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Introduction

The Large Hadron Collider (LHC) [I] located at CERN close to Geneva is the largest
accelerator in the world with 27 km circumference. It has been installed in the former
tunnel of LEP [2]. LHC provides proton — proton collisions for high energy physics with
a planned ultimate energy of 14 TeV in the center of mass. This should be achieved
after a shutdown period which started in february 2013. Nevertheless, in 2011, LHC
has already achieved 7 TeV energy in the center of mass. The major goal of this ac-
celerator was to discover and study the Higgs boson predicted in 1964. The ATLAS [3]
and CMS [4] experiments have been built at two opposite collision points in the LHC ring
for this purpose. The LHC has run with a very high luminosity of £ = 7.7x10% cm =2 s71.

Each physic process has a specific signature in the detector. The experiments count the
number of events linked to each process. To know the likelihood of occurrence, i.e. the
total cross section, one need to know the luminosity. This quantity depends only on the
beam parameters but using them will allow a precision of only 5 to 6 %. In this case, the lu-
minosity will be the dominant parameter for the systematic uncertainties. To go over this,
detectors dedicated to absolute luminosity measurements have been installed on the LHC.

These ALFA detectors [5] complement the ATLAS detector in the very forward region and
are dedicated to abolute luminosity and total cross section measurements. The basic idea
is to measure the elastic scattering at very small angle at the ATLAS Interaction Point,
small enough to reach the Coulomb regime which could be exactly calculated. This al-
lows to determine both the absolute luminosity and the proton — proton total cross section.

To do this, the ALFA detectors are located in the LHC tunnel at 240 m from the Interac-
tion Point on both sides of ATLAS. For data taking, the detectors have to be set at about
2 mm from the beam axis. This is done using the so-called "Roman Pot“technique. This
technique was also used by the UA4 experiment [6] and by the TOTEM experiment [7]
close to CMS in the LHC.

Being able to detect very small scattering angles requires a dedicated optics, different
from the nominal LHC optics. For the ultimate LHC running parameters, the main char-
acteristic of this optics is f* = 2625 m. This optics is called “high g* optics”.

Firstly, the context where ALFA detectors measurement takes place (ATLAS and LHC)
will be described in chapter [I Then, in order to better understand the high 8* optics,
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Introduction

a summary of transverse dynamics notions is given in chapter 2| In chapter [3] after the
description of the various luminosity measurement methods used in ATLAS, the one used
to measure with ALFA detectors is given. Also, the Roman Pots mechanical and elec-
tronic description is briefly shown. After these introducting chapters, the first high 5*
optics design with §* = 2625 m is explained in chapter 4} The PhD work starts with this
optics which was studied in more details than before by including it in the overall ALFA
simulation package. The experimental acceptance was determined with the simulation.
The study has been completed by applying misalignement errors.

For hardware reasons, the nominal $* = 2625 m optics could not be used during the
first years of LHC operation. The work, then, has been focussed on an intermediate
f* = 90 m optics described in details in chapters [§] and [6 Finally, in response to the
request for higher £*, new optics up to * = 500 m and 1000 m have been developped
and commissionned as shown in chapter [7] but particle physics analysis of these runs is
not yet performed.



Chapter 1

The LHC accelerator complex and
ATLAS
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This chapter describes the accelerator complex with its operation scheme and instrumen-
tation goals and then describes the ATLAS experiment.



Chapter 1. The LHC accelerator complex and ATLAS

1.1 The LHC ring

1.1.1 LHC accelerator chain description

The LHC (Large Hadron Collider), described in a TDR (Technical Design Report) [1I,
has been able to reach in 2012 the highest luminosity ever achieved for hadron colliders
with £ = 7.7 x 10 cm™2 s~!. This proton — proton facility, based at CERN between
Switzerland and France, close to Geneva, is approximately 100 m underground in the same
tunnel as the former collider of CERN, LEP (Large Electron Positron). Its circumference
is 27 km and to be able to reach the ultimate energy of 7 TeV, it relies on an injector
chain which consists of a LINAC and the Booster, the PS (Proton Synchrotron) and the
SPS (Super Proton Synchrotron) as shown in Fig. [1.Il The LHC also accelerates and
collides lead ions.

Figure 1.1: LHC accelerator chain including the LINAC, the booster, the PS, the SPS and
finally the LHC.

The LINAC, 80 m long, accelerates the proton beam up to 50 MeV. The booster with
157 m circumference, takes over to 1.4 GeV. It’s followed by a 628 m ring (PS) to bring
the beam up to 26 GeV. Then the SPS ring, 6.9 km long, allows to reach 450 GeV and
finally the beam is transferred to the LHC to reach the highest energy. The LHC energy
was 3.5 TeV per beam in 2011 and 4 TeV per beam in 2012. Nominal energy of 7 TeV
per beam will not be reached before 2015.

As seen on Fig. two beams are circulating in the ring, beam 1 is circulating clockwise
whereas beam 2 is circulating counter-clockwise. These two proton beams cross at four
different IPs (Interaction Points) where the collisions occur. The four IPs correspond to
four LHC experiments: ATLAS (A Toroidal Lhe ApparatuS) [3] located at IP1, CMS
(Compact Muon Solenoid) [4] located at IP5, LHCb (Large Hadron Collider beauty) [§]
located at IP2 and ALICE (A Large Ion Collider Experiment) [9] located at IP8. AT-
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1.1. The LHC ring

LAS and CMS aim at very high luminosity up to 103* cm=2 s=!. Their primary goal is the

search and study of the Higgs boson. A more detailed description of the ATLAS detector
will be given in §[1.4 LHCb studies the B — Physics whereas ALICE uses the heavy ions

to study quark — gluon plasma.

Two other experiments complete the LHC foreground: TOTEM (TOTal Elastic and
diffractive cross section Measurement) [7] and LHCf (LHC forward) [10]. The former
studies diffractive and elastic physics to determine in particular proton — proton total
cross section and the later focuses on forward neutral particles.

1.1.2 LHC ring description

The LHC is divided in Insertion Regions (IRs) and arcs as shown in Fig. [1.2] There are
8 straight sections containing insertions and 8 arcs. The Insertion Regions IR1, IR2, IR5,
IR8 house the physics experiments. Then, for the other four IRs, we can find:

e on [IR3, the momentum cleaning region with collimators and magnets to clean the
protons with large momentum offset

e on R4, the Radio — Frequency (RF) system for the energy control
e on IR6, the dump system to be able to discard the beam properly

e on IR7, the betatron cleaning system to get read of protons with too high amplitude
oscillations

The LHC ring, as already mentionned, had to be integrated in the tunnel of the former
LEP accelerator. This brings some difficulties concerning the magnets, the space contain-
ing the ring being too small to contain two different magnets, the LHC requires a single
magnet for both beams.

These magnets are superconducting magnets since it is the only technology allowing to
reach the magnetic field required for 7 TeV nominal energy per beam. The LHC contains
1232 main superconducting dipoles which were designed to provide a field of 8 Teslas each.
The dipole definition will be given in §[2.2.1] Anyway, the proton beams are circulating in
two separated vacuum chambers inside the same magnet. Each magnet houses both beam
pipes as can be seen in Fig. The LHC has been designed to have instantaneous peak
luminosity at IP1 and IP5 of 10%* cm~2 s~!. The parameters which fulfil the requirements
are listed in table [I.1} However, all these parameters have been optimized to maximize
the integrated luminosity.

The optics design is based on FODO cells (described in § where the insertions are
included. Having a closer look on Fig. we can see that one insertion region contains
a Long Straight Section (LSS) and a Dispersion Suppressor respectively Right and Left
(DSR and DSL). The right side of LSS1 for example is then the side going from IP1 to
[P2. It can be confusing as in Fig. the right side we talk about is located on the left.
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Chapter 1. The LHC accelerator complex and ATLAS

(cMs ) IP5

Momentum
cleaning

Betatron
cleaning

ATLAS IP1
TI2 TI8

Figure 1.2: LHC layout divided in 8 sections with the four experiments, the eight Interaction
Region IRs and the eight arcs. Following usual convention, beam 1 circulates clockwise and
beam 2 counter — clockwise.

But right and left for IP1 are defined such as we look from inside the ring and not from
above as in the figure.

This labelling concerning right and left side will be used to identify the magnets. As
an exemple, starting from IP1, beam 1 will first meet magnets on the right side. Then,
quadrupole (defined in § Q4 will be named "MQY.4R1.B1”. MQY is the magnet
type, in this case it says that it’s an insertion region wide aperture quadrupole with 3.4 m
length. 4R1 means that it’s quadrupole 4 on the right side of IP1 and B1 is beam 1. The
same can be applied for the left side of IP1, Q4 will then be called "MQY.4L1.B1". IR1
and [R5 insertions have been made anti — symmetric.

1.2 The LHC operation

Bringing the protons to high energy requires several steps. The beam is injected in IP2
and IP8 in LHC from SPS by two transfer lines TI2 and TI8 as seen on Fig. Then,
the beam is ramped to high energy (from 450 GeV to 7 TeV) and squeezed] (from f*=

14 means the observable is evaluated at the Interaction Point.



1.2. The LHC operation
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Figure 1.3: Sketch for the main LHC superconducting magnet dipoles located in the arcs,
containing two separate chambers in the horizontal plane for both proton beams.

18 m to f* = 0.55 m) at the Interaction Points IP1 and IP5 to reach higher luminosity.
The § — function is also called the betatron function. It’s the envelope around all the
trajectories of the particles circulating in the accelerator. More details on the 5 — function
will be given in chapter 2 LHC has started in 2011 with 3.5 TeV per beam and a (*
equals to 2 m. Decreasing * and increasing energy will also increase the peak luminosity
as defined in chapter [3] During 2012, at 4 TeV, the beam was injected at a §* = 11 m
for IP1 and IP5 and was squeezed down to 0.6 m.

The nominal scheme in the LHC TDR is 2808 bunches injected in trains. Nominally, each
train will have 72 bunches with 25 ns spacing between bunches as illustrated in Fig. [I.4]
The 25 ns spacing is small, which means that to avoid collisions away from the Interaction
Point, two bunches have to collide at a small angle (quasi head-on) at the center which
keep the other bunches separated elsewhere. The number of parasitic collisions that can
appear on each side of the IP were estimated at 15 extra more collisions for one collision
point. The crossing angle value for the nominal collision scheme at 7 TeV at IP1 and
IP5 is equal to 285 urad as shown on Fig. [1.5] For special optics like the high £* optics
described in this PhD, no crossing angle will be required.

25ns

-+ -

ECOOOO0OO0O0OO0OO0OmROOOO0O0OO0O0O0O0OmMOOO0OO0O0OO00O0

25ns B FILLED POSITION [C]  POSSIBLE BUNCH POSITION

Figure 1.4: LHC bunch filling scheme [I1].

During the squeeze phase where the beam size ¢ is reduced from the injection to its
nominal value and during when no collisions occur, the two beams are kept separated
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Table 1.1: Nominal LHC parameters [1].

Injection | Collision
Beam Data
Proton energy [GeV] 450 7000
Relativistic gamma 479.6 7461
Number of particles per bunch 1.15 x 10!
Number of bunches 2808
Longitudinal emittance (40) [eVs] 1.0 2.5
Transverse normalized emittance [pm.rad] 3.5 3.75
Circulating beam current [A] 0.582
Stored energy per beam [MJ] 23.3 362
Peak Luminosity Related Data

RMS bunch length cm 11.24 7.55
RMS beam size at the IP1 and IP5 pm 375.2 16.7
RMS beam size at the IP2 and P8 pm 279.6 70.9
Geometric luminosity reduction factor F — 0.836
Peak luminosity in IP1 and IP5 [em™2s71] - 1.0 x 103
Peak luminosity per bunch crossing in IP1 and IP5 | [em™2s71] - 3.56 x 103

to avoid the parasitic collisions. Only after the beams are put into collision. The sep-
aration should not be smaller than 7¢ which is the minimum tolerable value for LHC
aperture. The LHC standard injection and ramp use a separation which is horizontal in
IP1 and a vertical crossing angle whereas at IP5 the separation is vertical with a hori-
zontal crossing angle. The parallel separation is always orthogonal to the crossing angle.
The separation scheme and collision scheme at 7 TeV for IP1 are shown on Fig. and
Fig. [1.7] The parallel separation bumps use three types of corrector magnets: MCBC,
MCBY and MCBX, MCBX being common for the two beams and able to control hori-
zontal and vertical planes. The same correctors will be used to put the beam into collision.

During 2012, LHC was mainly dedicated to high luminosity proton physics runs. After
optimization, each time beams are put into collision and everything goes well, they are
declared as stable beams.

1.3 LHC Instrumentation

Every accelerator complex needs to know the beam characteristics as precise as possible.
With appropriate diagnostics it is possible to monitor and measure the position and the
beam properties. Different devices have been developed at LHC to measure all these
parameters such as BPMs (Beam Position Monitors), BLMs (Beam Losses Monitors,

8
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Figure 1.5: Nominal beam crossing scheme at the ATLAS interaction point in the vertical plane.
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WSs (Wire Scanners) and BSRTs (Beam Synchrotron Radiation Telescopes). These
equipements are described in some more details in the following.

1.3.1 BPMs and orbit correction

The orbit represents the trajectories described by the particles going through the magnetic
elements. The LHC orbit system has been studied in order to fulfil its specifications [12].
An example of the orbit measurement in stable beam condition used for high luminosity
physics run is given on Fig. [I.§

The BPMs are used to measure the beam position (horizontal and vertical) from which
the orbit is deduced. They are non destructive devices. On the LHC ring, most of the
BPMs are button electrode monitors measuring bunched beam position by detecting the
induced current in the button. A total of over 1000 BPMs have been installed. Knowing
the transverse position of the beam per turn, the correctors magnets, usually dipoles,
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can be used to provide a better closed orbit. The closed orbit is defined by a particle
trajectory followed by an ideal particle which closes on itself after one revolution in the
case of circular accelerator.
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Figure 1.8: Screenshot from the Control Room of the orbit measurement with the BPMs during
stable beams period meaning with high luminosity at 3.5 TeV performed in 2011. The position
being close to zero means the beams are centered in the magnetic elements.

Most of the BPMs are located in the arcs, but some BPMs stripline monitors are used
in the insertion regions like in IR1 where the closest BPMs around IP1 are located in
front of the first quadrupole from the inner triplets Q1. They are named BPMWS and
are equipped with warm directional stripline couplers. Using the left and right position
of these BPMs, one can know the position and also the angle at the IP.

Four button pick — up BPMs have been added close to IP1 and IP5 to ensure no crossing
angle at IP1 and IP5 specially for the high — 8* optics that are the subject of this PhD.
These BPMs cannot distinguish between beam 1 and beam 2 and are called BPMWF.

1.3.2 Emittance measurements

Emittance measurements are briefly detailed here. More informations can be found in [13].
The emittance can be defined as the area occupied by the beam in phase space (position
vs. phase). More details are given in chapter . On LHC, two principles leading to two
different monitors are used: WSs and BSRTs.

e The Wire Scanner (WS) principle consists of a thin carbon wire passing through the
beam and producing secondary particles. These secondary particles are measured
giving a signal proportionnal to the beam intensity crossing through the wire and
provide a reliable result. Two WSs for both horizontal and vertical planes are
installed on each beam at IR4. This gives a total number of eight WSs on LHC.
WSs provide absolute measurements of the beam dimension but can be used up
to a maximum intensity depending on the energy. The intensity limit at 4 TeV is
3.6 x 102 protons per beam.

10
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e The Beam Synchrotron Radiation Telescope (BSRT) uses the synchrotron light
as mentionned in the name. A devoted optics line is used to send the radiation on
a photon detector. There are two monitors per beam in IR4.

Wire Scanners are controlled from the control room and give an instantaneous measure-
ment when they’re applied whereas BSRTs give a continuous measurement. Following
the TDR, the nominal transverse emittance at 7TeV per beam was expected to reach
3.75 pm.rad at high intensity. With lower total beam intensity, LHC has reached an even
lower value of about 2 ym.rad at 3.5 TeV per beam which is a good achievement as far
as the high luminosity is concerned.

1.3.3 Optics measurements

The optics parameters have to be measured to check the accuracy of the optics and correct
for it. The optics parameters measured will be described in more details in chapter [2|
A complete description of the measurements and the way they are done can be found
in [14], and more specifically for the LHC in [I5]. Different techniques can be used for
optics measurements, two of them are of particular interest because results will be used
in this work:

e One consists in using an AC dipole [16].

e Another is to introduce on purpose a quadrupole error.

AC dipole technique

The AC dipole technique [I5] can be used to measure § beating (Af,,,/B:.,) and correct
for it. The [ beating is a perturbation of the betatron function which vary around the
ring. The specification for LHC is that the peak § beating shall not exceed 20 %.

The AC dipole introduces transverse oscillations without emittance growth and turn by
turn data are acquired about approximately 2000 turns. Amplitude and phase are cal-
culated using an interpolated FFT and several algorithms are used to calculate linear
and non — linear optics at the BPMs. From the phase advance calculated between three
BPMs, g — functions can be measured. The technique used to calculate optics functions
at elements is called the segment — by — segment technique. This technique is also used
to calculate the dispersion function and the transverse coupling.

K — modulation technique

When introducing a quadrupole error Ak, it also introduces a tune shift AQ that can
be measured (these notions will be detailed in chapter [2). Knowing both, the average
[ — function can be measured with:

41 AQ

B(s) =~ AR(s) L (1.1)

11
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L corresponding to the quadrupole length. This technique also called the K — modulation
technique can be used to calculate 5* — functions at the IP’s [17]. This is done by applying
quadrupole errors Ak in the nearest quadrupoles to the IP ie the inner triplets. The *
value is found by taking into account the measurement of the tune response from left and
right. A polynomial function 5* = f((Aki(s))(AQ;)(Ak,(s))(AQ,)) is calculated.

1.3.4 LHC Collimation

The LHC collimation system is designed to protect the accelerator and to avoid quenches
of superconducting magnet due to amount of energy deposited in it. Collimators are made

of jaws approaching the beam to intercept halo particles. The distance between two jaws
defines the gap.

Three types of collimators are used in LHC: primary (TCP), secondary (TCSG) and ter-
tiary collimators (TCTs). The primaries collimators must be the one closest to the beam,
the secondaries intercept the halo from the primaries and then the tertiaries intercepts the

halo from the secondaries. This is called a multi stage cleaning system and it’s illustrated
in Fig. [1.9]

Multi-Stage Cleaning (IR3/IR7)
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Figure 1.9: Multi stage cleaning scheme of the collimation system of the LHC from [I§].

The collimation systems for LHC are located in IR3 and IR7. The location of the collima-
tors on the LHC ring is shown in Fig. [I.I0] The insertion regions used have two different
purposes: one is dedicated to the momentum cleaning and the other one is dedicated to
the betatron cleaning.

e The momentum cleaning insertion region intercepts off — momentum particles out-
side the allowed range ie more than 1 x 1073,
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Figure 1.10: Schematic location of the collimators on the LHC ring [18]. They’re many around
IP3 and IP7.

e The betatron cleaning system removes large betatron oscillation amplitude protons.

For special optics dedicated to special ALFA run, the purpose is to approach the colli-
mators as close as possible to the beam in order to reduce background in the dedicated
detectors intercepting elastic protons from the IP.

1.4 The ATLAS experiment

1.4.1 ATLAS description

ATLAS is a multi purpose experiment. It allows to cover a wide range of physics studies
and allows precision measurements. The ATLAS collaboration includes about three thou-
sands people involved in the construction, analysis etc.... The ATLAS detector weights
7000 tons and it’s the largest detector ever built (25 m height, 25 m large and 46 m long).
The overall layout of ATLAS is shown in Fig[I.II] A complete description can be found
in [19, 20]. ATLAS detector has been mainly built for the Higgs search and physics above
standard model. It’s made of different sub — detectors, each allowing to measure and
identify various particles.

Starting from the collision point, a particle, as shown on Fig. [I.12] will go through:

e The Inner Detector and solenoid used to determine the charge tracks and to measure
the momentum of charged particles.

13
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Barrel Toroid  Inner Detector _

Figure 1.11: ATLAS detector with his sub-detectors.

e Electromagnetic and Hadronic calorimeters used for particle energy determination

e The Muon Spectrometer used to detect the muons.

All charged particles deposit some energy in the inner detector. Photons and electrons
loose all their remaining energy in the electromagnetic calorimeter via electromagnetic
showers. Protons and neutrons loose all their remaining energy in the hadronic calorimeter
via hadronic showers. Muons go through all the sub — detectors leaving signals in all of
them. Neutrinos go through the whole structure without any detection.

1.4.2 The Magnets system

The ATLAS magnetic system |21} 22] consists of four superconducting magnets: a solenoid,
a barrel toroid and two end — cap toroids corresponding to a total stored energy of 1.6 GJ.
A complete scheme of the magnet system is shown in Fig. [[.13]

The Solenoid

The solenoid produces a 2 T magnetic field parallel to the beam axis. It has a length
of 5.3 m, an internal diameter of 2.44 m and an external diameter of 2.63 m. The inner
detector is completely included inside the solenoid volume. The solenoid magnet shares
the cryostat and vacuum vessel of the liquid argon calorimeter which also helps to minimize
the amount of material upstream the electromagnetic calorimeter.

