The ba
kground has been e�e
tively removed. On
e the 
ut has beenmade, a �t to the data 
an be made (see �gure 7.4).It is evident that for mirror 
ombinations where there are a high number ofevents in the histogram the �t is very good. However, some mirror 
ombinationsprovide very few events (�gure 7.5) and the resulting 
ut (�gure 7.6) 
an be very poorleading to a �t that does not 
losely follow the data points (�gure 7.7). Su
h mirror
ombinations are removed from the minimisation pro
ess so as not to deteriorate theoverall a

ura
y of the software 
ompensation for misaligned mirror segments.
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7.3 Simulation 2017.3.2 Misalignment Re
overy in an Ideal CaseRe
overing from an ideal misalignment 
ase is a good test to verify that the 
oeÆ
ientsgiven in table 7.1 are a

urate and 
an provide the appropriate 
orre
tion fa
torsbetween re
onstru
ted mirror tilts and the misalignment introdu
ed.Figures 7.8 and 7.9 have been produ
ed by taking the 
oeÆ
ients from the indi-vidual mirror 
ombination 
ontributions (Table 7.1) and multiplying them by theirmisalignment tilts to �nd the expe
ted x and y tilts so thatExp�x = pxijxsi + qxijxfj (7.4)and Exp�y = pyijysi + qyijyfj : (7.5)These expe
ted tilts are then 
ompared with the tilts that were introdu
ed in thesimulation: Error�x = T iltx �Exp�x (7.6)Error�y = T ilty �Exp�y (7.7)and histogrammed in Figures 7.8 and 7.9. By 
hanging the 
ut parameters, theRMS of the x and y histogram outputs 
an be minimised. The observed error in �xand �y are 0.15 mrad. These 
ontributions are not stati
 for ea
h 
ombination, butdynami
 depending on where the Cherenkov photon hits the two mirrors in the 
om-bination, so some error in re
onstru
ting the tilts is expe
ted. However, the valuesof the 
ontributions 
an be improved, and this is a future aim of the misalignment
ompensation software.
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Figure 7.8: Error�x, de�ned as the expe
ted �x minus the tilt in �x, for all mirror
ombinations.
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ted �y minus the tilt in �y, for all mirror
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7.4 Minimisation 2037.4 MinimisationThe minimisation pro
ess uses a pa
kage 
alled MINUIT [22℄. This pa
kage takesthe inputs for ea
h of the mirror 
ombination 
ontributions for x and y and also themeasured values of parameters a and b. Using approximate mirror rotations, theminimisation pro
ess will take these inputs and resolve the individual mirror tilts tomake equation 7.3 as 
lose to zero as possible. The output of the minimisation givesea
h of the individual mirror tilts in relation to one (or more) mirrors of �xed value.In prin
iple, the more mirrors whose positions are known and 
an thus be �xed,the more a

urate the minimisation pro
ess will be. Also, the larger the number ofevents, the greater the a

ura
y of the minimisation.7.4.1 Inputs from the Laser Mirror Alignment Monitoring SystemAs has been previously mentioned, the laser mirror alignment monitoring system willprovide the positions of 16 mirror segments in RICH2. This means that the rotationalvalues of the 16 segments that the laser alignment monitoring system will provide
an be �xed in the simulation with an a

ura
y of mu
h less than 0.1 mrad. By�xing the tilts for 16 mirror segments, it allows the minimisation program to usethese mirror segments as inputs and 
onverge more a

urately and more rapidly ona unique solution for the tilts of all segments.7.4.2 ResultsFigures 7.10 and 7.11 have been produ
ed by �xing the 16 segments and adding therealisti
 errors asso
iated with the laser system and then running the minimisationpro
ess. The resolution of the software 
ompensation is 
lose to 0.12 mrads in the xdire
tion. The y dire
tion has a resolution of 
loser to 0.18 mrads. However, in they dire
tion there is a mirror 
ombination that di�ers by 0.75 mrad and either hasvery poor mirror 
ombination 
ontribution values, or a low number of events. If itis the former, these values 
an be 
orre
ted through further study; and if the latter,the 
ombination 
an be removed from the analysis. Corre
tions su
h as this to bothx and y should greatly improve the resolution of the system.
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ombinations against ��x after theminimisation.
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7.5 Summary 2057.5 SummaryThe results from the software 
ompensation for misaligned mirror segments with16 �xed inputs from the laser alignment monitoring system have shown that anoverall resolution of 0.12 mrad in �x and 0.18 mrad in �y is possible. In prin
iple theresults shown in this 
hapter 
an be improved by produ
ing a more a

urate table ofmirror 
ombination 
ontributions, and making multiple iterations of the minimisationroutine. Further work on this system should bring the resolution to better than 0.1mrads for both x and y mirror segment tilts.



