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Introduction

The research field for this thesis is accelerator physics. Accelerator physics is a branch of applied science
which covers a large variety of different topics ranging from electromagnetism to material science. The
sub-category in accelerator physics which studies the properties of particle beams under the influence
of electromagnetic fields is called beam physics.

The topic for this thesis is beam optics'. The study of beam optics has been conducted since the
beginning of the 20t century. The continuous interest in this field is motivated by the fact that the
boundaries of physics are constantly being pushed and thus better technology is required to cope with
new developments.

There are several reasons for the detailed study of beam optics. In the case of colliders, it is because
the detailed measurement and corrections of the optics functions determine the luminosity. Large
deviations from the design model limit the physical aperture and may lead to potentially dangerous
situations where the accelerator gets damaged.

CERN

CERN, originally standing for “Conseil Européen pour la Recherche Nucléaire”, is the European lab-
oratory for particle physics. The laboratory was founded in 1954, partly as an effort to revive and
reunite European science after the Second World War. Today CERN has 20 member states, and serves
as an international particle accelerator laboratory. The main role of the laboratory is to provide large
scale experimental infrastructure for high-energy particle physics. More specifically, engineers and
physicists at CERN design, construct, operate and maintain particle accelerators and detectors and
the infrastructure (such as IT) needed to run this accelerator complex. CERN’s accelerator complex,
shown in figure 1, is a succession of particle accelerators that can reach increasingly higher energies.
Each accelerator boosts the speed of a beam of particles, before injecting it into the next one in the
sequence. The Large Hadron Collider (LHC) is CERN’s flagship accelerator. As its name implies, the
LHC accelerates Hadrons (protons and ions) and it is the most powerful machine in the world today,
with an ultimate energy of 7 TeV per proton beam.

Hadron versus lepton accelerators

Studies conducted for different machines using different particle species are presented in this thesis.
Particles can be classified into two categories. The first category is called hadrons. Hadrons are
composed of quarks (an elementary particle) which are held together by the strong force. An example
of a hadron is a proton. The second classification is leptons. Leptons are fundamental, point-like
particles like the electron.

Both species are used in accelerators around the world, in particular protons and electrons (and
their anti-protons). Hadron colliders are being used as ’discovery machines’ because of their high-
energy. Lepton machines are being used as 'precision machines’ because of the point-like nature of the
beam particles.

1The term optics is taken as an analogy with the study of light transport with lenses
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Figure 1: CERN accelerator complex
Outline of the thesis

This study started in November 2008 at the BE-ABP-LCU section at CERN. The first year of this
study was dedicated to the further development of the optics measurement and correction algorithms
and the implementation of a new technique which allowed the identification of local error sources.
Experiments were conducted in the CERN SPS to test the algorithms that were developed. This
allowed us to evaluate the performance of the measurement and correction algorithms and improve
them when necessary.

Due to the unfortunate incident on 19 September 2008, the operation of the LHC was halted for
one year. On the 20*" of September 2009, operations resumed and the LHC was circulating beams
again. First LHC measurements for this thesis were conducted at 450 GeV on the 23" of November
2009. From then on the energy increased to an intermediate energy of 3.5 TeV. As a precaution it was
decided to operate the LHC at energies lower than 7 TeV between 2009-2012 (for the 2012 physics run
an energy of 4 TeV is used). It is planned to increase the energy to 7 TeV in 2014.

During the course of this thesis two collaborations with external institutes were started. The first
collaboration was carried out with the synchrotron SOLEIL in Saint-Aubin, France. This collaboration
was aimed at non-linearity measurements in electron machines. The second collaboration was with the
Relativistic Heavy Ton Collider in Brookhaven, NY, USA. After the successful implementation of the
newly developed technique to identify local error sources at CERN, it was decided to implement this
technique at RHIC in November 2010.

Chapter 1 highlights and discusses the beam dynamics which is used throughout this thesis. The
discussion is kept short and references are provided for further reading. The first section contains the
motivation for the optics correction. Different instruments and techniques were used to conduct the
measurements and apply the corrections. This is explained in detail in chapter 2. Chapter 3 discusses
the results of the measurements and corrections for CERN’s SPS. These tests were performed as a
preparation for the LHC. The main part of the thesis is the presentation of the results of the LHC. An
introduction to the optics of the LHC is given in chapter 4. In this chapter some simulations of the
optics is also discussed. The LHC optics commissioning from 2009 until 2011 is discussed in chapter 5.
The most important results are presented. Special optics studies for the LHC are discussed in chapter 6.
The techniques used for the LHC were implemented in the Relativistic Heavy Ion collider (RHIC) at
BNL. The first results and suggested improvements are discussed in chapter 7. The algorithms that
were developed for the LHC, a hadron collider, have been extended to the damping ring of CLIC, a
lepton machine. The simulations are discussed in chapter 8. The first tests were conducted in SOLEIL,
this is discussed in section 8.4.1. The Graphical User Interface that has been used intensively during
the commissioning of the LHC is discussed in chapter 9

10



Chapter 1

Beam dynamics

In this chapter the accelerator beam dynamics which is used throughout this thesis is introduced. The
discussion is kept short and references are included for further reading. Most of the material was taken
from [1] and [2]. The fundamental equations of charged particle beam optics is discussed in section 1.1.
Section 1.2 discusses the matrix formalism to describe beam line transport. Section 1.3 discusses the
luminosity. Perturbations and their corresponding mitigations play an important role in the operation
of every accelerator, this is discussed in section 1.4. Finally, the resonance driving terms which are
used to measure coupling and higher order resonances are discussed in section 1.6.

11



12 1. Beam dynamics

1.1 Fundamentals of charged particle beam optics

The Lorentz force for a particle carrying a single basic unit of electrical charge can be written as:

F =¢E + e[v x BJ. (1.1)

The Lorentz force has two components, due to the electrical field E and the magnetic field B.
When the speed of the particle is close to the speed of light(v & ¢) the magnetic field needed is much
smaller than the electrical field to have the same force. So the E will be ignored.

The acceleration due to the Lorentz force follows from equating it to the centrifugal force:

myvik = e[v x B], (1.2)

K = (Kg, Ky, 0) is defined as the local curvature of the trajectory in the ’transverse’ (to the v, B plane)

directions,
1

= )
P,y

Pz,y is defined as the local bending radius of the trajectory. The transverse speeds are much smaller
than the longitudinal speed (p;,, < p.). With these assumptions, equation (1.2) can be rewritten as:

(1.3)

Kz,y

1. e ec

—m™ ] =|=-B| = |-=B|. 1.4

ST =12Bl =155 Bl (1.4)
Equation (1.4) can be written in more practical units:

- |BIT)|

- = 0.2998 ———. 1.5

Note that in equation (2.4), 8 and v are the Lorentz’ relativistic parameters and not the Courant-
Snyder parameters (which are introduced in section 1.2.1). The relativistic parameters are defined as
follows:

v

g = -,
C

7= (16)

Vo2

where v is the velocity of the particle and ¢ the speed of light.

1.2 Matrix formalism in Linear Beam Dynamics

In Appendix A the equation of motion is derived up to the 2°d order. The most commonly used
coordinate system in accelerator physics is the Frenet-Serret coordinate system [2]. This system is
convenient as it follows the particles with respect to the reference path. The following approximations
are introduced:

e Higher order terms are ignored.
e [t is assumed that the particle has the design energy.

With the above approximations, the equation of motion is reduced to Hill’s equation:
2"+ K(s)z=0, (1.7)

s is the position of the particle along the reference path, z stands for the horizontal or vertical position
and K(s) is an arbitrary function resembling the focusing parameter along a beam line. The solutions
of this differential equation where K(s) remains constant are:

K>0:
C(s) = cos(vVKs), S(s) = \/% sin(vKs), (1.8)

12



1.2. Matrix formalism in Linear Beam Dynamics 13

K <0:
C(s) = cosh(y/[K]s), S(s) = ﬁ sinh(y/|K]s), (1.9)

these linearly independent solutions satisfy the following initial conditions:

_ / _ dC _
co=100="5] =0
s©) =0, 50 = | —1. (1.10)
ds s=0

Any arbitrary solution z(s) can be expressed as a linear combination of these two principal solutions:

2(s) = C(s)z0 + S(5)2{,
Z'(s) = C'(s)z0 + S'(5)z), (1.11)
where z stands for either  or y. Equation (1.11) can be written down in a matrix. The motion is

separated in both planes since coupling is not considered for the moment. Both planes can be combined
into a 4 x 4 matrix describing the transformation of all four coordinates:

el
S il R e B I (1.12)
y(s) 0o 0 s S| |

In the next paragraphs the linear transformation matrices for a variety of beam line elements will
be introduced.
Drift space

In the area where no magnetic elements are installed or in a weak bending magnet, the focusing
parameter K (s) = 0, equation (1.12) can be expressed as:

z(s)| |1 s| |20
2ol=1 1) 1
where z stands for the horizontal or vertical position.

Dipole

In the case of a pure sector dipole the transformation is expressed as:

z(s)| [ cos®  psinf] [z
L”(s)} o {—%sin@ COSQ:| [26} ’ (1.14)
where 6 = % is the angle and p is the bending radius.

Quadrupole

For a pure quadrupole the field gradient or quadrupole strength K(s) can be either positive, for
focusing, or negative, for defocussing. For K = |K]| the transformation for a focusing quadrupole is
expressed as:

[z(g)] B cosVKs \/%sin\/?s {zo} (1.15)
2'(s) —VKsinVKs cosVKs 2o’ '
and for the other plane with K = — | K| the solution is:
{z/(s)} _ cosh /|K|s \/llﬁ sinh \/|K|s [z(l)} . (1.16)
Z(s)] | \/[K[sinh/[K]s  cosh\/[K]s | %0

13



14 1. Beam dynamics

M
7

Figure 1.1: Example of a beam line with 7 elements.

Particle traveling through a beam line

With the transport of the particle through any beam line consisting of drift spaces, bending magnets
or quadrupoles, it becomes rather straightforward to track the particle.

The transformation matrix for the whole beam line becomes the product of the individual matrices.
For example for figure 1.1 the transformation matrix is expressed as:

M(S|So) :M7...]V[3M2]V[1. (117)

The position and angle of the particle are then easily found by:

{z(s)} = M (s|so) m . (1.18)

2'(s) 0

In accelerator physics various nomenclature is used for defining a sequence of elements. A FODO
cell is defined as a focusing quadrupole followed by drift space, defocussing quadrupole and a drift
space. A FBDB cell, shown in figure 1.2 is the same as a FODO except that the drift space is replaced
by a bending magnet.

F F
B B [
D D

Figure 1.2: Graphical representation of a FBDB cell.

A triplet, shown in figure 1.3 is defined as three quadrupoles placed consecutively, where the
quadrupole in the middle has the opposite polarity of the two on the outside.

F F

D

Figure 1.3: Graphical representation of a triplet cell.

1.2.1 Beam emittance

The area occupied by particles in phase-space is called the beam emittance €, shown in figure 1.4.
Until now only a single particle has been considered, but a real beam consists of many particles and it
would be impractical to calculate the trajectory for every individual particle.

Each particle at any point along a beam line is represented by a point in six-dimensional phase
space with coordinates (z,p,,y, py, 0, E) where p, ~ poz’ and p, ~ poy’ are the transverse momenta

14



1.2. Matrix formalism in Linear Beam Dynamics 15

with pg = BEy, o is the coordinate along the trajectory, Ey and E are respectively the ideal and real
particle energies.

In the definition of the beam emittance it is assumed there is no coupling between the horizontal
and vertical dimensions. However, the coupling can introduce emittance sharing between the two
planes [3, 4, 5, 6].

—ayely tan2¢p=2c/(y— )

Figure 1.4: Phase space ellipse.
Liouville’s theorem states that under the influence of conservative forces the particle density in the
phase space stays constant. This theorem provides a powerful tool to describe a beam in phase space.
It is common to surround all particles of a beam in phase-space by an ellipse called the phase
ellipse. The phase ellipse is described by:

22+ 2022 + B2 =€, (1.19)
where «,  and ’y are called the Courant—Snyder parameters [7]. /5 is the betatron amplitude function,
« is defined as —55 and v = H—O’

Every particle trajectory can be described by:
z2(s) = a 5cos¢+b\/3sin¢>, (1.20)

J(s) = (2f/3 cos ¢ — 531?)+b<2f ¢+Cj3¢) (1.21)

where ¢ is defined as the betatron phase. The amplitude factors a and b can be found by setting s=0:

¢=0, B=Ppo, z(0)= -z,
a=ag, 2(0)=z), (1.22)

from these boundary conditions the amplitude factors become:
1

—==20,

Vho

b= %zo + v/ Boz). (1.23)

Inserting equations (1.23) into equation (1.20) the transfer matrix from sg to s; in any beam line

becomes: |:Z(51):| _ { \/gT(cos¢+aos1n¢) VB1Bosiné } {2(50)} . (1.24)

1+agar ag—ag Bo _ : Z'(s
/YTy sin ¢ + \/—coscb N (cos ¢ — ay sin¢) (s0)

a =

15



16 1. Beam dynamics

For illustration, the evolution of the Courant-Snyder parameters in a drift space is given by:

B(z) = fo—2a0z+ 7077, (1.25)
a(z) = a0 — 7z, (1.26)
7(z) = 7. (1.27)

The initial values are taken at the beginning of the drift space. The location of the betatron waist (z*)
is defined where a(s) = 0, shown in figure 1.5. Equation (1.25) can be expressed as (29 = 0):

(z —2")?
g

where z* = agf* and B* is the S-function at the waist. [;p is defined as the value of the S-function
at the interaction point.

Blz—2")=p"+ (1.28)

v .

»
>

Z =0
0
Figure 1.5: Graphical representation of the S-function in a drift space.

1.2.2 Periodic systems

In particle beam dynamics the equation of motion in periodic lattices (such as circular accelerators) is
similar to Hill’s equation:
2"+ K(s)z=0, (1.29)

where K(s) is periodic with the period L:
K(s)=K(s+L). (1.30)

The solutions of Hill’s equation have been formulated in Floquet’s theorem [2]. The betatron phase
advance for one full turn is:

st s
= . 1.31
o= 5 (31
The number of betatron oscillations is called the tune (Q), which is the betatron phase advance divided
by 2m:
1 [*TE ds
Q=— / = 1.32
). BW (132

1.3 Luminosity

The luminosity (assuming Gaussian beams) is defined as:

R
_ Ry, N1 Ny
A og0y

L W, (1.33)

where N and Ny are the intensities of beam 1 and beam 2, respectively. N; is the number of bunches,
R is the reduction factor (due to the crossing angle, bunch length, etc.), wy, is the revolution frequency
and 0., 0, are the beam sizes at the interaction point for the horizontal and vertical plane, respectively.

16



1.4. Perturbations 17

Introducing the * for the two beams separately and assuming equal emittances (€,1 = €2 and
€y1 = €y2), equation (1.33) can be written as:
R Ny N-
L=5-N L2 Wr, (1.34)
T \/( 21+ Bia)(Byr + Bya)exey

where it is obvious that when the 8*’s deviate from the model the luminosity will be affected.

1.4 Perturbations

Perturbations can either be caused by transverse or longitudinal misalignments of magnets with respect
to the ideal path or imperfections in the magnetic field. These errors in the magnetic field can be caused
by higher order multipole fields. In this section perturbations due to a dipole and quadrupole field
are discussed. Perturbations which are experienced by off-momentum particles such as dispersion and
chromaticity are also discussed in detail.

1.4.1 Dipole field perturbations

The dipole perturbation terms cause a shift in the beam path or closed orbit without affecting the
focusing properties of the beam line. A dipole field error at point s deflects the beam by an angle 6.
M (8 |8k) is the transformation matrix of the beam line between the point s , where the kick occurs,
and the point s,,, where the beam position is observed. The displacement of the beam center line can
be written as:

Due to the linearity of the equation of motion, the effect of many kicks caused by dipole errors can be
calculated by the summation of individual beam center displacements at the observation point s,, for
each kick. The orbit response arising from a dipole field error is given by the product of the Green
function and the kick angle. The Green function ( used to solve inhomogeneous differential equations)
for Hill’s equation is:

Gls50) = LD confn 0. L (130

2(s) = Q—m > VB cos[rQ — ¢ — i, (1.37)
k

the summation is over individual dipole error kicks k with deflection angle 6. From equation (1.37) it
is obvious that when the tune is equal to an integer the orbit becomes infinity, i.e. it becomes unstable.
This behavior is called the integer resonance.

1.4.2 Quadrupole field perturbations

Gradient field errors have a first-order effect on the S-function, betatron phase and tune. The transfer
matrix of an infinitesimal localized perturbing quadrupole error (k) is [2]:

m(st) = {_k(sll)dsl ‘1)] . (1.38)

The perturbed one-turn transfer matrix M(s1) = Mg(s1)m(s1). The phase advance of the perturbed
machine can be obtained from the trace of M:

1
Ad = ZB(su)k(s)dss,
1
AQ ~ 1 —B(s1)k(s1)ds1. (1.39)
77
For a distributed gradient error, the tune shift is:

AQ = % fﬁ(sl)k(sl)dsl. (1.40)

17



18 1. Beam dynamics

The beta-beat is expressed as:

AB(s) 1 e
=— k 2 — dsy. 1.41
o = Ty | 0B cos2Qur + o= ol (1.41)
From equation (1.41) it is obvious that when the tune equals a half integer the beta-beat becomes
infinity, i.e, the particle motion becomes unstable. This behavior is called the half integer-resonance.

1.4.3 Dispersion function

One of the most important perturbations is derived from the fact that the particle beams are not quite
monochromatic but have a finite spread of energies around the nominal energy E. The variation in the
deflection caused by such a chromatic error Ap in bending magnets is the lowest order of perturbation
given by the term p%, where § = A—f << 1. All quadratic and higher powers of § are ignored. The
Green function method is used to solve the equation including the perturbation:

2"+ K(8)z = ko.(s)d. (1.42)

The perturbation due to the dispersion is:

D(s) = L > V/Brby cos[nQ — |ds — ). (1.43)
k

© 2sin7@Q

With the solution of equation (1.43) the 2x2 matrix can be expanded to a 3x3 matrix, which will
now include the first order dispersion:

u(s) Cr(s) Sz(s) Du(s)]| [uo
()| = [cils) Sils) Diis)| [u] (1.44)
1 0 0 1 1

1.4.4 Chromatic effects

Bending as well as focusing is affected if the particle momentum deviates from the ideal momentum.
The dependence of the focusing strength on the momentum is called chromatic perturbation. Higher
energy particles are focused less than ideal energy particles and lower energy particles are overfocused.
The variation of tunes with energy is called the chromaticity and is defined as:

Q = a9 (1.45)

Ap
Ppo
The chromaticity is derived from second and higher order perturbations in (z,y,d). The relevant
equations of motion, including only the quadrupole and sextupole terms:
" +kr= kad— im(a®+y?),
y' —kx = —kyd + maxy, (1.46)

introducing = xg + D,6, the horizontal position and y = yg, the vertical position. m is the strength
of the sextupole. It is assumed that there is no vertical dispersion (D, = 0). Ignoring also the
non-chromatic terms of second order:

xy+krg = (k—mD,)xgd,

ys —kys = —(k —mDy)ygd. (1.47)
The perturbation terms are linear in the betatron amplitude. These errors will result in a phase shift:
Apy = —36 ¢ Bu(k —mD,)ds,
Apy = 154 B,(k—mD,)ds. (1.48)
Using the definition of the chromaticity:
Q= —1= § Be(k —mDy)ds,
Qy= 1= §By(k—mD,)ds. (1.49)
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1.4. Perturbations 19

When the sextupole strengths are put to zero the natural chromaticities are achieved:
Quo = —ix § Bukds,
0= 1= ¢ Bykds. (1.50)

The natural chromaticities are always negative, which is to be expected since focusing is less effective
for higher energy particles (6 > 0).

1.4.5 Coupling

Random and systematic skew-quadrupole errors in the main dipole and quadrupole magnets and orbit
errors in the arc sextupole magnets give rise to coupling between the transverse planes.

Matrix approach

Equation (1.24) shows the transfer matrix in a beam line, considering one-turn and for both planes
the one-turn matrix can be written:

(cos 1 + aq sin¢y) (31 sin ¢ 0 0
T [Ml 0 ] | —ysingy +cos¢pr  (cospr — aq singy) 0 0
10 My 0 0 (cos g + ag sin ¢g) Ba sin ¢
0 0 —ysinga 4+ cosga  (cospa — ag sin ¢o)
(1.51)
When introducing coupling the one-turn map is rewritten to [8]:
My Ny

T= [Nz MJ , (1.52)

if N7 and N3 equal 0 the x and y plane will be decoupled. For the case the motion is coupled a
similarity matrix transformation can be found to relate to the normal modes form. This method is
following Edwards and Teng [9], [10]. The normalized motion in the horizontal and vertical planes is
written as:

z v 0 C:'u @12 Ay cos ¢y
pAw _ Q :Y C’21 022 Az sin d)x (1 53)
(] —Ca  Ch2 0l 0 Ay cosy |’ :

Dy Ca —-Cnn O ¥ A, sing,

where C and ~ are the coupling parameters. Note that this + denotes neither the Twiss nor the
relativistic parameter.

There is a second method to describe coupling which uses the approach of G. Ripken [11]. In this
approach four S-modes are introduced (811, 812, B21, B22). The mode 31 is the horizontal and S;2 is
the vertical mode in the horizontal plane. The same is valid for the vertical plane. This means that
when the coupling is zero the modes 315 and (25 are zero. The two methods are related to each other
as follows [12]:

_ Bn _on
/617 17u7a17 17u7
Ba21 Q21
— = 1.54
ﬁy 17u70‘y 1*’!1,’ ( 5)

where sin ¢ = +4/u is the rotation of the x-y plane. When ¢ = 0 there is no coupling and 3, = 11
and B, = fBa1.
Tune split and coupling coefficient

Two observables which are often used during operations are the tune split and coupling coefficient [13].
The two eigentunes Q1,2 under the influence of coupling are written as:
A

1
— _ _ 2 —\2
Q=Q.— 5 +5VAZ+(C),

Qo= Qy + % _ %,/A? INTe=P (1.55)

19



20 1. Beam dynamics

|C [=AQ

min

Figure 1.6: Illustration of the effect of coupling on tune measurements.

Q. and Q, are the free tunes without any coupling. A is the uncoupled fractional tune split (A =
Qs — Qy — p), where p is the integer tune split.
The coupling coefficients are approximately related to the skew quadrupoles in the ring as:

o) = 10O Z Sk B geae=a0), (1.56)
; ;

\C(t)\ and w(t) are respectively the coupling coefficients amplitude and phases, k; is the integrated
strength of the skew quadrupole at location I. £ and ﬁé are the beta functions at the location of
the skew quadrupole. A¢s and A(bzl are the phase advances between the skew quadrupoles and the
observation point.

The tune split AQ is expressed by:

[AQ| = |Q1 — Q2 — p| = VA% +|C—|2. (1.57)

1.5 Momentum compaction factor

The synchronization of particle motion in a synchrotron depends heavily on the total path length. The
first order deviation of the total path length for an off-momentum particle from the reference path is

given by: Ac :]{%ds _ b{ @d% 5 (1.58)

The momentum compaction factor is defined as the relative increase in closed-orbit length C for an
off-momentum particle.