The Toroid

The toroid as seen on Fig. allows to bend muons outside of the calorimeter (9.4 <
r < 20.1 m) in addition to the solenoid effect. This solution allows to reduce the solenoid

14
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Figure 1.12: Particle identification. All charged particles give signals in the inner detector.
Electrons and photons loose their remaining energy in the electromagnetic calorimeter. Protons
and neutrons loose their remaining energy in the hadronic calorimeter.

field down to 2 T (instead of 4 T for CMS) but requires a huge detector volume specific
for muons. Each toroid is made of eight coils installed symmetrically around the beam
axis. Each ring segment nominally operates with a current of 20.5 kA. The maximum
magnetic field achievable is 3.9 T for the barrel and 4.1 T for the endcap.

Conclusion

The LHC and his accelerator chain description made here gives us the informations on
how the LHC has been divided and on all the labellings. Additionally, an overview of
the experiments housed by the LHC was given. Then, the LHC operation description
tells us how the accelerator works experimentally before the explanation on how optics
parameters are measured which is directly linked on the accelerator performance. This
method will be used during special optics measurements made for ALFA purpose. The
LHC and the whole accelerator chain provide reliable beam conditions and collisions for
the four experiments including ATLAS. The ATLAS description explains us the context
as ATLAS has his own luminosity measurements program with different sub — detectors
which will be described in chapter [3|including the sub detectors for this PhD.

The LHC higher performance in 2012 have allowed to reach a peak luminosity of 7.7x1033
cm~2 s7!. This luminosity depends a lot from the optics parameters. Some of these

parameters had much improved values than expected, leading to a higher luminosity at
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Figure 1.13: ATLAS magnetic system: the Figure 1.14: Toroid magnet before liquid ar-

solenoid is located in the center. The toroid gon cryostat insertion. The dimensions are

magnet is located in the outside. given by the man located in between the two
coils at the bottom.

3.5 TeV or 4 TeV. The description of these parameters will be given in chapter 2]
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Transverse Beam Dynamics
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Chapter 2. Transverse Beam Dynamics

A small introduction to transverse dynamics in accelerators is given providing the main
formulae that will be useful for the understanding of this report. More informations can
be found in various references such as [23], [24] and [25].

To start, a small description with fundamentals is given before the definition of the mag-
netic field characteristics and the description of the reference particle with her associate
reference system. Then the motion of particles inside the magnetic fields is defined to
be able to introduce the transfer matrices. As for the ALFA project, the beam line used
consists mainly on quadrupoles, the examples given will concern mostly the quadrupoles
case. The particle motion brings to the definition of the twiss parameters leading directly
to the transfer matrix with twiss parameters, an important tool for ALFA. A description
of a FODO lattice is then given in order to introduce periodic structures like the LHC.
Beam — beam effects is of importance in a collider like LHC, and a quick introduction will
be given. Finally, the most important perturbations of the motion for our concerns will
also be quickly introduced.

The motion of charged particles of velocity ¢ in electromagnetic fields is governed by the
Lorentz force:
F=q(E+0xB) (2.1)

g being the charge of the particles, E the electric field and B the magnetic field. The
trajectory equation derived from this force is written as follows:

d 7] — — — — — —
d—zj = F +F, with F, = ¢E and F,, = ¢ (7 x B) (2.2)
where, in relativistic mechanics, the momentum is written:

p = moyLﬂZC (2.3)

In these equations, [, is the relativistic factor equal to v/c, mg is the mass and ~y, is
the relativistic lorentz factor equal to £/& where £ is the total energy and & the rest
energy depending on the particle type. For 3.5 TeV or 4 TeV total energy, protons
(€ = 938.272 MeV /c™2) have v, equal to 3730 or 4260 respectively.

If we compare magnetic and electric field strengths we obtain:

—

- - E
F. \qE ‘ .
: = — < —" (2.4)
F, ‘q(ﬁx B) B Cm/s B‘
T

For instance, for a relativistic particle with v ~ ¢, a magnetic field B = 1 T gives the same
bending forces as an electric field of 300 MV /m which is far beyond technical limits. So
for high energy beams whenever particles are needed to be guided (focused or bended),
magnetic fields are preferably used. The electric field is used to accelerate the beam using
for instance radio frequency (RF) superconducting cavities as for LHC.
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Figure 2.1: Cartesian coordinate system used to describe the particle motion in the LHC ring.

The magnetic part of the Lorentz force can be written:

dp’ .
— =q(Ux B 2.5

il ) (2.5)
Integrating 1} with B L @ one can show that in 2D case, the particles travel on a circle
with a radius p in the presence of a uniform magnetic field B, given by:

Bp="L (2.6)
q
where Bp is the beam rigidity. It links the curvature radius in the magnetic field and the
energy of the particle.

An accelerator is a sequence of magnets which will guide the beam by bending and focusing
depending on the magnet type. The magnetic configurations is described more precisely
in § after the definition of the coordinate system used for accelerators.

2.1 Coordinate system

A reference particle with a given momentum py is chosen around which the motion is de-
scribed. The trajectory described by this reference particle is known as the reference orbit.

More generally, all the particles trajectories will be described around the reference orbit
in the coordinate system illustrated in Fig. and will be defined by:

7(s) = 70(s) + x(s) (s) + y(s) ¥(s) (2.7)

where 7y denotes the position of the reference particle at the longitudinal s location along

the reference orbit. The transverse coordinates are defined by z for the horizontal plane

and y for the vertical plane. Any particle is described versus the reference particle and

performs small oscillations algiound thedreference orbit. We'll use the following notation to
x x

/

simplify the equations: & = Pl
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2.2 Magnetic elements

2.2.1 General case

Neglecting the fringe field, the magnetic field produced by a magnet can be described in
polar coordinates as the sum of multipolar fields straight and skewed [23]:

B.(r,0) = >0 r" (b, sin(n ) + a, cos(n b))
(2.8)
By(r,0) = >>° r" (b, cos(nb) — a,sin(nb))

where b,, defines the multipolar straight coefficients and a,, the multipolar skewed coefhi-
cients.

For a straight perfect multipole with 2 x n poles, the formulae can be written:

B.(r,0) = b,r" !sin(n6)

(2.9)
By(r,0) = b,r" tcos(nb)
K, = b,/ Bp defines the normalized strength of the multipoles given by:
1 1 1B
K, 0 Y (2.10)

~ Bp(n—1)! dant |,

Taking different values of n, we can find back each type of magnets: n = 1 corresponding
to dipoles, n = 2 for quadrupoles, n = 3 to sextupoles and so on. A more complete
description with other examples, like dipoles and sextupoles can be found in [23].

2.2.2 Example: Quadrupoles

The main quadrupole parameter linked to the current and the beam rigidity is called the
normalized strength. Considering (z,y) as the transverse plane, the normalized strength
for the quadrupole will be equal to:

1 0B,

Ky = ——
2 Bp 0Ox

(2.11)
Due to the field pattern, a quadrupole is always focusing in one transverse plane and
defocusing in the other (see Fig.[2.2)). Furthermore, for a straigth perfect quadrupole, the
gradient GG is expressed as:

0B, OB

G = =—Y and G=K,Bp=

oy ox
where R is the quadrupole radius in meter, I the intensity of the coil in Ampere and N
the number of turns. The quadrupole strength can then also be written as:

1
=5

QMON[
R2

(2.12)

K, (2.13)
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Figure 2.2: Scheme of a quadrupole in the transverse plane.

2.3 Transverse motion and Hill's equations

The particle motion inside the magnetic fields in the reference system is described here.
The equation of motion is also called the Hill’s equation for periodic systems as demon-
strated in the following.

2.3.1 General case

We apply in the curved coordinate system defined in § 2.1 only in the (z,y) plane, the
equation of motion of a charged particle into a pure magnetic field defined by (2.5). The
particle velocity vector is ¢ = dr/dt.

The amplitude of particle motion around the closed orbit is small and momentum devia-
tions are also small and approximated by:

p=po(l+9) (2.14)

where ¢ is the relative momentum deviation. We consider only the linear part of mo-
tion equations and after a complete demonstration detailed in [23], this gives the linear
trajectory equations in the same system and describes the particles movements for the
transverse plane:

P+ Ky (s)x = f(s)
(2.15)
v+ K, (s)y = 0

where f(s) = d/p and K, ,(s) represents the focusing functions depending on the different
magnet structure types. At first order, the vertical and horizontal motions are decoupled.
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The different K, ,(s) values for different situation are listed below:

10 0 for a drift section
K.(s)=4¢ — and K,(s)=40 for a dipole (2.16)
p — K5  for a quadrupole
K

Taking u to represent independantly the transverse dimension x or y, these equations are
of the type:

u" + Ky(s)u = f(s) (2.17)

which are defined as the Hill's equations where K, (s) is a periodic function which period
is at most equal to the ring circumference.

2.3.2 Homogeneous equation

The second order differential linear trajectory homogeneous equation (2.15) has the fol-
lowing general solutions:

u(s) = Cu(s)ug+ Su(s)ug
(2.18)
u'(s) = C,(s)ug+5,(s)ug

where C,(s) and S,(s) are the cosine and sine like independent solutions with the condi-
tions C,(0) = 1 and C7(0) = 0, S,(0) = 0 and S/ (0) = 1. This can be written with the
matrix formalism:

(58) — Ty (3,((88‘;))) with Ty, = <g28 528) (2.19)

All the elements seen by the beam can be described as a transfer matrix. The expressions
of these transfer matrices can be found for instance in [24].

2.3.3 Inhomogeneous equation

The general solution from the inhomogeneous equation can be written as:
u(s) = Cu(s)ug + Su(s)ug + uy(s) (2.20)

where u,(s) = D,(s) d is the particular solution of the homogeneous equation. As demon-
strated in [26], the dispersion function D, (s) can be expressed in terms of Cy,(s) and S,(s):

Du(s) = Su(s)/%cu(s) dS—C’u(s)/%Su(s) ds (2.21)
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2.4. Twiss parameters

2.3.4 Example: Quadrupole transfer matrix

y— is called the transfer matrix between s and sy. This transfer matrix is calcu-
lated for each type of magnetic elements (dipoles, quadrupoles...) or drifts located along
the ring. The overall matrix M for the whole structure is determined by the product of
each transfer matrix.

The transfer matrices for a quadrupole in the (z,y) transverse plane in the curved coor-
dinate system defined in [2.1] can be written as:

B cos ¢ % sin ¢ B cho¢ \% sh gb)
Lo = (—\/Esingb fz(osgb ) and T, = (\/Eshgb Ic(hgb (2:22)

where ¢ = +/ K L and L is the length of the quadrupole. This matrix is used for focusing
quadrupole. By convention, the focusing is in the horizontal plane. We would have the
opposite for a defocusing quadrupole in the horizontal plane (but focusing in the vertical
plane).

The quadrupole transfer matrix can also be calculated in thin lens approximation in order
to simplify the calculation. In that case, quadrupoles are replaced by thin lenses with the
focal length f = 1/K L. Furthermore the focal length is much larger than the quadrupole
length. The quadrupole is focusing or defocusing depending the sign of f : if f > 0,
the quadrupole is focusing and if f < 0, the quadrupole is defocusing. Then the new
quadrupole matrices are written as:

Ro = (_11 it (1)) (2.23)

2.4 Twiss parameters

2.4.1 Courant Snyder Invariant

We take u; and uy as the general solutions of (2.15)) in the form wu(s) = aguy(s) + b uz(s)
where ay and by are constants and u;(s) and uy(s) are two independant solutions. Then
we take the function W called the Wronskian:

W = wuyuh—ufuy (2.24)

We have dW/ds = uj u — u]uy = 0 which gives that W is constant. We can write the
solutions as [23]:

ui(s) = C(s)+1iS(s)
{ui‘(s) — C(s) —iS(s) (2.25)

Inserting ([2.25)) in the general solution u(s) = agC(s) + by S(s) + u,(s), we find:
_w(s) Fuils) |, w(s) — ui(s)
{ u(s) = ap——————+b — T uy(s) (2.26)

= Aui(s) + A% ui(s) + upy(s)
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Chapter 2. Transverse Beam Dynamics

We take z(s) = u(s) — u,(s). The solution can be written on a matrix form:

()= (4 e () @

If we invert this matrix, it gives:

() = g (500 (o)) .

This gives the formulae:

1
|A*|> = constant = AA* = e (ui'z —uy 2')(—uy 2+ uy 2) (2.29)
And calculating the Wronskian expression:
W = wuf —ujuy = (C+iS)(C"—iS")—(C—iS)(C"+1i5")
W = 2i(SC"—-C5")

with (2.30)
W(0) = 2i(S(0)C"(0) — C(0)S'(0)) = —2i = W? = —4
This gives finally:
! % * o/ /% *
|A|2 _ u14u1 22 . Ul ul _Z ul (751 ZZ/ + U]_4U1 Z/2 (231)

We choose: ((s) = uy uj, y(s) = uj uf and —2a(s) = uj u] + v/ uy. This gives the final
equation:
v(s) 22 +2als)z2 +B(s) 2% = 4|APP =U (2.32)

where U is defined as the Courant Snyder invariant and is a constant of the motion. The
equation is an ellipse corresponding to the area in the phase space coordinate system
(u,u’). The phase space ellipse described by the particle motion is shown on Fig. [2.3
The ellipse has a different orientation depending on the location in the ring. But the area
A enclosed by the ellipse remains constant and is defined by A = U 7.

a(s), B(s) and v(s) are defined as the twiss parameters. The twiss parameters are linked
to each other by the relation 3(s)y(s) = 1+ a?(s). This can be demonstrated as in the
following;:

ﬁ = ]u1\2 = 02 +S2

v = |w)? = C?+ 57 (2.33)

—2a = 2(CC"+88) = o = (CC'"+59)?

This gives the final relation:

W2

B’}/—OP = (OS/—SC/)z—_—4

~ 1 (2.34)
B(s), a(s) and v(s) are independant of z(s).
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2.4. Twiss parameters

Figure 2.3: Phase space ellipse.

The solution z of the ellipse as in (2.32]) can be written in a parametric form, with ¢(s)
a function increasing with s:

2(¢(s)) = a1 cos(¢(s) — do)
2(P(s)) = by cos(p(s) — do) + ¢1 sin(p(s) — ¢o) (2.35)

where aq, by and ¢; are constants. These parametric solutions are inserted into (2.32)) and
by identification, we find:

B 4+ B +~va®+20ab = 2U
BV — B +vya*+2aab = 0 (2.36)
48bc+4daac = 0

Combining these three equations, we find the a;,b; and ¢; parameters such as:

alZ\/ﬁ\/B
VU

by = —av—

NG (2.37)
VU

g = ———=

VB
This gives finaly, the quasi-harmonic solution form of (2.15]).

2(s) = VU V/B(s) cos(d(s) — ¢o) (2.38)

VU
Z(s) = — sin (¢(s) — ¢g) + a cos (¢(s) — &y 2.39
(s) m( (¢(s) — do) + (¢(s) — ¢0)) (2.39)
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Chapter 2. Transverse Beam Dynamics

where U and ¢, are constants depending on initial conditions. 3(s) is called the betatron
function given by the focusing properties of the lattice. If now we calculate the derivative

of (2.38)), it gives:

J(s) = VU (¢(s) = do) — ¢'(s)/Bsin(e(s) — o) (2.40)

M

And if we identify (2.39)) and ([2.40)):

LF __ e _ Ly
2\/_ i 25 (2.41)
f =¢VB = ¢ ﬁ

where we define the link between o and  and the other parameter called the betatron
phase or phase advance which is related to the g — function and defined by:

/ ——ds (2.42)

The phase advance gives the number of oscillations between z = 0 and z = s in the lattice.

2.4.2 Beam matrix

The covariant matrix also called the > matrix is:
2 !
2 = <<“ ) (u >) (2.43)

The emittance is defined as in ([2.44]):

— Vder T = /(@) — (uw)? (2.44)

The Y matrix can also be written as ¥ = (X . XT) with X representing the trajectory
vector. At s =0, X = Xy. Knowing X = T'. X, the transport of the > matrix between
s and sg is made as:

Y = (T.Xo.XF.TT)

= T.(X,. XT) Tr (2.45)
=T.%.T"
Finally, we find:
det ¥ = det T. det %g. det T7 = det X (2.46)

with det 77 = 1 as for the transfer matrices det M = C'S" — SC’" = 1 as shown in (2.30)).

This gives that € is a constant. The emittance is the area of the phase space ellipse which
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2.4. Twiss parameters

has the same value at every point in a beam transport system. To determine the Y matrix
value, starting from (2.43), it follows:

( (w?y = B(s){Uy){cos?® (by — ¢p)) = w

(2.47)

Which gives at the end:

Yo (Uw) (5(*‘5) _O‘(S)> (2.48)
Anddet ¥ = ¢ = (Ou)”

4
Also if we consider beam particle trajectory with € as the beam emittance, we can also
define the rms beam enveloppe and rms beam divergence as in ([2.49).

{ ou(s) = v/ Bul8)e€u (2.49)

ou(8) = Vuls) €

The adiabatic damping phenomenon described in [I3] implies that the emittance of the
beam shrinks as 1/ 5, v,. Here 5~y are the relativistic factors already defined in the
introduction. The emittance which is then conserved is the normalized emittance defined

by (2:50).
en = BrLL €y (2.50)

The emittance values given will be the one of the normalized emittance in most cases.

2.4.3 Twiss parameters transport

Considering two positions in the ring and the fact that the emittance is a constant value
and inserting the inverse trajectory transformation.

()= (o) = (G &) () 2.51)

Yy +2ay0yh + BYy = 70 (Sy—Sy?)+2 a0 (S'y—SY)(=C'y+Cy') + By (—C'y+Cy')*

we can state that:

giving the following twiss values:

ﬁ(S) = 0250—250060+S2’}/0
a(s) = =CC"By+ (SC"+ S'C)ag— 5SSy (2.52)
v(s) = C?By—25C" ag+ S?
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Chapter 2. Transverse Beam Dynamics

which can be written in matrix notation

B C? —28C 52 8
al =|-cc’ cs'+SC" -SS'|.|a (2.53)
y C/Q _ZC/S/ S/Q 0%

s 0

This expression gives the possibility to calculate the twiss parameters in the ring knowing
them at any point. This matrix is based on the focusing properties elements of the lattice.

2.4.4 Transfer matrix with twiss parameters

The Cy, Sy, Ci, S coeflicients are based on the transfer matrix M which gives the knowl-
edge of the coordinates at location s knowing the coordinates at an initial location sg.

They follow:
()= () -0 S ) e

Taking into account the expression (2.38) and ([2.39)), we get:

u(s) = VU \/E (cos ¢ cos ¢y + sin ¢, sin ¢y) (2.55)
u'(s) = —@ (v, COS s COS Gy + vy, SIN Py SIN G + Sin Pg cOS Py — cos Pssin )  (2.56)

VBu

And knowing that ug = u(0) is the starting point and that ¢(0) = 0 by definition, we get:

(00) = ——=
OS] = BT -
. ~ agup + By ug (2.57)
sin(¢g) = @ —————"o

VU

Inserting into the solution u(s) and u/(s):

Bu

u(s) = E(COS bs + g sin @) ug + (/oS Sin @) uf
(5) = = ({0 = an)eos )+ (14 ua)sin ) o+ [ (cos = ausin )
We finally find the transfer matrix M by comparison with (2.54). (259
(cos g+ asing) VBoBsin 6,
" =l — o) 036, + (1 o) sin ] \/§j< po — onsin ¢S>( |
2.59

Any single particle trajectory between two positions can be calculated knowing only the
twiss parameters ay,, 3, and -, at the entrance and exit.
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2.5. FODO Lattice

If now we consider periodic solutions with the twiss parameters, «,, 3, and v, are defined
as periodic functions over one turn with length L as in ([2.60)).

Quls + L) = au(s), Buls + L) = Bu(s) and 7u(s + L) = 7u(s) (2.60)

the matrix M becomes when the beam is matched:

([ (cos ¢, + asingy,) B sin ¢,
M = ( —7 sin ¢, (cos ¢, — asin ¢u)) (2.61)

where ¢, represents the phase advance over one turn as defined in (2.42)).

The tune @, = @ corresponds to the number of betatron oscillations per turn and has

L
1 ds
Qu=— & (2.62)
0/

the following value:

In the periodic solution case, if instead of applying one turn, we perform many turns, it
can be demonstrated that for a periodic structure, the stability condition on matrix (2.61])
is |Tr (M)] <2 [23].

2.5 FODO Lattice

There are different ways to build circular colliders, more precisely different kind of lattices.
All type of lattices won’t be described but we’ll focus on the one used for LHC: the FODO
lattice (Fig. . A basic FODO lattice is based on an alternance on quadrupoles gradient:
one focusing quadrupole, and one defocusing. Dipoles can be inserted in between two
quadrupoles. This forms the cell of the lattice.

Quadrupole Quadrupole Quadrupole
focalisant défocalisant focalisant
| |

—y — T ~

| |
| |
pa N

Figure 2.4: Symmetric FODO cell with a focusing quadrupole QF in the horizontal plane and
a defocusing quadrupole QD in the horizontal plane.

Colliders are made of straight and arc sections. Straight sections are used to house, for

instance, experiments at collision points or RF devices and arc sections are used to bend
the beams. They can still be made as a FODO lattice. Parameters of FODO cells are
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Chapter 2. Transverse Beam Dynamics

calculated with beam optics programs like MAD-X [27].