8 Con
lusion 206
Chapter 8
Con
lusion
The Cherenkov angle for photons produ
ed by saturated tra
ks in the CF4 gas ofthe 2nd RICH dete
tor of LHCb is 31 mrad. The typi
al resolution for this angle is0.7 mrad. The alignment of the RICH2 mirrors should not degrade this resolution,so a target of 0.1 mrad on mirror alignment resolution has been set. The RICH2mirrors must remain thin to redu
e the probability that the parti
les intera
t withthem, so they therefore have to be segmented to retain rigidity. Ea
h segment hasthe potential to move over time. Small movements in the mirror segments 
ouldprodu
e large errors in the measurement of parti
le velo
ities and thus also in theidenti�
ation of parti
les. Therefore, the positions of the mirror segments must bemonitored over time to a
hieve optimal a

ura
y.The method for monitoring these segments is to use a 
ombination of software anda hardware based alignment monitoring system. The hardware system provides thepre
ise positions of sele
ted mirror segments as referen
e points. The software systemwill then use these referen
e points in 
onjun
tion with Cherenkov photon proje
tionsfrom saturated high energy tra
ks to resolve the positions of the remaining mirrorsegments. The hardware based alignment system must also provide any 
hange inmirror segment position to 0.1 mrad or better. It must also be reliable and be ableto survive a high radiation 
uoro
arbon environment for an extended period of time(the expe
ted lifetime of the experiment is more than 5 years).



207This thesis has des
ribed the design and 
hara
terisation of the hardware basedlaser mirror alignment monitoring system. We have developed a method for longterm monitoring of the stability of the RICH2 mirror segments based on laser beamsdelivered by opti
 �bres, asso
iated opti
al systems and readout based on an APSdete
tor. The software developed for extra
ting the stability of the laser beam imagesfrom the APS dete
tors is based on te
hniques widely used in the image analysisindustry. Through the use of simulation and prototype measurements, the ability ofthe system to re
over mirror segment movements has been determined. It has beenshown that:1. Using an automated method for resolving the pre
ise positions of the signal andalignment beams, that a �t 
an be made to show the di�eren
e between thetwo beams with an un
ertainty of 11 pixels on the re
ording APS.2. A linear approximation 
an be made to the relationship between a mirror seg-ment Y rotation and the dire
tion that the signal beam travels 
arrying an errorof less than 1% over a 
hange of 0.1 mrad.3. The laser alignment monitoring system resolution has been measured to be0.013mrad for both �y and �x rotations, with a long term stability of 0.014mradin �y and 0.006 mrad in �x.4. The results from the software 
ompensation for misaligned mirror segmentswith 16 �xed inputs from the laser alignment monitoring system pro
edurehave shown that an overall resolution of 0.12 mrad in �x and 0.18 mrad in �yare possible.This thesis has also des
ribed the attributes of the 
omponents to be used in the�nal system; the pre
ise pro
ess of the pla
ement of the 
omponents through the
omponent lo
ation algorithm and also the design requirements for the engineers andpre
ise position of the mounts and the plates on whi
h they are held. These positionshave been veri�ed, and the plates have now been fabri
ated and installed into theRICH2 dete
tor.



208Final development of the system will be 
arried out by Paul Soler (Glasgow/RAL),Antonis Papanestis (RAL) and also Gabriel Vidal-Sitjes (Imperial College) who isworking on using the laser mirror alignment monitoring system for the RICH1 dete
-tor.
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Appendix A
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Figure 1: Engineering drawings for the top plate positions in RICH2
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Figure 2: Engineering drawings for the base plate positions in RICH2
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