_1dAC 1 [ D(s)ds 1 _
-l & (D)0, (1.59)

where (D), and 6; are the average dispersion function and the bending angle of the i*" dipole.
The relative difference of the off-momentum and on-momentum revolution period is:

AT AC Av 1. Ap

=T T = (e — =)= =1, 1.60

To C v (o 72) Do 1 ( )
or equivalently, Af/fo = —nd, where f is the revolution frequency and Ty = % is the revolution period

of a synchronous particle.
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1.6. Non-linear beam dynamics 21

The phase-slip factor 7 is:
1 1 1

h—a— 2oLt L 1.61
ot (161

here v, = 4/ ai is called the y-transition or simply =, and y;mc? is the transition energy. For FODO

cell lattices, v ~ @,. Below the transition, with v < ¢ and < 0, a higher momentum particle will
have a revolution period shorter than that of a synchronous particle. Above the transition energy,
with v > 7, the converse is true.

1.6 Non-linear beam dynamics

In this section the concept of the resonance driving terms will be introduced. The derivation of the
resonance driving terms up to the first order is given in appendix C. The evolution of the linearly
normalized horizontal variable is given by:

hy (N) = /2L, Cmv=N+vs0)

20 3 Jfiram @15 (20,) 5 0N b0 (=D (@mo, N ool (1,63)
Jklm

and the vertical horizontal variable by:
hi(N) — 2]yei(27rvyN+1/)yyg)

Y
9 Z lf].,dm(zjz)#(2[74)7”";’1ei[(k*j)(%wN+</>zo)+(1fl+m)(27rvyN+<z>yo)]7 (1.63)
Jkim

h=(h}, h;,hf, h;) is called the resonance base. N the number of turns. I and ¢ the action-angle
variables and fjxin, is the resonance driving term. The terms jklm are related to the potential (z%y"),
where j +k =w and | +m = v.

The first term on the right hand side of equations (1.62) and (1.63) is the main betatron tune
line. The position in the spectrum gives the fractional part of the tune. The second term gives the
non-linear terms as well as the coupling and is related to the resonance driving terms fjrm. The
relation between the amplitude and phase of the measured higher order resonance line in the spectrum
and the resonance driving term fx;m is given by:

. . jtk—1 4+m
H—j+km=1) = jlfml 2L)77 (21,)7F,
. ™
Gjktm = Yjrim + (L= 5+ k)W + (m = DP%,,, — 3 (1.64)
Vik=j1=1+m) = I|fjum| (L) 21,)75,
. ™
¢jklm = wjk:lm + (k - ])w;cklm + (1 =1 + m)d)?kjlﬁb - 5’ (165)

(J—k)Qz+(l—m)Qy = peN,
(1.66)

where the horizontal line in the spectrum is given by H(1 — j 4+ k,m — [) and the vertical line V (k —
j,1—=14m). In case of decoherence there is a reduction factor of the spectral line due to the amplitude
detuning [14]. The decoherence factor corresponding to the horizontal spectral line (m,n) is:

, (1.67)

where m and n are the indexes for the resonance m@,; + n@, = p.

Tables 1.1 to 1.4 give an overview of the resonance driving terms for the different potential terms.
With ajklmew?klm being the amplitude and phase of the spectral line.

An example of the spectrum of one of the BPMs in the LHC is shown in figure 1.7. The main
betatron and secondary lines up to the normal sextupole are labeled.
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Normal quadrupole (potential term 22, %)
n | jklm | resonance | horizontal line | vertical line | |a;jgim| | ¢Gpm
21100 | (20) (L.0) VI | e
2 | 0011 (0,2) (0,1) V2L, | Yyo

Table 1.1: Resonance driving term and the spectrum for the normal quadrupole.

Skew quadrupole (potential term zy)
n | jklm | resonance | horizontal line | vertical line |@jkim | im
2 | 0110 (1-1) (1,0) 2| forrol V2L | ¢o110 + Vw0 —
211001 | (0,2) (0,1) 2| f1001] \/\;TL b1001 + Pyo0 — 3
H:2|f1010/ /21y | ¢1010 — ¥y0 — 5
2 1010 (02) (0-1) (-1,0) V:2|fi010| V2L | #1010 — Ve —
Table 1.2: Resonance driving term and the spectrum for the skew quadrupole.
Normal sextupole (potential term %)
n | jklm | resonance | horizontal line | vertical line |@jkim | kim
31200 | (1,0) (2,0) 2[f1200 21z | b1200 + 2000 — 3
3 | 2100 (1,0) (0,0) 4| f2100| 21, $2100 — 5
3 | 3000 (3,0) (-2,0) 6 | f3000] 21z | $3000 — 2020 —

Table 1.3: Resonance driving term and the spectrum for the normal sextupole term 1.

Normal sextupole (potential term zy?)
n | jklm | resonance | horizontal line | vertical line |@jkim | Dkim
3 | 0111 (1,0) (1,1) 2| for1| V2L $o111 + V0 + Vyo — 5
3| 0120 (1-2) (1-1) 2| for2o| /21y #0120 + Vz,0 — Yy — 5
3 | 1002 (1,-2) (0,2) 2| fro02| /21y ®1002 + 2¢y0 — 5
H:2|f1011] /21, d1011 — 5
1011 0,0 11 1,0 y 2
2 ©.0) (LD (1.0) V2| fro11] /2121, | ¢r011 — Ve + Py — 5
H:2 | f1020] /21, P1020 — 2¢y0 — 5
1020 0,-2 -1,-1 -1,0 : Y 2
2 -2 1) (10) V4| fro20] /2121, | $1020 — Y0 — Yy0 — 5

Table 1.4: Resonance driving term and the spectrum for the normal sextupole term 2.

AAqo

AAg

' ' SN H——
1k NN ]
0.1 ¢ Q) N i
SRS
0.01 ¢ NZ ]
0001 ‘| ‘ | 1 1 ' ‘ |’ ‘
0 0.1 0.2 0.3 0.4 0.5
T T |\ N \I/
1k QT :
0.1 ¢ N\ ]
N Q°
001 | 1 \ ]
0.001 ! ! ! | l |
0 0.1 0.2 0.3 0.4 0.5

Frequency [Tune units]
Figure 1.7: The normalized spectrum for BPM8L1B2 for the horizontal plane (top) and vertical plane
(bottom). The main betatron and secondary lines up to the normal sextupole are labeled.
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1.6. Non-linear beam dynamics 23

1.6.1 Coupling terms

A general introduction to the resonance driving terms has been given. A complete description of the
implementation for the coupling can be found in [15]. The coupling generated by skew quadrupole

sources is: )
=— /8l gl pi(APs FAGS)
f(}g{i)(l)) (8) - 4(1 _ eZﬂ'i(Qm:FQy)) zl: kl B£By€ v/, (168)

where k; is the strength of the skew quadrupole at location 1. ﬁi and B?ZJ are the beta functions at the
location of the skew quadrupole. Ag¢s! and Agb‘;l are the phase advances between the skew quadrupoles
and the observation point.

Relating resonance driving term and coupling

In section 1.4.5 the coupling was introduced. In equation (1.53) the matrix solution was shown for
coupling using a ”"symplectic rotation”. In this section the relation between the coupling resonance
driving term and the |C| is given. For a more detailed explanation see [10].

A _ 1
|C} = 1 14+4(| f1001 [* =] f1r010%)’
2 1
TS T P o) (1.69)
For the closest tune approach, the relation to the resonance driving terms is:
AQynin _ 27(cos 27 Q, —cos 27rQy)7 (170)

7(sin 27 Q4 +sin 27 Q)

y (M) _ (1.71)

144 fi001 > —| f1010/?
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Chapter 2

Optics measurement techniques

In this chapter the different algorithms, techniques and instrumentations used for the optics measure-
ments and corrections are discussed. Section 2.1 introduces the most important beam instrumentation
used during the conducted measurements. Several measurement techniques which are used in the
LHC are described and discussed. Section 2.2 discusses and compares the free, driven oscillations and
K-modulation techniques. Section 2.3 discusses the data analysis tools and compares their results.
Section 2.4 discusses how the optics functions are measured. Section 2.5 discusses the different correc-
tion methods. Finally, a brief discussion of other methods used to measure and/or correct the linear
optics is presented in section 2.6.

25



26 2. Optics measurement techniques

2.1 Beam instrumentation

It would be impossible to conduct the measurements without proper beam instrumentation. In this
section the most important beam instrumentation for the measurement is introduced.

Beam Position Monitor

The Beam Position Monitors (BPMs) are the eyes of any accelerator. They are usually composed of
two or four conductor plates. When the BPM is composed of 2 plates, it is called a single plane BPM.
When it is composed of four plates it is called double plane BPM. With single plane BPM the position
of the beam can only be measured in one direction. The beam position is obtained by measuring the
voltage on the plates.
The voltage is proportional to the rate of variation of the magnetic flux associated with the beam
current. In general, the beam position is:
wUy —U_  wA

20, +U- 2 ¢’ 2.1)
where U, and U_ are either the current or the voltage signals from the right or up and left or down
plates. A = U, — U_ is called the difference signal, e = U, + U_ is called the sum signal and ¥ is the
effective width of the beam position monitors. Equation (2.1) may require nonlinear calibration. This
is especially important for light sources, where the responses have a cubic response, due to the shape
of the beam pipe. This means that the measured signal is equal to:

Zobs = AZyeqr + B23 (2.2)

real>

z is the position either in the horizontal or in the vertical plane, A and B are constants. Measure-
ments of the normalized difference signal with proper calibration provide information about the beam
transverse coordinates.

For the optics measurements the BPMs are vital instruments.

Beam Loss Monitors

The loss of only a fraction (107%) of the beam can have a severe impact on the operation. For the
LHC, over 3000 ionization chambers, called Beam Loss Monitors (BLMs) [16], are installed to abort
the beam if the loss rates exceed the quench levels.

For the optics measurements, the BLMs were used in the LHC as an observational tool to determine
how large a kick could be applied.

Measuring the beam current

The beam current is one of the basic quantities of the beam. The measurements of the beam current
are mostly done by the beam current transformers (BCT). The principle is based on the effect of the
beam electro-magnetic fields, in a transformer where the number of windings for the beam is 1.

The BCT is used together with the BLMs for the measurements to see if any losses appear when
exciting betatron oscillations.

Synchrotron light monitor

The synchrotron light telescopes [17] measure the profiles of the beam particles (electrons, protons
and ions). For the LHC it was also used to verify that the abort gap is clear. For the LHC, at
collision energy each telescope will image visible light from a superconducting dipole used to widen
beam separation at the RF cavities. This source must be supplemented by a 2-period superconducting
undulator 1 m from the dipole.

The two LHC synchrotron-light telescopes will measure the transverse beam profiles. The abort-
gap monitor will verify that the 3-us gap contains an acceptably small number of particles, since a
partial kick during the rise of the abort kicker may drive them into a magnet and cause a quench.

For the optics measurements the synchrotron light monitors are used to keep track of the beam
profile and beam size. It is used to see if the kicks increase the emittance.
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2.2. Measurement instruments 27
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Figure 2.1: Example of a wirescanner.
Wire scanners

The wire scanners, an example as shown in figure 2.1, are used to measure the beam emittance, through
an indirect measurement.

The wire scanners pass an electrical wire through the beam and measure the current induced by the
beam. The beam profile (¢) is deduced from a fit of the measured current in the wire. The emittance
is calculated by (assuming D, , = 0):

(2.3)

the g is taken either from the model or from the propagated value using the segment-by-segment
technique. During operations it is common to describe emittance independent of the beam energy,
called the normalized emittance [2] (en)

EN = 5’767 (24)

where 8 and v are the relativistic parameters, defined in equation (1.6).
For the optics measurements it is important to know the beam emittance. When the beam emit-
tance is too large, the betatron oscillations could cause losses, limiting their amplitude.

Collimators

Collimators are protection devices installed in the LHC and other accelerators around the world. They
protect the accelerator against beam losses. For the LHC two insertions (IR3 and IR7) are dedicated
to collimation and are equipped with about 54 movable, two-sided collimators.

The collimators play a vital role in the protection of the LHC. For the optics measurements, a too
tight collimator settings decreases the kick amplitude, and therefore the measurement resolution. For
this reason during most measurements the collimators are put in their parking positions (open) since
the beam intensity is safe.

Tune measurements

Several methods can be applied for measuring the tune. This can be done by applying a kick and looking
at the transverse spectrum. The second system which is used is the base band tune (BBQ) [18], [19]
which allows to continuously measure the tune by measuring the residual beam oscillations.

The tune measurements are used during the optics measurements to identify the main betatron
tunes. These tunes are used as input for the analysis of SUSSIX and the multiturn application.

2.2 Measurement instruments

Different instruments are available to introduce transverse oscillations. An alternative method, called
K-modulation, used to measure 3* will be introduced.
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28 2. Optics measurement techniques

2.2.1 Q-kicker/Aperture kicker

The tune and aperture kicker is used to introduce transverse oscillations. The only difference between
the tune and aperture is the strength of the magnet. The name tune kicker comes from the fact that
when operating with the kicker’s low strength, the data could be used to measure the tune. When
operating with higher strength, the kicker is used to measure the available dynamic aperture. This
kicker has to be strong enough to kick the beam until losses are observed, which indicate the aperture.
The tune and aperture kicker have three disadvantages. One is the available strength at higher energies.
For instance for the LHC, which has an energy between 450 GeV of 7 TeV. When the energy is above
injection, 450 GeV the tune/aperture kicker strength is not sufficient anymore to introduce transverse
oscillations.

The second disadvantage of using the tune/aperture kicker is decoherence. If the particles all have
the same betatron tune, the observed centroid motion is harmonic. However, if the beam contains a
spread of tunes, the motion will decohere as the individual betatron phases of the particles disperse.
The phase space distribution of the beam spreads from a localized bunch to an annulus which occupies
all betatron phases, and the observed centroid of the beam will show a decaying oscillation. The two
main sources for decoherence are [20]:

e The transverse nonlinearity due to magnetic field aberrations.
e The energy spread of the beam which is coupled to betatron tune through the chromaticity.

The envelope of the turn-by-turn motion a, (V) is calculated to study the effect of the decoherence
on the transverse oscillations. Where z is either the horizontal or vertical plane.

a,(N)=ZA(N), (2.5)
where A(N) and Z are defined respectively as the decoherence factor and kick amplitude:
Z = BAY o, (2.6)

3 being the S-function, Az’ is the kick angle and o, the beam size.
The decoherence factor caused by the chromaticity is given by:

a = 20,Q'Q;'sin(rQ,N),
AN) = e /2, (2.7)

where o, is the rms relative energy spread, @, is the synchrotron tune and Q' the chromaticity.
The decoherence due to transverse nonlinearity follows a Gaussian pattern when Z > 1, and then
changes to a 1/N? power law when Z < 1. The decoherence factor becomes:

A(N) m e QNP2 (751),

A(N) ~ m (Z < 1), (2.8)

9Q-
Oe,

, where %?z is the derivative of the

where @), is called the characteristic tune and is defined as 4
tune with the emittance.

From equations (2.7) and (2.8) it is obvious that is rather easy to distinguish the two effects. The
decoherence due to chromaticity haves an oscillating behavior through the kick, indicating high chro-
maticity. The decoherence due to amplitude detuning will damp the oscillation. Correcting these effects
is important as the measurement resolution depends on the number of turns that can be analyzed.

2.2.2 AC-dipole

The disadvantages from the decoherence are overcome with the AC-dipole [21]. The effect of the AC-
dipole has been studied in great detail. The amplitude of the driven coherent oscillation at location
(assuming a linear machine) is written as [22, 23, 24, 25]:

B,L
Zm(s) = 7 (Bp)AQ Y B(s)Bas (2.9)
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2.2. Measurement instruments 29

where B,L is the integrated AC-dipole field strength, Bp is the magnetic rigidity, 5(s) and 3, are
the S-function at location s and the ac-dipole, respectively. AQ is the difference between the driven
and free tune (AQ = Qfree — Qdriven)- In equation (2.9) it is shown that when the driving tune is
equal to the free tune the oscillation diverges (resonance occurs when Qgriven = @ free). The driven
oscillations differ to the free oscillations proportionally to the AQ. This affects the reconstructed optics
parameters. There are two approaches to calculate the optics parameters from the driven oscillations.

e By introducing a quadrupole error at the location of the AC-dipole in the model which represents
the driven oscillation [26].

e By the use of equations in [27], [28] and [29].

Both approaches have been used in this thesis giving equal results.

Figure 2.2 shows the effect of changing the AQ = Qiriven — @ free on the S-beat. When AQ becomes
larger, i.e driving the AC-dipole tune further away from the free tune, the effect on the S-beat becomes
larger.
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Figure 2.2: Effect of the AC-dipole on the 3-beat is shown for different A = Qariven — @ free-

2.2.3 K-modulation

K-modulation is the only technique that does not require special beam instrumentation, except the

tune measurement. The only requirement is that the quadrupoles are independently powered at the

location where the 8 has to be measured. The idea of the K-modulation is that a small trim is

introduced in one of the quadrupoles. This trim has an effect on the tune which can then be measured,

in the LHC this is done with a BBQ system, and from there the 3 at that location can be deduced.
For a distributed gradient error, the tune shift is:

1
AQ= - fﬁ(sl)k(sl)dsl. (2.10)
In the case of a single quadrupole error equation 2.10 can be simplified to:
1 -
AQ = —BAKL. 2.11
Q= -k (21)

After re-arranging equation 2.11 the average 8 function at that quadrupole is given by:

4TAQ
AkL -~
The two parameters that determine the accuracy of the measurement are the trim in the quadrupole

and the tune uncertainty. These two parameters determine the accuracy of the measurement in the
following ways:

B = (2.12)

e The accuracy of the trim depends on how the trim (Ak) is transfered to the current level.
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e The largest uncertainty comes from the measurement of the tune in the BBQ system.

A third effect which could affect the accuracy of the measurement is the coupling, if the coupling is
too large the tune shift will not be measured correctly when tunes are brought closer.

Figure 2.3 shows one of the measurements done for the 5* of the LHC. The quadrupoles that were
trimmed are the inner triplet magnets (explained in chapter 4), which has as a consequence that both
beams were affected.
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Figure 2.3: Example of a K-modulation that was carried out for the measurement of the 8* at the
LHC. The top plot shows the measured tunes and bottom the trims applied in the inner triplet magnets
for IR1 and IR5.

2.2.4 Comparison between the different methods

Table2.1 shows an overview of the different measurement techniques

Method Invasive | Advantages Disadvantages
Yes -Easy to operate -Not strong enough at
Tune/Aperture kicker higher energies
-No cancellation needed -Emittance growth
-Decoherence

Yes/No | -AC-dipole can be used for | -Driven oscillation

AC-dipole higher energies.
-No decoherence. -Potentially dangerous
K-modulation No - Could be done with higher | -Slow
intensity

Table 2.1: Comparison between the different measurement techniques.

2.3 Analysis techniques

Two analysis techniques are used to calculate the phase and amplitude of the main betatron tune line.
Each technique has advantages and disadvantages. These two techniques are introduced below. A
detailed comparison between the two methods is presented.
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2.3.1 Interpolated FT

An interpolated Fourier Transform (FT) such as a modified version of SUSSIX [30] is used to identify
the amplitude and phases of each main betatron tune line and higher resonance lines. A Fourier
analysis uses a time series x(1), x(2),...,x(N) of N orbit measurements for consecutive turns as input.
This time series is expanded as a linear combination of N functions:

N
z(n) = $(Q;)e”™ M, (2.13)

Jj=1

The expansion can be done efficiently with a FFT algorithm. The frequency corresponding to the
largest value of ¢ is taken as the approximate tune. The error due to the discrete frequency steps is
equal to: .

|AQ| < 5N (2.14)
So, for example if the needed resolution is 0.001, about 500 turns would be needed.

The interpolated FT is an improvement to the normal FFT. Interpolating the shape of the Fourier
spectrum around the main peak significantly improves the resolution. Thereby the same resolution
can be achieved by processing data for a much smaller number of turns.

The basic idea of an interpolated FT is that the shape of the Fourier spectrum is known, and equal
to that of a pure sinusoidal oscillation with tune Q gipn:

sin N7(Qrint — Qj)

Q)= - . 2.15
‘¢( .7)| | Z\ZSIHW(QFint Q])| ( )
So the formula for the interpolated tune @ g;,: reads:
k 1 |p(Qrt1)]sin( %)
P + Zarct N 2.1
@rint N g aretan (Nsin T(Qfint — Qj) )’ (2.16)

where |¢(Q)| is the peak of the Fourier spectrum, and |¢p(Qp+1)| its highest neighbor. So, instead
of using only the peak value of the FFT, one interpolates between the two highest points. For large N
the error is given by:
CFint
N2
So, for example if a resolution is needed of 0.001, about 31 turns are enough (noise not taken into
account). Where Cryy¢ is a numerical constant. The resolution improves quadratically with the number
of turns. For N > 1, equation 2.16 may be approximated by a simpler form:

|p(Qry1)] )
|0(Qn)| + 16(Qr+1)] )

The interpolated FFT is used in SUSSIX. A modified version of SUSSIX developed in [14] was used
intensively during the measurements. The output of the code is post-processed to identify the main
betatron and higher order tune lines.

Figure 2.4 shows the error of phase, f and the horizontal and vertical tune with respect to the
number of turns. From the figure it is obvious that the improvement is achieved by analyzing more
turns, especially for numbers of turns below 1000. For this reason data is always acquired for the
maximum number of turns possible during measurements.

|AQ| <

(2.17)

E o1
QFint = + + —arctan ( (2.18)

2.3.2 Singular Value Decomposition

Singular Value Decomposition (SVD) is widely used in signal processing and statistics. It is used here
for three applications. The first one is to filter bad BPMs [32], the second one is to identify the main
components of the BPM signals [33]. The third one is to invert the response matrix for correction.
Similar application were SVD is used is called Model Independent Analysis (MIA) [34].

A SVD is defined mathematically for a m x n matrix as:

M =USV*, (2.19)

in this definition U is an m X n matrix. 3 is an n X n diagonal matrix containing non-negative real
numbers, which are the singular values. V* is n X n matrix, defined as the conjugate transposed of V.
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Figure 2.4: rms error for 3, phase and the horizontal and vertical tunes with respect to the number of
turns.

SVD for the measurement of the linear optics

The data from m BPMs recording T turns can be represented in a matrix form [33], where “+” and “-”
represent the orthogonal vectors representing a betatron mode (cos, sin). Lxm = [07,07,...], Viuxm =
[T, v7,...] and Upxmy = [uT,u™,...], are the corresponding non-negative singular values, the eigenvec-
tors representing the spatial variation of betatron function, and the temporal eigenvectors representing
the time evolution of the betatron mode respectively.

The Turn-by-Turn data in the m*® BPM can be expressed as:

by = \/2J1 B cos(Pr + ¢um)- (2.20)

The BPM matrix is normalized by the number of turns B = %, the covariance matrix is given by:

T
CE" = + t; by, (2.21)
T
t; % V Bmﬁn[cos(wm — Pn) + cos(2¢¢ + P, + wn)]» (2.22)
< J > /B Bn cOS(WYm — Pp). (2.23)

The eigenvalues and eigenvectors can be found by solving:
Cpv = Av. (2.24)

Where v = /2J By, cos(¢o + ¥m). From the m?" component of the secular equation the condition
is that:

M
Z /Bn Sin(¢>0 + d)n) =0. (225)
n=1
With two solutions:
> Brsin 24y,
=—ctan ' | S——— 2.2
G0 =g tan | g e, (2.26)
n

and ¢o + 7, corresponding to the two eigenvalues

M

M
Ay = % <J> ZB” + Z/Bn 0052(¢0 + wn) . (2'27)

n=1 n=1
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The normal spatial eigenvectors are given by:
1
vy = o [\/< J > B, cos(¢o + d)m)} , (2.28)
1
v- = T [\/< J > B cos(ég +¢m)} , (2.29)

(2.30)

and the corresponding normalized temporal vectors are given by:

2J,
(Y ﬁ cos(¢t — ¢o), (2.31)
[ 2J
Uu—- = - ﬁ sin(¢t — ¢0) (232)

The 1 and S can be derived from the betatron vectors:

tan~! (U*”*) , (2.34)

o4 U4
-1

(8

<J>71(oFvl +o%0d). (2.35)

2.4 Optics calculation

In this section the main functions for the calculation of the different optics functions will be discussed.