A FODO matrix is written as the matrix product of quadrupoles and dipoles. From this
we can check the stability criteria of the periodic lattice already shown i.e. |Tr(M)| < 2.
And we can check the optics parameters «,, 3, and ¢,. FODO cells are easier to calculate
in thin-lens approximation. An example of the FODO cells used in LHC arcs is given in
Fig. illustrating the betatron motion.

200
150 |

100

B functions (m)

(6}
o

o 1 1 1 1 1
500 1000 1500 2000 2500

Longitudinal position s (m) in the arc

Figure 2.5: 8 — functions corresponding to the FODO cell in the LHC arcs. IP1 is at s = 0.0 m
and the approximate length on the plot is 2345 m.

2.6 Beam — beam effect

A brief introduction of beam — beam effect is given in this section as it’s often a limiting
factor for the collider’s luminosity.

2.6.1 Beam — beam force

A beam is a distribution of charges. It represents an electromagnetic potential for other
charges. Therefore it induces a force on himself (space charge) and on opposing beam
(beam — beam effect). On particle colliders, the force will act only when two beams cross
each other. The effect is important for high density beams. The beam — beam interactions
are then a limiting effect for high luminosity. More details on beam — beam effect can be

found on [2§].

In a Gaussian two dimensional beam with density distributions p(z,y) = p(x)p(y) in the
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2.7. Perturbations of the motion

transverse plane, the distribution of particles has the analytical expression:

1 u?

pu(u) = o exp(—T‘g) where u=z,y (2.63)

where o, and o, are the beam sizes. It gives the two dimensional potential:

Y2
202+q 202+q)

U(x,y,0z,0,) /
47T60 \/ (202 + q)(202 + q)

oo exp(—

(2.64)

where n is the line density of particles in the beam, e is the elementary charge and ¢

the permittivity of free space. We calculate then E = —V(U) If we concentrate only on
round beams (o, = 0, = o), we can express the radial force:
ne?(1+p3) 1 r?
Fo(r)= 202 TPL) 2 g - 2.65
(r) 27eg r [ P (202)} (265)

2.6.2 Beam — beam parameter

The beam is receiving a kick from the opposite beam that can be calculated. From the
expression of the two dimensional force for gaussian beams multiplied by its longitudinal
distribution, assuming r constant, and neglecting the location of the kick, the radial kick
Ar’ coming from the integration of this force is expressed by:

2Nrg 1 r?
Ar' = — - |1- - 2.66
- e ()] 260

where N is now the total number of particles and considering ry as the classical proton
radius defined by:

e2

o = ———
47eymc?

At small amplitudes r << ¢ , the radial kick can be expressed as:

N’I"()’l“
, p—
B = =220 (267)
From this we can express the linear beam — beam parameter:
N To 6*
= 2.68
¢ 4 yo? ( )

The linear beam — beam parameter represents the tune shift due to the beam — beam
force at small amplitudes. This parameter is equal to the linear tune shift AQ for small
values.

2.7 Perturbations of the motion

In a real accelerator, imperfections appear like magnetic field errors or misalignments.
For the accuracy of the beam behaviour, these errors have to be taken into account.

31



Chapter 2. Transverse Beam Dynamics

2.7.1 Chromaticity

Focusing errors provided by a particle reaching a quadrupole with a momentum offset is
called chromatic aberration. This leads to a tune shift with energy. The chromaticity is

defined as:
AQy

= —— 2.69

Ap/p (269)

¢ is always created if the beam focussed, it’s determined by the focusing strengths K (s)
of all quadrupoles. The general formulae for the chromaticity is:

£ = ! K(s)B(s)ds (2.70)

47w

The chromaticity can be corrected with sextupoles magnets. A better description can be
found in [25].

2.7.2 Coupling

Coupling in transverse plane between = and y is often induced by errors on the rotation
of quadrupoles or by solenoids. The new quadrupole matrix after rotation can be find
with:

Rfimzl = S@ - Retement - Sgl (271>
Using the rotation matrix S given by:
cosf —sind
S0 = (sin@ cos 6 ) (2.72)

For instance, a skew quadrupole (a quadrupole rotated by 45°) induces a coupling be-
tween the two planes. The transfer matrix Rgg of a skew quadrupole with thin lens
approximation can be found with the rotation matrix for 45° angle:

cos(m/4).15 sin(w/4).[2>

Meya = (- sin(r/4).I, cos(r/4).Iy (2.73)

And the well known quadrupole transfer matrix called here R in thin lens approximation.
With both matrix, we can write:

Rsg = My)s. Rg . M_)4. (2.74)
This gives:
I, Ky)/f
Ron = 2.75
SQ < K)f b (2.75)
with Ky = (? 8) and [y is the identity matrix. More details and a complete demon-

stration concerning coupling can be found in [29]. To summarize the results, we can say
that inserting the skew quadrupole matrix Rgg in a beam line and after the calculation
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2.7. Perturbations of the motion

of the ¢ matrix, the geometrical emittances values with coupling in the transverse plane

can be found using:
€2 = det(0.) = €1 <61 + B;fy 62)

)

€12 being intrinsic emittances and constants coming from the diagonalisation of the o
matrix. Correction of coupling can then be done using skew quadrupole corrector magnets.
The LHC will have several skew quadrupoles around the ring for this purpose.

(2.76)

e, = det(oyy) =€ (62 +

Conclusion

An overview of the main optics parameters concerning transverse beam dynamics have
been given here. The most important and critical parameter for ALFA, as it will be seen
in the following, will be the transfer matrix with twiss parameters. But before going into
the detailed ALFA optics design, we need to describe the ALFA context and the way the
luminosity and total elastic cross section can be measured.
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Chapter 3

Luminosity measurement in ATLAS
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The luminosity is one of the most important parameter of a collider. Indeed, the lumi-
nosity is linked to the cross section by:

N=~Lo (3.1)

where o is the cross section, £ the luminosity and N the event rate. £ is expressed in
unit of cm™2s7! or barn~'s™!. From , measuring and calibrating the luminosity is
directly related to the cross section determination. An absolute luminosity measurement
is then necessary if we want to measure absolute cross section. The precision on these
parameters is of importance to explore physics above the standard model. The errors on
the luminosity will propagate to the cross section error.
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Chapter 8. Luminosity measurement in ATLAS

Measurement of the absolute luminosity in collider experiments is not easy. The relative
luminosity is often enough, for instance to control the luminosity evolution with time and
correct for the pile — up.

This chapter is dedicated to luminosity and total cross section measurement for ATLAS.
Firstly, the detectors used for relative luminosity measurements are described and then the
method for an absolute luminosity measurement is detailed leading to the measurement
method that is used for ALFA (Absolute Luminosity For ATLAS) with the need for
a new optics for LHC. We will see that the total cross section comes from the same
measurement.

3.1 Relative luminosity in ATLAS

Different devices in the forward region are used to measure relative luminosity in ATLAS:
The BCMSs, the MBTS, the ZDC and the LUCID (the dedicated one).

3.1.1 Beam Condition Monitors

The Beam Condition Monitor (BCM) [30] includes four stations on both sides of the
pixel detector around the beam pipe at the longitudinal position of z = £ 184 cm from
the Interaction Point and at a radius » = 5.5 cm. It has been built to monitor beam losses
and provide fast signals that will abort the beam safely if the loss rates become too high
for ATLAS safety. Each station has four diamond sensors like the one shown on Fig. 3.1]

3.1.2 MBTS

WLS fibers
Py . 16 Plastic

i

Figure 3.1: Diamond sensor for BCM [31]. Figure 3.2: Disk of the MBTS with 16 scin-
tillator tiles. Figure from [32].

Agilent MGA-62653
S00Mhz (22 dB)

Mini Circults GALI-52
1 GHz (20 dB)

pCvVD diamond

The relative luminosity with the MBTS (Minimum Bias Trigger Scintillator) is measured
by counting the number of minimum bias events. The two detectors of the MBTS are
installed on the inner face of the end-cap calorimeter cryostat. They are located at 4+ 3.6 m
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3.2.  Absolute luminosity measurement and total cross section introduction

from the ATLAS Interaction Point. MBTS is not expected to run at a luminosity higher
than 10%* cm~2s7! as scintillators are sensitive to radiations. So it will be effective only
for the first running period and shall not be used when the LHC restarts in 2015. The
disk of the MBTS are shown on Fig. 3.2

3.1.3 ZDC

The primary purpose of the ATLAS Zero Degree Calorimeter (ZDC) [33] is to de-
tect forward neutrons and photons in both proton — proton and heavy — ion collisions.

Recent studies have shown that the relative luminosity achievable on ZDC is close to
1033em =251 [34].

The ZDC is located at 140 m from the Interaction Point. ZDC modules are included in
the Target Absorbers for Neutrals (TAN) as shown on Fig. 3.3 Each ZDC detector has
one electromagnetic module and 3 hadronic modules. It is a sampling calorimeter using
tungsten as absorber.

3.1.4 LUCID

The method used by LUCID (Luminosity monitor Using Cerenkov Integrating Detectors)
[35] to determine the luminosity is to use inelastic events on a bunch — to — bunch basis.
The number of charged particles is proportional to the number of inelastic events and
though to the luminosity. In case it’s capable of counting all the particles, the measure-
ment is linear. To be used as an absolute luminometer, LUCID has to be calibrated.

LUCID shown on Fig. is dedicated for relative luminosity measurement. It consists
on 200 Aluminum tubes filled with C4Fy gas at 17 m from the Interaction Point and
surrounds the beam pipe. The tubes are pointing to the proton — proton interaction
region. This system allows Cerenkov light emission when a charged high energy particle
crosses the gas. The light is reflected in the tube. The Cerenkov angle is about 3° with
an average of 3 reflections inside the tube. The light is collected at the end of the tubes
to reach the PhotoMultipliers (PMTs).

LUCID has a limited background due to the high Cerenkov threshold of 10 MeV for

electrons and 2.8 GeV for pions. Furthermore, the fast response (few ns) allows for single
bunch crossing detection.

3.2 Absolute luminosity measurement and total cross
section introduction

An non exhaustive list of methods to measure absolute luminosity is given, summarizing

the ones used by ATLAS.
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Figure 3.3: View of the TAN showing the Figure 3.4: LUCID location in ATLAS for-
Zero Degree Calorimeter ZDC. The interac- ward region.
tion point is located on the left.

3.2.1 Luminosity from accelerator parameters
Description

The absolute luminosity can be measured directly from beam parameters [36]. Two gaus-
sian beams which collide without offset, without crossing angle and without hourglass
effect has a luminosity given by (3.2)).

Ny f N1 Ny

* *
dmoyop

L = (3.2)

where N; and Ny are the number of particles that collide for each beam, N, is the number
of bunches, f the revolution frequency and o, the transverse RMS beam size. Here, IVy,
Ny, o and o are assumed to be the same for all bunches.

The simplest luminosity formulae assuming gaussian beams with different sizes and no
other effects is:

Ny f N1 N.

o= b N1 N2 (3.3)

27 V(01,7 F (03,7 4/ (01,)? + (03,)?

If now we add an horizontal crossing angle, it becomes:

Ny f N1 N. 1

L = No f Ny Ny F where Fro—— (3.4)
dmoy oy Os O,
1+ (225
ok 2

F" being the reduction factor coming from the fact that the beams collide with an angle
¢, assuming that o, and o, are much smaller than the bunch length o,. Other effects can
also affect the luminosity like presence of an offset, linear coupling and hour glass effect.
Also the formulae is modified assuming the beams are not gaussian. The beam sizes o,
and o, at the Interaction Point are estimated via the Van der Meer scans.
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Interaction
region
Bunchl ——"—— Bunch 2
< <> )
Ny - Effective area A - N2

Figure 3.5: Luminosity for two colliding beams with the effective area represented.

Van der Meer scan

This method was first introduced by S. Van der Meer at CERN Intersection Storage Ring
ISR [37]. This topic is well explained and developped in more details for LHC in [38].
A Van der Meer scan provides, by moving one beam through the other, the measured
counting rates versus transverse displacements and gives the effective beam sizes in the
two transverse planes.

The effective transverse area A.s¢, in which the collisions take place, can be expressed as
in and is illustrated in Fig. with N; and N, the number of particles per bunch
measured continously with beam current transformer and f the revolution frequency well
estimated in a collider.

N; N.
L = ;1—2f (3.5)
eff
The effective beam size o,.¢s is defined by:
Tress = /(017 + (03, (3.6)

Taking into account the luminosity formulae for gaussian beams (3.3)), it can be reformu-
lated as:
N1 Na [ Ny

2T Oerf Oyerf

In LHC, due to machine protection, the scan is performed step by step within a range of
+ 20, by moving the two beams at the same time in opposite directions [39]. Indeed, the
displacement is generated by a bump in the closed orbit which also generates a change of
orbit at the tertiary collimators located in the triplets. This displacement has to stay in
a limited range due to the collimators apertures.

All this leads to the fact that from accelerator parameters, the luminosity would have an
accuracy estimated not better than 5 — 10 % [38]. To reach lower values, another method
is required. ATLAS decided to use elastic scattering at very small angle [5].
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Etat initial Etat final

P,
Figure 3.6: Elastic scattering principle characterized by the angle 6.

3.2.2 Elastic scattering at very small angles
Elastic scattering

As illustrated in Fig. [3.6] for elastic scattering, two incoming protons with initial momen-
tum p (pl = p2 = p) exchange a momentum ¢ that can be written, for very small
scattering angles:

t = (pl —p3)* = (p2 —p4)* = = 2p*(1 — cos(0)) = — p* ¢ (3.8)

Optical theorem

The principle of this method is the use of the optical theorem [40]. The elastic and inelastic
scattering rates Nel and Ninel are related to the luminosity £ and total cross section oy
by:

Otot L = N+ Niper (3.9)

The optical theorem states that the total cross section is related to the elastic cross section
for small values of momentum transfer ¢. Following [5], the luminosity can be calculated
from experimental rates with:

1 + /)2 (Ninel + A]\'fel)2

L = -
167 (dN,i/dt)i—o

(3.10)

where p is the ratio of the real to the imaginary part of the elastic scattering amplitude [5].
Its value is of interest to distinguish between forward physics models.

This method requires a good detector coverage to get a precise measurement on the
inelastic rate for ¢t ~ 0 or § — 0. This is also the method used by TOTEM [41]. However,
this method can not be used for ATLAS due to the lack of precise forward coverage.
Instead, the measurement will be done using Roman Pots detectors described in § [3.3.2]
This method is not easy to implement as it needs special runs with dedicated optics, the
subject of this PhD.

Coulombian diffusion

At very small diffusion angle 6, the cross section becomes sensitive to the Coulomb inter-
action, which can be exactly calculated. The final expression for the differential elastic
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Figure 3.7: Differential elastic cross section at 7TeV with o4 = 100mb, p = 0.13 and
b = 18 GeV2.

cross section may be expressed following [42]:

dog 4l GHt) o a(p—ad)G(t) exp(=b|t]/2) N

_( ) _ _ (1 + p2) Ut20t eXp(_b’tD
dt [t]> 2]

167

(3.11)
where a, G, ¢ and b are forward physics parameters. This expression has three terms that
lead to three different regions that can be seen on Fig. 3.7

e A pure electromagnetic term dominant for [t| < 107 GeV? (" Coulomb regime”).

e A pure nuclear term dominated for |t] > 1072 GeV?.

e An interference term sensitive to both coulomb and nuclear term for 1073 < [t] <
1072 GeV2.

The differential elastic cross section is linked to the luminosity by:

dNel dUel
t) =
o () o (t)

(3.12)

where dN,, /dt is the elastic scattering rate. The whole idea is to be as much as possible
in the Coulomb regime (¢ — 0) to be able to measure £ with the highest precision by
measuring N,;. However, a measurement in the interference region will allow to access at
the same time £ and oy, with lower precision.

The measurement and detection of the elastic scattered protons will allow to reconstruct
the differential elastic cross section spectrum as a function of the scattering angle 6. By
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Chapter 3. Luminosity measurement in ATLAS

fitting the reconstructed spectrum as a function of ¢, we determine the absolute luminos-
ity, the total cross section and the other forward physics parameters [5].

Quantitatively, this means being sensitive enough to reach the Coulomb interference re-
gion where [t| < 1073 GeV?. The typical diffusion angle for LHC at 7 TeV is 3.5 urad
which comes from a t — value of 6.5 x 10~ GeV?. It can be noted that this type of mea-
surement was performed in 1984 [6] at SppS, but with a typical diffusion angle of 120 prad.

As shown in [42], we cannot intercept elastic scattered protons with such small angles
before the inner focusing triplet located at 23 m from the IP. To solve this problem, the
leading idea is to intercept the elastic scattered protons further than the inner triplets by
modifying the optics and use appropriate detectors.

3.3 ALFA description for absolute luminosity and to-
tal elastic cross section measurement

3.3.1 Modified optics

A complete description of the nominal optics is given in chapter [4, but we introduce here
the main parameters taken into account to build this nominal optics. The optics choice for
ALFA is a parallel to point focusing optics set in the vertical plane providing a 90° phase
advance between the Interaction Point and the detectors with a* = 0 at the Interaction
Point. If now we take the transfer matrix (2.59|) with twiss parameters as described in
chapter [2] the particle position w4 at the detector in the LHC beam line is linked to the
position at IP1 by:

Uger = %l:t (cos (A(w)) + a*sin (Ap)) u* + v/ Baer B*sin(Ap) u*

=\ Baer B*u”

u corresponding to the transverse coordinates x or y. Taking into account the verti-
cal transverse coordinates and using (3.13), we easily find the link between the vertical
position at the detector and the vertical angle at the IP:

Ydet = V ﬁdet 5* 9; (314)

The ¢ — value can be re — calculated as:

(3.13)

2,2
x D™ Yae

Using the beam size o, the position at the detector can also be written as:

Ydet = M Odet = N 6Bdet (316)
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3.8. ALFA description for absolute luminosity and total elastic cross section measurement

where n represents the smallest possible distance to the beam center. In the following,
the distance of approach will always be given by n ie in number of beam size o. The
resulting t — value is:

€

—tmin = P°N— (3.17)

B*
B* can then be determined. With a normalized emittance of 1 ym.rad and n = 15, one
obtains:

« €
g = p'n’

= 2273 m (3.18)
This very high value has to be compared with the one used routinely in LHC (8* < 11 m).
The lower n is, the lower is §*. Following (3.15)), ¢y is proportional to 1/34¢ * and
Baer should not be too low. The minimum 7 is fixed at about 1.5 mm due to the de-
tectors possible approach. With g* = 2300 m, (4 must be larger than 70 m to reach
—tmin = 6.5 x 107* GeV?2.

Another requirement to reach such small angles is to minimize the angular divergence o*
at the IP. The angular divergence has to be much smaller than the minimum scattering
angle we want to measure. Looking at (2.49)), we understand that this is also why a small
emittance is needed. The initial requirements for the optics required by ALFA can be
summarized by:

e A vertical phase advance at the Roman Pots equals to 90°.
e [* > 2300 m.

o o = 0.0.

e ey <1 pm.rad.

o Bgrp > 70 m.

First high * optics for the LHC have been studied in [43] to [47]. The optics has been
modified by then with a 5* = 2625 m in [4§].

One crucial input to achieve the measurement is the overall experimental acceptance,
i.e. the proportion of particles entering the active area of the detector compared to the
generated ones. This experimental acceptance is computed as a function of t. It cannot
be known or deduced from the experiment, it has to be done using the tracking of the
protons from the IP to the detectors. The ultimate goal of the ALFA experiment was
to reach 2 — 3 % accuracy on the absolute luminosity but also mainly to perform the
measurement of the total cross section from proton — proton scattering.

3.3.2 ALFA detectors

For the purpose of measuring the trajectories of elastic scattered protons using the previ-
ous method, Roman Pots (RPs) have been installed on each side around IP1 at 240 m in
between the DQR (Dump Resistor Boxes). A more detailed description of the beam line
will be given in chapter [, Concerning the Roman Pots, a description of their position on
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Figure 3.8: Roman Pots position and labelling on the LHC [49].

the LHC is given in Fig. 3.8

The labelling for the ALFA Roman Pots are XRPV.A7R1.B1 and XRPV.B7R1.B1 on
beam 1 in LHC sequence notation and on beam 2, XRPV.A7L1.B2 and XRPV.B7L1.B2.
In the following, to simplify the notation for Roman Pots, we’ll used, as shown on Fig. [3.8]
the shortest notation A7R1, BTR1 for RPs on beam 1 and A7L1, B7L1 for RPs on beam 2.

The RPs are the technology chosen and used because they allow to approach the detectors
as close as possible to the beam as shown on Fig.[3.9]and catch the elastic scattered protons
with small angles. The name "roman” comes from the fact that the first group using these
pots was the CERN Rome group in the 70s to study physics at CERN Intersection Storage
Ring (ISR).

Collimator Roman Pot Collimator Roman Pot

_____________________________________________________________________________

Garage position Data—taking position

Figure 3.9: Mechanical Roman Pots technique within a gap of the order of 2 — 3 mm.

Two RPs stations are installed on beam1 and two others on beam 2. They have 4 m
distance between them on each side. In total, ALFA has eight Roman Pots.

Roman Pot Mechanics

The RPs technique has been used for other previous experiment like UA4/2 at CERN [50,
51] to measure the real elastic scattering amplitude for proton — antiproton. This is also
the one used by the TOTEM experiment.
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3.8. ALFA description for absolute luminosity and total elastic cross section measurement

With the mechanical system of the ALFA Roman Pots, the detectors can be approached
vertically to the beam, from below and above, within a millimetre range to intercept
the scattered protons. Small gaps of the order of 3 mm can be reached. They can be
approached close to the beam axis during a run and retracted when they’re not used.
Furthermore, the mechanical system has been made to allow the RPs to retract in case of
the power cut for instance. To maximize the maximum available distance n, the bottom
window is specially thin. The thickness value is about 200 — 250 um. The mechanical
system consists on bellows where the RPs are installed to allow them to move. The upper
and lower RPs can be adjusted independently when approaching the beam due to high
precision roller screw linked to a step by step motor. Then, to compensate the force
coming from the LHC beam pipe primary vacuum of about 2.7 kN, compensation bellows
are added directly connected to the vacuum, a little larger than the bellows around the
RPs.

Electronics and Detectors

Each station house an upper and a lower detector build up with scintillating fibers rep-
resenting the active part of the detector also called the Main Detectors (MDs) used for
tracking particles. This active part located inside the Roman Pots is in the vacuum. For
alignment, Overlap Detectors (ODs) have been added.

The scintillating fibers have been chosen to answer to the different requirements of im-
portance in ALFA. These requirements are:

the possibility to approach the detectors close to the beam.

negligible inactive edge zone.

be radiative resistant.

reach a spatial resolution of 30 pm.

be as insensitive as possible to the electromagnetic background.

Main Detectors

Each Main Detector is made with a 20 x 64 scintillating fibers tracker. Each plane has
two perpendicular layers. Most fibers have a 45° cut at the end whereas the others have
a 90°. The fibers end cut at 90° are coated with an Al film in order to make a mirror
which improves the light yield.

Then the scintillating fibers are readout by a 64 channels Multi Anode Photo Multiplier
Tube (MAPMT) outside the Roman Pots which convert the light from the fibers into an
electrical signal. The compact front end electronics PhotoMultiplier Front—end electron-
ics (PMFs) is mounted on top of the MAPMT as seen on Fig. for the charge readout.
Each station has one fan to cool the PMFs. Nevertheless, during 90 m * optics LHC
runs, the temperature has increased due to RF losses. It has increased enough to study
it for higher 8* optics and future runs. Decision has been taken to add a cooling system
on the RPs for future runs during the LHC Long Shutdown (LS1) in 2013.
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Figure 3.10: Roman pots layout showing the electronic scheme and how it’s inserted in the
Roman Pot.

Overlap Detectors (ODs)

The ODs give the relative position of the detectors. The layout is shown on Fig[3.11] This
detectors measure only the vertical position of particles halo. They’re made of 3 x 30 fibers
similar to the Main Detectors fibers. Added to the ODs, BPMs are installed in between
two stations, called BPMSA, to help for the positioning reading. A fine positionnement
is then made by couting the rates in upper and lower pot and equalizing them. The
estimated relative precision positioning on the vertical distance between two detectors in
one station must be about 10 pm.

Conclusion

As it has been shown in this chapter, the absolute luminosity can be determined by
different methods. The one chosen for ALFA to measure the absolute luminosity and the
total cross section uses proton — proton scattering at very small angles. This method
implies a new optics described as the high g* optics. After the description of the main
optics specifications and the RPs detectors necessary for the measurement, the nominal
ALFA configuration needs now to be described in more details, more precisely the complete
ALFA simulation and the nominal optics taken into account in the simulation at the
beginning. This will be done in Chapter
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Figure 3.11: Overlap detectors integrated with the rest of the detector.
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Chapter 4

Nominal ALFA configuration
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This chapter is a description of the £* = 2625 m optics that I used for both the elastic
proton generation and the tracking of particles up to the detectors.

The method used for ALFA in order to compute the ¢t — spectrum consists of a complete
simulation divided in three main steps:

e Firstly, the Monte — Carlo generator Pythia [52] is used to generate elastic scattering
protons including energy dispersion, vertex smearing and angular divergence.

e Once all events have been generated by the Monte — Carlo, we keep the momentum,
the position and the angle of the protons after the interaction to reach the second
steps of the particle tracking with MAD-X [53] from IP1 to the RPs.

e Then, the knowledge of the position with respect to the beam center together with
the geometry of the detectors allow to tag the relevant protons that would be used
for the determination of the luminosity and the total cross section. This last step is
also used to calculate the experimental acceptance.

We’'ll now go through a more detailed description of the three different steps.
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Chapter 4. Nominal ALFA configuration

4.1 Elastic protons generation

As detailed in [42], elastic protons are generated randomly with Pythia 8.1. The simulation
takes into account elastic parameters coming from namely p, 0;,; and the nuclear
slope b. The size, divergence of the beam, vertex smearing and energy dispersion are
also specified and taken into account in the generation. The parameters values used for
generation at 7 TeV energy are listed in table [4.1]

Table 4.1: Elastic parameters values used in elastic protons generation for ALFA [5].

Parameters 7 TeV

Otot (mb) ].00

b (GeV2) 18
p 0.12
A _
af 1.0 x 1074

oy, 0, (pm) 593
o (prad) 0.226

010t and p values come from the COMPETE collaboration [54]. Fig. shows an example
of elastic generated protons defined by the previous parameters at 7 TeV in a logarithmic
scale. A t lower limit needs to be fixed to cover the entire spectrum. This lower limit has
been chosen at — t,,, = 4 x 107> GeV?2.
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Figure 4.1: Elastic protons generation as a function of ¢ in a logarithmic scale with oy =
100 mb, b = 18 GeV~2 and p = 0.12.

This generated spectrum will be kept in order to be used in the ¢t — reconstruction after the
complete simulation ie after tracking has been performed. The results of the generation
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4.2. High B* optics

takes the form of several files containing the useful informations for the tracking coming
next, such as the cartesian coordinates of each particle (x,y), their transverse momentums
(pz, py) which can give angular informations and the energy error divided by the reference
momentum times the velocity of light AE/(pgc).

All output from generation files are compatible with MAD — X coordinates used for the
tracking. Before describing the MAD — X tracking used in the complete ALFA simulation,
one need to detail the way the optics called the high S* optics has been established and
the complete optics definition.

4.2 High (* optics

4.2.1 Matching

ALFA won’t be able to use the nominal LHC optics at 7 TeV with a 5* of 0.55 m. As
described in Chapter [3], special high 3* optics have to be introduced to fulfil the ALFA
requirements. Different optics have been studied and the ones that have already been
tested will be introduced in the next chapters.

To obtain these new optics, what is called matching needs to be performed. This is imple-
mented by the function match in MAD — X. Matching means finding adapted quadrupoles
strengths k& to respect the constraints imposed by ALFA and all constraints of the LHC
as currently installed in oder to build the ALFA modified optics.

LHC constraints

Looking more closely at the LHC constraints, limit constraints in Insertion Region 1 (IR1)
have to be respected in order to try to avoid the modification of the rest of the ring. IR1
consists in 13 quadrupoles. Accelerator sequence and elements (longitudinal position and
magnetic field of the magnets along the ring) was fixed before ALFA has started to put
in place the absolute luminosity and total cross section measurement. This removes a lot
of flexibility concerning the magnetic elements located in IR1. Thus, matching becomes
more complicated. An example of the ALFA beam line is shown on Fig.[£.2] A list of the

—
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Figure 4.2: Schematic layout of one side of IR1 [1] indicating also LUCID location and the
place of the detectors at 240 m.

corresponding quadrupoles MAD — X names and their strengths for beam 1, that have
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Chapter 4. Nominal ALFA configuration

been used for matching is shown in table 4.2 One can see that the triplets are described
by an addition of two strengths instead of only one as for Q4.

Table 4.2: Quadrupoles and gradients using MAD — X names labelled as defined in §

‘ Quadrupoles ‘ Quadrupoles MAD-X names ‘ k gradient MAD—X names ‘

Q1 MQXA.1R1 kax.rl + ktgxl.rl
Q2a MXQB.A2R1 -kagx.rl - ktqx2.rl
Q2b MXQB.A2R1 -kgx.rl - ktgx2.rl
Q3 MQXA.3R1 kgx.rl

Q4 MQY.4R1.B1 kq4.r1bl

Q5 MQML.5R1.B1 kq5.r1bl

Q6 MQML.6R1.B1 kq6.r1bl

Q7 MQML.7R1.B1 kq7.r1bl

Q8 MQML.8R1.B1 kq8.r1bl

Q9 MQM.9R1.B1 kq9.r1bl
Q10 MQML.10R1.B1 kql0.r1b1
Q11 MQTLI.11R1.B1 kqtl1l.ribl
Q12 MQT.12R1.B1 kqt12.r1bl
Q13 MQT.13R1.B1 kqt13.r1bl

The most useful quadrupoles for ALFA are located between IP1 and RPs. They are the
ones from Q1 to Q6. Q1, Q3 (MQXA type) and Q2 (MQXB) are the single aperture
triplets quadrupoles used to focus the beam at IP1 and the same strengths are applied for
both beams. These triplets are superconducting quadrupoles, 6.6 m long for Q1 and Q3
and 5.7 m long for Q2. The layout is shown on Fig. [£.3] These magnets are completed

Q3 TASE Q2 Q1

MCSOX | | MCBXA MQSX MCBX MCBX
a3 MCBXH/V MCBXH/V MCBXH/V
ad b3
b4 b6

Figure 4.3: Schematic layout of Q1, Q2 and Q3 quadrupoles in the ATLAS triplet [1].

with correctors in between them. Furthermore a skew quadrupole has been added which
will allow to correct coupling as it will be seen later.

Q4 to Q6 are common quadrupoles for beam 1 and beam 2 with different strengths for

each beam. They provide two different beam pipes where each beam can circulate. They
are superconducting quadrupoles. Q4 (MQY) has a 3.4 m length and an enlarged 70 mm
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4.2. High B* optics

aperture whereas Q5 and Q6 (MQML) are 4.80 m length and 56 m aperture. For instance,
Q4 quadrupole is shown on Fig. £.4. On beam 1, Q4 is defocusing, Q5 focusing and Q6

Figure 4.4: Schematic layout of Q4 quadrupole showing the two beam apertures.

again defocusing. Two dipoles, located between the triplets and the quadrupoles Q4, Q5
and 6, are used for separation and bending.

Beam 1 and beam 2 are matched separately. They have some differences in the beam lines
used for ALFA tracking more precisely on the longitudinal position of some correctors.
The main quadrupoles from Q1 to Q7 have the same longitudinal positioning. Further-
more, for convenient reason, and also because of the anti — symmetry of the LHC, the
matching is done on IP5 first with RPs located at 220 m as for TOTEM and translated
only after for IP1 with the 240 m RPs position.

Another constraint to be taken into account in the matching and resulting also in a loss
of flexibility, concerns the existence of a quadrupole gradient ratio r between beam 1 and
beam 2 for quadrupoles Q4 to Q10. This ratio comes from the way cabling of magnets
power supply has been done which gives an upper and a lower limit for r. The allowed
range between both beams is 0.5 < r = b1/b2 < 2. This ratio needs to be checked each
time new strengths files are created.

ALFA constraints

The list of constraints coming from ALFA input described in chapter |3 are summarized
in the following:

e A phase advance at the Roman Pots equals to 90°.
e Obviously, 8* equals to the needed value of 2625 m for the ultimate optics.
e D;, =0.0.

° Oc;’y =0.0.
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Taking into account all these constraints, a solution for a new LHC optics for ALFA
has been found and new quadrupoles gradient files specific for high S* optics have been
produced. It will be included in the MAD — X setup used for the ALFA tracking simulation
part. A more detailed description of the MAD — X setup and the 2625 m * optics, the
ultimate optics for ALFA, is given in § [£.2.2]

4.2.2 7 TeV high g* ALFA optics

A solution for the ALFA ultimate optics with the required optics parameters ie a g* =
2625 m has been firstly designed by [46] and re — designed in [38] to respect the fact
that, after LHC revisited its parameters, it occured that some quadrupoles strengths were
above the tolerances.

The optics parameters are listed in table [£.3] As seen in Figs. [4.5 and [4.6] the ALFA
requirements concerning the f* — function equals to 2625 m and the phase advance equals
to 90° are fulfiled for beam 1 as shown on Fig. [4.7. The phase advance for beam 2 is the
same as for beam 1. The ratio of the § for beam 1 and beam 2 can be seen in Fig.

Table 4.3: 3* = 2625 m optics parameters for beam 1, at 7 TeV beam energy and for an
emittance of ey = 1 um.rad. D is the dispersion and ¢’ the beam divergence with LHC version
V6.503.

IP1 RPs
€, (umrad) 1.0 S, (m) 95.2 -97.9
B* (m) 2625 B, (m) 1239 117.1
8 (m) 2625 o (jm) 113114
o 0.0 o, (um) 129 - 125
Dy (m) 0.0 o, (prad) 1.19-1.17
D 0.0 o (urad) 1.04-1.07

o* (mm) 0.593 Ap, (2)  0.534 — 0.541
o (urad)  0.226 Ay, (27) 0.247 — 0.252

But due to the limited flexibility on the magnets, the 2625 m * optics found has the
Q4 quadrupole polarity inverted. This means that a manual intervention of the power
convertor is needed during an access ie with no beam. Then, it will be kept for a whole
operation cycle. As a result, the injection scheme will need to be changed and this will

also required special optics and runs which will mean more avalaible time for experiments
like ALFA and TOTEM. Solutions for injection have also been studied [38].

Another requirement is to keep head — on collisions and avoid crossing angles. This is
why bunches are limited to a maximum small number of 156 bunches per beam instead of
the 2808 bunches planned for LHC at 7 TeV. Anyway low intensity bunches are enough
for ALFA measurement as detailed in chapter [3]
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Figure 4.5: [ — functions for beam1 for the Figure 4.6: Zoom of § — functions for

2625 m high g* optics with IP1 at the center of beam 1 for the 2625 m high 5* optics on

the figure. the right side of IP1 where the RPs are
located.

One of the critical point with high * optics is to check the apertures (specially at the
triplets or the TAS) which also depend on the normalized emittance value that could
be achieved. Some calculations were performed and it has been shown that the 2625 m
5* optics does not fulfil the apertures constraints if the nominal normalized emittance
ey = 3.75 pm.rad is used and even for ey = 2.0 um.rad, apertures in the triplets are
too small as can be seen on Fig. 4.9 Both apertures with two different normalized emit-
tances ey = 1 pm.rad and ey = 2 pm.rad, computed with MAD — X, are shown in Fig.[4.9]

Nevertheless, this fit with the fact that ALFA requires a much smaller normalized emit-
tance ey ie close to 1 um.rad. This value is not yet achievable but is planned be tested. nl
is the parameter for aperture check with MAD — X which with the geometrical aperture
also takes into account the alignment tolerances of the magnets. The limit for LHC is
fixed at n1 = 7o0. For 1 um.rad normalized emittance, aperture values for ALFA are
above the limitations.

It has already been demonstrated that tune decreases exponentially when (* increases
looking at the tune contribution around IP1 at +26 m [48]. Nominal overall tune values
for LHC, that in a ideal situation we would like to keep for high 5* optics, are (), = 64.31
and @)y = 59.32 during collisions for high luminosity physics runs. But, for the 2625 m
B*, these tune values differ. The new overall tune values are ), = 64.12 and @), = 58.79
if ALFA experiment is running alone (without TOTEM) which gives a difference AQ, =
0.2 and AQ, = 0.5. Furthermore, the loss in tune won’t be the same by running both
experiments TOTEM and ALFA together and in this case, the difference is AQ, = 0.36
and AQ, = 0.98. It will increase the gap.
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Figure 4.7: Phase advances for beam 1 for the 2625 m high 8* opticswith IP1 at s = 0.0 and
the 0.25 phase advance at 240 m as indicated by the straight line.
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Figure 4.8: Ratio of § for beam 1 and beam 2 from each side of IP1.

This loss in tune will have to be compensated as it was not possible to compensate the
tune values in the local matching. To compensate fully, it will be necessary either to
use other insertions or to use the main quads in the ring. Optics measurements will be
explained and detailed more for experimental 90 m high 5* optics in chapter [6]

The requirements of a 1 pym.rad normalized emittance is smaller than currently achieved
at the LHC. Moreover, the inversion of the polarity of the Q4 magnet is not compatible
with the present LHC operation. This makes £* = 2625 m optics extremely challenging.

The optics parameters required to reach the 2 — 3 % precision with §* = 2625 m are
defined in the ALFA TDR [5] and are summarized in table [£.4] These values are rather

demanding and need special studies.
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Figure 4.9: Apertures with 2 pm.rad (left) and 1 pm.rad (right) normalized emittance for
beam 1 and for f* = 2625 m.

Table 4.4: Initial requirements on optics parameters for 2625 m * optics [5].

Optics parameters | Precision
B +1%
Brps +2 %
Jips +0.5°
o +10 %
Crossing angle + 0.2 urad

4.2.3 MAD — X tracking setup

The gradient files extracted from matching will then be used in the elastic protons track-
ing. The tracking will be performed with MAD — X as the software is already extensively
used for LHC and contains all the elements sequence needed for ALFA but separatly from
the matching.

The first studies I've done were including two different tracking methods integrated in
MAD — X that we could call thin tracking and thick tracking. The thin tracking is based
on thin lens approximation and the tracking computation is much more faster than with
the Polymorphic Tracking Code (PTC) [55, [56] thick tracking module which is a sym-
plectic integrator.

It has been demonstrated that there is a difference on the ALFA ¢ — reconstruction results
between both tools and that ptc — track looks more precise for ALFA. We then perform
all the trackings with this tool. Tracking starts by using previous generated files. As
seen in Fig. [£.2) the beam line around IP1 where the Roman Pots for ALFA are located is
made of several magnetic elements. This beam line is part of the LHC ring sequence and
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Chapter 4. Nominal ALFA configuration

defined with MAD — X element names from table .21

The MAD — X setup has two goals:

e producing twiss files that can be used by the ALFA community for different purposes
like tracking with ATHENA [57], the ATLAS software, calculating the lever arm
Le ff

e tracking up to 1 million particles from IP1 to the Roman Pots taking into account
the generation files.

For both issues, the setup contains LHC beam 1 or 2 sequences, an added file containing
Roman Pots names to be added in the LHC sequence, collision strengths file and the
file issued from matching solution containing the strength quadrupoles values for high
B* optics. Beam 1 and beam 2 are runned separately.

This MAD — X setup for both beams can be found on ALFA twiki pages to allow the
community to perform the complete simulation or have access to the relevant twiss files.

Twiss files production has been done for different optics and takes into account every new
parameters that could be added in the setup coming from experimental results for in-
stance. These files are updated. A summary of the main optics parameters from the twiss
files is also made with beam size calculations depending on the normalized emittances.
This summary is also made for each optics and used for each data taking.

Once twiss files are produced, tracking starts with the coordinates of the particles compat-
ible with MAD — X coordinates conventions coming from the generation. To speed up the
tracking, the maximum number of particles is fixed to 20 000 particles by file and is run
into a loop. Then to reach 100 000 elastic protons tracked one need 5 input generated files.

The PTC tracking used allows to observe, after tracking, the position of the elastic events
at the Roman Pots location and takes into account the element apertures. The output
of the tracking files is divided in four main parts, each containing the coordinates of each
particle (position and momentum) who passed the tracking at the start, at the Roman
Pots and at the end. The tracking results allows us to collect all the particles that have
reached the detector, calculate the acceptance and the t — spectrum as it will be described

in §[4.3
4.3 Events collection and acceptance calculation

An important parameter for the measurement is the experimental acceptance which can
only be estimated by simulation. Indeed, when elastic protons are collected at the RPs,
the way to know the initial ¢ — spectrum goes through the acceptance value.

To describe the acceptance more precisely, one need to look at Fig. which shows
that most of the protons are scattered with small angles thus passing between the upper
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Figure 4.10: Intercepted elastic protons at the first RP on beam 1 with 2625 m 3* optics for
4 mm gap between upper and lower detectors. The diamond shape represents ALFA sensitive

area [42].

and lower part of the detectors. One can see that the upper and lower extremities of the
scattering pattern are cut. This is due to the physical aperture of the magnetic elements.

Once the reconstruction is done, we have two distinct information:
e The generated spectrum which contains all protons (real information).

e The reconstructed spectrum which contains only protons that have passed the track-
ing and hit the sensitive area of the detectors (detected information). This spectrum
depends upon the distance d we can bring the detector to the beam center. We usu-
ally used 1.5 mm which is equivalent to 12 0.

The ratio of these two distributions defines the acceptance which can be seen on Fig. [4.11]
On this plot we can distinguish two parts: above log;,(|t|) = —1.2 where the lowering
is mainly due to the losses during the transport, whereas below this value, it can only
be attributed to the detector geometry. Thus, to recover the generated spectrum from
the reconstructed spectrum we have for each part of the spectrum to weight it using the

inverse of the acceptance. An example of the ¢t — reconstructed spectrum is shown in
Fig. [4.12]

This illustrates the different steps for the ¢t — spectrum.

e The red one is the p — p elastic scattering generated ¢t — spectrum at the IP.
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Figure 4.11: Acceptance for 100 000 events with $* = 2625 m optics, ey = 1 pm.rad and
detector opening n = 12.

e the green reconstructed ¢t — spectrum comes from what has been reconstructed using
particle coordinates at the Roman Pots.

e The last one in blue is the corrected ¢ — spectrum which comes from the reconstructed
t — spectrum corrected by the acceptance.