2.4.1 f from phase and amplitude

Two methods are used to calculate the pg-function. The first method calculates the 5 through the
phase advance, using the three BPM method [35]. The second method uses the amplitude of the main
betatron oscillation.

The § from phase

The § function using the three BPM method uses the phase advance between three consecutive BPMs.
Figure 2.5 shows a graphical representation for the phases of the 3-BPM method.

Ay

/,P{bﬂ\' Dy
BPM1 BPM2 BPM3
Figure 2.5: Graphical illustration of phases for the 3 BPM method

B1, B2 and B3 can then be calculated as:

cot ¢12 — cot P13

B = —miTen (2.36)
mi2 012
cot 12 + cot do3
BQ = ma2 nii ) (237)
0022 + 011
mi2 niz
cot a3 — cot P13
Bs = —m——om (2.38)

ni2 012
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where m;; is the matrix element from the transfer matrix (see equation 1.24) between BPM 1 and 2,
ni; between BPM 2 and 3 and finally o;; between BPM 1 and 3. The matrix elements are taken from
the model. ¢;; is the phase advance between BPM j and BPM i. The error on the 8 comes from the
error on the phase and the phase advance between the two BPMs. The error becomes as follows:

V/(esc2(12)0¢12)2 + (csc2(p13)d¢13)2

58 = el T , (2.39)
85y = \/(CSC2(¢12)5¢>12)2+(CSC2(¢23)5¢>23)2’ (2.40)
M_FM
mi2 niz

- \/(CSC2(¢23)5¢23))2+(CSC2(¢13)5¢13)2. (2.41)

With d¢;; is the error on the phase advance between BPM j and BPM i. When the phase advance
between the BPMs is close to 0, 90° or 180° the error on the S-function is diverging. In case of 90°,
0532 is diverging because of the matrix elements in the denominator.

The § from amplitude

The orbit due to the betatron oscillation can be written as:

z3(s) = /2JB(s) cos(é(s) + ¢o). (2.42)

Where 2J is related to € and is called the action. The amplitude of the main betatron signal is:

A(s) = /27B8(s). (2.43)

The beta from amplitude is easily calculated from the amplitude (A(s)) and the action (J):

(2.44)

The action is calculated using the § from the model and averaging it all around the ring:

2] = <§(§i > . (2.45)

Comparison between the two methods Both methods use the model to calculate the 8 value at
the BPM. In case of large 8-beat the two methods start deviating. In [36] and [37] the effect on the
[ when the tunes were changed to the half integer resonance was investigated. A small quadrupolar
error near the half integer resonance has a large effect on the S-beat. During the simulations it
was discovered that the S from amplitude was less exact than the S from phase. An algorithm was
developed to compensate for this effect [36].

2.4.2 Dispersion measurements
The dispersion is measured by taking the average orbit of the turn-by-turn data. The change in the
orbit is caused by changing the radial steering, resulting in a change of the reference orbit:

zp=D,—=% (2.46)

The horizontal and vertical dispersions are calculated as follows:

AZD
D.=—%; (2.47)

p

Where Azp is the orbit shift for an RF frequency trim (§). Figure 2.6 shows an example of one of the
horizontal BPMs for the LHC after applying a frequency trim.
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Figure 2.6: Turn-by-turn data showing the orbit change for different frequency trims.

The quantity \I/% (normalized horizontal dispersion) appears to be very robust as it can be measured
independently of the BPM calibration [38]. The horizontal dispersion (D,) is measured by radial
steering and the /f is calculated from the amplitude of the Fourier analysis of the turn-by-turn data.
This ensures that both observables are proportional to the BPM calibration. Therefore when looking

at \/—, the measurement is independent of the calibration of the BPMs.

Chromaticity

Another variable that can be determined while the dispersion measurement is conducted is the chro-
maticity. The tune change that is observed can be used for determining the chromaticity. Figure 2.7
shows a simulation of the tune change when a RF frequency trim is applied.
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Figure 2.7: Change in the tune when trims of —5,5 x 10~* were applied. Top plot shows the horizontal
plane, bottom plot the vertical plane.
The chromaticity can be found by fitting the tune versus §. The slope is the chromaticity. In this
simulation the AQ is 0.005 and with a momentum trim of 0.0005, the chromaticity is about 10. There
is no tune spread around the main peak, as only a single particle was tracked.

2.4.3 Coupling

Local coupling measurements are described using the difference (f1001) and sum (fi010) resonance,
introduced in section 1.6. The resonance driving terms are measured by identifying the corresponding
amplitude and phase in the frequency domain (a;xim e ®5km and bjkim ew?klm , respectively the resonance
lines in the horizontal and vertical plane). The difference (f1001) and sum (f1010) resonance are then
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1 /bigo1aio01
L Jbrooraioo 2.48
[ f1o01] 2V bioooa1000 (2.48)

found at a BPM:

“ T
b1001 = Ploor — Yo + 5 (2.49)
1 /bio10a1010
= /T, 2.50
|f1010‘ 2V b1oooa1000 ( )
T
dr010 = 10 T V2 + 5 (2.51)

With fikim = |fikim|€'®*m and the terms jklm are related to the potential (z%yv), where j +k = u
and [ +m = v. For a complete description of the implementation of the difference and sum resonance
see ref. [15].

2.4.4 Chromatic functions

The dependence of the linear functions on energy is called the chromatic aberrations. The chromatic
function for the S-function can be found by the Montague functions [39]

AB, 1

a, = s E, (252)
Aa o, AB,

b = SF-E (2.53)

the slopes Af = and % are calculated by a linear fit. The chromatic 8 functions are defined as:

W. = aZ+o2, (2.54)
v, = arctan(%). (2.55)

z

2.4.5 Pseudo double monitors

Dual plane BPMs are needed to measure the coupling. The Pseudo double monitors are numerically
constructed by shifting a vertical plane monitor towards the location of the nearest horizontal BPMs.
This is realized by shifting the phase of the real spectrum lines in accordance with the vertical phase
advance between the horizontal and vertical monitors, since the lines in the complex spectrum cor-
respond to the sum and difference resonance. The assumption is made that the sections are free of
non-linear sources.

2.5 Corrections methods

During the commissioning of the LHC two techniques were used to correct the linear optics. The first
technique is the global correction, which is used to fit the parameters all around the ring. This is dis-
cussed in subsection 2.5.1. The second technique is called the segment-by-segment technique [40], [41]
which was developed to identify and correct local optics errors. This new technique is discussed in
great detail in subsection 2.5.2.

2.5.1 Global correction technique

Global correction techniques [42] were developed for the correction of phase, 3, horizontal normalized
dispersion and the coupling and vertical dispersion. The correction is computed using a response
matrix using the ideal model. The perturbation of the optic functions at m BPMs due to the change
in strength of n correctors is formulated into an m x n response matrix (R).

RAE = A (2.56)
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The measured and model optic function (¥) at m BPMs can be expressed into a vector:
Ak = [Avy, Avy, Avs...Avy,] . (2.57)

Using the least square algorithm for the correction, to minimize the quadratic residual v at all
BPMs:

. 2
HRAk - MH — min. (2.58)
The correction can be found by an SVD inversion.

Correction using normal quadrupoles

In the case of correction using normal quadrupoles, the R-matrix relates the phase-beating, beta-
beating, normalized horizontal dispersion and tunes to the strength of all quadrupoles circuits.

g g AB’I AE 51 P
A¢Z7A¢ ) ) y7A_,AQZ7AQ :RAk 259
( v B B OB v (2.59)
The required strength is computed from the measurement error:
7 - g g A Hx A 5, ﬁx
Ak =-R 1 (w1A¢I, nggby, wBﬁ—f, w45—éf, Il&Aﬁ, wGAQI, UJGAQU> 5 (260)

w; stands for the weights that can be applied to correct the individual optical functions.

Correction using skew quadrupoles

In the case of correction using skew quadrupoles, the R-matrix relates the difference and sum resonance
and the vertical dispersion to the strength of all skew quadrupoles circuits.
The required strength is computed from the measurement error:

AES = *R71 (wlARe{ﬁom}, 'LUQAIm{ﬁ()Ol}, 1U3AR€{ﬁ010}, W4Alm{ﬁ01o}, w5A5y) y (261)

w; stands for the weights that can be applied to correct the individual optical functions.

2.5.2 Local correction technique

The global correction technique has its limitations when it comes to identifying strong local sources.
When using the global correction algorithm, a global fit is made around the ring. This created the
need for the development of a new technique to ease the identification of strong local sources. This
technique is called the segment-by-segment technique [40], [41]. It was developed initially for the LHC,
and later was implemented for RHIC as well (see ch. 7).

The concept of the local correction is shown in figure 2.8 . The idea of the segment is to take a part
of the accelerator and treat it as a beam line. The initial conditions of the beam line are the measured
optics parameters.

The code that is developed has to fulfill the following functionalities:

e Identification local error sources.
e Calculation of effective corrections.
e Calculation of optics functions at elements such as wire scanners and collimators.

During the thesis several definitions will be used to explain the results from the segment-by-segment
technique:

e Propagated model: model where the initial conditions are the measured optics functions.

e Fitted model: the propagated model is fitted to the measurements using local correctors.
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B Bz
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Qy _ Qy
- M , 2.62
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L Im{fio10}], LIm{ fro10}] 400

the left hand side of equation (2.62) contains the optics values at the BPMs or elements in the segment
line, where My apx is the transport matrix from the ideal model. The ideal model of the beam line
uses the measured optical parameters as the initial conditions. By comparing the propogated model
with the measured optical parameters in the beam line local deviations could be observed. Figure 2.9
shows an example using the S-beat as an observable. In this example an error of 0.1% was applied
in the triplet left from IP1. The plot on the left shows that after 23500 m the measured S-beat (red)
makes a local jump. In the right plot the fitted model (black) is shown and it can be seen that it is
in good agreement with the measured (-beat (red). Other observables as Phase and D, , were used.
The observable which was used for the phase is the total phase advance. The total phase advance is
defined as:

A¢e’rr0r = A(z)rrwd - A¢propagation7 (263)

the phase advance here is not the BPM-to-BPM phase advance (A¢ = ¢iy1 — ¢;), but the phase
advance between the i'" and the starting BPM (A¢ = ¢; — ¢p). The total phase advance is then
given by the difference between the measurement and the propagated model phase advance. When the
phase advance between the model and the propagation are the same, no errors are present, and the
observable Ade,ror Will be zero along the beam line. If an error is present, A¢e o Will start deviating
from zero after the location of the error.
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Figure 2.9: The left plot shows the 8-beat when the error is not yet identified. The right plot shows the
[-beat when the error is corrected. The top plots show the location and strength of the quadrupoles,
the middle plot the horizontal S-beat and the bottom plot the vertical -beat.

Figure 2.10 shows an example were an error of 0.1% was applied in the triplet left from IP1, using
the total phase advance as an observable.
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Figure 2.10: The left plot shows the observed error (red) and the right plot shows the same error (red)
with fitted error correction (black). The top plots show the location and strength of the quadrupole, the
middle plot the horizontal total phase advance and the bottom plot the vertical total phase advance.

The segment-by-segment technique was extended to include more optical functions. For the chro-
matic functions the observable could be implemented directly in MADX. As the resonance driving
terms are not a direct observable in MADX, a matching script had to be implemented. The f1901 and
f1o10 are calculated from the R-matrix in MADX [43]. Figure 2.11 shows an example where an error
was applied in the triplet left from TP1 using a strength of 0.0006 [m~2].

2.6 Different techniques to measure and/or correct the linear
optics

A short comparison between some other common techniques that are often used in accelerators will
be made. Two techniques that are commonly used for the measurement and/or correction:

e COD: Closed Orbit Distortion [44].

e LOCO: Linear optics from closed orbits [45].
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Figure 2.11: The left plot shows the difference resonance and the right plot the sum resonance where
an error has been introduced (dots) and a fitted correction has been found (error model).

LOCO

Linear optics from closed orbits is a technique that is mainly used in light sources. It has been applied
in the LHC as well [45]. The concept of LOCO is that the orbit correctors are used to measure the
linear optics. A small kick is applied at every orbit corrector. The kicks from the correctors is done
corrector by corrector. Orbit data is acquired for every kick:

s s+C S8;
peols) = S50 [ AT e cos(r@ + l(s) — o) s (2.64)

If the kick that has been applied and the orbit change is known, the linear optics functions can be
deduced rather easily. The correction is then found by minimizing:

. Rmeas _ Rmodel
diff _ “7ig ij
R = e (2.65)
o, is the noise on the 7*® monitor. This problem can be solved by using a SVD. The major disadvantage
of the LOCO is that it is very time consuming for large storage rings.

2.7 Simulation codes

During the course of our studies two different accelerator codes were used to model the different
accelerators presented in this thesis. These two sets of codes are not the only codes available. For a
complete overview please refer to [46]. The motivation for using the two codes is that traditionally
CERN has been using and maintaining MADX.

The first code which was used intensively is MADX (Methodical Accelerator Design) [47]. The
source code of MADX is written in C,C++, Fortran90 and Fortran77. The second code which was
used was the Polymorphic Tracking Code [48]. There is a conceptual difference between PTC and
MADX [49]. PTC allows a symplectic integration through all accelerator elements giving the user
full control over the precision (number of steps and integration type) and exactness (full or extended
Hamiltonian) of the results. The degree of exactness is determined by the user and the speed of
his computer. In MADX only normal quadrupolar and sextupolar errors can be assigned to bending
magnets. Both codes are in perfect agreement when introducing such errors, but in PTC all other
components can also be assigned to thick elements.

MADX was mainly used to model the different accelerators in the form of Twiss tables, which
contains the optics functions. PTC on the other hand was used for tracking. The tracking with PTC
is thick lens tracking in contrast to MAD which is thin lens tracking. The motivation to use thick lens
tracking is that the accuracy increases significantly.
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Chapter 3

SPS measurements as a test bed for

the LHC

The nominal and the low v, SPS optics are presented. The SPS has been playing an important role as a
test bed for the LHC, as the lattices are very similar. Before the LHC was switched on in 2008, several
experiments were conducted in the SPS to test the developed measurement and correction algorithms.
The motivation for measuring the low v optics was the exploration of the developed algorithms, more
specifically the algorithm that is used to calculate the S-function from phase, at different working
points. Section 3.1 gives a description of the SPS. In section 3.2 the results of the measurements
and corrections for the nominal optics are discussed. Section 3.3 is devoted to the discussion of the
measurements for the low ~; optics. Concluding remarks are drawn at the end of this chapter.

3.1 Description of the SPS

The SPS has 1317 normal conducting magnets in a circumference of 6.9 km. The particle beams
(protons or ions) are delivered to the SPS from the PS [50] at an energy of 26 GeV. The SPS consists
of 108 FODO cells. In 84 cells each of the drift is replaced by a dipole. For nominal optics the phase
advance per cell is almost 7/2, resulting in tunes close to 27. For low 7; optics the phase advance per
cell is reduced to around 67 degrees, this moves the tunes approximately down to 20. An overview of
the main parameters is listed in table 3.1. A more detailed description can be found in [51]. For both
optics the measurements were conducted at injection energy.

Parameter nominal optics | low 7, optics
Injection energy 26 GeV/c 26 GeV/c
Extraction energy 450 GeV/c 450 GeV/c
Horizontal tune 26.13 20.13
Vertical tune 26.18 20.18
Transition energy 22.8 18
Maximal S-functions 3, 4 105 m 105 m
Minimal 3-functions 8 20 m 30 m
Maximal dispersion D, 4.77 m 8 m

Table 3.1: Main parameters of the SPS. For the nominal and low 7, optics.

3.1.1 Magnets and beam instrumentation

The relevant magnets in the SPS for the experiments are listed in table 3.2. The SPS has limitations
with respect to the available correction schemes. The amount of available normal and skew quadrupoles
to correct the linear optics is limited. Only three normal quadrupole families and one skew quadrupole
circuit are available. Therefore an alternative correction scheme was developed using orbit bumps at
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the sextupoles. Sextupoles in combination with horizontal orbit correctors are used to correct the
beta-beat and horizontal dispersion. Vertical orbit correctors are used to correct coupling and vertical
dispersion. In this correction scheme there are almost as many observables as sextupoles.

Name Description number installed | 8, [m] | B, [m]
MDH Horizontal orbit corrector 106 ~101 ~21
MDV Vertical orbit corrector 106 ~21 ~101
QF1 Focusing quadrupole 54 ~103 ~21
QF2 Focusing quadrupole 70 ~103 ~21
QD Defocussing quadrupole 108 ~21 ~103
LQSA Skew quadrupole 6 ~22 ~97
LSF Lattice sextupoles focusing 54 ~100 ~22
LSD | Lattice sextupoles defocussing 54 ~22 ~100

Table 3.2: An overview of the relevant magnets for the conducted experiments.

The beam instrumentation which was used during the measurements is listed in table 3.3. Beam
position monitors are installed close to the quadrupoles. The installed BPMs are single plane, meaning
only one plane can be measured with each BPM. This imposes a limitation on the optics measurements
which require information from both planes. This led to the development of a technique called pseudo-
double plane BPMs. The Multi Orbit Position System (MOPOS) [52] is used to collect the signal from
the BPMs. Approximately 1000 turns are acquired using the multi-turn acquisition code [31].

Name Description number installed | f, [m] | 6, [m]
MKQH Horizontal kicker 1 ~64 ~37
MKQV Vertical kicker 1 ~34 ~70
BPMH Horizontal BPM 103 ~103 ~20
BPMV Vertical BPM 95 ~20 ~103
BWS.51995 | Wire scanner (emittance measurement) 1 ~83 ~27

Table 3.3: An overview of the relevant beam instrumentation and kickers for the conducted experi-
ments.

3.1.2 Low ~; optics

An alternative optics scheme was developed to cope with the instabilities in the SPS [53]. The main
intensity limitation for single bunch has been identified as transverse mode coupling instability (TMCI)
at injection [54]. In the longitudinal plane, indications for loss of Landau damping [55] were observed
with LHC bunch trains of nominal intensity with small injected emittance. These instability thresholds
scale proportionally to the slippage factor, when assuming constant longitudinal bunch parameters.
The reduction of the ~; (section 1.5) has been studied in [56] and more recently in [57]. The reduction
of v is achieved by changing the dispersion function D,(s), increasing the slippage factor. Several
solutions were considered [58]. A promising solution by decreasing the tunes has been presented in [57].
The phase advance per cell was changed from 3 to %. This change in the phase advance allowed to
measure the S-function using the 3-BPM phase method, as this method cannot be applied to a phase
advance equal to 7.

Figure 3.1 shows the horizontal and vertical S-function and horizontal dispersion function for the
nominal optics (left), and the low v; optics (right). Only 1/6 of the circumference is shown, meaning
that the SPS has a sixfold symmetry. For the dispersion, the 4 oscillations observed for the nominal
optics are reduced to 3 oscillations for the low 4 optics. The maximal S-function does not change. The
minimal 8 function is increased approximately from 20 to 30 m. For the low ~; optics the maximum
dispersion is increased from 5 to 8 m, this resulted in a decrease of the 7; from 22.8 to 18.

3.2 Results for the nominal optics

The lattice of the SPS is very similar to the lattice of the LHC. This was the direct motivation
to implement and test the developed tools and algorithms in the SPS. In the following paragraphs
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Figure 3.1: Horizontal and vertical S—function (middle) and horizontal dispersion function (bottom)
are shown for the nominal optics (left) and the low -, optics (right). Only 1/6 of the circumference is
shown.

results for the different measurements and corrections conducted in the SPS for the nominal optics
will be presented. In the first paragraph the measurement and correction of the phase and normalized
horizontal dispersion will be discussed. The following paragraph will discuss the measurement and
correction of coupling and vertical dispersion.

3.2.1 Optics corrections in the SPS using horizontal orbit bumps

Figure 3.2 shows the horizontal (left), and vertical (right) ¢—beat. The normalized horizontal dis-
persion is shown in figure 3.3. Before (red), and after (blue) corrections were implemented. The
measurement in the vertical plane was of bad quality and was therefore disregarded in the correction
process. The horizontal data on the other hand shows good results. Only 75% of the calculated cor-
rection was applied. This resulted in a reduction of the horizontal rms ¢—beat from 3.58° to 1.78°.
The normalized horizontal dispersion deviation was unaffected by the correction, remaining at an rms
of 0.02 m2. This result shows that the phase advance can be corrected without deteriorating the
horizontal dispersion.
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Figure 3.2: Horizontal, left and vertical, right ¢—beat
applied.

. Before (red) and after (blue) corrections were

Horizontal orbit bumps at sextupoles are used to correct the phase advance and the horizontal
dispersion. The phase is a robust and model independent observable. Measuring the S-function close
to 90° phase advance using the 3-BPM method [35] increases the systematic and random error bar.
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In section 3.4 this will be discussed in more detail. Figure 3.4 shows the simulated closed orbit (top),
for the applied corrector strength (bottom). The correction is calculated using a response matrix.
The largest excursion on the orbit is expected to be ~ 3.5 mm, and the highest applied corrector
strength is approximately 30 urad. The weight for the correction was placed both on the phases and
the dispersion.
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Figure 3.3: The normalized horizontal dispersion. Before, red and after, blue corrections were applied.
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Figure 3.4: Figure showing the simulated closed orbit, top for the applied corrector strength, bottom.
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3.2.2 Optics corrections in the SPS using vertical orbit bumps

In normal conditions SPS has equal integer transverse tunes, see table 3.1. This implies that ¢, ~ ¢,
all around the ring, considerably simplifying the coupling correction. In order to get closer to the
LHC the SPS integer tunes are split by one, this allows to see the fi1901 modulation in the SPS as
in the LHC. This is achieved by moving the integer part of the vertical tune from 26 to 27. Vertical
orbit bumps are used to correct the coupling and vertical dispersion. The coupling is measured by
identifying the secondary tune line in the BPM and calculating the corresponding resonance driving
terms.

Figure 3.5 shows the simulated closed orbit (top), for the applied corrector strength (bottom). The
correction is calculated using a response matrix. The largest excursion on the orbit is expected to
be about 3.0 mm and the highest applied corrector strength is approximately 35 pyrad. The weight
for the correction was placed on the difference resonance and vertical dispersion, but not on the sum
resonance. As the difference resonance is the leading resonance in the SPS.
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Figure 3.5: Figure showing the simulated closed orbit, top for the applied corrector strength, bottom.

In figure 3.6 the difference resonance figo1 (left), and the sum resonance, f1p10, (right) are plotted
before and after corrections. From top to bottom: the absolute value, the real and the imaginary
part are shown. In figure 3.7 the vertical dispersion is plotted. The correction was calculated by
simultaneously applying weight on the difference resonance and the vertical dispersion, but disregarding
the sum resonance.
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Figure 3.6: Difference resonance, left and sum resonance, right. Before, red and after, blue corrections
were applied.

45



46 3. SPS measurements as a test bed for the LHC

0.5 ‘

04| 1

|

Py | I | Vsl T
o1 ,%s‘\;‘\ M | H f % ! H‘ﬁ i1l
0.1 wi | ‘ 1 §E ] \\“ ! | lidd ek

-0.2

D, [l

-0.3 before correction —— ]
0.4 ‘ ‘ ‘ after correction ——

0 1000 2000 3000 4000 5000 6000 7000
longitudinal position [m]

Figure 3.7: Vertical dispersion before (red) and after corrections (blue).