Reconstruction method uses the position and the lever arm to determine the ¢ — spectrum.
The method can be briefly summarized looking at some equations. This is done for each
collected particle at the Roman Pot and for both z and y planes taking opposite Roman
Pots for both beams. gives the scattering angle at the IP for each particle. The same
can be done for 6,-. (4.2)) gives the overall scattering angle and use both overall
angles x and y in the t — reconstruction.

1 aTr a . .
0,0 = = Yot Lol ) with Lesr, = /B 5% siny (4.1)
2 Leff,x,a?rl Leff,z,a?ll
1
0p = 5 (0s1 +0s2) (4.2)
_ 2 (n*2 *2
t = p (07 +07) (4.3)

Any parameter (magnet currents, beam properties...) that is not known perfectly and
given as input for the simulation is a source of error on the acceptance determination
thus on the luminosity and total cross section determination. The misalignment of the
quadrupoles is one of these for instance.

Even, if all the methods cannot be explained in detail, some other reconstruction methods
can also be used. For instance:
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Figure 4.12: Comparison of the different ¢ — spectrum with the one corrected with the calculated
acceptance for f* = 2625 m (Fig. |4.11]).

e the substraction method (as already detailed in (4.2))).

e the local angle method using the measured angles from left and right and the My
matrix term as in (4.4)).

0 — Oy i
o — xz,left x,right (44)

X
Moa je e + Mo rignt

e the lattice method using the invert matrix to retrieve the angle position at the IP

as in (4.5)).
0F = oM+ 0, My (4.5)

x

e the local substraction method using position from inner and outer detectors but
including the M;; matrix term as in (4.6)).

outer nner
9* o Mll Linner — M11 Louter (4 6)
T T Mouter Minner _ “[inner Mouter :
11 12 11 12

All these methods must converge in one single final total elastic cross section value. The
method which is the most sensitive on the optics is the substraction method as it uses
position in vertical and in horizontal plane which was less studied. But the other methods
are based on the local angle which is poorly measured.
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Figure 4.13: Displacement of the closed orbit for the +++ configuration meaning Q4, Q5 and
Q6 displaced vertically by + 250 pum (see text for details).

4.4 Magnet misalignements for ATLAS high 5* optics

4.4.1 Impact of quadrupoles misalignement

In this study [58], the main magnetic elements are the inner triplets, the separation dipoles
and three quadrupoles called Q4, Q5 and Q6 [I]. The complete simulation needs track-
ing on both beams. To evaluate the worst misalignment configuration, only one beam is
modified for the tracking, the beam 1 which circulates clockwise in the LHC conventions.
Only the quadrupoles misalignments will be studied. The accuracy on the quadrupole
alignment is expected to be 250 microns [I]. To begin, we misalign Q4, Q5 and Q6 one
after the other. Then all combination will be done following the schemes given in table [4.5|

Table 4.5: Different configurations with corresponding vertical displacements in micron.

Q4 ] Q5 [ Q6 [+++[++-[+-+[+--
Q4| +250 | 0 0 | +250 | +250 | +250 | +250
Q5] 0 [ 4250 0 | +250 | +250 [ -250 | -250
Q6| 0 0 | 250 | +250 | -250 | +250 | -250

We have done the three first cases for horizontal and vertical displacements. However
due to the fact that the parallel to point focusing optics is set in the vertical plane, an
horizontal displacement has no impact on the detector acceptance and a small one on the
reconstruction. On Fig. [£.13] one can see the impact of the ++4+ configuration on the
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4.4. Magnet misalignements for ATLAS high 3* optics

closed orbit.

Fig. displays the effect of different misalignment configurations on the acceptance.
From this we can foreseen how such an effect could be damaging not only for the luminos-
ity measurement but also for the accelerator settings. In the LHC sequence, such cases has
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Figure 4.14: Ratio of the acceptance determined for different configurations of quadrupole
misalignement over the ideal one.

been anticipated introducing a BPM and a corrector in front of all quadrupoles between
the ATLAS IP and the RPs. The BPMs measure the displacement of the beam with
respect to the magnetic axis. This information is used to determine the corrections to
apply. This procedure is done using the MICADO correction algorithm within MAD-X.
For the luminosity measurement it is very important that the correction converges before
the protons reach the first RP in order that no effects are visible. The correction is done
with all the different configurations of misalignments already mentioned. We assume that
the BPM measurement error is negligible.

Due to the linear treatment of the optics, any misalignment has a linear impact on the
position and the angle of the tracked protons. As a consequence, the impact can be
measured in terms of position and angle offset at the RPs. These results have shown that
we are able to correct up to a 2 mm vertical offset in the RPs. If for some configurations,
the correction allows to retrieve the initial settings, some cases still show a little difference
as we can see on Fig. [f.15 where the + + + configuration and the + - - could not be
perfectly corrected before the RPs.

4.4.2 Acceptance and luminosity

A former study [59] has shown that considering errors on  and $* measurements as well
as on the phase advance, a total contribution on the systematic uncertainties for the beam
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Figure 4.15: Acceptance variation as a function of the misalignment configurations, integrated
over the full ¢ — spectrum.

properties should be about 0.7 % on the luminosity. However this figure does not take
into account the magnet misalignments. To minimize statistical effects, we have gener-
ated 10 million events. The luminosity and the total cross section are strongly correlated.
Futhermore, the effect of the misalignment can only lower the acceptance as it introduces
a skewness in the proton distribution which is not counter — balanced in the other arm of
ALFA. The consequence is that the luminosity is underestimated whereas the total cross
section is overestimated. In the worst case (+ + +), we obtain +1.9 % of uncertainty on
the luminosity and -0.8 % on the cross section.

Considering the worst case of vertical misalignment for one beam, we have shown that
assuming a perfect correction introduces a systematical uncertainty of 1.9 %. This large
effect comes from the fact none of the alignement information is taken into account in
the simulation. This will be needed for the final analysis. The key issue will be to
achieve the corresponding correction in the short range going from IP to RP during the
operation of the accelerator. A complete study including the inner triplets should be done.
Furthermore all misalignment and rotations should be considered and one should allow
to set boundary conditions.

Conclusion

The 2625 m high * optics has been described and studied including the possible errors
due to transverse quadrupoles misalignements. An overview of the complete simulation
scheme and a description of the ¢ — reconstruction method has been given. This optics is
challenging and needs first special run tests. Therefore, an intermediate optics to integrate
in the complete ALFA simulation has then been implemeted and is shown in chapter

64



Chapter 5

Intermediate High 5* 90 m optics
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LHC has provided collisions at 4 TeV beam energy from 2012 till february 2013. It has
been followed by the first LHC Long Shutdown (LS1) to prepare LHC for operation at
higher energy. The 2625 m high 5* optics could not be achieved before LS1 because of two
different reasons. Firstly because of the quadrupole Q4 inversion leading to new injection
scheme dedicated for this optics. Secondly because of the aperture critical limit imposing
to reduce the emittance to 1 gm.rad which is an important item for ALFA to reach the
Coulomb nuclear interference region. Both items, new injection and emittance, need first
to be tested. But other accelerator issues need also to be tested and time becomes then
a critical issue. The main goal for ALFA is ultimately to reach a very high 8* optics of
2625 m. But before, intermediate optics need to be approved and tested on the LHC.
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The idea was then to start with optics as close as possible to the nominal optics but with
higher £*. The 90 m intermediate optics [60] has then been chosen as a first intermediate
optics study. In this chapter, my work on the 90 m £* optics will be described as it has
been more precisely studied to fulfil the requirements for the LHC and ALFA.

5.1 90 m (5" optics

5.1.1 Matching and de — squeeze
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Figure 5.1: ¢ value evolution as function of 5* for three different openings of RPs n= 5, 8 and
12 0, with 3.5 TeV energy and with a normalized emittance equals to 3.75 pm.rad.

Fig. summarizes the minimum ¢ — value coming from (3.15)) that can be achieved for
a normalized emittance of 3.75 pm.rad and 3.5 TeV energy per beam. With 5* = 90 m,
the minimum |#| — value reacheable is 3.42 x 1073 GeV? for a distance to the beam at
50. This illustrates and confirms that the 90 m high #* optics is not sufficient to reach
the Coulomb nuclear interference region and that to reach it, higher 5* optics will be
needed and will have to be studied. Nevertheless, it has some advantages which are that
the optics can be tested on the LHC quite soon so as to check the feasibility of high §*
optics and check the important parameters for future developments. And still, it allows
first results on total cross section measurements from data taking with the Roman Pots.

As explained in chapter [4] optics matching needs to be done in order to create new optics
corresponding as close as possible to ALFA requests. The injection scheme for LHC starts
at 0 = 11 m. A de — squeeze is then needed to be able to go smoothly from 5* = 11 m
to f* = 90 m at IP1. This de — squeeze is a rather demanding part as, at each time, the
ratio of quadrupole strengths between both beam lines (0.5 < r < 2) needs to be checked.
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5.1. 90 m B* optics

The limitations must be respected as relevant for the first year of operation for the first
90 m high §* optics runs and identically to the 2625 m high §* optics matching, beam 1,
beam 2 have to be treated separatly.

A study has been made in order to evaluate the impact on the tune when increasing the
p*. The curve as seen on Fig. [5.2| [48] has been made for this purpose. The larger tune
reduction appears between 11 and 90 m during the de — squeeze. This is the reason of
the choice of 5* = 90 m for the first optics above * = 11 m on LHC.

Figure 5.2: Tune contribution in terms of * at + 26 m from IP1 for the LHC [48].

Further iterations are needed, everything being done on IP5 first, to simplify the calcu-
lation. Several reasons lead to that choice: the first one is that the LHC sequence used
in MAD — X starts at IP1. Secondly, ALFA and TOTEM will work with quasi — similar
optics during the same beam time and as TOTEM was more advanced, optics matching
were first calculated for IP5. To match the entire insertion IR1, the sequence needs to be
started elsewhere. This is possible and has been checked after experimental studies, but
not taken into account for the matching.

Furthermore, as LHC is quasi — symmetric, to simplify at first, only the last step could be
calculated for IP1 with Roman Pots located at 240 m instead of 220 m for TOTEM. An
example of the de — squeeze showing the evolution of the normalized strengths at each 5*
step is shown on Fig. [5.3] This has been done for each quadrupole located in IR1 (from

Q1 to Q13 listed in table .

This shows that nineteen steps have been needed to go from the §* = 11 m at injection
to desqueeze smoothly to * = 90 m after ramp and keep the spacing between the steps
adequate. The same layout of IR1 and IR5 have made, in principle, possible to operate
the LHC with identical optics in IR1 and IR5. The size of the beam evolution during the
de — squeeze for both o, and o, is shown on Fig. [5.4]

67



Chapter 5. Intermediate High B* 90 m optics

001 T T T T
kqtl3r5bl —+——
e ——— ) _ kqtl2r5bl ——
" kqtlTTr3bl ——
Ry Kql0rbl —=—
- T T kq9rShl ——
kq8.r5bl
kq7.r5b1 ——
kq6r5bl —=—
kq5r5bl —+—
L. 1 —_——
!qus(‘) ry —e—y
iu@{ﬂrs -

— kgxa5 ——

it
o
o]
T
Ll
1

]

strength [1/m

-0.005 fsgae e :

70‘ 0 1 ' L il 1 L
20 40 60 80 100

p* [m]

Figure 5.3: Quadrupole strengths evolution in IR1 for each 5* step during the de — squeeze. 19
steps are enough to go smoothly from 11 m to 90 m.

As expected, the beam size described in in the horizontal and vertical direction at
IP1 is always growing from o = 112 pm at the first step of about § = 12 m to reach it’s
maximum size of 300 ym at 90 m. At the Roman Pots, vertical and horizontal beam sizes
are also growing with the 5* value. For the first RP, (A7TR1), the vertical beam size goes
up to 928 pum and for the horizontal beam size up to 374 pm.

On the opposite, the divergence (see ) decreases as 3* increases. But the dominant
term for the divergence is the emittance. The evolution of the horizontal and vertical
divergences are shown on Fig. 5.5l The smaller the divergence, the better for the elastic
total cross section measurement with ALFA. Hence, this is another reason why increasing
£* up to higher than 90 m will be necessary. Very high 5* optics, rematched starting from
90 m S* optics including the same limit conditions, will be described in chapter [7]

5.1.2 Main parameters

The parameters of the 90 m * optics are listed in table for a normalized emittance
equals to 3.75 pym.rad which was the emittance expected for LHC as indicated in [I]. The
main parameters used in the 2625 m (* optics have been kept in the 90 m g* optics. In
particular, the vertical phase advance between the IP and the RPs is equal to 90°, disper-
sion and « at IP1 are equal to zero. With these values, the vertical and horizontal beam
sizes at IP1 reach 300 pm. The internal tune compensation cannot be done internally.
This optics is fully compatible with beam at 3.5 TeV beam energy with a normalized
emittance of 3.75 pm.rad but also it has been checked that it’s compatible with 7 TeV
beam energy.
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Figure 5.4: Horizontal (left) and vertical (right) beam size evolution during the de — squeeze
from f* = 11 m up to 8" = 90 m with ey = 3.75 pm.rad and 3.5 TeV energy.

Table 5.1: 90 m * optics parameters for beam 1 (LHC version V6.503).

IP1 RPs
€, (pm.rad) 3.75 [, (m) 193.5 — 124.2
3* (m) 90 B, (m)  857.5- 7804
B (m) 90 o, (um) 374 - 353
o 0.0 o, (um) 926 - 883
D;/ (m) 0.0 o) (urad) 2.67—2.83
Dy 0.0 o, (purad) 1.08 -1.13

o* (mm) 0.3  Ap, (27) 0.515-0.519
o (urad)  3.33 Ap, (2m) 0.249 — 0.250

The final rematched optics for IP1 is shown on Fig. [5.6f The 90 m optics can also be
found on the LHC optics database under the name IP1_beta90.str and also all the steps
for the de — squeeze. Fig. shows that the calculated aperture at 90 m is not critical
and well above the specification. The calculation was done for the standard normalized
emittance of 3.75 um.rad at 3.5 TeV. The specification is that the aperture, shown in
terms of a figure of merit value ”nl’EL remains well above the specified value of 7 includ-
ing separation over the full interaction region.

As for the squeeze in standard operation, it is planned to keep the beams separated dur-
ing the de — squeeze to 90 m using parallel separation at the IPs. Standard injection and
ramp uses horizontal parallel separation and a vertical crossing angle in IP1 and vertical
parallel separation and crossing angle in IP5. The crossing angle will be turned off before

2The notation nl is the one traditionnaly used at CERN.
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Figure 5.5: Horizontal (left) and vertical (right) beam divergence evolution during the
de — squeeze from $* = 11 m up to §* = 90 m with e = 3.75 pm.rad and 3.5 TeV energy.

the de — squeeze to 90 m. The separation bump shape is shown in Fig. [5.8 The parallel
separation is kept constant at IP1 and IP5 during the de — squeeze. For the 90 m [3*
optics for ALFA and for all intermediate de — squeeze optics, the separation bumps had
to be recalculated since opposite planes are used for IP1 and IP5. The same scaling is
used in IR1 and IR5 for the MCBX1 corrector starting with a kick of 10 prad at 11 m

V11 m

Vi
The de — squeeze from §* = 11 m to 90 m results in a significant loss in phase advance
which has to be compensated in the rest of the LHC to keep the overall tunes constant.
This change will result in some (3 beating. The numerical values are given in Table [5.2]

They are very similar for IP1 and IP5. Commissioning of both optics together implies a
doubling of the external tune compensation and an increased 3 beating.

which scales during the de — squeeze as

For tune compensation, alternatives have been found in [4§]:

e To use IR4, where is located the RF system. But this has some consequences on
the instrumentations and damper as to be able to change the tune to a maximum
value of 0.2. This has to take into account the damping and the synchrotron light
monitor.

e To use the trim quadrupoles instead of the main quadrupoles. This will introduce
B beating of 2.2 % rms in x and 0.4 % rms in y.

e To use the main quadrupoles in the arcs.

In these three cases, the most attractive alternative is to use the main quadrupoles in the
arcs and ramp them up during the de — squeeze.
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Figure 5.6: 90 m ALFA optics parameters 3, , and dispersion D, , for beam 1 (left) and beam 2
(right).

5.1.3 90 m S* optics commissioning strategy

A commissioning strategy for the 90 m 8* optics has been established [61]. To summa-
rize, the first step for machine commissionning was to use standard injection and ramp.
Then the de — squeeze was done with no crossing angle using the matched files which will
allow 4+ 2 mm separation constant during the de — squeeze. In parallel, the feasibility for
external tune compensation using the main quadrupoles in the arcs was checked. Both
IP1 and IP5 were commissionned simultaneously.

A machine study performed earlier 2011 in the LHC has demonstrated, that it is possible
to provide the external tune compensation by ramping up all main LHC arc quadrupoles
(QF, QD) during the de — squeeze, such that the tunes are kept constant and the beam
lifetime is not reduced [62]. The experimental study will be explained in more details in
chapter [0]

Table 5.2: External tune compensation required for the 90 m optics in IP1 and IP5.

beam 1 beam 2
AQ. | AQ, | AQ. | AQ,
IP1,90 m | 0.225 | 0.057 | 0.224 | 0.055
IP5,90 m | 0.222 | 0.055 | 0.220 | 0.053

Total 0.447 | 0.112 | 0.444 | 0.108

Strategy for 90 m * optics has a lot been discussed. During 2011 and 2012, the strategy
has evolved due to the experience acquired in the runs dedicated to the high 5* optics. In
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Figure 5.7: 90 m ALFA optics apertures with 3.75 pm.rad normalized emittance at 3.5 TeV in
IR1, for beam1 (left) and beam 2 (right). The green line figures the limit nl for the aperture
(n1 = 7 in LHC specifications).

2011, it was planned to commission in one run both high * optics for IP1 and IP5. The
first step was to study the feasibility of the de — squeeze with external tune compensation
with main quads using standard injection and ramp optics and crossing angle in IP1 and
IP5 off during the whole run.

5.2 ALFA Acceptance simulation with the 90 m S*
optics

For the transfer momentum t — reconstruction, which is needed to give the total elastic

cross section, the two main parameters are the experimental acceptance and the lever

arm Legp. First, we'll look at the acceptance as defined in chapter @ with a complete

simulation including tracking and reconstruction. Then, the lever arm will be defined and
its importance highlighted.

5.2.1 Generation and tracking

All the simulations in this study have been made for 3.75 pm.rad but as it will be seen
in chapter [6] during the commissioning of the optics, the emittance value is close to
2.0 pm.rad. This smaller emittance will be very useful as it was highlighted in chapter [4]

PYTHIA generation has been adapted to the 90 m [* optics parameters and nominal
LHC for 2011. The new set of parameters used are the following:

e Emittance value is 2 pm.rad.

e Beam energy 3.5 TeV.
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Figure 5.8: Horizontal separation bump scheme at IP1 for 8* = 90 m.

e Beam divergence o}, = 2.44 prad.

e Beam size o}, = 220 pm.

A minimum limit has been set for ¢ which is — ¢, = 4 x 107° GeV?2. But, for acceptance
calculation only, corresponding to the ratio of intercepted protons on generated protons,
the generation can be simplified. Instead of generating elastic scattering events, one can
generate a pulse in the same ¢t — values range as in the PYTHIA generation. This was
done with ROOT using the uniform distribution provided by the random number gener-
ator. The generated protons spectrum represented in a flat uniform density distribution
is shown on Fig. 5.9]

The file computed here is in fact divided into 5 files for beam 1 and beam 2 containing
positions and angles which are opposite between both beams. Each file contains 20 000
particles to gain in computering calculation time for the tracking. Putting all files in one is
too time consuming. Furthermore, the generated spectrum has to be kept because it will
be used after tracking to calculate the acceptance. For this, a special text file containing
only the t — values is produced at the same time during the generation. The tracking has
been performed for 100 000 elastic protons using the 90 m * optics at IP1 for 3.5 TeV
energy per beam.

After tracking, all the elastic particles are collected and all the files are put again together
in order to be able to calculate the acceptance with a MAD — X setup like it was described
in chapter [4] for the 2625 m 3* optics. The MAD — X setup has two purposes: one is
to track all the elastic generated protons from IP1 to the RPs to collect the events at
the RPs and determine the acceptance. The other one is to calculate the beam matrix
elements using the corresponding optics. Both purposes can be done separatly and are

defined in § and §5.2.3]
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Figure 5.9: Random generated spectrum for the 90 m S* optics for ALFA for 100 000 entries.

5.2.2 Acceptance

The energy is 3.5 TeV per beam as relevant for LHC first year of operation. The accep-
tance has been calculated for different y = n o distances. The normalized emittance used
in the calculation has been set to 2 pm.rad which leads to a geometrical emittance of €, ,
= 5.36 x 107 '"%m.rad. Table lists the minimum ¢ — value achievable using when
approaching the beam at a vertical distance y which depends on the number n of . This
confirms that the closer we approach vertically, the minimum ¢ — value is reached.