Both the difference resonance and vertical dispersion has been corrected with a factor two. The rms
for the vertical dispersion is reduced from 0.187 m to 0.095 m. The rms for the difference resonance
(f1001) was reduced from 0.061 to 0.028. Zero weight was placed on the sum resonance, but it was still
corrected from a rms of 0.024 to 0.022. The simultaneous correction of the coupling and the vertical
dispersion was for the first time successfully applied in the SPS.

3.3 Measurements for the low ~; optics

The motivation for this experiment was the exploration of the developed algorithms, more specifically
the algorithm that is used to calculate the S-function from phase, at different working points. A
decrease of the error and an improvement of the precision on the S-function was expected, as the
phase advance between the BPMs was reduced from 90° to 67°.

In figure 3.8 the ¢-beat (left) and the -beat (right) are shown for the low ~; optics. The observed
B-beat is around 20% for both planes without any corrections.
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Figure 3.8: The ¢-beat, left and the 5-beat, right is shown for the low 7 optics

Dispersion measurements were performed by applying a frequency trim, shifting the beam to a
different orbit. Three different % settings of 0.0,1.24 x 1072 and 0.99 x 10~2 were applied. The
normalized horizontal dispersion is shown on the left in figure 3.9. The top graph shows model and
measurement, and the bottom graph the dispersion beat. This result shows a good agreement between
model and measurement. The vertical dispersion is shown on the right of figure 3.9. The horizontal
and vertical dispersion show a large error bar. Both dispersion beat measurements are within the error
bars.
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Figure 3.9: Horizontal normalized dispersion on the left and vertical dispersion on the right.

In figure 3.10 the difference resonance, fioo1, (left) and the sum resonance, fi010, (right) are plotted
before and after corrections. From top to bottom: the absolute value, the real and the imaginary part
are shown. The measurement of fig919 for the low 7; optics is a factor 3 lower than for the nominal
optics. No abrupt jumps are observed, meaning that no strong local sources are present.
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Figure 3.10: Difference resonance, left and sum resonance, right for the low 7; optics.

3.4 Discussion

Measurements and corrections were conducted for linear optics parameters. Phase advance and hor-
izontal dispersion were successfully corrected using horizontal orbit bumps at the sextupoles for the
first time in the SPS. Coupling and vertical dispersion were successfully corrected for the first time
using vertical orbit bumps at the sextupoles. For the measurement and correction of the coupling and
vertical dispersion the SPS integer tunes were split by one. This was done to get closer to the LHC
tunes and to see the figg1 modulation in the SPS as in the LHC. Table 3.4 shows rms values of optics
parameters before and after corrections, for both the nominal and low 7; optics.

Figure 3.11 shows a histogram of the phase measurement error (left) and the relative beta mea-
surement error (right). Two cases are presented nominal optics (red) and low 7; optics (blue). The
histogram for the phase error indicates a slightly larger error distribution for the low ~; optics. The
analysis for both cases was done for a similar number of turns. In figure 3.12 the turn-by-turn data is
shown for one of the BPMs. The BPM signal measured for the low ~; optics has slightly more noise
than the nominal optics, probably due to the BPM settings.
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Measured parameter

before correction

after corrections

low ~; optics

Horizontal phase-beat [°]
Vertical phase-beat [°]
Normalized horizontal dispersion [/m]
Vertical dispersion [m]
| f1001]
|.f1010]

3.58

1.74
0.020
0.187
0.061
0.024

1.78
5.23
0.021
0.095
0.028
0.022

7.40
9.20
0.017
0.108
0.020

0.012

Table 3.4: rms values of the optics parameters before and after corrections were applied for the nominal
optics and the low v optics.
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An improvement was observed for the f measurement when using the low ~; optics. Figure 3.11
shows the error distribution for the statistical error on the phase (left) and the relative beta error
(right). The histogram on the phase error shows an increase in the measurement error for the low
optics with respect to the nominal optics. This is because the measurement for the low ~; optics was
more noisy than for the nominal optics. Nevertheless a significant improvement is still observed for the
relative error on the 3 for the low 7, optics. This shows the importance of the phase advance between
BPMs on the 8 measurement.
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Chapter 4

An introduction to the optics of the
LHC

With its circumference of 27 km, 1232 superconducting dipoles, 392 superconducting quadrupoles and
many other cutting-edge technologies, the large hadron collider, a very complex machine, is nothing
short of an engineering marvel. The parameters and equipment that play an important role in the
optics measurements will be discussed in section 4.1. In this section the main beam parameters of
the LHC, the various IRs located around the machine, and the arcs will be discussed in detail. Some
important concepts such as ramp, squeeze and crossing angles will be introduced.

Section 4.2 discusses the simulations conducted to get a better insight into the performance of
the measurement and corrections techniques. Basic simulations were conducted to investigate the
measurement error on the g-function. Coupling simulations were conducted to investigate what the
effect of losing some of the skew quadrupoles was. During the commissioning, requests to measure the
£* and waist came from the experiments. The limitations of these algorithms are discussed in detail.
Lastly, simulations for the chromatic functions were conducted to test the algorithms and the results
were compared with the model.
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52 4. An introduction to the optics of the LHC
4.1 Optics of the LHC

The LHC is constructed in the former LEP tunnel [59]. In figure 4.1 a schematic plot of the LHC is
shown. Beam 1 is injected in the clock-wise direction at IR2 and beam 2 is injected counter clock-wise
in IR8. The LHC consists of 8 arcs and 8 long straight sections. Four out of eight long straight sections
house the experiments.
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Momentum
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Betatron
Cleaning
(IR7)

% Octant 3
L Wwepp
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Figure 4.1: Schematic layout of the LHC

The main beam parameters for the LHC are listed in table 4.1 [60]. The intermediate energy of
3.5 TeV was a safety measure as a precaution after the incident in 2008 [61]. The incident happened
because of a failure of the interconnection between two magnets of the 13 kA dipole circuit. Additional
measurements revealed other connections not complying with the specifications. A quench at the 7-13
kA level in such a connection can lead to a fast and unprotected thermal run-away and hence opening
of the circuit. This was the motivation to operate the LHC at a current of 6 kA, corresponding to an
energy of 3.5 TeV, until the consolidation of the new splices in the shutdown in 2013-2014.

1The base line machine operation assumes that the longitudinal emittance is deliberately blown up at the middle of
the ramp in order to reduce the intra beam scattering growth rates.

2The emittance at injection energy refers to the emittance delivered to the LHC by the SPS without any increase due
to injection errors and optics mis-match. The RMS beam sizes at injection assume the nominal emittance value quoted
for top energy (including emittance blowup due to injection oscillations and mismatch).

3Dimensions are given for Gaussian distributions. The real beam will not follow a Gaussian distribution but more
realistic distributions do not allow analytic estimates for the IBS growth rates.

4The RMS beam sizes in IP1 and IP5 assume a S-function of 0.55 m.

5The RMS beam sizes in IP1 and IP5 assume a S-function of 1 m.

6The RMS beam sizes in IP2 and IP8 assume a S-function of 10 m.

"The RMS beam sizes in IP2 and IP8 assume a S-function of 3 m.
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Parameter Injection | Design en- | Intermediate
ergy energy
Proton energy [GeV] 450 7000 3500
Relativistic gamma (y) 479.6 7461 3731
Number of particles per bunch 1.15 101 | 1.15 10%! 1.15 10!
Number of bunches 2808 2808 2808
Longitudinal emittance (40) [eVs] 1.0 2.51 1.4}
Transverse normalized emittance [pum rad] 3.52 3.75 3.75
Circulating beam current [A] 0.582 0.582 0.582
Stored energy per beam [MJ] 23.3 62 28
RMS bunch length? [cm] 11.24 7.55 ~9
RMS beam size at the IP1 and IP5 um 375.2 16.74 31.70°
RMS beam size at the IP2 um 279.6 70.96 100.26
RMS beam size at the IP8 um 279.6 38.837 54.917
Tunes horizontal /vertical 64.28/59.31 | 64.31/59.32 | 64.31/59.32
Peak luminosity in IP1 and IP5 [em™2sec™?] - 1,5 x 1033 1,0 x 1034
Peak luminosity per bunch crossing in IP1 and IP5 - 5.34 x 10%° 3,56 x 1030

Table 4.1: Main beam parameters

n.L1 n.R1 Center n.L8 n.R8
N 1 R S — IZIDEI * IZIDIZI —
IECERg o
triplet AN triplet ac triplet triplet

Figure 4.2: An illustration of the naming convention for the magnets in the LHC. n is the n* magnet
of the sub-group with respect to the center of that specific IP.

4.1.1 Long straight sections

In this paragraph the different long straight sections are discussed. The discussion is limited to the
aspects of interest for the optics. Detailed description of the layout of the interaction regions can be
found in [60]. A short overview of the straight sections is listed in table 4.2.

Straight section Description
IR1 ATLAS experiment
1R2 ALICE experiment
1IR3 Momentum collimation system
1R4 RF, feed-back systems, LHC beam instrumentation
IR5 CMS experiment
IR6 Beam abort system for B; and Bs
IR7 Betatron collimation system
IR8 LHCDb experiment

Table 4.2: Description of the different straight sections and their purpose in the LHC.

The naming of the magnets in the LHC is straightforward. Every sub-group of magnets (dipole,
quadrupole, skew-quadrupole, ...) has his own sequence. The sequence starts at the interaction point,
see figure 4.2 for a description and continues until the middle of the ARC. In the figure, n is the n'”
magnet of that sub-group with respect to the center of that IP.

Long straight section point 1 and 5

Point 1 and 5 house the high luminosity experiments at IR1, for the experiment ATLAS [62] and IR5,
for the experiment CMS [63]. These two experiments are identical in terms of optics, except for the
crossing-angle scheme: the crossing angle in IR1 is in the vertical plane and in IR5 in the horizontal
plane. The small S-function values at the IP are generated by using a triplet quadrupole assembly
(inner triplets’), detailed information about the matching constraints can be found in [64].
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54 4. An introduction to the optics of the LHC

Figure 4.3 shows a schematic layout of IR1 at injection energy with no crossing angle for beam 1.
The interaction region contains the following structures:

e A 31 m long superconducting low-0 single bore triplet assembly (operated at a temperature of
1.9 K). The triplet quadrupoles are powered by two nested power converters. An additional trim
power converter is installed for the Q1 quadrupole.

e A pair of separation/recombination dipoles separated by about 88 m. The D1 3.4 m long conven-
tional warm magnet dipole next to the triplet is a single bore. The 9.45 m long superconducting
dipole magnet is a double bore (operated at a temperature of 4.5 K).

e Four matching quadrupole magnets. @4 is a wide-aperture magnet (operated at a temperature
of 4.5 K). Q5 to Q7 are normal-aperture quadrupole magnets (operated at a temperature of 1.9
K)

e Q4 to Q19 are individually powered magnets (operated at a temperature of 1.9 K).

e Two independent skew quadrupoles are installed at the triplet assembly.
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Figure 4.3: IR1, IR5 layout is shown at injection energy for beam 1. Top shows layout of the interaction
region. Quadrupole magnets in red and dipoles in blue. In the middle the horizontal, red and vertical,
blue S-function is shown. The bottom plot shows the horizontal dispersion. No crossing angle was
applied.

Long straight section point 2

Long straight section at point 2 houses IR2, for the experiment ALICE [65], which is a detector for
heavy ion collisions and houses the injection elements for beam 1. As a consequence IR2 must satisfy
a large range of optics constraints. A complete overview of the IR2 optics layout can be found in [66].
The aperture in the interaction region was designed such that it can accommodate both beams in the
common part of the LHC with a minimum separation of 10c.

Figure 4.4 shows the schematic layout of IR2 at injection energy for beam 1 with no crossing angle.
The interaction region consists of the following structures:

e A 31 m long superconducting single bore triplet assembly (operated at a temperature of 1.9 K).
The triplet quadrupoles are powered in series, one trim circuit is installed that allows independent
steering.
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e A pair of 9.45 m long separation/recombination superconducting dipoles separated at about 66
m (operated at a temperature of 1.9 K).

e Four matching quadrupole magnets. @4 and @5 are wide-aperture magnets (operated at a
temperature of 4.5 K). Qg and @7 are quadrupole magnets (operated at a temperature of 1.9 K)

e The injection septum MSI is located between Qg and Q5 on the left-side of IR2. The injection
septum kicks the injected beam in the horizontal plane towards the closed orbit of the circulating
beam.

e The injection kicker MKI is located between )5 and @4 on the left-side of IR2. The injection
kicker kicks the injected beam in the vertical plane towards the closed orbit of the circulating
beam.

e A large absorber (TDI [67])is placed 15 m upstream from dipole D1 to protect the cold elements
in case of an injection failure.

e Two independent skew quadrupoles are installed at the triplet assembly.

Optics constraints were placed on the vertical phase advance between the MKI and TDI, it must be
at a value of 90°. Furthermore the phase advance between the TDI and the two auxiliary collimators
must be an integer multiple of 180° £ 20°. These constraints are necessary to guarantee an optimal
protection should injection fail.
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Figure 4.4: IR2 layout is shown at injection energy for beam 1. Top shows layout of the interaction
region. Quadrupole magnets in red and dipoles in blue. Middle shows the horizontal and vertical
[B-function. The horizontal dispersion is shown at the bottom. No crossing angle was applied.

Long straight section 3

Long straight section at point 3 houses the momentum collimation system. This system was designed
to absorb particles with a relative momentum offset higher than #1073, Figure 4.5 shows the schematic
layout of IR3 at injection energy for beam 1. This region contains the following structures:

e (Jg, made of superconducting MQTL modules.

e A dog-leg structure made of two sets of MBW warm single bore wide aperture dipole magnets
was installed to generate dispersion.

e The warm dual-bore (MQW) magnets Q4 and Q5 left and right from the IP are powered in series.
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Figure 4.5: IR3 layout is shown at injection energy for beam 1. Top shows a layout of the interaction
region. Quadrupole magnets in red and dipole in blue. The collimators are in gray. The Middle plot
shows the horizontal and vertical S-function. The horizontal dispersion is shown at the bottom.

Long straight section 4

Long straight section at point 4, houses the RF and feed-back systems as well as some of the LHC
Beam instrumentation [68]. Figure 4.6 shows the schematic layout of IR4 at injection energy for beam
1. This region consists of the following structures:

e Two independent RF systems for beam 1 and beam 2 are installed, this requires a larger beam
separation in the long straight section of IR4.

e Increased beam separation is provided by two pairs of dipole magnets. In order to be able to
provide sufficient space to house the RF.

Long straight section 6

Long straight section at point 6, houses the beam abort systems for beam 1 and beam 2. The beam
extraction from the LHC is achieved by kicking the circulating beam horizontally into an iron septum
magnet which deflects the beam in the vertical direction away from the machine components to ab-
sorbers in a separate tunnel [69]. Figure 4.7 shows the schematic layout of IR6 at injection energy for
beam 1. This region consists of the following structures:

e Large drift space, such that the length of the kicker and septum are minimized.
e Extraction septum is protected by the TCDS absorber.
e The Q4 quadrupole is protected by the TCDQ.

Long straight section 7

Long straight section at point 7 houses the betatron collimation system that absorbs particles where
the g function differs — implying different phase advance — from the nominal setting. Larger S-function
is generated such that particles would be absorbed in this region and not in the arcs. Figure 4.8 shows
the schematic layout of IR7 at injection energy for beam 1. This region consists of the following
structures:
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Figure 4.6: IR4 layout is shown at injection energy for beam 1. Top plot shows the layout of the
interaction region. Quadrupole magnets in red and dipole in blue. In the middle plot the horizontal
and vertical S-function. The horizontal dispersion is shown at the bottom.
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Figure 4.7: IR6 layout is shown at injection energy for beam 1. Top shows the layout of the interaction
region. Quadrupole magnets in red and dipole in blue. The middle plot shows the horizontal and
vertical S-function. The horizontal dispersion is shown at the bottom.
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e (g, made out of superconducting MQTL modules.
e Dog-leg structure made out of two sets of MBW warm single bore wide aperture dipole magnets.

e The warm dual-bore (MQW) magnets Q4 and Q5 left and right from the IP are powered in series.
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Figure 4.8: TR7 layout is shown at injection energy for beam 1. Top shows the layout of the interaction
region. Quadrupole magnets in red and dipole in blue. Collimators are shown in gray. The middle
shows the horizontal and vertical S-function. The horizontal dispersion at the bottom.

Long straight section 8

Long straight section 8 houses IR8, the LHCb [70] experiment — which investigates B-Physics — and
the injection elements for beam 2. As with the other experiments the small S-function is generated
using a triplet quadrupole assembly. The same vacuum chamber is shared by the two rings for the
same low-3 triplet magnets and the D; separation dipole magnet. Special constraints are imposed
on the optics during injection for Beam 2. The matching constraints are discussed in [71]. Sufficient
space had to be provided for the spectrometer, therefore IR8 is shifted by about 11.25 m towards IR7.
Figure 4.9 shows a schematic layout of IR8 at injection energy with no crossing angle for beam 1. The
interaction region consists of the following structures:

e A 31 m long superconducting low-0 single bore triplet assembly (operated at a temperature of
1.9 K). The triplets quadrupoles are powered by two nested power converters. An additional
trim power converter is installed for the ;1 quadrupole. Other than for the other experiments
the @1 magnet is located in the tunnel, instead of being supported by a cantilever inside the
experimental cavern.

e Three warm dipole magnets are installed to compensate the deflection generated by the LHCb
spectrometer magnet.

e A pair of separation/recombination dipoles separated by about 54 m. The D1 is a 9.45 m single
bore long superconducting dipole magnet next to the triplet. The 9.45 m long superconducting
dipole magnet is a double bore (operated at a temperature of 4.5 K).

e Four matching quadrupole magnets. Q4 is a wide-aperture magnet (operated at a temperature
of 4.5 K). @5 to Q7 are normal-aperture quadrupole magnets (operated at a temperature of 1.9
K)

o8



4.1. Optics of the LHC 59

e Injection for beam 2 happens on the right side of IP8. The 21.8 long injection septum is located
between Qg and @J5. The 15 m long injection kicker is located between Q5 and Q4.

e Two independent skew quadrupoles are installed at the triplet assembly.
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Figure 4.9: IR8 layout is shown at injection energy for beam 1. Top shows the layout of the interaction
region. Quadrupole magnets in red and dipole in blue. The middle plot shows the horizontal and
vertical S-function. The horizontal dispersion is shown at the bottom. No crossing angle was applied

4.1.2 Arc sections

One arc is constructed out of 23 FBDB cells. The horizontal and vertical phase advance per cell is
approximately 90° £ 2°. There is a tune split of 2 units in the arcs. The layout of one of the arcs is
shown in figure 4.10, a detailed description can be found in [60]. The maximum and minimum S is
about 180 and 30 m in the horizontal and vertical plane respectively. The maximum and minimum
dispersion is around 1 and 2 m respectively.

Several corrector circuits are installed in the arcs to cope with the different effects. The corrector
magnets located in the arcs of the LHC can be split into two distinct categories:

e The lattice corrector magnets, attached on both sides of the main quadrupole magnets are
installed, in the Short Straight Section (SSS) cryostat’s.

e The spool-piece corrector magnets, which are thin non-linear windings attached directly on the
extremities of the main dipoles.

The corrector circuits are separated per beam. Contrary to the main dipole circuits and the two
families of lattice quadrupoles, the arc corrector magnets can be adjusted independently for the two
beams. An overview of the different arc corrector magnets is summarized in table 4.3.

4.1.3 Tolerances

Tolerances for the optics are specified in [72]. For these simulations different criteria such as the control
of the mechanical aperture or the preservation of the dynamic aperture were considered. Table 4.4
shows a summary of the tolerances.
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Figure 4.10: Layout of the arcs is shown at injection energy for beam 1. Top plot shows the layout for
Quadrupole magnets (red) and dipole (blue). The middle plot shows the S-function for the horizontal
(red) and vertical plane (blue). The bottom plot shows the horizontal dispersion.

Name Description
MSCBH/V | Combined arc orbit corrector and chromaticity or lattice sextupoles. Installed
at each focusing and defocussing quadrupole. Arc orbit correctors are powered
independently. Sextupoles are divided into two families per beam.

MSS Lattice skew sextupoles. In each ring and each sector of the machine, four
focusing sextupoles are tilted by 90° and are powered in series.
MQT Tune-shift or tuning quadrupoles. Two families of 8 tuning quadrupoles per

ring and per sector, QTF and QTD, equip the short -straight sections from
quadrupole 14 and quadrupole 21 (left and right).

MQS Arc skew quadrupole corrector magnets. In both of the rings, each sector of
the machine is equipped with 2 pairs of skew quadrupoles at quadrupole 23
and 27.

MO Landau damping or lattice octupoles. Each short section not equipped with

MQT or MQS type magnets contains a lattice octupole MO, making a total of
168 MO type magnets per ring.

MCS Sextupole spool-piece corrector magnets. Each bore of the main dipoles will
carry a small sextupole corrector magnet at one end.

MCD/O Octupole-decapole spool-piece corrector magnet. Every other dipole is
equipped at the opposite end.

Table 4.3: Description of the different straight sections and their purpose in the LHC.
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Beam observable Criteria Tolerance at injec- | Tolerance at colli-
tion optics sion optics
Peak radial closed orbit [mm)] Mechanical — aper- | 4 3
ture
Horizontal rms closed orbit [mm)] | Feed down effect 0.4 0.4
Vertical rms closed orbit [mm] Feed down effect 0.4 0.4
Peak horizontal S-beating [%] Mechanical — aper- | 14 15
ture
Peak vertical S-beating [%)] Mechanical — aper- | 16 19
ture
rms horizontal S-beating [%)] Mechanical — aper- | 4.8 5.2
ture
rms vertical S-beating [%)] Mechanical — aper- | 55 5.6
ture
Parasitic horizontal dispersion | Mechanical aper- | 1.30 x 1072 1.25 x 1072
(%5 ) [m?] ture
Parasitic  vertical dispersion | Mechanical —aper- | 1.20 x 1072 1.00 x 1072
(A2 ) [mz] ture
\/B—yr‘ms
Maximum momentum deviation | Mechanical —aper- | £1.5 x 10~2 (injec- | £0.86 x 1073
% ture tion energy)
+0.86 x 10~ (top
energy)
Table 4.4: Tolerances for the LHC optics.
4.1.4 Ramp

The ramp is the mechanism of the beam acceleration. It is called the ramp because of the shape
the dipole current follows when the beam is accelerated. Figure 4.11 shows an example of one of the
dipoles during the ramp. The acceleration is provided by eight superconducting cavities [73]. Eight
superconducting cavities per beam are installed on the left side of IP4. Aside from accelerating the

beam, the cavities ensure that the bunches stay bunched.

3500

3000

2500

2000

1500

Beam energy [GeV]

1000

500

4 6 8

10 12 14

Time [min]
Figure 4.11: Illustration of the current in of the dipoles in the LHC during the ramp.

16

The beam is injected at an energy of 450 GeV, which is the extraction energy from the SPS. When
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62 4. An introduction to the optics of the LHC

the chromaticity and tunes are corrected, and (in the case of physics runs) the bunches are injected, the
ramp is started. When the beam is accelerated the beam emittance is reduced, as the beam emittance
is inversely proportional to the energy.

4.1.5 Squeeze

’Squeeze’ is the mechanism of reducing the beam size at the interaction point. This is done by reducing
the *, hence squeezing the beam. The squeeze for IR1 is used here as an example. Figure 4.12 shows
the B-function through the squeeze. The S-function in the arcs remains constant and the 5* is matched
using the quadrupoles in the insertion regions. To reach a $* lower than the design 11 m, the § in the
triplets has to be increased.
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Figure 4.12: Horizontal S-function in the insertion region of IR1 for different 5* (bottom). The location

of the quadrupoles, the strengths are for injection optics (top).