Table 5.3: Minimum ¢ values for different values of n.

n |y (mm) at ATR1 | ¢, (GeV?)
6 4.1 0.0026
8 5.4 0.0047
10 6.8 0.0073
12 8.1 0.0105

The acceptance corresponding to these different distances n have been calculated and are
shown on Fig. [5.10[ The plot shows two different parts: one above log,(|t|) = —1.2 linked
to the losses due to the transport and the other one below the same value, linked to the
detector geometry. What is relevant, looking at the acceptance plot, is the values above
50 %. We can see that the acceptance is much bigger with a peak of 0.84 for 6 o when the
distance of the pots is closer to the beam.
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Figure 5.10: Acceptance as a function of log;o(|t|) for different o values with n = 6, 8, 10 and
12.

This illustrates the great interest to put ATLAS/ALFA detectors close to the beam. Go-
ing down to 6 o able to reach an acceptance of 50.1 % which is closer to the value that we
can achieve with the nominal 2625 m * optics of the order of 67 %.

But the acceptance is not the only important parameter concerning optics. The lever arm
defined as a matrix term in optics convention needs to be defined and studied as it has a
lot of impact on the ¢ — reconstruction.

5.2.3 Lever arm (M2 or Msy)

The lever arm as called for ALFA is in fact the M;s term in the matrix beam formal-
ism ([2.59)). This is an important term as the lever arm is used in the ¢ — reconstruction
methods and is part of the systematics errors for the total elastic cross section. Despite
the more important role of Mis, the other matrix terms have also to be calculated. A
reminder of all the matrix elements considered without coupling that can be applied for
both horizontal z and vertical y are listed in ([5.1).

z(s) My, My 0 0 Zo

x'(s) _ My My 0 0 x; (5.1)
y(s) 0 0 Mz Msy Yo '
y'(s) 0 0 My My Yo

75



Chapter 5. Intermediate High B* 90 m optics

with:

( My, = Mszz = \/%T(OS)(COS¢(3)+O%O sin ¢(s))
My = M3y = \/ﬁuoﬂu(s) sinqb(s)

M21 = M43 = —m [(au(s) — Oéuo) COS ¢(S)
+(1 + au(s)auo) sin ¢(S)
\ MQQ = M44 = BBuL(Os) (COS ¢(S) — au(s) sin ¢<S))

With v = x or y depending on the matrix term. The matrix formalism allows to retrieve
the position at the Roman Pots from the position and slope at IP1 taking into account
all the matrix terms depending on the method used.

A set of lever arm values, with 3.5 TeV energy and no crossing angles found with the 90 m
B* design optics for each Roman Pots at their initial position are listed in table [5.4]

Table 5.4: Lever arm L¢y; for each ALFA Roman Pots for beam 1 and beam 2.

s (m) | Leppa (m) | Legpy (m)
ATRL | 237.398 | -10.294 | 277.804
B7R1 | 241.538 | -13.017 | 265.022
ATLL | -237.398 | -10.292 | 277.836
B7L1 | -241.538 | -13.016 | 265.073

As the lever arm are different for each beam, each of them for each pot has to be taken
into account in the t — reconstruction with the substraction method ([{.1)).

To obtain the beam matrix terms, twiss files are produced from the MAD — X setup giving
the different optics values and therefore the matrix elements. The lever arm is not exactly
identical for both beams because both sides on LHC around IP1 are not exactly identical.
This leads to small differences on the optics parameters and then on the lever arm. All
the simulation and twiss files are given and produced for the ALFA community in order
to give different setup for different needs.

5.3 Parametric study

5.3.1 Study with and without tune compensation

The 90 m [* optics setup is very close from the 2625 m S* optics. The quadrupoles
strengths files providing the 90 m £* optics are used with all the LHC sequences needed.
The files have been updated and were put in a common location in order to able all ALFA
community to use them. The collision points IP1 and IP5 have head on collisions.
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It has been demonstrated in [48] that there was different solutions for tune compensation
during the run. The solution chosen for 90 m Sg* optics and included in the commis-
sionning strategy is to compensate the global tune by using the quadrupoles in the arcs.
That’s why initially for the whole simulation the setup includes a global matching for tune
compensation. Table [5.5 shows a comparison of the twiss parameters with and without
tune compensation around IP1.

Table 5.5: Comparison of MAD — X setup with and without tune compensation for beam 1 on
the first three columns and beam 2 on the last three columns. IP1.B1 indicates the Interaction
Point for beam 1 and IP1.B2 indicates the Interaction Point for beam 2.

IP1.B1 (%) | A7R1 (%) | B7R1 (%) | IP1.B2 (%) | A7L1 (%) | B7LI (%)
ABz/Bx 3.9 10 3.97 33 38 34
ABy/By 0.19 0.16 0.15 0.4 0.4 0.4
Ap/p 0.0 0.12 0.16 0.0 0.09 0.13
Ap/p 0.0 1.2 1.2 0.0 0.04 0.04
ALcrso/Lefra 0.0 0.0 0.0 0.0 0.0 0.0
ALesry/Lesry 0.0 0.0 0.0 0.0 0.0 0.0

As we can see, tune compensation doesn’t act at all on the lever arm L.s;. Even if the
optics parameters are different, the lever arm remains the same. This was predictible as
for tune compensation, only quadrupoles strengths in the arcs are modified. Then, there
will be no need to add the tune compensation in the tracking for ALFA. ALFA MAD - X
setup and tracking can be treated as a beam line. Only what happens in between IP1
and the RPs has some influence.

5.3.2 Beam line vs ring — Betatron function

Due to the fact that the lever arm has the largest importance and that crossing angles,
tune compensation etc... does not act on it between IP1 and the RPs, further studies to
search for the elastic total cross section including systematics are done using a beam line
MAD — X setup. The fact that the lever arm won’t change even if the rest of the ring is
modified can be well understood looking at the fact that it’s a matrix term which depends
only on the quadrupoles located in between IP1 and RPs.

The g* — function is one of the important parameter for the lever arm calculation.
MAD - X allows to change the §* — function in the twiss file by imposing initial con-
ditions to see if the impact on the lever arm is large or not. To evaluate this impact on
the lever arm, one need to go back to the definition as stated in ([5.1]).

M, called lever arm L. is a constant term in the matrix unless the optics line is changed.
To change the value in the matrix, one need to change the optics ie modification of the
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line. To understand better what happens to the optics functions, we use the following
formalim:

3 02 —25C S2 3
a| =|-cc cs+5C -89 . |a (5.2)
y 0/2 _2015/ S/Q vy

s 0

The 8 — functions have been modified by +5m. The study has been done for beam 1 but
the result is similar for beam 2. Two different methods have been used: an analytical one
using matrix formalism in mathematica and the twiss MAD — X module with specified
initial parameters in order to calculate the lever arm. The same results have been ob-
tained such as ALcssy/Lepps and ALggp,/Less, are both equals to 0.0.

Regardless the g — functions given in input, the lever arm keeps the same value and is not
changed which was predictible regardless the matrix formalism. Indeed, as can be seen
on table for v/BB* on beam 1, the curve is quasi linear from 86 to 94 m and has a very
slightly variation which is compensated by the phase advance variation.

Table 5.6: Evolution of the optics parameters by changing the initial condition on 8*.

B (m) | Barrs (m) | prarrs (°) | Mg = Lespy (m)
85 907.952 0.24953 277.804
86 897.394 | 0.249524 277.804
87 887.079 | 0.249519 277.804
88 876.999 | 0.249513 277.804
89 867.145 | 0.249508 277.804
90 857.511 0.249502 277.804
91 848.088 | 0.249497 277.804
92 838.869 | 0.249492 277.804
93 829.849 | 0.249486 277.804
94 821.022 0.24948 277.804
95 812.379 | 0.249475 277.804

All the parameters of the lever arm term vary and compensate which gives the same result
at the end. The only way, then, to modify the optics and impact on the lever arm is to
change the quadrupoles strengths. This is another study shown in chapter [6]

The measurement of the total cross section depends on the simulation and on the lever
arm value. The errors coming from a longitudinal misalignment of the RPs could be
checked before the experimental run. It was also planned to combined the ALFA run
with ATLAS measurements. It was then necessary to check if the ATLAS solenoid could
disturb the measurement. These two items were studied in § [5.3.3|and § [5.3.4}
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5.3.3 Longitudinal RPs position

RPs detectors position is of interest as a longitudinal shift can give different sets of optics
parameters and impact the lever arm. A small study has been performed in order to
quantify the impact of RPs position change taking into account 4+5 cm longitudinal
position range.
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Figure 5.11: Impact of a longitudinal displacement of the ATR1 RP on the horizontal (left) and
vertical (right) lever arm.

As can be seen on Fig. [5.11], for ATR1 Roman Pots on beam 1, the slope for Legs, is
-0.0065 and for L.y, is -0.0031. The same result for both lever arms has been found for
B7R1. This gives a relative difference on the vertical lever arm of about 0.3 %.

Due to the impact of the longitudinal RPs positions, it was re-measured in the LHC
tunnel. Precise location of the RPs are now: 237.389 m for A7TR1, 241.538 m for B7R1,
237.395 m for A7L1 and 241.539 m for B7L1 instead of the previous ones 237.398 m and
241.538 m for both pots for both beams. It has then been demonstrated that the detectors
positions could be shifted only by 1 mm. This allows us to exclude a possible error from
RPs position.

5.3.4 Impact of the ATLAS solenoid

As detailed in §[T1.4] ATLAS inner detector is included in a solenoid. This solenoid has been
modeled for LHC in the MAD — X sequence [63]. One can add or not the ATLAS solenoid
in beam tracking and simulations. In our case, the idea was to know if the solenoid will
affect the particle tracking. Tracking was performed including or not the ATLAS solenoid.

At the Roman Pots, it was shown that the impact of the solenoid is negligible. Indeed,
the acceptance remains the same and looking at the position (z,y) or the angle (p.,py)
difference, the RMS values for ATR1 are for x: 7.472 x 1078, for y: 2.039 x 1079, for p,:
3.744 x 107 and for p,: 2.249 x 10~ as shown on Fig. and Fig. . As these values

are much smaller than the detector position resolution (= 40 um) [64], the tracking can be
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performed without taking care of the ATLAS solenoid. This conclusion can be extended
to the three other RPs.
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Figure 5.12: Difference in x and y at ATR1 after tracking with and without the ATLAS solenoid
simulation.
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Figure 5.13: Difference for p, and p, at ATR1 after tracking with and without the ATLAS
solenoid simulation.

Conclusion

We’ve shown here that the lever arm is a robust quantity. One needs large errors to
impact on it. It has also been shown that to calculate the lever arm, we can consider a
beam line. The 5* = 90 m optics developped in this chapter has been implemented in
LHC. This will be the topic of the next chapter.
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Experimental study of 90 m 5* optics
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To improve the LHC performances, slots of beam time called MD for Machine Development
are dedicated for accelerator physics to test any improvement method for LHC. MDs are
distributed along the year in periods of 5 days usually followed by technical stops. To
test new optics, as the intermediate 90 m 5* optics for ALFA, one need to ask for beam
time during these MD sessions. Then, when the MD periods are successfull, the data
taking period with ALFA Roman Pots can take place. These periods were performed in
2011 and 2012 during few weeks distributed along the year. The experimental results are
extracted from both periods in order to evaluate the uncertainties and compare simulation
to data. The MDs will be given in chronological order as at each MD, step by step, the
understanding of the optics was improved.
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6.1 90 m " commissioning and optics measurements

The 90 m high * optics was commissioned in several studies and operation periods in
2011. The 2011 commissioning periods are listed in table [6.1]

Table 6.1: Summary of the MDs fills for 2011 for 90 m 8* optics.

Fill Date Action
1760 05/05/11 De-squeeze tests
1902 28/06/11 First data with Roman Pots
2047 23/08/11 Dump due to power glitch
2172 - 2173 | 30/09/11 Beam lost before data taking
2174 - 2175 | 30/09/11 Beam lost before optics measurements
2227 18/10/11 Beam dumped
2228 10/11 Loss maps and optics measurements
2229 10/11 Self triggered beam dump
2230 10/11 Beam dumped : rqt13.14b2 tripped : access required
2231 10/11 For VdM, dumped during de — squeeze
2232 10/11 Data taking

This gives a total of 13 fills corresponding to 4.2 days of running time [65]. The fill num-
ber corresponds usually in a complete scheme: cycle, injection, ramp, de — squeeze, optics
measurements or data taking and dump. To simplify, we could say that each de — squeeze
attempt corresponds to one fill. The de — squeeze from $* = 11 m injection optics to g*
= 90 m was successfully achieved from the first try using the main quadrupoles of the
LHC arcs for the external tune compensation. A second run was more dedicated for the
90 m [B* optics with parallel separation bumps. Beams were brought into collisions at the
end of this second run. Then, the other runs were used to re — measure the optics, adjust
collimators and Roman Pots for, finally, performing data taking for both experiments

ALFA and TOTEM.

The beam intensity in 90 m S8* optics is much reduced compared to standard high lu-
minosity operation. Furthermore, there’s no crossing angle at IP1 and IP5 for high g*
operation. To avoid parasitic collisions, the maximum number of bunches is then limited
to 156. A list of the filling scheme used during special 90 m [* operation is given in
table . Typically, for the runs described here, 15 bunches are used. Two with 7 x 101°
protons and thirteen considered as probe bunches with very low intensity (~ 1 x 10'° pro-
tons), close to the instrumentation lower limit. Another reason, from which low intensity
is required, is due to machine protection during the  beating measurements using the
AC dipole. Collisions were not happening in all the fills, only protons in the same buckets
from left and right can collide. When the buckets are different, this means that the bunch
location makes that there’s no collisions.
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Table 6.2: Filling schemes for 90 m * optics MDs during 2011.

Collisions Bunch number Intensities Buckets
(protons
per bunch)
28/06/11 Fill 1902
Beam 1 1 1 x 10 3001
Beam 2 1 1 x 10 3001
Beam 1 1 2 x 1019 1
Beam 2 1 2 x 1019 1
23/08/11 Fill 2047
Beam 1 3 7 x 1010 1-17851-18851
Beam 2 3 7 x 100 1-8911-18851
30/09/11 Fills 2172-2173
Beam 1 2 7 x 10 1-17851
Beam 2 2 7 x 1019 1-8911
Beam 1 13 1 x 10 all colliding
Beam 2 13 1 x 10 all colliding
18/10/11 | Fills 2227-2228-2229-2230-2231-2232
Beam 1 2 7 x 100 1-17851
Beam 2 2 7 x 10 1-8911
Beam 1 13 1 x 10 all colliding
Beam 2 13 1 x 10 all colliding

6.1.1 90 m [* commissioning in 2011 at 3.5 TeV

Before commissioning the 90 m 3* optics, first hardware commissionings on IP1 and IP5
quadrupoles have been performed [62] which means inserting the quadrupoles currents
without beam to check the settings. They are called dry — runs. The one that has been
performed for IR5 is shown on Fig. [6.1] A first test of the de — squeeze without beam
was performed successfully on the 15th February in the LHC sector 5 — 6. This complete
dry — run was performed few days before the actual MD, and revealed, that the RQ4.B1
ramp down was slightly slower than requested, resulting in a trip between g* = 25 and
f* = 30 m. This was fixed by stretching the function length in the critical segments by
70 s, bringing the total time needed for the simultaneous de — squeeze in IP1 and 5 from
1772 s to 1842 s (without stops).

De — squeeze

The simultaneous de — squeeze in IP1 and IP5 from the injection * = 11 m to 8* = 90 m
results in a significant tune reduction of up to 0.45. It is compensated by an increase
of the strength of the main LHC quadrupoles (QD, QF). The validity of this approach
was demonstrated in a first test performed in May 2011. As illustrated in Fig. and
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Figure 6.1: Screenshot from the Control Room of the quadrupoles first hardware commissioning
on IP5 for both beams performed the 15th february 2011 (overall horizontal scale spread is 1
hour).

Fig. 6.3 it was possible to reach f* = 90 m without any significant beam losses.

To keep matters simple and minimize the risk of damage in case of uncontrolled beam
loss, the first study was performed using single bunches of rather low intensity in each of
the LHC proton rings, located such that they would not collide in the interaction regions.
This worked very well. The beam intensity was close to 1.2 x 10'° protons for each beam.
Feedbacks were used to automatically correct orbits and tunes. Linear interpolation is
used for the magnet strengths between the steps. The tune distortions introduced by the
linear interpolation were calculated. The calculated corrections reach values up to 0.006
between the steps and can be corrected using the LHC trim quadrupoles. To test the
procedure, the calculated corrections were only applied for beam 1.

The time evolution of the tune trims during the first de — squeeze study are shown in
Fig.[6.4 The tune evolution for beam 1 is rather flat which shows, that the tune excursion
between the de — squeeze steps was well predicted and corrected while these excursions
are visible for beam 2 and compensated by tune feedback. The orbit and tune corrections
found in the first de — squeeze were incorporated as correction for the second de — squeeze.
In the second study, beams were injected in the same buckets in beam 1 and beam 2 of
the LHC to allow for collisions. This requires beam separation at the interaction points
to avoid collisions during the injection and de — squeeze. The separation is provided by
closed orbit bumps in the interactions regions which keep the beams transversely sepa-
rated by at least &= 5 0. The intensity in the second study was increased to 3x 10! protons.
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Figure 6.4: Time evolution of tune trims during the first de-squeeze study.

A summary of all the de — squeeze during 2011 is shown in Fig.[6.5] The values have been
extracted from the TIMBER database after runs for each different fills for the 90 m g*
optics. It shows that all the de — squeeze are very similar for each fill. The time steps in
abscissa have been equalized and put in hour unit in order to be able to compare each
fill. We can also see that one of them has stopped before reaching 5* = 90 m due to a
beam dump. The first de — squeeze had taken 85 minutes as optics was checked at each
step whereas, at the end, only 35 minutes were needed.

Optics measurements

Optics measurements are an important part of the commissioning for two different reasons:
the first is to make sure the optics is overall sufficiently well known and corrected and
the second to obtain a good knowledge of S* and the optics parameters between the
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Figure 6.5: Superimposition of all 90 m £* de — squeeze during 2011.

interaction point and the Roman Pot detectors.

£ beating

This was measured at three steps: 11 m, 30 m and 90 m. The evolution of the § beating
is shown in Fig. [6.6]

LHCB2 3.5 TeV

0 5000 10000 15000 20000 25000
Longitudinal location [m]

Figure 6.6: Evolution of the 8 beating during the de — squeeze for beam 2.

It shows that there is no major anomaly and that the de — squeeze behaves basically as
expected. The peak value for § beating is 25% for beam 1 in the horizontal plane and
20 % in vertical plane. For beam 2 the peak value is close to 30 %.
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Coupling

The standard LHC tunes which are also used here are (), = 64.31 and @), = 59.32
which is close to the coupling resonance and requires a good tune and coupling control.
The technique used to calculate the local corrections at IP1, IP2, IP5 and IP8 is called
segment by segment technique and described in [15]. The local corrections applied on the
quadrupoles are summarized in table [6.3]

Table 6.3: Summary of local corrections for coupling during 90 m 3* MDs.

Corrector  Strength(m) Corrector Strength(m)

kgsx3.11 0.0008 kqgsx3.15 0.0006
kqsx3.rl 0.0008 kqsx3.rb 0.0006
kqsx3.12 -0.0009 kqsx3.18 -0.0007
kqsx3.12 -0.0009 kqgsx3.r8 -0.0007

Fig. shows the coupling measurement at 5* = 90 m after correction. Small remaining
effects can still be seen at IP6 for beam 1 and at IP1 for beam 2.
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Figure 6.7: Measured coupling for beam 1 (left) and beam 2 (right) for 5* = 90 m. The method
uses the resonant driving terms, |fi001| being the difference resonance and [f1910| being the sum
resonance [66].

Dispersion and * measurement

The technique to measure dispersion is to use a turn — by — turn data acquisition with an
A A

energy offset —p(bl) = —0.4076 and —p(bz) = —0.394. Fig. @ shows the difference be-
p p

tween the measured and predicted dispersion for beam 1 and beam 2. Then K-modulation
(§11.3.3)) was used to calculate the 5* and the waist for both IPs. The * values found
are listed in table [6.4]
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Figure 6.8: Difference between predicted and measured vertical dispersion for beam 1 (left) and

beam 2 (right).

Table 6.4: Summary of the 5* measurements at IP1 during the 90 m g* MD.

IP1 Bz (m) By (m)
Beam1 | 83.4 £ 0.5 | 8.7 £ 0.3
Beam 2 97 + 5 877+ 1.6

Emittance Measurement

The measured emittances for beam 1 and beam 2 are summarized in table [6.5]

Table 6.5: Measured normalized emittances for beam 1 and beam 2.

Beam 1 Beam 2
ene (pmerad) | 2.6 £ 0.2 | 3.0 & 0.05
eny (pmrad) | 2.0 £ 0.2 | 2.4 £ 0.05

The conclusion that can be drawn here is that, on average, the emittance was much closer
to 2 pm.rad than the 3.75 pm.rad foreseen at the beginning which is important for ALFA
RPs detectors measurement.

Separation bumps

To separate the two LHC beams, three types of corrector magnets are used: MCBC,
MCBY and MCBX. The shape of these bumps is shown in Fig. [6.9
The separation bumps were calculate to provide a constant parallel separation of +2 mm
between beam 1 and beam 2 at IP1 and IP5. Since the optics changes during the de — squeeze
and since IP1 and IP5 generally use separation in opposite planes, this required the sep-
arated calculation of separation bumps for every step separately for IP1 and IP5.
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Figure 6.9: Screenshot from the Control Room of the calculated parallel separation bumps
from $* = 11 m to 90 m. The horizontal separation in IP1 is shown in the upper figure and the
vertical separation in IP5 in the lower figure.