B [m]

Between the injection optics and a §* value of 1.5 m, the 8 in the triplets increases by a factor of
approximately 8. The squeeze has a large impact on the currents in the insertion regions. Figure 4.13
shows the currents in the magnets in the insertion regions of IR1. The triplets are not shown as they
stay constant. When squeezing down to a 8* value of 1.5 m, the maximum current change in the
magnets is about 700 A with respect to the injection optics.

The motivation behind this effort is to reach a small spot size, in order to reach higher luminosity.
The bottom plot of figure 4.13 shows the beam size with respect to the 8* (red). The blue plot shows
the luminosity with respect to the maximum value at 1.5 m in percentage. At injection optics, the
luminosity produced is 80% less than for a 5* value of 1.5 m

4.1.6 Crossing angles

During the optics measurements the crossing angles are zero and the bumps are not collapsed, i.e,
during the measurements the beams are not colliding. The bumps and the crossing angle are intro-
duced by using the orbit correctors around the IRs. The effect of collapsing the bumps is negligible.
Simulations were conducted to investigate the effect of introducing the crossing angle. The crossing
angle in IR5, IR8 is horizontal and in IR1, IR2 is vertical, the maximum orbit caused by the crossing
angle is about 8 mm. Figure 4.14 shows the horizontal and vertical orbit together with the normalized
horizontal and vertical dispersion beat.

The effect of the crossing angle in the horizontal dispersion is obvious, two large steps are observed
around IP5 and IP8. The effect on the vertical dispersion is less, as the ideal machine does not have
any vertical dispersion.
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Figure 4.13: The current in the magnets in the insertion region IR1 with respect to 8* (top), luminosity
and beam size with respect to the £* in IR1.
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Figure 4.14: Horizontal normalized (middle) and vertical dispersion (bottom) beat for optics with and
without crossing angle for beam 1. Top plot shows the horizontal and vertical orbit when introducing
the crossing angle.
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Figure 4.15 shows the §-beat generated by introducing the crossing angles. From the figure it can
be observed that both in the horizontal and vertical plane, the g-beat is negligible. For IP8 a small
leakage after the crossing angle was introduced is observed.
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Figure 4.15: Horizontal (middle) and vertical 8-beat (bottom) beat for optics with and without crossing
angle for beam 1. Top plot shows the horizontal and vertical orbit when introducing the crossing angle.
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4.2 Simulations for the LHC

Simulations play an important role in checking the performance of the LHC and to validate the
algorithms developed. Subsection 4.2.1 will discuss the simulations performed to explore the measure-
ment errors. After the unfortunate incident in 2008 ( where several skew quadrupole correctors were
damaged) coupling simulations were conducted to explore the coupling correction limitations, this is
discussed in subsection 4.2.2. An algorithm was developed to easily derive the 5* and waist at the
IPs. Simulations were conducted to explore the limitations of this algorithm. This is discussed in
subsection 4.2.3. Chromatic S-functions play an important role when reaching lower 8*. This will be
discussed in subsection 4.2.4, together with the limitations of the algorithms that were developed.

4.2.1 Simulations for measurements

Simulations were conducted to investigate the error on the S-functions from phase. Two cases were
studied, the first one during injection and the second with squeezed beams where IP1, IP2, TIP5 are
at a 0* value of 1.5 m and IP8 is at 2 m. Noise of 150 um is applied randomly to the turn-by-turn
BPM data and a kick of about 1 mm in an arc focusing BPM is applied as well. In figure 4.16 the
relative error on the 8 calculation (left), and on the right the relative error of the standard deviation
are shown. The relative error is defined as error divided by the 8 at the location. From the figure it
can be observed that the error from the 3-BPM method is larger than for the standard deviation. The
error from the 3-BPM method is larger in the vertical plane than for the horizontal plane. The result
of the right plot depends largely on the amplitude of the noise, larger noise will result in a larger error.
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Figure 4.16: Simulation of the error on the S-functions from phase (left) and the standard deviation
(right). Results for both the horizontal (top) and vertical (bottom) plane and the relative error are
shown.

Figure 4.17 shows the -beat between the simulations and the model for beam 1. Both the horizontal
and vertical plane can be reconstructed with good agreement. The main part of the distribution is
below 2%.

For both figures it is observed that the error for injection is slightly larger than for squeezed optics.

4.2.2 Coupling simulations for the LHC

After the 2008 incident, a few skew quadrupoles were damaged and subsequently removed from the
tunnel. This could limit the correction of local coupling in the LHC. The damaged sector was sector
3-4. In the sector for beam 1 the skew quadrupole family kqs.r3bl (2 magnets), kqs.14b1 (2 magnets)
and for beam 2 kgs.a34b2 (4 magnets) were removed. In order to increase the exibility in the coupling
correction the use of vertical orbit bumps at the sextupoles was investigated. Moreover a simultaneous
coupling and vertical dispersion can be implemented. Various studies [74], [75] addressing the optimal
approach for the correction of the vertical dispersion and the sum and difference coupling resonances
will be discussed here.

As the LHC is running on injection tunes of (59.28, 61.31) and collisions tunes of (59.31, 61.32), the
difference coupling resonance (Q,—Q, = N) dominates. The effect of the sum resonance (Q,+Q, = N)
is rather small.
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Figure 4.17: Simulation for the systematic error on the § calculation. The S-beat for both the hori-
zontal (top) and vertical (bottom) plane is shown.

Simulations were conducted for both beams at injection [75]. Three cases were considered:

e Correction using skew quadrupole correctors, where weights were applied for the difference res-
onance.

e Correction using skew quadrupole correctors, where weights were applied for both the sum and
difference resonance.

e Correction using vertical orbit bumps at the sextupoles, where weights were applied on both the
difference resonance and the vertical dispersion.

The three cases were run for 100 seeds where transverse rotation to all quadrupoles was randomly
applied distributed around the ring.

Skew quadrupoles

For the correction of the skew quadrupoles, no weight was placed on the vertical dispersion, as it would
have been impossible to correct it. The reason for this is that in order to minimize the excitation of
vertical dispersion the two skew quadrupole magnets of each pair are separated by a phase advance
of u, = m. Additionally, the two pairs are separated by a phase advance of i, + y, = nm in order to
minimize the S-beat generated by the skew quadrupole magnets[76].

Weights only on the difference resonance For the first simulation of the skew quadrupole cor-
rection, weights were only placed on the difference resonance. Figure 4.18 shows the difference and
sum resonance. The difference resonance was significantly corrected for both beams. The correction
for beam 1 was more effective than for beam 2. A possible explanation could be that the 4 missing
magnets in sector 3-4 for beam 2 have a larger impact than the 4 missing magnets right from IR3 and
left from IR4 for beam 1. As no weight was placed on the sum resonance, it was not corrected.

Figure 4.19 shows the vertical dispersion, which is generated after rotating randomly the quadrupoles.
The generated vertical dispersion for beam 2 is larger than for beam 1. No weights were placed on the
vertical dispersion and due to the m placement of the skew quadrupoles, it was impossible to correct
the vertical dispersion.

Weights both on the sum and difference resonance For the second simulation for the skew
quadrupole correction, weights were placed both on the difference and the sum resonance. Figure 4.20
shows the difference and sum resonance. The difference resonance was significantly corrected for both
beams. The correction for beam 1 was more effective than for beam 2. Again, a possible explanation
could be that the 4 missing magnets in sector 3-4 for beam 2 have a larger impact than the 4 missing
magnets right from IR3 and left from IR4 for beam 1. This time the weight was also placed on the
sum resonance, from the figure it is clear that it is possible to correct the sum resonance as well. The
correction in beam 2 was less effective than for beam 1.

Figure 4.21 shows the vertical dispersion, which is generated after rotating the quadrupoles. The
generated vertical dispersion for beam 2 is larger than for beam 1. No weights were placed on the
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Figure 4.18: The difference (top) and sum (bottom) resonance for beam 1 (left) and beam 2 (right).
Two cases are shown before (red) and after correction (blue). Results shown here where a weight was
only placed on the difference resonance. Here the sum resonance is left uncorrected.
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(red) and after correction (blue). Weight is placed on the difference resonance.
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vertical dispersion and due to the m-placement of the skew quadrupoles, it was impossible to correct
the vertical dispersion.
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Figure 4.21: The vertical dispersion for beam 1 (left) and beam 2 (right). Two cases are shown before

(red) and after correction (blue). Weight is placed both on the difference and sum resonance.

Strength in the skew quadrupoles In the previous paragraph it was shown that it is possible to
correct both the difference and sum resonance. Figure 4.22 shows a comparison between the needed
rms strength in the skew quadrupoles, for correction only on the difference resonance and correction
on both the sum and difference resonance.
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Figure 4.22: The rms corrector strength versus the figo1 for when weight was placed only on the
difference resonance (red) and both on the difference and sum resonance (blue) for beam 1 (left) and
beam 2 (right).

It is interesting to see that for beam 1 the needed corrector strength is higher than for beam 2.
From the two plots in figure 4.22 it is clear that by applying weight on the difference and sum resonance
the needed strength is significantly increased. As the contribution of the sum resonance to the coupling
is an order of magnitude smaller, no weight should be put on the sum resonance.

Coupling correction using vertical orbit bumps at the sextupoles

An alternative correction scheme to correct the coupling was proposed. This scheme uses vertical orbit
bumps at sextupoles. This correction scheme was already successfully applied in the SPS [74]. Tt could
also be used in the case where the vertical dispersion would become an issue. This is because with the
skew quadrupoles it is impossible to correct the vertical dispersion.

Figure 4.23 shows the orbit, difference and sum resonance. The difference resonance was signif-
icantly corrected for both beams significantly. As no weight was placed on the sum resonance, no
correction was observed. Weights were only applied to the difference resonance and the vertical dis-
persion. The asymmetry in correction which was observed between the two beams when using skew
quadrupoles as correctors is not observed anymore.
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Figure 4.23: The orbit (top), difference (middle) and sum (bottom) resonance for beam 1 (left) and
beam 2 (right). Two cases are shown before (red) and after correction (blue). Weight is placed both
on the difference and the vertical dispersion.

Figure 4.24 shows the vertical dispersion, which is generated after rotating the quadrupoles. The
generated vertical dispersion for beam 2 is larger than for beam 1. The vertical dispersion was signifi-
cantly reduced for both beams.
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Figure 4.24: The orbit (top) and vertical dispersion (bottom) for beam 1 (left) and beam 2 (right).
Two cases are shown before (red) and after correction (blue). Results shown here is for the case where
weight was placed both on the difference and the vertical dispersion.

The rms vertical orbit which was needed to correct the coupling and the vertical dispersion is
slightly larger for beam 2 than for beam 1. The peak orbit needed for the largest error is around 4.5
mm.

Needed correction strength for squeezed optics

All the simulations were conducted at injections. The effect of the errors on the squeezed optics was
investigated. Figure 4.25 shows simulations conducted for corrections at injection and squeezed optics
with all IPs at a 8* value of 2 m. The needed strength decreases when the optics is squeezed.

No problems were expected for squeezed optics. Therefore simulations were only conducted for
injection optics.

Conclusion

When using skew quadrupoles there is a slight difference between beam 1 and beam 2. The needed
strength for beam 2 is lower than for beam 1. A possible explanation is that the skew quadrupoles in
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Figure 4.25: The rms corrector strength versus the figo1 for injection (red) and for squeezed optics
(blue) with all IPs at a 5* value of 2 m.

sector 3-4 in beam 2 play a larger role than the skew quadrupoles right from IR3 and left from IR4 for
beam 1.

When including the sum resonance in the correction a larger correction strength is needed. From
the simulations, it is clear that the correction of the difference and sum resonance can be corrected
separately.

Unfortunately, due to the specific placement of the skew quadrupoles it is impossible to correct the
vertical dispersion using skew quadrupoles. Therefore the alternative correction scheme using vertical
orbit bumps at the sextupoles could be used to correct the vertical dispersion and also the coupling.

4.2.3 Simulations for §* and waist.

The motivation for conducting simulations for 8* and waist is twofold. A first study was conducted to
estimate the systematic error. And a second study was conducted to estimate the effect of local errors
in the triplets at the IPs. The motivation for the second simulation was that due to large error bars,
the BPMs at the triplets are not always available. Simulations were conducted for a 8* value of 2 m
and a 8* value of 3.5 m.

Introduction

In figure 4.26 an example for the principle of the segment-by-segment technique for propagation is
shown. The black line shows the measured [S-function. The red line represents normal propagation
and the blue black propagation.
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Figure 4.26: A graphical representation of the segment-by-segment technique principle.
The following nomenclature is used:
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e /P = Name of the interaction point as defined in MADX.
e 3%[m] = Beta at the design IP.

e 3/3"[m] = Error of the beta at the design IP.

Simulations

For the systematic error noise with a value of 150 pm was randomly applied to the BPMs, This is
according to the specifications of the BPMs. During operation the BPMs 2-7 are normally used, and
the BPMs which are close to the triplets. This was the direct motivation for the second simulation,
which was conducted to investigate the effect of applying an error of 1% to the MQX magnets. This
study would show how accurate the §* and waist could be measured. Both studies were conducted for
100 seeds.

Simulations for all IPs at a §* value of 2 m In figure 4.27 an estimate for the systematic error
for both the f* and waist is shown. The plot on the left shows a histogram for £*, the plot on the
right shows a histogram for the waist. The points represent the histogram for simulations. The solid
lines are the Gaussian fit to the data. For a 8* value of 2 m the systematic error on 8* is ~ 1% and
~ 5 cm for the waist offset.
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Figure 4.27: The left plot shows a histogram for 5*, the right plot shows a histogram for the waist.
The solid lines are Gaussian fit to the data. For a 8* value of 2 m the systematic error on 5* is ~ 1%
and ~ 5¢m for the waist offset.

In figure 4.28 an estimate for the error coming from a mismatch in the IR triplets is shown for g*
at 2 m. It can be observed that in the majority of the cases the 8* can be reproduced in a 5 % level.
Except for for the vertical plane of IP5 where the 3* can be measured in a 10 % level.
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Figure 4.28: Plot showing histogram with the reproducibility of * at 2 m.
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Simulations for all IPs at a * value of 3.5 m In figure 4.29 an estimate for the systematic
error is shown for both the f* and waist. The left plot shows a histogram for *, the right right plot
shows a histogram for the waist. The solid lines are the Gaussian fit to the data. For 8* = 2m the
systematic error on * is ~ 2% and ~ 75 cm for the waist offset.
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Figure 4.29: The left plot shows a histogram for *, the right plot shows a histogram for the waist.
The solid lines are the Gaussian fit to the data. For * value of 2 m the systematic error on 8* is
~ 2% and ~ 75 cm for the waist offset.

In figure 4.30 an estimate for the error coming from a mismatch in the IR triplets for both the *
and waist is shown.
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Figure 4.30: Histogram showing the reproducibility of 8* at 3.5 m. It can be observed that the 8* can
be measured within a 1 % level. Except for the vertical plane of IP5.

Conclusions

When considering 1o for the error estimates, see table 4.5, it becomes obvious that the result of
calculating the waist from the propagation technique does not meet the required specifications of
the experiments. This is more apparent for higher 5*. For this reason waist calculations are not
presented, but alternative methods such as K-modulation should be used to determine the waist. The
reproducibility of the 8* when local error in the triplets are applied is maximum 6%. The error applied
was a magnitude bigger then the observed error in the IPs.

4.2.4 Simulations for chromatic functions.

When reaching lower * the control of the chromatic aberrations for the S-function is important
to avoid aperture limitations. Algorithms were developed to measure these aberration. Dedicated

72



4.2. Simulations for the LHC 73

IP1
Variable 1o, e[ %] 1oy ey %]
Bom 0.703 | 4.4 0.604 4.7
Wam 1.594 | 4.5 1.544 4.1
B3.5m 1.958 | 14.3 | 1.314 | 14.7
W3.5m 28.804 | 11.0 | 31.512 | 6.9
P2
Variable 1o, e[ %] 1o, ey[%)
Bam 0.768 | 9.1 0.869 10.8
Wam 2.923 | 5.7 2.577 9.4
B3.5m 1.143 | 12.7 | 1.224 | 16.8
W3.5m 65.064 | 7.8 | 57.677 | 9.4

IP5
Variable | 1o, | e,[%] 1o, ey|%)]
Bam 1.096 6.5 0.899 5.1

Wam, 1.842 4.5 1.723 4.3
B3.5m 1.830 8.5 2.669 14.5
W3, 5m 66.768 | 6.2 100.906 | 6.7

P8
Variable | 1o, | e,[%)] 1o, ey|%)]
Bam 0.643 | 135 1.060 2.6

Wam, 3.191 4.8 2.413 5.6
B3.5m 1.536 10.2 1.212 5.9
W3.5m 57.285 | 7.5 58.568 6.5

Table 4.5: Table showing 1o for the error estimates and the error for both the horizontal and vertical
plane. The two difference cases are presented, 2 and 3.5 m for IR1, TR2, IR5 and IRS.

simulations were conducted to test the implemented algorithms. The observable used is the Montague
function [39].

The first simulation was conducted to find the possible limitations on the existing algorithms with
respect to the dp range. A histogram of the relative measurement error is shown in Fig. 4.31. Two
different simulations are shown. In red, a small frequency trim was applied, dp = £0.5 x 1073, For
blue a medium radial frequency trims was applied, dp = #1073, The error of the chromatic amplitude
function increases when higher radial frequency trims are applied. This is because ( is no longer linear
for larger dp.
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Figure 4.31: Histogram of the relative systematic measurement error is shown. For the horizontal
plane (above) and vertical plane (below). Two different simulations are shown.
The second simulation was conducted to identify the systematic difference between the model
and particle tracking. Two different models were used. One model was constructed using Twiss
parameters at different dp settings (from here on defined as the external model). The other model
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was constructed using the chromatic function calculated in MAD-X (from here on defined as internal
model). Figure 4.32 shows a histogram of the normalized difference between measurement and model,
for both models. Small dp setting for external model (red), medium dp setting for the external (blue)
and internal model (black) are shown. The small dp setting for the internal model is not shown, as the
result is similar to the medium dp setting. A large discrepancy between the two models is observed,
mainly in the vertical plane. This discrepancy is ~ 5% and 15%, respectively for the external and
internal model. Tracking for different 0p setting shows almost no influence in the vertical plane.
However, in the horizontal plane, tracking for smaller dp shows larger error.
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Figure 4.32: Histogram of the normalized difference between measurement and model, for small §p
setting for external model (red) and model (pink) and for medium dp setting for external model (blue)
and model (green). Large discrepancy between the two models is observed, mainly in the vertical
plane.

The conclusion from the simulations is that dp settings in the range of 0.5 — 1 x 1072 should be
applied. The external model is the preferred model. as a large discrepancy was observed between the
internal model and tracking.
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Chapter 5

LHC optics commissioning

The first two years of operation of the LHC were characterized by the exploration of this complex
machine and its optics. The experiences derived from the first injection after the unfortunate incident
in September 2008, from the second local corrections in the LHC at injection in March 2010, to the
observations at the first ramp are described in section 5.1. One month after the first beam was injected
in 2010, the high luminosity experiments, at IR1 and IR5, were squeezed to a 8* value of 2 m. The
squeeze for IR8 and IR2 soon followed. The measurements and corrections at a $* value of 2 m are
discussed in section 5.2. In the second half of 2010 it was decided that the §* settings should be
changed to a value of 3.5 m, so that time could be saved in the commissioning of the crossing angles.
The relaxed settings of a 5* value of 3.5 m are discussed in section 5.3. After a short technical stop from
December 2010 to January 2011, the commissioning was resumed in February 2011. It was decided
that the 8* for the high luminosity experiments could be further reduced to 1.5 m, and in August to
a beta* value of 1 m. The §* value of IP2 was kept at 10 m during the proton run of 2011. During
the run of 2011 IP8 remained at a 8* value of 3 m. The commissioning of the proton run in 2011
is discussed in section 5.4. In October 2011 IP2 was commissioned with a 8* value of 1 m for the
ions run. This is discussed in section 5.5. During dedicated machine development studies the first
measurement of the fsogp resonance driving term was performed. This, together with the chromatic
studies, is discussed in section 5.6. Performance of the beam position monitors and statistics on the
error bars of the optics functions are discussed in section 5.8. Finally, section 5.8 gives an outlook on
what to expect for the optics when the ultimate energy of 7 TeV will be reached.
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76 5. LHC optics commissioning

5.1 Optics measurements at injection and during the energy
ramp

The first measurements with circulating beam in the LHC were conducted in 2008 [40]. Injection
oscillations for 90 turns were acquired for both beams. An initial S—beat of 40% and 100% in the
horizontal and vertical plane respectively was observed for beam 2. Using the Segment-by-Segment
technique, it was found that a cable swap between beam 1 and beam 2 magnets at IR3 were the direct
cause for the large S-beat observed. After the shutdown and necessary repairs after the 2008 inci-
dent [77], beams were injected in the LHC again in November 2009. Since then several measurements
at injection were conducted, these measurements are discussed in section 5.1.1. The measurements
during the ramp and at flattop are discussed in section 5.1.2.

5.1.1 Injection measurements and corrections

An overview of the commissioning of the injection optics until May 2010 for beam 2 is shown in
figure 5.1. The top plot shows the peak §-beat versus time and the bottom plot shows the rms orbit
versus time. The horizontal plane is shown in red and the vertical plane in blue. The rms orbit has
been reduced from initially 2 mm to 0.5 mm. A clear correlation between the rms orbit and the peak
B-beat is observed since the orbit correction [78] assumes the ideal model.
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Figure 5.1: Overview of the commissioning of the injection optics until May 2010 for beam 2. Top
plot shows the horizontal and vertical peak -beat versus time. Bottom plot shows the horizontal and
vertical rms orbit versus time. The tolerance for the S-beat and the orbit are shown in green.

In 2009 a B-beat of up to 60% was observed in the vertical plane of beam 2, this was not corrected at
that time due to time limitations. Before the start-up in March 2010 a new precycle was introduced for
the warm quadrupoles, MQW, this had no significant effect on the observed peak [3-beat. The local S-
beat corrections calculated using the segment-by-segment technique were implemented in March 2010,
this successfully reduced the peak -beat to a 20% level. In May 2010 new calibrations consistent
with the -beat corrections replaced the old corrections which maintained the good quality of the
corrections. The 25% level for the peak [-beat was maintained for injection during 2010 and 2011,
slightly above tolerances. Further corrections could improve the -beating but the current level was
considered to be acceptable for the existing aperture due to a lower than expected rms orbit. Before
April 2010 the measurements at injection were conducted using either injection oscillations or the
aperture kicker. From April 2010 on the AC-dipole was used.

[-beat measurements and corrections

[-beat measurements were conducted during 2009, 2010 and 2011. The steps in the correction process
are discussed here. Figure 5.2 shows one of the first S-beat measurements in 2009. B-beat of up to

76



5.1. Optics measurements at injection and during the energy ramp 77

40% — 50%, well above the defined tolerances (shown by the blue horizontal lines), was observed for
both beams.
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Figure 5.2: B-beat at injection for beam 1 (left) and beam 2 (right). The defined tolerances are shown
by the blue horizontal lines.

Abrupt changes for the S-beat can be observed in IR1, IR2, IR7 and IR8 for beam 1. For beam
2, abrupt changes in IR2, IR3, IR6 and IRS8 are observed. These abrupt changes show that strong
local sources are present. With the help of the segment-by-segment technique, local corrections were
calculated for IR2, IR3, IR7 and IR8. Figure 5.3 shows an example of a correction calculated for IR3
(only the vertical plane is shown), the phase error is shown. The phase error is defined as the difference
between the measured phase advance and the model phase advance. The phase advance is taken with
respect to the first BPM in a segment. The error has been reduced by a factor 6. The residual error
is too small to be further corrected with the segment-by-segment technique.
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Figure 5.3: Illustration of a local correction at injection for IR3. Only the vertical plane is shown. The
red line shows the phase error before correction and the blue one after correction.

The calculated corrections for IR2, IR3, IR7 and IR8 were identified as the leading sources [79] at
injection. The S—beat before and after implementing the corrections is shown in figure 5.4.
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Figure 5.4: B-beat before (red) and after (blue) corrections. Beam 1 shown on the left and beam 2 on
the right. Tolerances are shown by the green horizontal lines.

The abrupt changes that were initially observed in figure 5.2 are corrected, except for IR6. Cor-
rection in IR6 is a delicate process as the local phase advance has to be respected so that a safe
extraction to the dump for both beams can be guaranteed. Trims applied to the magnets RQ4.16.B1
and RQ4.R6.B2 cannot exceed 0.35% [80]. The peak S-beat has been corrected down to a 20% — 30%
level. This is still above tolerances, but the peak g-beat has been reduced by about a factor of 2. This
result was achieved by applying only local corrections. The current level of -beat was considered
to be acceptable for the existing aperture, due to a lower than expected rms orbit. The corrections
applied for IR2, IR3, IR7 and IRS8 are listed in table 5.1.

Magnet Initial k; [m~2] | Final value k; [m~2] | |[Relative change| [%]
MQXB2.L2 -0.00950981581 -0.00955876581 0.51
MQXB2.R2 0.00950981581 0.00957177581 0.64
MQXB2.L8 -0.00950981581 -0.00955877581 0.51
MQXB2.R8 0.00950981581 0.00957177581 0.64

MQWAS5.LR3 -0.001303924 -0.001325503 1.63
MQWA4.LR3 0.001241284 0.00120568417 2.8
MQWAS5.LR7 | -0.00133553657 -0.00135153657 1.18
MQWA4.LR7 | 0.00131382724 0.00133682724 1.72
MQWB5.L3 0.000972084 0.00106628597 9.6
MQWB4.L3 0.000688713 0.00079242757 15
MQWB4.R3 0.000688713 0.00080700072 17
MQWB5.R3 0.000972084 0.001070478 10
MQWB5.L7 -0.00003265771 0.00004934229 251.08
MQWB4.L7 0.00033168934 0.00021568934 53.78
MQWB4.R7 0.00033168934 0.00021568934 53.78
MQWB5.R7 -0.00003265771 0.00004934229 251.08

Table 5.1: Summary table showing the corrections applied to the quadrupole magnets at injection.

Warm quadrupoles in IR3 and IRT.

In 2009 it was found that several errors were coming from

the warm quadrupoles around IR3 and IR7, see table 5.1. IR3 and IR7 insertions are particularly
constrained for optics correction since the main warm quadrupoles (MQWA) are powered in series
on both sides and for both beams, while the trim quadrupoles (MQWB) are powered in series for
both beams (but not for both sides). The size of the required relative corrections was at the 1% level
for the MQWA quadrupoles and between 10% and 250% for the MQWB quadrupoles. The MQWB
quadrupoles were trim magnets nominally set to a very low field. This explained the larger relative
errors in the transfer function of these quadrupoles. These large corrections could only be understood
by the fact that the magnetic precycle of the MQW magnets was still not identical to that used during
the magnetic measurements [81].

New calibrations were implemented based on additional magnetic measurements. Figure 5.5 shows
measurements of the beta-beat before the new calibrations (with corrections) and the new calibrations
(without corrections).
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Figure 5.5: f-beat before (red) and after (blue) applying the new MQW calibrations.

Using the new calibrations as reference to estimate the error before and after the above corrections,
see table 5.2. The errors were reduced by a factor of 2 to 2.5, except for MQWA4.LR3. Figure 5.5
still shows some residual error in IR3 and IR7. The conducted measurements and corrections were
excellent, this showed that thanks to the segment-by-segment technique the magnet level could be
reached. Part of this achievement was possible because of the lack of degeneracy between magnets
strengths and BPMs.

Magnet Nominal gradient [T/m] Estimated error Estimated error
before correction [%] | after correction [%]
MQWA5.LR3 1.957 1.1 -0.5
MQWA4.LR3 1.863 1.3 -1.5
MQWAS5.LR7 2.005 1.0 -0.1
MQWA4.LR7 1.972 1.1 -0.6
MQWB5.L3 1.459 -11.1 -1.1
MQWB4.L3 1.034 -18.7 -2.5
MQWB4.R3 1.034 -16.6 1.5
MQWB5.R3 1.459 -11.2 -0.6
MQWB5.L7 0.049 -83.4 -8.5
MQWB4.L7 0.498 -32.6 1.9
MQWB4.R7 0.498 -44.1 -15.2
MQWB5.R7 0.049 -81.5 3.8

Table 5.2: The estimated error in the MQW magnets before and after the new calibrations.

bs correction at injection. The systematic quadrupolar component of the LHC dipoles has been
determined from magnetic measurements [82] and [83]. A correction was prepared to correct the phase
shift from the by field errors in the dipoles [82], [83]. This quadrupolar error is corrected arc-by-arc
using the MQT magnets to cancel the betatron phase shift. Figure 5.6 shows the total phase before
and after implementing the corrections for beam 2. The sawtooth shape of the phase which can be
observed before corrections is significantly reduced. This shape is a result of the phase deviating in
the arcs, caused by the b in dipoles.

Dispersion

Dispersion measurements are usually conducted for both beams in the same sessions as the [-beat
measurements. Frequency trims corresponding to a 2 of +£0.0015 were applied. Figure 5.7 shows the
dispersion before and after applying local corrections in IR2, IR3, IR7 and IR8. The Vertical dispersion
for both beams is similar, whereas the horizontal dispersion shows a small change from before to after
the corrections.
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Figure 5.6: Effect of the by corrections for beam 2. Before (red) and after (blue) dedicated be corrections
were applied.
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Figure 5.7: Normalized dispersion (top) and vertical dispersion (bottom) for beam 1 (left) and beam
2 (right), before and after IR3 corrections.

A peak vertical dispersion of 10 cm around IR5 is observed for beam 1. For beam 2 the peak is
about 15 c¢m, but there are no big variations. The normalized dispersion beat is larger in beam 1 than
in beam 2. The rms values for the normalized horizontal dispersion beat and vertical dispersion beat
for both beams, before and after the corrections, are listed in table 5.3.

Before IR3 correc- | After IR3 correc-
tion tion

Beam 1 | Beam 2 | Beam 1 | Beam 2
rms ALz [v/m] | 0.0156 0.0144 0.0125 0.0136

VB
rms Dy [m] 0.0363 0.0487 0.0356 0.0543

Table 5.3: rms values for the normalized horizontal dispersion beat and vertical dispersion for both
beams.

Before correction the rms value of the normalized horizontal dispersion is slightly above the tol-
erance of 0.013y/m for both beams. After IR3 corrections the rms value is at about the tolerance.
This shows that a small fraction of the observed normalized dispersion beat is coming from the IR3
quadrupoles. The vertical dispersion beat for beam 2 is larger than for beam 1. The vertical dispersion
before and after correcting IR3 is comparable for both beams.

5.1.2 Measurements during the energy ramp and flat-top

Measurements were conducted during the energy ramp. The goal of these measurements was to
investigate the change in the S-beat and coupling with respect to the energy.
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5.1. Optics measurements at injection and during the energy ramp 81

[-beat

Figure 5.8 shows a measurement of the g-functions during the ramp. These measurements were
conducted using the AC-dipole. Local corrections in IR2 and IR8 applied, for IR3 and IR7 the new
calibrations were implemented. The corrections in IR2 and IR8 are decreasing gradually with energy
and are zero at 700 GeV.

For both beams it is observed that during the first part of the ramp (up to 1 TeV) the reduction in
the -beat was the largest, and then remaining constant after 1 TeV. This is explained by the smaller
effects of persistent current and remnant magnetization of the superconducting magnets and the lower
remnant magnetization in the normal conducting magnets.
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Figure 5.8: -beat during the ramp for beam 1 (left) and beam 2 (right).

Figure 5.9 shows histograms of the difference in the -beat between 450 GeV, 1.1 TeV and 2.5
TeV, 3.5 TeV. The left plot shows results for beam 1 and the right for beam 2. It is observed that the
change in (-beat is largest at the beginning of the ramp. After about 1.2 TeV the change is within
the measurement resolution. The change in the -beat for beam 1 and beam 2 is similar.

LHCB1 LHCB2
350 T T T T 400 T T T T
450GeV <-> 1.2 TeV 450GeV <-> 1.1 TeV
25TeV <->3.5TeV 2.5TeV <->3.5TeV
300 . 350 1
250 | 300
250
o 200 9 a
§ § 200
S 150 b ©
150
100 | 100
) ||I| [ ||
i, N T T
0 5 10 15 20 25 30 35 40 0 5 10 15 20 25 30 35 40
AB/B[%] AB/B[%]

Figure 5.9: Difference in the 5-beat between 450 GeV and 1.1 TeV (red) and between 2.5 TeV and 3.5
TeV (blue) for beam 1 (left) and beam 2 (right).

Coupling

Coupling, and the control of it, has an important impact during the ramp. Several measurements and
corrections were conducted during the course of the commissioning. Usually the coupling is compen-
sated on-line by using two orthogonal knobs constructed with arc skew quadrupoles to correct the real
and imaginary parts of the difference coupling resonance. However, the on-line compensation is not
able to detect and correct the local sources. Figure 5.10 shows the three coupling knobs implemented
during the ramp. All knobs are implemented for beam 2, as for beam 1 no correction was needed.
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Figure 5.10: Coupling correction implemented during the ramp. Legend shows the name of the knob
in the LSA system.

The knobs betabeat_couple_3.5TeV_21_3_2010 and betabeat_couple_corr_21_3_2010, were implemented
in 2010 because the skew quadrupoles were reaching the maximum allowable current. The skew
quadrupole families before and after applying the global correction using a response matrix are shown
in figure 5.11. The strength needed in the skew quadrupole families is significantly reduced. Most

notably for kqgs.a78b2, which was reaching the maximum allowed current, the strength was reduced by
a factor of 7.
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Figure 5.11: Skew corrector families for using the global orthogonal coupling knobs (red) and the
response matrix using the SVD (blue).

During 2011 a growth in the coupling was observed during the energy ramp, see figure 5.12, right.
It was decided to correct the growth of the coupling during the ramp. As during the collision tunes at
injection machine development study [84] the tunes would be closer together, i.e a tune split of 0.01
instead of 0.03. This, together with a peak C~ of 0.01, could result in losing the beam during the
ramp. A dedicated ramp was used to measure the coupling using the AC-dipole at several instances
during the ramp, left plot in figure 5.12. A peak in the coupling is observed at about 900 GeV.

82



5.2. Squeeze commissioning of all IRs down to 8* value of 2 m 83

0.1 LHCB2 LHCB2
0.09 % g 0.014 . before correction - Fill 1755
0.08 ¥ Xk x «after correction - Fill 1785 =
_ 8.&7} : e s, < 0.012 vt -
8 005 [ ;
< e q .
. S T, (8}
002 ﬁggﬁﬁf%?% ;
) F E
002 IR8 IR1 IR2 1IR3 IR4 IR5 IR6 IR7
’ ‘ ‘ ‘ injection ———
0.05 . * 0.9Tev ]
— 0.04 s 1.4Tev ;—— - = 3500 - ‘ ‘ ‘ ‘ ‘ 7
S 0.03 2Tev 4 > 3000 Ramprate10A/s x .
= I g O, 2500 - ]
0.02 = 000 | ]
o P ]
0 — : - & 500 ‘ ‘ ‘ L]
0 5000 10000 15000 20000 25000 0 2 4 6 8 10

Longitudinal position [m] Time [min]

Figure 5.12: Coupling measurement fioo1 (left) and ¢~ (right) between 450 GeV and 3.5 TeV.

Coupling correction was calculated for the different measurements. Figure 5.13 shows the coupling
measurement at 900 GeV and the error reconstruction.
Coupling knob global_coupling_injection_2011_MD_collision_tunes_2 was implemented, shown in fig-
ure 5.10. The result before and after the corrections were implemented is shown in figure 5.12. The
peak coupling has been reduced by about 20% to 30%.
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Figure 5.13: Measured coupling (red) and predicted error reconstruction for beam 2 at 900 GeV (blue).
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5.2 Squeeze commissioning of all IRs down to 5* value of 2 m

In the beginning of 2010 the squeeze was commissioned with a £* of 2 m at all IPs. In 2009 a
partial squeeze of down to 8* = 5 m was carried out for IP5 [85]. In figure 5.14 an overview of the
commissioning is shown . The measurement and corrections were conducted in 8 optics sessions within
23 days. The IRs were not squeezed simultaneously. The squeeze commissioning of IR1 and IR5 was
done simultaneously, followed by IR8 and lastly IR2. The sequential squeezing of the IPs allowed for
the investigation of the effect on the linear optics separately. The squeeze commissioning of 5* down
to 2 m was the first time that all the IRs in the LHC were squeezed together.

Squeezing down IR1 and IR5 increased the 3-beat to 40%. After applying a local correction in IR5
using the segment-by-segment technique the B-beat was reduced to the 25% level. Squeezing down
IRS8 increased the SB-beat to a 45% level, after applying a local correction in that IR the S-beat was
successfully reduced to 25%. Lastly, the squeeze of IR2 increased the 3-beat with about 5%. After
incorporating these corrections in the sequence of the LHC control system an increase in the -beat
of about 5% was observed.
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Figure 5.14: Overview of $* squeeze commissioning down to 2 m.

5.2.1 [-beat measurements and corrections.

Figure 5.15 shows the $-beat for IP1 and IP5 at §* value of 11 m (red) and a 8* value of 2 m (blue)
for beam 1 (left) and beam 2 (right). A slight increase from about 20% to 40% is observed for beam
1 and from 20% to 30% for beam 2. The green lines indicate the tolerances.
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Figure 5.15: -beat for IR1 and IR5 at flattop (red) and 5* at IR1,5 at 2 m (blue). Beam 1 is shown
at the left and beam 2 on the right. The tolerances are indicated by the green lines.

For a $* value of 2 m (blue) abrupt changes are visible in the horizontal plane of beam 1 at IR1
and IR5. For beam 2 only an abrupt change around IR5 in the vertical plane is observed. A suitable
correction was calculated for IR5. Figure 5.16 shows a plot for the local correction of IR5 using
the segment-by-segment technique. The use of the segment-by-segment technique allowed to locally
identify and correct strong sources. The phase error, being the difference between the measured and
model phase advance, was used as an observable. For IR1 no suitable correction was found using
the triplets. The local IRS correction was distributed over the two MQXB2 magnets left and right
from IR5, as the MQXB2 magnets of the triplet assembly are located at the common beam pipe.
Consequently a suitable correction for the two beams had to be found.

Figure 5.17 shows the 8-beat after the corrections in IR5 were implemented (red). The peak S-beat
observed at 40%, shown in figure 5.15, is reduced to a 30% level. Subsequently IP8 was squeezed down
to a B* value of 2 m. Large increase in the 3-beat of up to a peak 3-beat of 50% was observed in both
beams, figure 5.17 (blue). The largest increase is in the vertical plane for beam 1 and the horizontal
plane for beam 2.

The B-beat arising from squeezing down IR is larger than the g-beat from squeezing down IP1
and IP5 together. Local corrections were calculated for IR8 using the segment-by-segment technique
(shown in figure 5.18). The phase error in IR8 is about 1.5 times stronger than the phase error observed
in IR5. After some investigation, it was concluded that the errors found in the two beams did not have
the same sources and a suitable correction was found using two magnets which are not in the common
beam pipe region, MQ5.R8B1 and MQ6.L8B2.

84



5.2. Squeeze commissioning of all IRs down to 8* value of 2 m 85

LHCB1 IP5 LHCB2 IP5

- -

z ]I'II|II IIIIII 'I'lllll ‘ xv_}llllllllll IIIIII 'Illl[l[

0.02 0.03

0.01 | q 0.02
g or 1 § oo} } /3
< 001 1 % ot ,,,I\{/i\x

1 I /H&,ﬁ, Ry

-0.02 1 -0.01 1

-0.03 -0.02

0.04 T T 0.03 T T

Measurement —e— Measurement -~

0.03 - Fitted model b 0.02 Fitted model — b
— 0.02 q — 0.01 -
5 g
& o001 f 1 % ot
g g

I = r— e 1 001 ¢
-0.01 | q -0.02
-0.02 . L L L L -0.03
9800 10000 10200 10400 10600 16000 16200 16400 16600 16800
s [m] s[m]

Figure 5.16: Local correction calculated for IR5 (this for IR1 and IR5 at a 5* value of 2 m). Beam 1
is shown on the left and beam 2 on the right. The red line shows the measured phase error and the
black line shows the model phase error when a trim in the two MQXB2 magnets was applied.
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Figure 5.17: B-beat is shown for IP1 and IP5 at 5* value of 2 m, 10 m for IP8 in red and IP1, IP5 and
IP8 at 5* value of 2 m in blue.
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Figure 5.18: Local correction calculated for IR8, this for IP1, IP5 and IP8 at a 8* value of 2 m. Beam
1 is shown on the left and beam 2 on the right.
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Lastly IR2 was squeezed to a 8* value of 2 m. A small increase of 5% was observed. No suitable
correction was found for IR2 at that time. Figure 5.19 shows the S-beat for all IPs at £* value of 2 m
before and after applying corrections in IR5 and IR8. Without applying local corrections in IR5 and
IR8 the peak 3-beat observed is about 60% in the vertical plane of beam 1, well above the tolerance.
After the local corrections were applied the peak B-beat was reduced to a 25% level. It was decided
that commissioning could continue with a -beat close to the tolerances.
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Figure 5.19: B-beat is shown for all IPs at 8* = 2 m before corrections (blue) and after corrections
(red).

From figure 5.19 it is obvious that some local error sources were still present in IR1 and IR2. The
corrections implemented for all IRs at a 8* value of 2 m are listed in table 5.4. Only two out of four
IRs were corrected. The largest corrections applied were for IR8. A magnet change of up to 5% was
needed to correct the -beat to a sufficiently low level. As changes in the quadrupole strength introduce
changes in the tunes, tune corrections were included in the implemented knobs. The tune compensation
needed using the arc trim quadrupoles for both beams can be found in the last column. As the largest
correction was applied for IR8, the largest tune compensation is needed for that correction.

Magnet Design Maximum Correction | Tune compensa-
Ki[m™?] Ki[m™2] (%] tion [x1074[m~2]]
MQXB2.L5 | -0.0087 0.018 -0.15% kqtd.b1=-0.4811
kqtf.b1=-0.3900
MQXB2.R5 | 0.0087 0.018 0.12% kqtd.b2=0.3689
kqtf.h2=0.4983
MQ5.R8B1 | -0.0029 0.013 5% kqtd.b1=0.8663
kqtf.b1=0.0187
MQ6.L8B2 | 0.0056 0.013 1.8% kqtd.b2=0.1652
kqtf.b2=-1.05

Table 5.4: Local correction implemented for 5* = 2 m.

5.2.2 Coupling measurement and correction

Figure 5.20 shows the coupling for beam 1 (left) and beam 2 (right) when squeezing down IP1 and
IR5 to B* value of 2 m (blue) and at flattop (red). Only the difference resonance, figo1, is shown, as
this is the leading resonance for the coupling. Abrupt jumps are visible at IR1 and IR5 when the *
was squeezed down to 2 m. The jump for IR5 is less visible for beam 2. The abrupt jumps are an
indication that strong local coupling sources are present at the triplets.

The coupling in the transverse plane is generally compensated on-line [86]. This is done by using
two orthogonal knobs constructed with arc skew quadrupoles to correct the real and imaginary parts
of the difference coupling resonance. However, the on-line compensation is not able to detect and
correct the local sources. A local coupling correction was calculated for IR1 and IR5. For the local
coupling correction in IR1 and IR5 it was the first time that the segment-by-segment technique was
used. Figure 5.21 shows coupling correction for IR1 and figure 5.22 for IR5, for beam 1 (left) and beam
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Figure 5.20: Difference coupling resonance for beam 1 (left) and beam 2 (right). Injection optics (IP1
and IP5 at a 8* value of 2 m) in blue and in red, IP1 and IP5 squeezed down to a 5* value of 2 m.
The top plot shows the amplitude, middle plot the real part and bottom plot the imaginary part of

f1o01-
2 (right). The dots show the measured coupling and the fitted model is represented by lines. Fitted

model is applying the expected corrections into the model. In the absence of errors the observed fip01
is constant, when errors are added the amplitude shows abrupt jumps.
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Figure 5.21: Local coupling correction for IR1 when * in IP1 and IP5 is squeezed down to 2 m. Beam
1 is shown on the left and beam 2 on the right. The dots show the measured coupling and the fitted
model is represented by lines. Abrupt jumps are visible around 23500 m for beam 1 and around 3200
m for beam 2.

|iPﬂs LHCB1 1P5 LHCB2

- -

A e - IlIIHm e ‘ E}Jlllllllul Illllﬂllml I

T T T T 0.1 T T T T T T
0.14 F 1001l — I ]
012 f Relfloo] . ] 0.08 | ]
0.1 1 Imlf1001 g 0.06 | I ; e
0.08 - R 0.04 I B 1
0.06 | g 002 ]
0.04 | R ’ 0 7 1 !

g O'OS [ ] g 02 E
-0.02 - 9 -0.04 z i H 1
-0.04 1 -0.06 | { E
-0.06 - b L |

-0.08
-0.08 del [f001] — 1 01 [f1001] ~ Err model |fyg01] — |
0.1 Err model Reff;q1] — ] : Relfio01] Err model Relf;0,] —
-0.12 Err model Im[f;94] — ) ) 1 032 Imlfypgq] ) _ Errmodel Im[f;g01] — 1
9800 10000 10200 10400 10600 16000 16200 16400 16600 16800 17000
Longitudinal location [m] Longitudinal location [m]

Figure 5.22: Local coupling correction for IR5 when g* in IP1 and IP5 is squeezed down to 2 m. Beam
1 is shown on the left and beam 2 on the right. The dots show the measured coupling and the fitted
model is represented by lines. Abrupt jumps are visible around 10200 m for beam 1 and around 16500
m for beam 2.
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For both IR1 and IR5 the error arose from the tilts in the triplet quadrupoles. For these corrections
two skew quadrupoles, RQSX3.L* and RQSX3.R*, at the triplets were used. The calculated strength
was distributed over the two skew correctors left and right from the IP. Figure 5.23 shows the coupling
before (red) and after (blue) the local corrections. After implementing the local correction the abrupt
jumps of fi9o1 at IR1 and IR5 were corrected, yet the amplitude of f1991 was increased. This was due
to the global coupling knob which was still compensating for previous errors. The global knobs needed
to be re-optimized after the local correction.
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Figure 5.23: Difference resonance for beam 1 (left) and beam 2 (right). Before corrections (blue) and
after corrections (red) for IR1 and IR5 squeezed down to a 8* value of 2 m.

Similar corrections were calculated for IR2 and IR8 where these IPs were squeezed down to a §*
value of 2 m. But they were not implemented during operations. An overview of the corrections used
in the operations is listed in table 5.5 (as the full knobs were too strong, only 55% of the calculated
strength was applied). This was due to the fact that the effect of the AC-dipole was not taken into
account yet.

Magnet | Calculated correction K [m 7]
RQSX3.L1 6.0x10~*
RQSX3.R1 6.0x107%
RQSX3.L5 6.0x107%
RQSX3.R5 8.0x1074

Table 5.5: Local coupling corrections implemented.