6.1.2 90 m [* re — commissioning in 2012 at 4 TeV

In 2012, LHC has increased its energy up to 4 TeV instead of 3.5 TeV in 2011. The main
program was to go up to 5* = 1 km going through the 90 m S* optics [67]. But we’ll
focus here on the first part corresponding to the 90 m £* optics and let the other optics
be described in chapter [7] For this purpose, the 90 m * optics need to be re — commis-
sioned with and without separation. Two fills (2740 and 2751) were used to test both
configurations. But firstly, the 5th May, new dry — runs were performed, as in 2011, to
test the quadrupoles settings for 4* = 90 m. This is shown in Figs. and [6.11]

The first 90 m [* re — commissioning has been performed the 18th June. The filling
scheme was to use three non colliding probes and no separation in IP1 and IP5. The g*
evolution from the re — commissioning as seen in the Control Room by the operation team
is shown in Fig. [6.12]

During the re-commissioning MD, optics measurements were performed at /* = 90 m
using the same knobs as in 2011. The results compared with 2011 are shown in Fig. [6.13]

As it can be seen, for beam 1 and beam 2, the correction is similar from 2011 and even
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Figure 6.10: $* increase during the dry run
performed the 5th May 2012 (Screenshot from
the Control Room).

Figure 6.11: Quadrupoles currents evolution
during the dry run performed the 5th may
2012 (Screenshot from the Control Room).

better. The § beating was about 10%. For this measurement the quadrupoles between
IP1 and the RPs have been left untouched. The other optics parameters re — measured
was the coupling. The results are shown in Fig. It can be seen that the coupling has
been better corrected than in 2011. We can then deduce that the impact of the coupling
on ALFA measurements will be weak.

The 21th June, the high $* optics have been tested, this time with separation, with a stop
of about 3 hours at 8* = 90 m before going to higher g*. In the latter case, the filling
scheme has consisted on three probes bunches per beam (1.2 x 10 protons per bunch).
The de — squeeze up to 5* = 90 m goes well and the test was successfull.

6.2 Data at the Roman Pots and results

6.2.1 RPs first data taking at 3.5 TeV in 2011
Data taking at 3.5 TeV in 2011

After the optics tests, on october 2011, first data taking with the RPs has been done.
The summary of the different fills used during the october period to allow for data taking
is shown in Fig. [6.15] The first fills failed for different reasons. For instance, either the
beam dumped because of a power supply tripped or because a self triggered beam dump
happened. The intensities were at about 2.1 x 10'! protons per beam corresponding to
two bunches at 7 x 10'° protons and 12 probe bunches at 1 x 10'° protons. The RPs
were set at a distance of 6.5¢. This distance n lower than 12 has been possible due to
the background much smaller than expected and the fact that the collimators could be
approached closer to the beam. As soon as the RPs have approached the beams, a view
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Figure 6.12: Screenshot from the Control Room of the S* evolution during 90 m §* optics
re-commissioning.

of the RPs position is shown in Fig. [6.16] and the elastic rate has been visible as shown in
Fig.[6.17] In the figure, we can also see that during the run, the RPs are beam centered.
That’s why relatively to the beam pipe center, the beam is shifted by 5.8 mm for A7R1
for instance. Finally, data taking has been performed during at least 5 hours with quiet
beam allowing to collect about 90 k events. The hit map showing the events at one RP
position in (z,y) after the background has been cut is shown in Fig. [6.18]

The beam is, as expected, expanded in y in order to catch the maximum number of elastic
protons. The higher protons intensity is marked in blue — green.

Data taking at 4 TeV in 2012

The re — commissioning of the 90 m S* optics in 2012 has again been a success. This
has allowed, the 7th of July, to put the beams into collision for a data taking period
with ALFA RPs (fill 2815). This data taking was performed at low intensity 90 m * of
2.1 x 10! protons for beam 1 and 2.1 x 102 protons for beam 2 with RPs at 6.50, Sco
and 9.50. The way the RPs are approached to the beam from the control room is shown
in Fig. [6.19] with the example of the bottom pot from A7R1. The optimized luminosity
for this run as seen on the lumiscan application from the control room is shown in Fig.|6.20]

A second data taking period has been performed the 11th and 12th July (fill 2830 and
2836). This run was at higher intensities about 8.9 x 10'? for both beams during the 8
hours of stable beams duration. This is illustrated in Figs. and

6.2.2 Physics Analysis and Results at the RPs

From the first significant data taking run the 20th of october 2011 from about 14h to 18h, a
final plot approved by ATLAS collaboration has been produced and is shown in Fig. [6.23]
This shows the reconstructed scattering angle correlation after cutting the background
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Figure 6.13: (3 beating measurements the 19th June for beam 1 (left) and beam 2 (right). The
2011 curve (in red) is compared the the 2012 measurements (in blue).

and using the combination of the left and right arm from ALFA. These data are used to
compare with the simulation. In the t — reconstruction, there was some difference between
the simulation and the data.

6.2.3 Ratios errors found between data and simulation

The first part of the study has been made by the analysis team to evaluate the difference
between the matrix terms issued from simulation and the one extracted from the data [68].
The ratios on the matrix elements extracted from this study were mainly the matrix ratios
from beam 1 and beam 2 (two different Roman Pots) as seen in table and the scale
factors for Mjs and M3, (for Roman Pots on beam 1) as shown in table .

Table 6.6: Ratios constraints on the beam matrix elements coming from the data analysis of
the 20th october 2011 run.

Ratios Scale factor Ratios from simulation
My, (ATL1/ATR1) B2/B1 | 1.0065 4+ 0.0062 1.0002
My, (B7TL1/B7R1) B2/B1 | 1.0031 £ 0.0042 0.9999
M, (ATL1/ATR1) B2/B1 | 0.9978 + 0.0041 1.0001
M3y (B7TL1/B7R1) B2/B1 | 0.9981 + 0.0037 1.0002
Ms4 (ATR1/B7R1) Bl 1.0475 + 0.0014 1.0483
Ms4 (ATL1/B7L1) B2 1.0476 + 0.0021 1.0482

These ratios come from the different t —reconstruction method which were giving different
results on the total cross section. The results are that the Mjy/Myy ratios for one RP
has to be larger from about 6.77 % which is a huge value. To understand the difference
on the matrix term by this amount, a complete study has been performed. The search of
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2011 curve (in red) is compared the the 2012 measurements (in blue).
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Figure 6.15: Summary of LHC fills for the 90 m * optics from the 18th of october to the 20th
of october 2011

optics parameters or errors that could be responsible of the difference in the matrix terms
between data and simulations are described in § [6.3]

6.3 Systematic uncertainties on the lever arm

The errors and effects on the 90 m [* optics could affect the measurement as it was
analysed. These first MDs have been used to evaluate the possible uncertainties given
by the new values obtained with the experimental measurements. A study of errors on
the beam matrix parameter called here the lever arm L.;; has been done [69] in order to
determine what could lead to the biggest impact i.e. the maximum matrix error found
in the complete ALFA simulation. Different problems have been identified and studied.
The main ones are listed below.
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Figure 6.16: View of the Roman Pot control Figure 6.17: Elastic rates for all the RPs from
system from the ATLAS Control Room during the 20th october 2011 data taking period.
20th october 2011 data taking period.

Table 6.7: Scale factors for the Mio/Masy and Msy/Myy ratios.

Ratios Scale factor
Mia/May ATR1 | 1.0677 + 0.0082
Mi3/Msy BTR1 | 1.0575 4+ 0.0060
Ms4/Myq ATR1 | 1.0098 + 0.0018
Ms4/Myy BTR1 | 1.0104 4+ 0.0016

6.3.1 Beam — beam effect

An effect that could impact on the lever arm value is the beam — beam effect. Beam —beam
effect is quantified by the tune shift induced by a linear kick:

_ _ﬂx Az’

At =z

AQ, (6.1)

For round beams, the linear beam — beam parameter ¢ defined in (6.2) is equal to the

tune shift. N
f=——"" (6.2)

dmepn

N is the bunch population and ry the classical proton radius. Table summarized the
linear tune shift parameter for the emittance of 2 ym.rad used during the runs.

The beam — beam effect can be simulated by adding an equivalent quadrupole in the
beam line. The L.y is recalculated taking into account the new optics parameters. The
results obtained, shown in table [6.9] consider a bunch population of 7 x 10'°. One can
see that the beam — beam effect on L.ss, is of about 0.3 %. It seems to be the dominant
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Figure 6.18: Hit maps for the ATR1 RPs detector [64] during the 2011 data taking period after
background cut.

Table 6.8: Linear tune shift parameter for different bunch population and a normalized emit-
tance of 2 ym.rad.

N §
4 x 10" | -0.00246
7 x 10% | -0.00432
1.5 x 10M | -0.00926

effect for the time being. Nevertheless, this effect can be corrected during a run, as the
global tune is corrected, such as it won’t impact the measurement.

6.3.2 Off momentum

The lever arm is completely correlated to the twiss parameters. A change in energy leads
also in twiss parameters change. The lever arm has been computed for two different values
of Ap/po. They are summarized in table The impact of Ap/py = 0.001 on the lever
arm is non — negligible. But the off momentum energy at the LHC has been estimated
close to 10~* which means that we won’t allow to reach this value. Anyway, 10~* leads
to a negligible difference in the lever arm.

6.3.3 Gradient field differences

Quadrupoles are defined by their magnetic fields and more over their strengths &k (6.3)).
A modification of the strengths is directly linked to a modification of optics parameters
ie a modification on the lever arm. The interest here concerns the quadrupoles located in

IR1 around the Roman Pots.
1 0B,
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Figure 6.19: Roman Pots application showing the motion of B7R1 top and bottom during the
274 data taking 90 m B* period in July 2012.

Table 6.9: L.s¢ uncertainty at each roman pots taking beam — beam effect into account.

Roman Pots ‘% (%) ‘% (%)
A7R1 0.1198 0.3015
B7R1 0.1664 0.3016
ATL1 0.1198 0.3015
B7L1 0.1664 0.3016

As already shown in Fig. [4.2] six quadrupoles are located before the RPs: the triplet Q1,

Q2, Q3 and three more Q4, Q5, Q6. Quadrupoles up to Q13 are included to match the
whole insertion to the rest of the LHC ring.

In order to estimate the errors on the k value for quadrupoles from Q1 to Q13, a JAVA
interface has been provided [71]. The JAVA interface allows to find the strengths k values
for each quadrupoles taking into account the real magnet currents used during the run
coming from the TIMBER database [72]. On TIMBER, one can find all the parameters
used during the run like intensities, 5* and a lot more. These values are then compared
with the ones used in MAD — X to obtain the optics parameters listed in table The
gradient difference Ak/k found are listed in table [6.11]

The largest error is close to 0.7 x 10~* and located in the triplet. These new values have
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6.3. Systematic uncertainties on the lever arm
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Figure 6.20: Luminosity for ATLAS (in blue) and CMS (in black) during the 90 m g* data
taking run the 7th July.
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Figure 6.21: Intensities configuration as cap- Figure 6.22: * configuration as captured
tured from the LHC op vistar during the 90 m from the LHC op vistar during the 90 m (£*
£* ALFA data taking. ALFA data taking.

been implemented in MAD — X. Firstly, only quadrupoles in front of the Roman Pots ie
quadrupoles Q1 to Q6 have been modified with the new k values and the impact on L.y,
estimated.

The uncertainty goes from 0.2 x 107% and 0.9 x 107%. Then, the same has been done
with quadrupoles Q11 to Q13, have a larger gradient error than previous quadrupoles.
But nevertheless, the ratio on the lever arm uncertainty stays between 0.2 x 10~* and
0.9 x 10~*. This allows to conclude that in this case, the impact of gradient errors on
Leyy,y is negligible.
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Figure 6.23: Reconstructed scattering angle correlation after background cut combining the left
and right arm from ALFA [70].

Table 6.10: Table summarizing L.ss variations as a function of Ap/po.

Ap/py | ALera/Legye | ALepy/Lesyy
0.0 0 0

0.001 0.8 0.12

0.0001 0.08 0.012

6.3.4 Misalignments

Misalignments or orbit distortions can affect the 5 — functions used to calculate the lever
arm. The orbit is being corrected using orbit correctors so as the effect on magnet mis-
alignments on the beam. But still, the orbit correction is not completely perfect. As
we can see on Fig. for beam 2, the RMS orbit is about 0.053 mm in horizontal and
0.061 mm in vertical.
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Figure 6.24: Orbit RMS from LHC elogbook during 8* = 90 m run for beam 2.

To ensure that orbit errors won’t affect the lever arm and leads to systematic uncertainties,
an arbitrary value has been chosen, higher than the RMS value. Quadrupoles will have a
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6.3. Systematic uncertainties on the lever arm

Table 6.11: Gradient values used during the MD run for the 90 m 3* optics.

MadX strengths names %
kqx.11 —0.11 x 10~*
ktgx.11 —0.66 x 10~*
ktqx2.11 —0.1 x10~*
kagx.rl —0.12 x 107

ktgxl.rl —0.67 x 107*
ktgx2.rl —0.12 x 10~*
kq4.r1bl —0.11 x 10~*
kqgb.r1bl —0.11 x 10~*
kq6.r1bl —0.11 x 10~
kqtl11l.r1b1l 0.06
kqtl12.r1bl -0.02
kqt13.r1bl -0.17
kq4.11b2 —0.15 x 10~*
kqgb.11b2 —0.11 x 10~
kq6.11b2 —0.11 x 10~
kqtl11.11b2 0.14
kqt12.11b2 -0.01
kqt13.11b2 -0.01

misalignment of 1 mm. This misalignement is not really achievable but if this quite high
misalignment value doesn’t give significant errors, no realistic misalignments will give
significant errors. Misalignements have been firstly applied on several quadrupoles from
Q1 to Q6 and then, for more precise results with all quadrupoles in IR1, from Q1 to Q13.
The results are summarized in table Even for the high quadrupole misalignements
value of 1 mm, the impact on the L.s¢, value is still negligible.

6.3.5 Tracking and Acceptance results

A key parameter for the measurement is the experimental acceptance. This acceptance
is determined by the complete simulation as described in chapter [l The parameters
identified as a source of errors for the acceptance are the crossing angle and emittances.

Crossing angle

Collisions for the measurement with the Roman Pots are head — on. But if an unexpected
crossing — angle is added, the beam is shifted at Roman Pots location which can provide
alignement considerations problems. The values for 10 urad crossing angle (value mea-
sured by BPMs during the run) are listed in table The mean offset found at the
Roman Pots for a 1 urad crossing angle in vertical y position is close to 0.3 mm whereas
for 10 prad the offset is close to 3 mm.
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Table 6.12: Impact of quadrupoles misalignements on Ly,

Legty

Without misalignements 277.804266

Q1 to Q6 277.804265
ALLG—:’:;Y < 107 negligible

Q1 to Q13 277.8042614
ALLG—fy’y < 107 negligible

Table 6.13: Unexpected crossing angle effect at IP1 on the beam position.

10 prad crossing angle in y
Roman Pots | Az(um) Ay(mm)
ATR1 2.4 2.7
B7R1 3.5 2.6
B7L1 -5.9 -2.7
B7L1 -6.9 -2.6

Emittances

During the run, the emittances have been measured using Wire Scanners. The emittances
values measured for colliding bunches with 7 x 10 protons are shown in table [6.14 To
take into account the emittances errors, proton elastic generation used for acceptance
calculation has been changed applying an error of & 0.2 gym.rad. Then protons are
tracked and the acceptance is computed. The final acceptance has been compared to the
acceptance result without any emittance errors. Both acceptance are shown in Fig.
and numerical acceptance parameters are summarized in table [6.15]

Table 6.14: Emittance measurements and errors during fill 2232 for bunch intensity of 7 x 10'°
protons.

€z, N €y, N
Beam 1 | 2.302 £+ 0.220 | 1.748 4+ 0.064
Beam 2 | 2.362 £ 0.236 | 1.999 + 0.022

If the emittance increases of about 0.2 pm.rad, looking only at the elastic protons that
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Figure 6.25: Acceptance difference with and without emittances errors.

Table 6.15: Emittances measurements and errors during fill 2232 for bunch population of 7x 10'°
protons.

|28 (total)| (%) | |25(80) | (%)
Beam 1 0.002 0.20

Beam 2 0.001 0.20

have hitten the sensitive area of the detectors and when the detectors are located at 8o,
the error generated on the acceptance is about 0.2 %. As the error is non negligible, the
exact emittance values will be taken into account in the complete simulation i.e. in the
elastic protons generation.

6.3.6 Longitudinal misalignements and corrected magnetic lengths

The two ideas that came in then were the longitudinal misalignements impact and mag-
netic lengths exact values. Longitudinal misalignements appear to change quite a lot the
matrix terms and after some investigations, it also appear that the magnetic length could
change, as the energy was not the 7 TeV planned at the beginning but 3.5 TeV. Then,
the current won’t be the same, and the magnetic lengths could vary slightly. A survey
study has been performed [73] to measure both longitudinal misalignements and magnetic
lengths. Both studies are described below:

Longitudinal misalignments

A first study was performed with different longitudinal misalignements (s location), to
evaluate what kind of misalignement would be necessary to reach the 6.7 % increase for
Mi5/Mss. Different configurations have been studied and compared with different soft-
wares (MAD — X, Mathematica). Table summarizes the longitudinal misalignements
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for ATRI.

Table 6.16: Impact of longitudinal quadrupoles misalignements on the different matrix terms
for ATR1.

Longitudinal misalign— AMll/Mll AMlg/Mlg AMQl/le AMQQ/MQQ
ments applied

Q1, Q2 and Q3 by 5 cm -0.0048 0.6 -0.13 -0.1

Q4, Q5 and Q6 by 5 cm 0.077 -0.31 0.13 -0.036
All quadrupoles by 5 cm 0.072 0.28 0 -0.14
Q1 and Q3 by 5 cm 0.0037 2.89 -0.59 -0.52

Longitudinal misalign— AM33 /M33 AM34/M34 AM43 /M43 AM44/M44
ments applied

Q1, Q2 and Q3 by 5 cm 4.34 -0.023 0.15 -0.021
Q4, Q5 and Q6 by 5 cm -2.42 0.078 -0.15 0.027
All quadrupoles by 5 cm 1.92 0.056 —4,3 x 1079 0.006
Q1 and Q3 by 5 cm -49.7 0.24 -1.67 0.21

The 5 cm misalignments were applied in order to check what could happen in a pretty
bad situation. In the table, all matrix elements are shown for different misalignements
configuration. The maximum reached for M, is 2.88 %. Still, even 5 cm seems to be not
enough. The same has been done for the other Roman Pots B7TR1, giving approximately
the same results on the AM /M.

The second step was to use the measurements on the longitudinal position mentioned
above. The following results were extracted and are shown in table [6.17] This shows

Table 6.17: Longitudinal position difference between MAD-X simulated values and measure-
ments for Q1 to Q6 quadrupoles for beam 1.

Quadrupoles | Nominal longitudi- | Corrected longitudi- | Difference (mm)
nal position nal position

MQXA.1R1 26.15 26.156 5.7
MQXB.A2R1 | 34.8 34.797 -3.4
MQXB.B2R1 | 41.3 41.297 -3.4

MQXA.3R1 50.15 50.156 6.0
MQY.4R1.B1 | 169.553 169.549 -3.8
MQML.5R1.B1 | 196.49 196.492 2.1
MQML.6R1.B1 | 228.39 228.390 0.0

that the longitudinal misalignments should not reach more than 6 mm difference which
is much lower than the 5 cm used before.
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6.3. Systematic uncertainties on the lever arm

Corrected magnetic lengths L,,,,

The initial MAD — X sequence has been established with the magnetic lengths determined
for nominal LHC configuration for 7 TeV energy per beam. But these values are not
completely exact for the LHC at 3.5 TeV beam energy. The magnetic lengths have been
then corrected and included in the MAD — X setup simulation as listed in table [6.18]
These corrected magnetic lengths have an impact not only on the lever arm results but on

Table 6.18: Magnetic lengths differences between nominal LHC values and corrected values for
3.5 TeV beam energy.

Quadrupoles Corrected Li,qg | Nominal Ly,
MQXA.1R1 6.364 6.37
MQXB.A(B)2R1 5.497 5.5
MQXA.3R1 6.364 6.37
MQY.4R1.B1 3.4 3.4
MQML.5R1.B1 4.8 4.8
MQML.6R1.B1 4.8 4.8

all the matrix elements. From the measurements, one can see that the magnetic lengths
are reduced. We'll call R, the ratio M;y/Myy and R, the ratio Ms,/M,y. Comparing the
matrix term ratios from ALFA data, we found AR, /R, = -1.2% and AR,/R, = 0.01 %
for ATR1. For B7RI1, this gave AR,/R, = -0.9% and AR,/R, = 0.02%. This was done
for both beams. The R, ratio is negative which is in the opposite direction than the
one expected for this ratio. The R, ratio goes to the right direction but is still far away
from the expected result. The modified magnetic lengths is not an answer to the ratios
difference.