When implementing the corrections in table 5.5, the global coupling knobs had to be adjusted.
Their settings before and after implementing the local coupling corrections are listed in table 5.6.
The strength of the global coupling knobs was reduced by about a factor of 2 after the local coupling
correction.

Knob value Before correction | After correction
C~ imaginary part beam 1 -0.083 -0.04
C~ real part beam 1 0.02 0.0040
C™ imaginary part beam 2 0.0503 0.029
C~ real part beam 2 0.015 0.01

Table 5.6: Change of the global coupling knobs before and after implementing the local coupling
corrections.

Figure 5.24 shows an illustration of the positive effect of identifying the local sources first and then
applying coupling corrections with the global knob. The blue line shows the 5* value, the red line the
current of one of the skew quadrupole families and the black line the current in the skew quadrupole
right to IP5. It is observed that when the current increases in kqsx3.r5, meaning that the correction
knob is applied, the current in the arc skew quadrupoles reduces significantly. Only 50 A correction
in kgsx3.r5 was applied, but this correction resulted in a reduction of 100 A in the skew quadrupole
family, kqs.a78b2.
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Figure 5.24: Illustration of the effect on the arc skew quads using a local coupling knob.

5.2.3 p* for all IPs at §* value of 2 m

The * measured using the segment-by-segment technique directly after the squeeze is listed in ta-
ble 5.7. This measurement was done after the corrections were applied. The largest error on the *
measurement is about 6%. The largest offsets of about 10% are observed in the vertical plane for IP1
and IP2 in beam 1 and IP8 for beam 2. An important asymmetry of about 15% between the vertical
planes of IP2 for beam 1 and beam 2 is observed.

| P |Beam| B |error| B, |error

IP1 1 2.02 | 0.01 | 1.78 | 0.05
IP2 1 2.02 | 0.06 | 1.80 | 0.01
1P5 1 2.10 | 0.02 | 2.02 | 0.04
1P8 1 2.11 | 0.10 | 1.92 | 0.01
IP1 2 2.00 | 0.04 | 2.05 | 0.03
1P2 2 2.03 | 0.04 | 2.13 | 0.10
IP5 2 1.95 | 0.12 | 2.11 | 0.05
IP8 2 2.21 | 0.03 | 1.85 | 0.01

Table 5.7: 5* measurements for all IPs at §* value of 2 m right after the squeeze. This measurements
is obtained after applying corrections.

5.3 Squeeze commissioning of all IRs down to $* value of 3.5
m

After operating all IPs at a $* value of 2 m it was decided in the second half of 2010 that the 5* should
be increased to a more relaxed setting [87], [88]. The reason for this was that the commissioning of the
crossing angles with additional aperture measurements would take too long at a 8* value of 2 m. At a
B* value of 3.5 m for IP1, IP2, IP5 and IP8 the limitations on the aperture were avoided. Operating at
a relaxed settings of the 8* was the direct motivation to recommission the optics. Figure 5.25 shows
an overview of the commissioning of all IPs at 8* = 3.5 m. In about 10 days and over 5 optics sessions,
the optics was recommissioned. Local corrections were applied first, followed by a global correction
for beam 2. The rise of S-beat observed at the end of the 10 days was due to the fact that several
magnets were not driven in the LHC control system and due to the hysteresis effect.

5.3.1 [-beat correction

The local corrections for the 5* value of 3.5 m were based on the correction found for all IRs at the 5*
value of 2 m, but they were more refined. Corrections were added in IR1, IR2 and IR6. A summary
of the applied corrections is listed in table 5.8. For 8* value of 2 m only 4 correctors were used,
whereas for the 8* value of 3.5 m the number of quadrupoles trimmed was increased to 12. For IR8
alone 4 correctors were used. The use of more correctors around IRS8, such as the triplets, allowed
a reduction of the correction strength needed. Several correction combinations are possible, and this
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Figure 5.25: Overview of squeeze commissioning of all IPs at a 8* value of 3.5 m.

made it possible that large corrections in one single magnet were avoided. The largest calculated
strength needed around IR8 for 8* value of 2 m was 5% (see table 5.4). For the 5* value of 3.5 m this

was reduced by one order of magnitude to 0.5%. The largest change applied was for IR2 (2%).

Magnet K name Design | Correction
[m—?] [%]
MQXB2.R1 ktgx2.r1 | 0.00871 0.09
MQM.5R2.B2 | kg5.r2b2 | 0.00350 0.48
MQY.5L2.B2 | kqg5.12b2 | -0.00255 2.00
MQM.9R2.B1 | kq9.r2bl | -0.00530 1.30
MQXB2.R5 ktgqx2.r5 | 0.00871 -0.11
MQXB2.L5 ktqx2.15 | -0.00871 0.11
MQY.5L6.B2 | kqg5.16b2 | -0.00661 0.50
MQY.5L6.B1 | kg5.16b1 | 0.00644 0.60
MQM.6L8.B1 | kq6.18b1 | -0.00535 0.50
MQY.4R8.B1 | kq4.r8b1 | 0.00353 0.48
MQXB2.L8 ktqx2.18 | 0.00882 0.26
MQXB2.R8 ktgx2.r8 | -0.00882 -0.06

Table 5.8: Local correction implemented for 5* = 3.5 m.

Figure 5.26 shows the S-beat before (red) and after (blue) corrections. Beam 1 achieved a correction
well within tolerances. For the horizontal plane of beam 2, on the other hand, the 8-beat was increased
from 15% to 25%. Yet it was verified that the targeted local errors were effectively corrected. The
remaining uncorrected errors are responsible for the 25%.

LHCB1 3.5TeV B*=3.5m LHCB2 3.5 TeV $*=3.5m

13
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Longitudinal location [m]
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Figure 5.26: B-beat before (red) and after (blue) applying local corrections. Beam 1 is shown on the
left and beam 2 on the right. This for all IPs at a §* value of 3.5 m.
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First global S-beat corrections in the LHC

As for beam 1 the g-beat was within tolerances a global correction was calculated only for beam
2. Therefore no common correctors could be used as this would affect beam 1. The left plot in
figure 5.27 shows the S-beat before (red) and after (blue) global corrections were applied. The right
plot in figure 5.27 shows the [3-beat before (red) and after (blue) both local and global corrections were
implemented. After the global corrections were implemented the peak 3-beat was reduced from 30%
to 10% for beam 2.
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Figure 5.27: Left plot shows the S—beat before (red) and after (blue) applying global corrections
for beam 2. The plot on the right shows the S—beat before (red) and after (blue) local and global
corrections were implemented.

Applying the global correction to beam 2 showed that achieving a S-beat of 10% in the LHC was
possible. This result was achieved by sequentially applying local corrections at the IR and global
corrections around the ring.

Figure 5.28 shows the predicted correction for the S-beat (left) and the dispersion (right). The red
plot shows the measurement and the blue one the predicted S-beat after correction. This correction
was achieved by applying weight on the horizontal and vertical S-function and the dispersion.
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Figure 5.28: Predicted % corrections for B-beat (left) and dispersion (right), this for all IPs at a 5*
value of 3.5 m.

The correctors that were used for the global correction are shown in figure 5.29. A total of 145 cor-
rectors, distributed around the ring, were used to correct the beta-beat down to 10%. No quadrupoles
were used in the arcs , only in the insertion regions (which are not common for both beams). The
largest correctors are located around IR3, TR4 and IR6. The maximum strength implemented was
about 5.5 x 107 °m~2 .

’Incorporation’ versus ’trimmed’

"Trimming’ a knob on-line is applying the calculated corrections at a certain step during the squeeze
process. 'Incorporating’ is including the knob in the controls system and running the complete sequence
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Figure 5.29: Quadrupole strength versus location around the ring for all IPs at a 8* value of 3.5 m.
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Figure 5.30: 3-beat comparison between trimming and incorporating the knob with local corrections.
The left plot showing the S-beat for trimming (red) and incorporating the knob (blue). The right plot
shows the difference in the 8-beat between trimming and incorporating the knob. This corresponds to
a [* value of 3.5 m in all IPs.

of steps for the squeeze. During the correction sessions for the * value of 2 m and 3.5 m differences
were observed between trimming and incorporating the knob. An example of a difference observed for
beam 2 (5* value of 3.5 m) is shown in figure 5.30. The right plot in figure 5.30 shows the difference
in the 3-beat. A 5%-10% difference is observed. This was a problem that needed to be investigated.

Figure 5.31 shows some of the differences found in the quadrupole magnet currents. The vertical
axis shows the difference in current before and after applying the trim. Two quadrupoles (Q5.L6B1
and Q5.L6B2) show a 10 A difference for trimming and incorporating. Q5.R2B2 shows a discrepancy
due to the treatment of hysteresis.
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Figure 5.31: Difference in the quadrupoles currents between trimming and incorporating the knobs.
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The difference becomes more relevant when looking at the global corrections, as around 145 cor-
rectors distributed around the ring were used. Figure 5.32 shows the p-beat, left for trimming and
incorporating. The difference in the 3-beat is shown on the right. A difference up to 15% is observed.
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Figure 5.32: Difference in -beat between trimming and incorporating the global correction at the 5*
value of 3.5 m. The left plot shows the S-beat for trimming (red) and incorporating (blue) the knob.
The right plot shows the difference in the S-beat between trimming and incorporating.

This discrepancy is explained by looking at the difference in the quadrupole currents. Figure 5.33
shows the difference in current between trimming and incorporating. From the figure it can be observed
that the majority of the quadrupoles did not change, and some quads differ by 1 A. The small changes
of 1 A are due to the treatment of hysteresis in the control system.
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Figure 5.33: Difference in quadrupole currents for trimming and incorporating the knob.

After some investigation [89], [90] this problem was clarified as some magnets were not driven
during the squeeze. The motivation for not driving some magnets was that these magnets were not
used during the squeeze. So as a safety precaution it was decided not to include these magnets in the
squeeze process. Small differences of about 1 A are also observed, this is explained by the controls
system interpreting a change of hysteresis branch caused by the correction itself.

5.3.2 Coupling measurements

Coupling measurements were performed at * = 3.5 m. Figure 5.34 shows the coupling for beam 1
and figure 5.35 for beam 2. The figure on the left shows the difference resonance, and the one on the
right the sum resonance. The initial coupling knobs for * = 2 m were re-calculated for §* = 3.5 m,
but due to time limitations they could not be included in the correction scheme.

For both beams jumps are observed in IR1, IR2, IR5, IR8. Both the difference and sum resonance
show some jumps in these IPs. From the real and imaginary part of the sum resonance it is clear that
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Figure 5.34: fi001 is shown on the left and f1910 on the right for beam 1, this for all IPs at a §* value
of 3.5.
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Figure 5.35: fig01 is shown on the left and f1910 on the right for beam 2, this for all IPs at a §* value
of 3.5.
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the coupling corrections could be improved. The amplitude of the difference resonance is higher than
the sum resonance. This was expected as the difference resonance is the leading coupling resonance.

5.3.3 Dispersion measurements

Dispersion measurements were performed for the first time with squeezed optics with all IPs at §*
value of 3.5 m. Frequency trims corresponding to a 2 of 3.4 x 104 and —4 x 10~4 were applied.
When applying corrections with normal and skew quadrupoles it is important to check and make sure
that the horizontal and vertical dispersion are not affected. Figure 5.36 shows the horizontal (left)
and the vertical dispersion (right) for beam 1. The normalized horizontal dispersion before and after

corrections are comparable. The vertical dispersion, however, shows a small increase.
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Figure 5.36: Normalized horizontal dispersion (left) and vertical dispersion (right) for beam 1, before
(red) and after (blue) applying local and global corrections for all IPs with a 8* value of 3.5 m.

Figure 5.37 shows the horizontal (left) and the vertical (right) dispersion for beam 2. The disper-
sion before (red) and after (blue) corrections (local and global) were implemented. The normalized
horizontal dispersion is comparable. The vertical dispersion, however, shows a small increase.
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Figure 5.37: Normalized horizontal dispersion (left) and vertical dispersion (right) for beam 1, before
(red) and after (blue) applying local and global corrections for all IPs with a 8* value of 3.5 m.

The rms values for the dispersion before and after corrections is listed in table 5.9. The rms value
of normalized horizontal dispersion is below the tolerance of 0.0125.

For both the horizontal and vertical dispersion in beam 1 and beam 2, changes are observed between
the two measurements. For beam 1 the measurement after the local corrections were implemented is
shown in red and after incorporating the corrections in the squeeze process in blue . For beam 2 the
measurement after the local corrections were implemented is shown in red and after incorporating and
implementing the global corrections in blue. The changes could be explained by a change in the orbit,
which introduces feed-down at the sextupoles, or the incorporation of the quadrupoles.
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Before corrections After corrections

Beam 1 Beam 2 | Beam 1 Beam 2

rms A% [Z] | 0.0051 0.0037 0.0055 0.0055
rms D, [m] 0.0367 0.0410 0.0448 0.0638

Table 5.9: rms values for the normalized horizontal dispersion beat and vertical dispersion for both
beams before and after corrections.

5.3.4 p* for all IPs at 3.5 m.

The *’s before and after the corrections were implemented are listed in table 5.10 and table 5.11 re-
spectively. The largest error on the 8* measurement is about 6%. Before corrections were implemented
an offset of up to 22% and large asymmetries between the two beams were observed. For instance for
the vertical plane of IP2 and IP8, an asymmetry of respectively 34% and 17% was observed between
the two beams. After the corrections the maximum offset observed is around 11%, comparable with
the B-beat observed. The asymmetries that were observed for IP2 and IP8 are corrected down to 12%
and 11% respectively .

I P | Beam I B l error | By, l error |

1P1 1 3.54 | 0.01 | 3.96 | 0.05
1P2 1 3.44 | 0.02 | 2.74 | 0.05
1P5 1 3.86 | 0.05 | 3.35 | 0.08
IP8 1 3.54 | 0.07 | 3.72 | 0.07
1P1 2 3.81 | 0.05 | 3.42 | 0.06
1P2 2 3.20 | 0.05 | 4.17 | 0.21
IP5 2 3.53 | 014 | 3.90 | 0.1
1P8 2 3.86 | 0.08 | 3.09 | 0.03

Table 5.10: 8* measurements at all IPs at a $* value of 3.5 m before correction.

| 1P | Beam | B | error | B, | error |

1P1 1 3.59 | 0.06 | 3.90 | 0.57
1P2 1 3.37 | 021 | 3.24 | 0.04
IP5 1 3.82 | 0.06 | 3.73 | 0.17
1P8 1 3.65 | 0.15 | 3.73 | 0.07
IP1 2 3.42 | 0.05 | 3.58 | 0.17
1P2 2 3.89 | 0.06 | 3.66 | 0.13
IP5 2 3.50 | 0.12 | 3.64 | 0.08
IP8 2 3.57 | 0.06 | 3.33 | 0.09

Table 5.11: 8* measurements at all IPs at a 8* value of 3.5 m after correction.

5.4 Squeezing IR1 and IR5 below a * value of 2 m

In the beginning of 2011 it was decided that the $* could be further decreased for the 2011 run [91].
Contrary to the 2010 run, not all IPs were squeezed to the same §* value. Only the high luminosity
experiments, IP1 and IP5, were squeezed to a $* value of 1.5 m and later to a value of 1 m. IP2 and
IP8 remained at a value of 10 m and 3 m respectively, during the proton run. IP2 was squeezed to a
£* value of 1 m for the ion run.

5.4.1 Overview

An overview of the squeeze commissioning for a 8* value of 1 m is shown in figure 5.38. The optics
measurement and correction campaign in 2011 was completed in about 10 days, over 4 optics sessions.
A peak B-beat of about 20% and 60% in the horizontal and vertical plane respectively for beam 1 was
observed, as shown in figure 5.39. For beam 2 a peak (3-beat of 30% and 25% for the horizontal and

96



5.4. Squeezing IR1 and IR5 below a §* value of 2 m 97

vertical plane respectively was observed, as shown in figure 5.40. The red dots show the measured
[-beat before any corrections were applied. Large (-beat variations are observed for both beams,
indicating that local error sources are present. After applying local corrections the observed local
jumps were reduced significantly, shown by the green dots in figures 5.39 and 5.40. The peak [-beat
for beam 1 was reduced to 20% and 15% for the horizontal and vertical plane respectively. For beam 2
the peak -beat is reduced to 20% in both planes. Global corrections were applied separately for both
beams. This was only possible because no common correctors were used. A S-beat of 10% is achieved
for both planes in both beams, shown by the blue dots. Some out-layers above 10% are observed, most
probably they are not physical.
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Figure 5.38: Overview of the applied corrections for the 2011 optics. On the horizontal axis ’days in
commissioning’ is represented and measured peak (-beat on the vertical axis.
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Figure 5.39: (-beat for beam 1 shown for the horizontal plane (above) and vertical plane (below).
The three colors represent the S-beat measured at the different steps during the correction process.
Measurements for the ’virgin machine’ where no corrections were applied are shown in red. Measure-
ments after applying local corrections are shown in green and measurements after both local and global
corrections were applied are shown in blue. Tolerances are shown in black.

5.4.2 [-beat corrections

Corrections were applied for IP1 and IP5 at a 8* value of 1.5 m, 10 m for IP2 and 3 m for IP8. First
local sources in the insertion regions were corrected using the Segment-by-Segment technique. After
the strong local sources were corrected a global correction was calculated for both beams separately.
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Figure 5.40: (-beat for beam 2 shown for the horizontal plane (above) and vertical plane (below).
The three colors represent the [-beat measured at the different steps during the correction process.
Measurements for the ’virgin machine’ where no corrections were applied are shown in red. Measure-
ments after applying local corrections are shown in green and measurements after both local and global
corrections were applied are shown in blue. Tolerances are shown in black.

Local corrections

An illustration of a local correction in IR5 is shown in figure 5.41. Local corrections were calculated
using the segment-by-segment technique. The local corrections for beam 2 were calculated at a *
value of 2 m for IP1 and IP5. The reason for this was that beam 2 was lost due to a trip in skew
quadrupole RQS.A78B2, driving the tune to 10* order and 3% order resonance, respectively in the
horizontal and vertical plane. The local corrections for beam 1 and beam 2 were compared to several
measurements below a * value of 4 m during the squeeze. The top plot shows the phase error in
the horizontal plane and the bottom plot shows the vertical plane. The red line shows the measured
error before local corrections were applied. The black line shows the fitted model, which is achieved by
applying ktqx2.15= —1.0 x 10~° and ktqx2.r5= —1.3 x 1075 to the local model to fit the measurements.
The ktqx magnets, common for both beams, are trim quadrupoles nested in the triplets. The blue line
shows the measured total phase error after applying the local correction in IR5. The error was reduced
significantly. The implemented correction is not perfect, as the ktqx correctors are common for both
beams. In this case a suitable correction for both beams had to be found. The triplet quadrupoles
were identified as the leading error sources for the 8-beat. The corrections were based on values found
for the correction for all IRs at a 8* value of 3.5 m in 2010 [79]. Table 5.12 shows the local corrections
for the triplets at IR1, IR5 and IR8. Two correctors (kq9.11b1l and kq5.16b2), one per beam, were
additionally used to achieve a better correction. These two additional correctors represent the largest
relative corrections.

Corrector | AK [107°m~2] | Relative [%)]
kq9.11b1 3.8 -0.60
ktqx2.rl -0.8 0.09
ktqx2.15 1.0 0.11
ktqx2.r5 1.3 -0.15
kqb.16b2 -4.6 0.70
ktqx2.18 -2.3 0.26
ktqx2.r8 -0.5 -0.06

Table 5.12: Implemented local corrections are listed.

Global corrections

Global corrections for beam 1 and beam 2 were implemented separately. Only correctors acting on one
beam were used. Figure 5.42 shows a distribution of the implemented correctors along beam 1 (top)
and beam 2 (bottom). For beam 2 the distribution for both the calculated corrections in 2010 and
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Figure 5.41: Tllustration for local correction in IR5 using the segment-by-segment technique.

2011 are shown. No global correction was implemented for beam 1 during the correction campaign in
2010. A total of 95 and 112 correctors were used respectively for beam 1 and beam 2 to reduce the
B-beat to a 10% level. The maximum strengths for both beams, 0.8 10~*m™2, are located around IR1.
In 2011 112 correctors were used compared to 145 correctors in 2010 for beam 2, as less correctors
were used a higher maximum strength was observed in 2011.
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Figure 5.42: Distribution of correctors along the ring for beam 1 in 2011, shown in the top plot, and
beam 2 in 2010 (red) and 2011 (blue), shown in the bottom plot. The correctors are trim quadrupoles,
no common correctors were used. For beam 1 no global correction was applied in 2010. It can be
observed that the largest corrector strengths applied are around IR1 for both beams.

5.4.3 Coupling measurements and correction

Coupling corrections were calculated for the triplets. The implemented corrections are listed in ta-
ble 5.13. The largest correction implemented is for IR5. Figure 5.43 shows the difference and sum
coupling resonances for beam 1 (left) and beam 2 (right) after the corrections. Before corrections (red)
large jumps are observed at IR1, IR2, IR5 and IR8. After applying the local coupling corrections the
jumps are reduced.

5.4.4 Dispersion measurement

Dispersion measurements were conducted for both beams after local and global correction were imple-
mented. Figure 5.44 shows the normalized horizontal dispersion for beam 1 (left) and beam 2 (right).
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Magnet | Calculated correction [m~2]
kqgsx3.15 0.0007
kqgsx3.r5 0.0007
kqgsx3.11 0.0005
kgsx3.rl 0.0005
kqsx3.18 -0.0005
kqgsx3.r8 -0.0005

Table 5.13: Local coupling corrections implemented.
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Figure 5.43: f1001 (top) and figo1 (bottom), before (red) and after (blue) correction for beam 1 (left)
and beam 2 (right).

Figure 5.45 shows the vertical dispersion for beam 1 (left) and beam 2 (right). Large error bars were
measured for the normalized horizontal dispersion of beam 2 and the vertical dispersion of beam 1 after
local+global correction. The horizontal normalized dispersions for beam 1 and the vertical dispersions
are comparable.
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Figure 5.44: Normalized horizontal dispersion for beam 1 (left) and beam 2 (right). Measurements
after local corrections are shown in red and after local + global corrections in blue. Only measurements
after local corrections are shown for beam 2.

5.4.5 [(* measurements

[* measurements were conducted for both beams after the local and local+global correction were
implemented. The results are listed in table 5.14. After local corrections were applied asymmetries
of up to 14% between the two beams were observed in the vertical plane of IP2 and IP5. After
implementing the global correction the discrepancy in IP5 was corrected. The discrepancy in IP2 was
reduced, but is still at the 10% level.
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Figure 5.45: Vertical dispersion for beam 1 (left) and beam 2 (right). Measurement after local cor-
rections are shown in red and after local + global corrections in blue. Only measurements after local
corrections are shown for beam 1.

After local corrections

IP | Beam B error B, error
IP1 1 1.43 0.04 1.60 | 0.13
P2 1 9.31 0.14 | 877 | 0.21
1P5 1 141 | 0.03 | 1.59 | 0.01
IP8 1 3.14 0.11 3.11 2.06
IP | Beam B error By, error
1P1 2 1.55 | 0.10 | 1.54 | 0.05
P2 2 10.15 | 0.14 | 10.28 | 0.03
1P5 2 1.53 | 0.05 | 1.38 | 0.04
IP8 2 3.18 0.11 3.15 0.14
After local and global corrections

IP | Beam B error B, error
IP1 1 1.53 0.02 1.59 | 0.14
P2 1 9.82 | 0.34 | 9.67 | 0.67
1P5 1 1.52 | 0.02 | 1.51 | 0.08
P8 1 297 | 0.06 | 3.08 | 0.04
IP | Beam B error By error
IP1 2 1.46 0.08 1.43 | 0.14
P2 2 10.66 | 0.38 | 10.98 | 0.07
IP5 2 1.44 0.17 1.51 0.04
P8 2 3.04 | 0.22 | 3.079 | 0.10

Table 5.14: * measurements listed for a design $* value of 1.5 m in IP1 and IP5, 10 m in IP2 and
3 m in IP8. Measurements for the 5* both after local and local4global corrections were implemented
are listed.