Summary

Both corrected longitudinal position and corrected magnetic lengths have been simulate
with MAD-X to check the matrix terms evolution. Including both, the results on the R,
and R, ratios are the following:

o Mis/Msy (ATR1) = 0.9888 and Mjy/Mss (B7TR1) = 0.9911

o My /My (ATR1) = 1.0002 and My, /My, (B7TR1) = 1.0002

This is far from the ratios constraints defined at the beginning. Longitudinal misaligne-
ments are not enough large to induce the ratio errors expected and the corrected smaller
magnetic lengths induce a smaller M;y/Ms,. This leads to the fact that gradients induce
larger possible errors in the matrix terms. This is the next study.

6.3.7 Strengths errors up to £ 0.1 %

The k strengths for the triplets (kqx.rl, ktqxl.rl and ktqx2.rl) have been varied from
+1/1000 which was the highest possible error foreseen for these magnets. Several com-
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binations have been tried with +1/1000 for each strengths. The maximum value found
in this case for the lever arm was 0.7 % larger than the initial value which is still far
away from the 6.7 % (table . The quadrupoles strengths values having a small but
non negligible effect, a mimimization has been started [74] in order to check what kind
of strengths set was fulfilling the ALFA contraints. The study at the time this PhD is
written, was not finished.

Conclusion

The 90 m B* optics has been tested on LHC and was a success. Optics measurements
were done in addition to data taking. The lever arm has been extensively studied using
different possible source of errors (misalignements, strengths errors, magnetic lengths
etc....) explaining the difference observed between data and simulation. The main source
of errors have been identified and are further investigated in order to calculate the total
cross section and cross check the results with the different t —reconstruction methods.
But as already mentioned, the 90 m (* optics is an intermediate optics which is not
enough to reach the coulomb region. For this, new high * optics with 5* up to 500 m
and 1 km have been made and this is the purpose of the next chapter.
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High 5* 500 m and 1 km optics
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The experience gained with the 90 m £* optics in 2011 helped to create new high g*
optics up to 500 m [75] and 1 km 5*. These optics are very useful for ALFA as they are
needed to reach the coulomb region (§ . This is illustrated on Fig. 7.1 The —t,,;,
calculated using is equal to 1.14 x 107* GeV? with 4 TeV beam energy, ey = 1.5
pm.rad and n = 4.50. From previous experience, the RPs distance n was smaller than
the one planned for the very high 5* optics (2625 m). This means, one can take smaller
values for the calculation than it was done in the ALFA TDR. These new optics will
be described here with the main parameters and the commissioning experience gained in
2012.
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Figure 7.1: Minimun ¢ — value achievable with 5* = 1 km, ey = 1.5 pm.rad and n = 2.5 [70].
The right part of the figure is a zoom of the left part showing more precisely the achievable
region.

7.1 High (" optics

7.1.1 Main parameters

The de — squeeze for 500 m and 1 km 3* optics starts after the 90 m 5* optics de — squeeze.
Both high g* optics have been matched the same way as the 90 m §* optics taking the
beam 1 over beam 2 ratio strengths into account (0.5 < b2/bl < 2). The de — squeeze
is enough smooth with sufficiently small steps to respect this strengths ratio. The total
number of steps is 13 to go up from £* = 90 m to §* = 500 m and only 5 steps are
necessary to go from * = 500 m to 1000 m. The matching has first be done for IP5
using TOTEM RPs at 220 m, only the last step has been adapted for ALFA with a phase
advance of 7/2 at 240 m instead of 220 m. The constraint on the x phase advance was
relaxed.

A summary of the main parameters for both optics are shown in table [7.1] and table [7.2]
The [ and dispersion functions around IP1 are shown on Fig. [7.2l The high 5* optics can
be achieved up to 1000 m by simulation. Like the 90 m 8* optics, one need to commission
them in order to validate their feasibility.

If we compare the 1000 m [* optics with the 90 m S* optics, at 1000 m £* optics, the
divergence at IP1 is reduced by a factor 5 and the beam size is increased by a factor 3.
At the Roman Pots, for the 1000 m 5* optics on beam 1, 3, is strongly lower by 750 m
oppositely to [, which is larger by 95 m. This reduces the vertical beam size at the
ATR1 by a factor 4. The vertical phase advance is equal to 90° in all the optics and the
horizontal phase advance gets closer to 180° during the increase in f* (u, = 186° for *
=90 m and p, = 180° at B7TR1).
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Table 7.1: 500 m optics parameters for beam 1, at 4 TeV beam energy and for an emittance of
ey = 2 pm.rad (LHC version V6.503).

IP1 RPs
€, (pm) 20 B (m) 246.3 — 220.8
B (m) 500 B, (m)  184.8 -~ 175.1
By (m) 500 o, (pum) 340 — 322
ol 0.0 o, (um) 294 — 287
D; (m) 0.0 o (urad) 1.38 - 1.46
Dy 0.0 o, (prad) 1.59 - 1.64

*

Q

(mm) 0484 Ap, (27) 0.496 — 0.499
o (prad) 0.97  Ap, (2m) 0.248 - 0.251

Table 7.2: 1000 m optics parameters for beam 1, at 4 TeV beam energy and for an emittance
of ey = 2 um.rad (LHC version V6.503).

IP1 RPs
€, (pm) 2.0 B (m) 289.3 - 259.3
< (m) 1000 B, (m)  103.4—99.9
" (m) 1000 o, (um) 368 — 349
ol 0.0 o, (pm) 220 - 217
Dy (m) 0.0 o (prad) 1.27-1.34
Dy 0.0 o, (prad) 2.13 - 2.17

o (mm)  0.985 Ap, (27) 0.498 — 0.500
o (prad) 0.69 Ap, (2r) 0.246 - 0.252

7.1.2 High 5* optics strategy

The first step for the commissioning for the 500 m and 1000 m £* optics was to start from
the 90 m 5* optics with the new set of optics files. Then with dedicated beam time for
optics, the idea was to perform the de — squeeze up to 500 m without crossing bunches
and another run this time with separation. Then, if things goes extremely well and with
enough beam time, the strategy was to go up to 1000 m. After the optics commissioning,
data taking could be performed for ALFA also with dedicated beam time.

7.2 ALFA simulation with High 5* optics

7.2.1 Generation and tracking

The generation has been adapted in the two different cases ie * = 500 m and 1 km.
The parameters included in the generation are the same as the 90 m * optics except the
optics parameters like the beam size and the beam divergence which are different. The
t — generation has been performed and is shown in Fig. [7.3]
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Figure 7.2: 8 and dispersion functions for beam 1 for the 500 m (left) and 1000 m (right) g*
optics around IP1.

Tracking has then be performed for 100 000 particles for both optics to give the lever
arms needed for ALFA analysis and to give an overview on the experimental acceptance
in order to be able to compare with previous intermediate optics.

7.2.2 M5 and M3, lever arms

The lever arms comparison between the three different optics is shown in table The

Table 7.3: Mjs and Mjzy lever arms comparison for 90 m, 500 m and 1000 m S* optics with
ATR1 and B7R1 on beam 1.

Roman Pots | Mio = Legsaz | Msa = Legy,y
90 m [* optics ATR1 -10.288 277.831
B7R1 -13.018 265.021
500 m 5* optics AT7R1 8.97 303.996
B7R1 2.582 295.841
1000 m (5* optics ATR1 7.721 321.418
B7R1 -0.404 316.075

high 8* optics have been optimized for the vertical direction y. Lcss, increases with 3*
whereas on the contrary Ly, is strongly reduced despite the increase in 8* due to phase
advance approaching the 180° value in the 1000 m £* optics case. The lever arms in
table have been calculated taking into account the measured longitudinal position of
the Roman Pots as stated in §[5.3.3

7.2.3 Acceptance

The complete ALFA simulation described in chapter [ has been performed for the 500 m
and the 1000 m S* optics. The result in terms of acceptance is shown on Fig. [7.4 As
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Figure 7.3: Generated spectrum for 1 km 3* optics with b = 20, p = 0.14, 0 = 985 pum and o’
= 0.69 prad and a minimum limit for ¢: t,,;, = 4.0 x 107° GeV?2,

shown on the acceptance plot, to get an acceptance of at least 50%, the t — value will be
higher than the minimum one calculated. If we perform a t,,;, calculation for the three
high §* optics, we find the result in table [7.4. The ¢,,;,, values are comparable to the

Table 7.4: t,,;, values as calculated from (3.17)) with ey = 2um.rad and 4 TeV beam energy.

Optics — tomin (GeV?) (n = 8) — toin (GeV?) (n = 4.5)

90 m 3* optics | log;((5.34 x 1072) = -2.27 | log;,(1.7 x 1073) = -2.77

500 m B* optics | log;4(9.61 x 107%) = -3.02 | log;((3.04 x 107*) = -3.52
1000 m 3* optics | log;y(4.8 x 107%) = -3.32 | log;o(1.5 x 107*) = -3.82

one found in the acceptance plot for each optics. If we consider now a closer approach to
the beam reacheable during the run, we can see that the used values take into account
the reacheable optics parameters (like €y) coming from the commissioning of the 90 m
3* optics. The t,,;, value reaches the coulomb region (¢ < 1073) with 1000 m 3* optics
but we have to take into account the acceptance values above 50% and in this case, the
coulomb region is nearly reached (log(t) ~ —3) but one need to go to higher 5* to really
reach the coulomb region.

7.3 Optics commissioning

In 2012, some MDs time was dedicated to high £* optics in order to able data taking
for TOTEM and ALFA with higher 8* optics than in 2011. The same strategy has been
applied for 500 m and 1000 m S* optics as for the 90 m g* optics. A summary of the
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Figure 7.4: Acceptance comparison for the three high 5* optics: 90 m, 500 m and 1000 m at
4 TeV, n = 8 and with ey = 2 pm.rad.

different successfull fills performed in 2012 for both optics studies and data taking with
Roman Pots for 500 m and 1000 m 3* optics is shown in table [7.5]

Table 7.5: Summary of some of the successfull MDs fill for 2012 for 500 m and 1000 m * optics.

Fill Date Action

2740 05/05/11 500 m S* optics commissioning without collisions
2751 28/06/11 500 m B* optics commissioning with separation
2769 23/08/11 1000 m SB* optics commissioning with separation
3060 30/09/11 MDs for optics measurements

3216 | 24 — 25/10/12 | Data taking period with RPs at 4.5 and then 3¢

The 500 m * optics has been reached with success, first without collisions and without
separation. Then the 500 m [S* optics has been tested with the separation of the two
beams at IP1 and IP5. And for the first MD with g* = 1000 m, it was successfully
achieved with the separation.

This has allowed the final goal which is data taking with ALFA Roman Pots with these
higher * optics. During the run, the Roman Pots were approached down to 3o0. Now,
the commissioning of these optics will be described briefly.

7.3.1 Dry runs

As for the 90 m §* optics, dry runs have been performed to check the settings for hardware
commissioning. The plots representing these dry runs where no major problems were
found are shown in Fig. [7.5]
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7.3.  Optics commissioning

Figure 7.5: Screenshot from the Control Room of the quadrupoles first hardware commissioning
on IP1 for the 500 m (left) and the 1000 m (right) 8* optics corresponding to driving magnets
without beam.

The dry run has been successfully performed and has allowed to start the 500 m and
1000 m £* optics commissioning.

7.3.2 De — squeeze

All the de — squeeze starts from 11 m injection to go up to 90 m and then, 500 m and
if everything goes well up to 1000 m. As a reminder, a minimum of 35 minutes were
necessary to reach the * = 90 m at 3.5 TeV beam energy. The de — squeeze up to 500 m
is shown in Fig. [7.6] The values for the 500 m de — squeeze are taken from the TIMBER
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Figure 7.6: 500 m desqueeze during 3 different fills in 2012.

database and illustrates the global behaviour during several fills. And the de — squeeze up
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to 1000 m is shown in Fig. When £* = 90 m is achieved, increasing up to 500 m takes
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Figure 7.7: 1000 m desqueeze during the data taking period with Roman Pots the 24th october
2012.

approximately 10 minutes and increasing again from 500 m to 1000 m takes at minimum
5 minutes. The de — squeeze up to 1000 m has been a success and has allowed a data
taking period for ALFA Roman Pots.

7.3.3 [ beating

The [ beating has been measured for 500 m and 1000 m. The results are shown on
Fig. The results have also been captured after measurements with AC dipole [15] in
the LHC elogbook. In general, 8 beating went well and has been corrected for both beams

HCB1 B*=1000m 4 Te

%

efofe Correction —fe— i
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Figure 7.8: Evolution of the beta beating during the de — squeeze up to 500 m (left) and 1000 m
(right) for beam 1.

for both 500 m and 1000 m S* optics. During the optics measurements on the 1000 m
run, the beta beating was less than 10 % after corrections have been applied.
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7.3.4 Emittances measurements

Table 7.6: Emittance measurements performed the 24th october 2012 before data taking for
the three optics steps: 90 m, 500 m and 1000 m.

Emittances 90 m optics | 500 m optics | 1000 m optics
Horizontal beam1 | 1.71 4+ 0.25 1.71 +£0.25 1.83 +£0.25
Vertical beam 1 1.29+0.3 1.33+0.3 1.3+0.3

Horizontal beam?2 | 3.544+0.4 3.64 +0.3 3.31 0.3
Vertical beam 2 1.524+0.4 1.574+04 2244+04

The emittances were measured as shown in table for both beams during high g*
runs with the Wire Scanners [13] by the operation team. The measured values shown in
table can also be found on the LHC eloghbook. We can see that during the de — squeeze
that occured the 24th october 2012 for ALFA data taking period, from 90 m to 1000 m,
the emittances were about the same for both beams. These values are of great interest
for ALFA proton generation and simulation.

7.4 Data taking period at the Roman Pots

The Roman Pots have taken data only for the 1000 m * optics. During the run, the RPs
have been closed down to n = 4.5 0 and 3 o which correspond to beam sizes of respectively
3 mm and 2 mm with 4 TeV beam energy and ey = 2 pm.rad. This gives a reacheable
tmin = 1.5 x 107% in the case of n = 4.5¢. The way the pots were approached during the
run is shown in Fig. [7.9]

The data analysis has started for the 1000 m 8* optics and it has pointed out the problem
on the low ¢ — resolution found due to the value of the horizontal phase advance. Indeed,
this parameter induces a very low lever arm for B7TR1 (£ — 0.40 m) as it has been seen in
table [7.3| and this has a direct impact on the ¢ — resolution when using the substraction
method. One idea that has been given to improve this was to move the B7TR1 station
further by 6 cm in order to increase the horizontal lever arm. It increases the ¢ — resolution
by 80 %. The feasibility for this is in study.

Conclusion

The 1000 m high 8* optics is a successfull achievement. Everything went quite well during
the commissioning. Optics corrections were applied and data taking was possible after
the dedicated optics MDs. But this optics is not enough to reach the coulomb region
or the very small scattering angles as it has been seen on the acceptance plots. But the
possibility to remove the beam 1 over beam 2 ratio by adding additional cables to the
quadrupoles would give more flexibility for the matching. It will help to avoid the 180°
horizontal phase advance and the necessity of Q4 inversion. Furthermore, the normalized
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Figure 7.9: Roman Pot B7R1 at 3o during the data taking period the 24th October 2012.

emittance is smaller and the distance n is smaller. There is a high possibility that to
reach the coulomb regime, a 5* equals to 2625 m won’t be needed.
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Conclusion

The main purpose of this PhD was to study the intermediate optics (5* = 90 m) and to
use them, including errors, in order to understand the impact on the ALFA simulation.
The 2625 m high * optics has been studied in order to understand the key parame-
ters. Then, the work has first concerned the use of this optics parameters for the ALFA
simulation package where after misalignements errors were included. Different twiss files
have been produced on demand in order to feed the ForwardPackage code implemented
in ATLAS simulation by the soft-sim ALFA group. This was true for all the high 5* optics.

Then, the work has focussed on the 90 m high §* optics, after having implemented the
last step to reach the 90° phase advance at 240 m where the RPs are located, a first
acceptance study was done and the minimum scattering angle that could be achieved was
checked. Even if the coulomb regime is not reached with the £* = 90 m optics, it has
allowed to evaluate the impact of longitudinal RPs misalignement on the lever arm and
to justify the more precise measurement of the RP position. The impact of the ATLAS
solenoid was also checked and has no effect on the lever arm.

During the commissionning of the 90 m * optics at 3.5 and 4 TeV, by extracting the LHC
data from TIMBER, the de-squeezes have been studied in more details and compared.
Optics measurements were performed and could be used for ALFA simulation and accep-
tance calculation. Also, during the commissionning, the emittance appears to be smaller
than the one previously planned which was also implemented in ALFA simulation. Then,
data at the Roman Pots have been performed. But the three different t — reconstruction
method were not converging on the total cross section measurement. Ratios coming from
the analysis were showing a difference on the matrix elements at the RPs between data
and simulations. A more extensive study on the lever arm (= Mjy) which is the key
parameter in the t — reconstruction, has been performed in order to check its robustness.
Different kind of errors (quadrupoles strengths k, beam-beam effect, misalignments) have
been studied. The optics parameters incriminated are the longitudinal misalignments of
the magnets and the quadrupoles strengths.

The last step was to study the experimental acceptance results on the 500 m and 1000 m
high g* optics and to attend the first commissionning part concerning the de — squeeze.

The results are encouraging and higher $* will be welcome in the future.

Indeed, the main goal of ALFA is to reach the coulomb region which means reaching
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Conclusion

higher 5* values up to 2625 m with a phase advance in x different from 180°. This goal
is challenging as this very high £* optics needs to fulfil the beam 1 over beam 2 ratio even
if some actions have been taken to get rid of it and new features have not been tested
yet like the injection with Q4 polarity change, no separation and a 1pm.rad normalized
emittance. And also all this needs time during LHC runs which can be difficult to get.

Nevertheless, the good experimental results reached on optics parameters like the smallest
normalized emittance and the smallest distance n of the Roman Pots detectors, may allow

to reach the coulomb regime with a 8* < 2625 m. This is promising for the future of
ALFA after the LHC longshutdown LS1.
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Résumé

ALFA (Absolute Luminosity for ATLAS) vise a mesurer la luminosité absolue pour
lexpérience ATLAS avec une incertitude de 2 — 3% et la section efficace totale. La
luminosité est reliée au nombre d’évenements. Plus la luminosité est élevée, plus le nom-
bre d’évenements est élevé. C’est donc une quantité importante pour les collisionneurs en
général et notamment pour le LHC (Large Hadron Collider). LHC est constitué de deux
faisceaux circulant dans deux chambres a vide différentes et collisionnant aux quatres
points d’intéraction o1 les principales expériences de physique sont positionnées (ATLAS,
CMS, ALICE et LHCD). Les détecteurs constituant ALFA insérés dans des Pots Ro-
mains sont positionnés a 240 m de distance du point d’intéraction d’ATLAS aprés six
quadripoles et deux dipoles qui constituent la partie de ligne faisceau utile a ALFA et lo-
calisée sur le LHC. Les détecteurs sont constitués de fibres scintillantes pour détecter les
protons élastiques issus du Point d’Intéraction. Ces protons sont transportés au travers
des différents aimants qui constituent la ligne de faisceau considérée et qui nécéssite une
optimisation des parametres optiques pour les besoins de la mesure. Nous appellerons les
optiques fort 3, les optiques utilisées durant les périodes expérimentales dédiées a ALFA.
Les parametres des optiques fort 5 ont été simulés afin de remplir le cahier des charges
demandé pour ALFA et elles ont été testées sur le LHC en 2011 et 2012 pendant un cer-
tain nombre de périodes expérimentales spécifiques aux optiques fort g sur le LHC. Ces
périodes expérimentales se sont terminées en 2013 avant l'arrét du LHC. Les parametres
optiques ont été mesurés et comparés aux simulations. Certains parametres ayant des
valeurs bien meilleures que celles attendues. Cela a aussi permis de regardes quelques in-
certitudes sur les parametres optiques et d’évaluer I'impact de certains de ces parametres
sur la mesure de section efficace totale.

Mots-clés: Pots Romains, Optiques fort 3, puces, ALFA, LHC.

Abstract

ALFA (Absolute Luminosity For ATLAS) aims at measuring the absolute luminosity for
the ATLAS experiment with an incertitude down to 2-3 % and the total elastic cross
section. The luminosity is related to the number of events, the highest the luminosity,
the highest the number of events. This is, then, an important quantity for colliders like
LHC (Large Hadron Collider). LHC is made of two beams circulating in two different
beam pipes and colliding at four interaction points where the four physics experiments are
located (ATLAS, CMS, ALICE, LHCDb). ALFA detectors inserted into Roman Pots (RPs),
have been placed around ATLAS at 240 m distance from the collision point (IP1) after six
quadrupoles magnets and two dipoles defining the ALFA beam line which is part of the
LHC ring. The detectors are made of scintillating optics fibers to catch elastic protons
generated at IP1. These protons are tracked through the LHC magnets beam line which
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needs to be optimized in terms of optics parameters. We call high ( optics, the optics used
for special ALFA runs measurements. The high 5 optics parameters have been simulated
to fulfill the ALFA requirements and have been tested on LHC in 2011 and 2012 during
a certain number of LHC special runs. It has ended at the end of 2013. The parameters
have been measured and compared with simulations. Some of them achieving a better
value than expected. It allowed us to calculate systematic uncertainties and to evaluate
the impact of some optics parameters on the total elastic cross section measurement.

Keywords: Roman Pots, high § optics, ALFA, LHC.
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