101
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5.4.6 Pushing the boundaries, squeezing IP1 and IP5 down to a 5* value
of 1 m.

New aperture measurements [92] showed that more aperture was available than initially thought. This
allowed a further squeeze of the high luminosity experiments, IP1 and IP5, down to a 8* value of 1
m. For the optics commissioning of a §* value of 1 m it was decided to keep the local and global
corrections constant before squeezing. A minimal change was expected of keeping the global and local
corrections constant during the squeeze [93] from a 8* value of 1.5 to 1 m, in IR1 and IRS.

[-beat comparison between a $* value of 1.5 and 1 m

Figure 5.46 shows the S-beat for a 8* value of 1.5 m (red) and 1 m (blue), for IP1 and IP5, for beam 1
(left) and beam 2 (right). The increase in the S-beat was negligible for squeezing down to a §* value
of 1 m for IP1 and IP5.

03 LHCB1 3.5 TeV 04 LHCB2 3.5 TeV
03 r |
2
0 T 0.2 8
« 01 < 0.1 bl
& o S o ,
< -0.1 <.0.1 4
- o2 f T
-0.2 -0.3 | 7
IR2 R IR8 IR6 IR7

03 84 5
0.2 0.3 T
02§ |t =il
.04 ~ 0.1 y
& 0 & 0 i
<o RS il |
02 S o5 1l ] I

03 ‘ ‘ ‘ ‘ .3 04 ‘ ‘ ‘ ‘ ‘
0 5000 10000 15000 20000 25000 0 5000 10000 15000 20000 25000

Longitudinal location [m] Longitudinal location [m]

Figure 5.46: (B-beat for §* value of 1.5 m (red) and 1 m (blue). For beam 1 (left) and beam 2 (right).
Tolerances are shown in green.

Figure 5.47 shows a histogram of the difference in the -beat, for both planes and both beams,
between the 8* values of 1.5 m and 1 m. The main part of the distribution is below 5%, which is
about equal to the measurement resolution. Therefore it can be concluded that the local and global
corrections remained valid for a 8* value of 1 m in IP1 and IP5.
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Figure 5.47: Histogram of the difference in -beat between a * value of 1.5 m and 1 m.

counts

Dispersion measurements

Dispersion measurements, shown in figure 5.48, were conducted for the g* value of 1.5 m and the *
value of 1 m in IP1 and IP5. Medium frequency trims in the order of + 50 Hz, corresponding to a
momentum offset of about T4 x 10~* was applied. Due to the large error bars in the measurement of
the normalized horizontal dispersion in beam 2 and the vertical dispersion in beam 1 for the §* value
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of 1.5 m (in IP1 and IP5) the data could not be presented. For the normalized horizontal dispersion in
beam 1 and the vertical dispersion in beam 2 no large deviations for the 8* value of 1 m were observed
as compared to 1.5 m.

LHCB1 3.5 TeV LHCB2 3.5 TeV
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Figure 5.48: Normalized horizontal dispersion shown in the top plot and vertical dispersion in the
bottom plot. Beam 1 is shown on the left and beam 2 on the right for 5* values of 1.5 m (blue) and 1
m (red).

[* measurements

The results for the 8* measurements conducted are listed in table 5.15. The largest asymmetry between
the two beams is about 6% in the vertical plane of IP2. The same asymmetry was observed for the
B* value of 1.5 m (see table 5.14). As the error bar for the vertical plane of IP2 beam 2 is large, no
conclusion on possible improvement of IP2 can be drawn.

IP | Beam | B; |error | B, | error
1P1 1 0.97 | 0.03 1.04 | 0.17
P2 1 9.72 | 0.08 | 9.93 | 0.04
IP5 1 0.99 | 0.03 | 095 | 0.11
1P8 1 3.10 | 041 | 2.77 | 0.25
IP | Beam | g | error By, error
IP1 2 1.01 | 0.10 1.05 | 0.06
P2 2 9.84 | 0.38 | 10.57 | 0.92
1P5 2 0.94 | 0.13 | 0.98 | 0.09
1P8 2 3.18 | 0.11 | 290 | 0.29

Table 5.15: 5* measurements for the design £* of IP1 and IP5 at 1 m, 10 m in IP2 and 3 m at IP8

5.5 Squeezing down IR2 together with IR1 and IR5 to a 3*
value of 1 m

The ALICE experiment, located at IR2, is the dedicated heavy ion experiment of the LHC. At the end
of every run the LHC is switched from a proton machine to an ion machine [94]. P2 was squeezed down
to a #* value of 1 m for ions, although the commissioning was done using protons. The motivation for
using protons instead of ions was to ease the commissioning and a better measurement resolution was
expected. Before the squeeze of IP2, the f—beat remained at 10%.

5.5.1 Measurement of the S-beat for IP2 from the 5* value of 10 m down
to1l m

The S—beat for the 5* value of 1 m for IP1 and IP5, 10 m for IP2 and 3 m for IP8 (red) and a S* of
1 m for IP1, IP2, IP5 and 3 m for IP8 (blue) is shown in figure 5.49. A slight increase is observed for
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both beams. The horizontal plane is at a peak of 15% and the vertical plane at 25% for both beams.
The error bars for beam 1 are slightly larger than for beam 2.
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Figure 5.49: S—beat for beam 1 (left) and beam 2 (right). The red plot shows the f—beat for the 5*
value of 1 m for IP1 and IP5, 10 m for IP2 and 3 m for IP8, and the blue plot for the 8* value of 1 m
for IP1, IP2, IP5 and 3 m for IP8 . Tolerances are shown in green.

5.5.2 Correction at IP2 at a f* value of 1 m

During the squeeze of IP2 down to the 5* value of 2 m in 2010 (see section 5.2.1), a small increase of
the S-beat at the 5% level was observed. Therefore no large S-beat was expected by going down to 1
m 5* in IP2. The measurement confirmed a small increase of the 3-beat of about 10 — 15%, bringing
the &2 shghtly above the tolerances, as shown in figure 5.49. The motivation to correct this % was
to allow as much aperture as possible for the large external crossing angle. The large external crossing
angle was needed to cancel the large angle induced by the ALICE spectrometer bump, and collisions
were head-on [94], [95]. The correction was calculated separately for both beams. The predicted
corrections for the S-beat (left) and horizontal dispersion (right) are shown in figure 5.50 for beam
1 and figure 5.51 for beam 2. The predicted change in the horizontal dispersion is larger for beam 1
than for beam 2, this is explained because weight was placed on the horizontal dispersion for beam 1.
A small improvement was observed for the predicted correction of the horizontal dispersion in beam
2, even though no weight was placed on it. It was decided to not correct the horizontal dispersion for
beam 2 as the needed quadrupole strengths would have been to large to correct both the phase and
the horizontal dispersion.
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Figure 5.50: Predicted 22 after correction for S-beat (left) and dispersion (right) for beam 1, this for
a [* value of 1 m for IP1, IP2, IP5 and 3 m for IP8 .

Only 20 quadrupoles in IR2 for both beams and no common correctors were used for this correction.

The correctors used are shown in figure 5.52. As IR2 was squeezed separately the expected error sources
were emerging from IR2. It was shown that by using only local correctors it is indeed possible to locally
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Figure 5.51: Predicted 22 after correction for S-beat (left) and dispersion (right) for beam 1, this for
a B* value of 1 m for IP1, IP2, IP5 and 3 m for IP8 .

compensate for these errors. There is a difference of about a factor of 3 for the corrections between
beam 1 and beam 2. The reason for this is that for beam 1, the correction is larger as the weight was
placed on the dispersion, together with the horizontal and vertical phase. For beam 2 the weight was
only placed on the phases. Due to time constraints no dispersion measurements were conducted after
the corrections were implemented, so no conclusions on dispersion corrections can be drawn here.

(}l'—1 T T

E St | | :

© I | pd

(=} [

= B0t ]

S it | *

T -
e
0000000000000 0000000
YJIJIJIINJIJVNAIINNNNNN NN NN N
R T s B B i i i

DA~ O @O O WS
T EE TGRS 2SS T T
XXXXXX¥XOogEggogogggxxxxx<x
*Zgxxxx?

— 40

o 30 E

g 20 E

u')o 187 | | I ]

' I

= 0 f ' ]| | " .

1 ] T B SR S SRR
[S VIR S I S VI SV S VI SV I oV I o VI o I S I S I SN I SV I S I S I SRS S R
0000000000000 0000000
NNV VNNV VNN VNNV NN NNNNN NN
e R e e s e A ]
N Ar-O®ON O
CEr U000 0oTgeTeEgIe =Nl
x X < ~gx=x

Figure 5.52: Correctors used for the global correction for beam 1 (top) and beam 2 (bottom).

5.5.3 Comparison of the f—beat before and after IR2 correction

The S—beat before and after the correction is shown in figure 5.53. Before the correction a beta-beat
of around 15% and 20% was observed, after corrections this was reduced to 10% and 20%.

5.5.4 Coupling

Measurements were conducted for coupling before correction at the 5* value of 2 m and after correction
for the 8* value of 1 m at IP2. Figure 5.54 shows measurements before (red) and after (blue) local
corrections for IP2 were implemented. The result for beam 1 is shown on the left and for beam 2
on the right. The top plot shows the ’difference resonance’ and the bottom plot the ’sum resonance’.
The local corrections were calculated at IR2 for a 8* value of 2 m and did not change for a g* value
of 1 m. The corrections are listed in table 5.16. The corrections for IR2 are the largest corrections
implemented during the commissioning, as IR2 has the strongest coupling source.
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Figure 5.53: S—beat for beam 1 (left) and beam 2 (right) for the 8* value of 1 m for IP1, IP2, IP5
and 3 m for IP8, before (red) and after (blue) corrections at IP2. Tolerances are shown in green.
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Table 5.16: Calculated corrections for IR2 at a 8* value of 2 m.
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Figure 5.54: Difference (top) and sum resonance (bottom). For beam 1 (left) and beam 2 (right).
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5.5.5 Dispersion

Dispersion measurements were conducted before and after the squeeze of IR2. The horizontal nor-
malized dispersion is shown in figure 5.55 for beam 1 (left) and beam 2 (right). The red dots show
measurements before squeezing IR2 and the blue dots after. For beam 1 the horizontal dispersion is
decreased slightly and the bump around IR2 is not observable anymore. For beam 2, on the other
hand, the horizontal normalized dispersion seems to have increased. The error bar for beam 1 is large
between IR5 and IR8 for both the normalized horizontal and vertical dispersion, with TR2 squeezed.
The same could be observed for beam 2 around IR5 and IR7 for IR2 unsqueezed.
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Figure 5.55: Horizontal dispersion for beam 1 (left) and beam 2 (right). Before squeezing IR2 (red)
and after (blue).

The vertical dispersion is shown in figure 5.56 for beam 1 (left) and beam 2 (right). The red dots
show the measurements before squeezing IP2 and the blue dots after.
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Figure 5.56: Vertical dispersion for beam 1 (left) and beam 2 (right). Before squeezing IR2 (red) and
after (blue).

5.5.6 (" measurements for IP2 at the 5* value of 1 m

B* measurements were conducted before (see table 5.17) and after (see table 5.18) correcting IP2.
Before corrections the largest asymmetry of about 11% between the two beams was observed in the
horizontal plane of IP2. After correction this asymmetry was reduced to 4%. The predicted luminosity
imbalance (IP1/IP5) between the high luminosity experiments was about 4% before corrections and
-2% after corrections.
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| 1P |Beam| B |err0r| B, |err0r

1IP1 1 1.05 | 0.05 | 0.93 | 0.03
1P2 1 1.0 | 0.05 | 1.03 | 0.01
IP5 1 0.99 | 0.02 | 1.07 | 0.19
1P8 1 296 | 0.29 | 2.86 | 0.13
IP1 2 0.96 | 0.05 | 1.06 | 0.08
P2 2 1.11 | 0.12 | 1.11 | 0.16
IP5 2 1.01 | 0.14 | 1.10 | 0.03
1P8 2 3.08 | 0.15 | 2.73 | 0.21

Table 5.17: 8* measurements at design $*=1 m for IP1,IP2,IP5 and 3 m for IP8 before correction.

| 1P | Beam | B | error | B, | error |
1P1 1 1.009 | 0.006 | 1.071 | 0.025
1P2 1 0.95 | 0.054 | 1.014 | 0.101
1P5 1 0.976 | 0.024 | 0.98 | 0.02
IP8 1 3.121 | 0.101 | 3.088 | 0.164
IP1 2 0.99 | 0.045 | 1.015 | 0.074
P2 2 1.006 | 0.096 | 1.031 | 0.03
IP5 2 1.011 | 0.191 | 1.04 | 0.042
1P8 2 2.966 | 0.046 | 2.956 | 0.289

Table 5.18: §* measurements at design f*=1 m for IP1,IP2,IP5 and 3 m for IP8 after correction.

5.6 Non-linear and chromatic measurements

Non-linearities and chromatic measurements play an increasingly important role when $* decreases.
The higher order correctors affect the dynamic aperture when the 8* is squeezed below 1 m [79].
This was the direct motivation for conducting measurements for higher-order and chromatic functions.
Paragraph 5.6.1 discusses the effect of the non-linear chromaticity correction on the amplitude detuning.
Paragraph 5.6.2 discusses the studies of the resonance driving terms. Paragraph 5.6.3 discusses the
results of the chromatic measurements.

5.6.1 Amplitude detuning

Non-linear magnetic fields (i.e. from sextupoles onward) are the source of amplitude detuning. Sex-
tupoles and octupoles introduce a linear dependence of the tunes in the action [14]:

0Q.,, . 0Q.

PN
Q=+ Oey Oey

2J,. (5.1)

where z stands either for the horizontal (x) or vertical plane (y). @, represents the perturbed tune
and QY the unperturbed tune. Jz,y is the action. €, , is the single particle emittance and relates to
the action as €,y = 2J; 4.

During machine studies in 2011 an experiment was conducted to measure and correct the linear
and non-linear chromaticity for Beam 2. For this study a knob was calculated to correct the linear and
non-linear chromaticity [96]. Non-linear chromaticity was corrected using octupolar and decapolar
correctors installed around the ring on one side of the dipole magnets. Correcting the non-linear
chromaticity also had an effect on the amplitude detuning, as discussed above. Measurements were
conducted to measure the amplitude detuning. In figure 5.57 the amplitude detuning is shown. The
amplitude detuning values are calculated using a linear fit and are listed in Table 5.19 . The tune
derivatives %—? before and after correction are listed. The terms are obtained by a linear fit from the
data presented in figure 5.57. A significant reduction of the amplitude detuning is achieved. The two
main sources for decoherence are chromaticity and amplitude detuning [20]. In figure 5.58 turn-by-turn
data is shown before and after correction. A clear improvement in the decoherence is observed. More
turns could be analyzed, hence improving the measurement resolution of the optics functions.
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Figure 5.57: Amplitude detuning before any corrections (red) and after (blue). Horizontal plane (top)
and vertical plane (bottom) are shown.

function

Before [10° m rad] | After [10° m rad]

94
e
94a
Oey
9qy
Oey
Oay

Oey

-0.0122 £+ 0.0002 | -0.0029 = 0.0006
0.0094 +£ 0.0013 0.0006 + 0.0005
0.0084 + 0.0005 -0.0027 + 0.0017
-0.0025 £+ 0.0015 0.0023 £+ 0.0008

Table 5.19: Amplitude detuning before and after correction, cross terms are included.
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Figure 5.58: Turn-by-turn data before (red) and after (blue) correction of the non-linear chromaticity.
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5.6.2 Measurement of resonance driving terms

Measurements of resonance driving terms were conducted during one experiment in 2011 [97]. The
collimators were opened allowing an aperture of 120, some collimators were limited to 8¢. For this
experiment the aperture kicker was limited to 50, due to operational and hardware reasons. Only
measurements for Beam 2 were conducted. Kicks were applied in different combinations. First the
horizontal plane only was excited in steps, later both planes were excited in steps.

BPM spectrum

From the turn-by-turn data about 1500 turns were acquired. The turn-by-turn data was then analyzed
using an interpolated FFT, such as SUSSIX. The amplitude and phase of the main betatron tune line
and the secondary lines were identified for every BPM. Figure 5.59 shows the horizontal plane of
BPM.12L1 for beam 2, this for the case were only a 4.60 was applied in the horizontal plane. Only two
lines could be identified, the horizontal main betatron tune line (Q.) and the sextupolar line (2Q).

LHCE":2 450 GeV

BPM.12L1.B2.x <
1 o 1
. 01k 4
3
x
0.01 | S
o L0001 011 i1
0 0.1 0.2 05
Tuneunlts

Figure 5.59: Horizontal tune spectrum for BPM BPM.12L1.B2.

Figure 5.60 shows the normalized sextupolar (2Q.) line and octupolar (3Q,) line around the ring
together with the noise for beam 2. The signal to noise ratio is about 3 for the 2Q), line and about 2 for
the 3Q, line. For some BPMs the 3@, line is below the noise threshold, meaning the signal acquired
is noise. In sector 6-7 points are missing because of a crate of BPMs which was not acquiring data.

Axg/Aqg

Ago/Ato

0 0 5000 10000 15000 20000 25000
Longitudinal position [m]
Figure 5.60: Sextupolar (2Q) line (top) and octupolar (3Q;) line around the ring for beam 2. Nor-
malized signal in red and the noise in blue.

First LHC measurement of the f3399 resonance driving term

A first attempt to measure non-linearities has been mode. In figure 5.61 the absolute value of the f3000
resonance driving term is shown. f3pgp is the resonance driving term coming from normal sextupolar
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terms and is identified in the frequency spectrum by the —2@Q, line. The effect of decoherence is taken
into account for the measured data. Measurement and model [98], in the arcs, are in relatively good
agreement. However, around the IP a large discrepancy is observed. Measurement is significantly
larger. This discrepancy between measurement and model could be explained by several factors [99],
such as noise, phase advance between the BPMs in the IP or by the non-linearity of the BPMs. A
plausible explanation is that the observed f3000 around the IPs is dominated by the non-linearity of
the BPMs.

0.7
0.6 Measurement
0.5
0.4
0.3
0.2
0.1

172
[f3000l [Mm™ "]

0

A2
[f3000! [mm™ "]

i
0 0 5000 10000 15000 20000 25000
Longitudinal position [m]
Figure 5.61: The absolute value of the f3ggp resonance driving term is shown. Top plot includes large
values around the IPs. The bottom plot zooms in on the arcs. The gap in the data is due to some
missing BPMs.

5.6.3 Chromatic measurements

During the course of the commissioning several measurements for the chromatic measurements were
conducted for squeezed optics. Measurements for the chromatic function were also conducted during
injection, but because of a too large off-momentum trim the error bars are large.

Measurements at all IPs 5* value of 3.5 m

First measurements for the chromatic 8 were conducted in the second half of 2010 when all IPs were
squeezed to a §* value of 3.5 m. Frequency trims in the order of 50 Hz,+100 Hz corresponding to a
%p value of 0.4 x 1074,770.8 x 10~* respectively were applied.

Figure 5.62 shows the Montague amplitude function for beam 1 (left) and beam 2 (right). A

discrepancy for the vertical plane between IR8 to IR2 was observed.

LHCB1 3.5 Tev

. LHCB2 3.5TeV
120 i agurement i

120 | Measured —e—

5000 10000 15000 20000 25000
Longitudinal location [m] Longitudinal position [m]

0 5000 10000 15000 20000 25000
Figure 5.62: The amplitude of the Montague function is shown before correction of all IPs at a g*
value of 3.5 m for beam 1 (left) and beam 2 (right). The model is shown in blue and the measurements

in red.
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112 5. LHC optics commissioning

New measurements were conducted after local corrections, for beam 1 and beam 2, and global
correction, for beam 2, were applied in September 2010. The error on the measurement was larger,
but the observed discrepancy for the vertical plane of beam 1 was reduced. This means that correcting
the S-beat has a positive effect on the chromatic functions.

LHCB2 ATS 1.2m

IR8 IRt IR2 IR3 IR4 IR5 IR6 IR7

20
0 L
20 +
-40 L . .
0 5000 10000 15000 20000 25000 0 5000 10000 15000 20000 25000
Longitudinal location [m] Longitudinal location [m]

Figure 5.63: The amplitude of the Montague function is shown after correction of all IPs at a 5* value
of 3.5 m for beam 1 (left) and beam 2 (right). The model is shown in blue and the measurements in
red.

Measurements at $* value of 1 m for all IPs

In 2011, during the commissioning of 5* value of 1.0 m for the high luminosity experiments, IP1 and
IP5, measurements were conducted for the chromatic functions. Frequency trims were applied of the
order of +50 Hz, corresponding to a °2 value of 0.8 x 10, Small discrepancies were observed for the
vertical plane of beam 1, sector 8-1, same sector as for 5* 3.5 m. The discrepancy for 1 m is smaller
than for 3.5 m, this could be explained by the fact that the S-beat for 3.5 m is about 15% and for 1
m about 10%.
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250 Measurement ———— 250 surem;ej) |
200 200 q
= 150 | =150 .
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50 Nuie 4L 50 i
0 SR Ly ol ¢ 1 i 0
300 IR2 IR3 IR4 IBS IR6 ‘ IR7 IR8 IR1 ‘ 300
250 250 4
200 200 9
= 150 § 27150
100 [§ 100
50 50
0 : : : : : 0 i
0 5000 10000 15000 20000 25000 0 5000 10000 15000 20000 25000
Longitudinal position [m] Longitudinal location [m]

Figure 5.64: The amplitude of the Montague function is shown for IP1 and IP5 at a 8* value of 1.0
m, 10 m for IP2 and 3 m for IP8 m for beam 1 (left) and beam 2 (right). The model is shown in blue
and the measurements in red.

5.7 Observations

In this section observations made during the commissioning will be discussed. These observations
allow for a better understanding of the optics and the LHC in general. Observations during injection
and flattop are discussed in section 5.7.1. Section 5.7.2 highlights observations made during the
measurements with squeezed optics. The performance of the beam position monitors is discussed
in section 5.7.3. The error bars measured for different optics functions at different time steps are
presented in section 5.7.4.
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5.7.1 Observations at injection and flattop

In this section some special observations made during the measurement at injection will be presented.

The importance of precycle

The importance of precycling the machine is shown in figure 5.65. The red dots represent the first
measurements conducted for beam 1, the blue dots shows measurements conducted 5 days later. The
latter was conducted without precycling the machine, and it showed a difference in the beta-beat of
up to 20%.

precycliné o

0.4 LH'&° S, o not pIecycIing e -_;P
<02 g
Y i

-0.2

-0.4

0 5000 10000 15000 20000 25000
Longitudinal location [m]

Figure 5.65: Beam 2 measurement are shown for the horizontal (top) and vertical (bottom) S-beat.

Two cases are shown, the first case for precycling the LHC (red) and the second for not precycling the

LHC (blue).

Stability of the optics

Stability of the optics and in general stability of the magnets are of great importance for the safe
operation of the machine. Large fluctuations have a large impact on machine operations. Therefore
it was of great importance to regularly check the stability of the optics. Measurements at injection
were conducted during several instances during the commissioning. In 2010 two measurements were
conducted over a period of 3 months. A difference of up to 8%, which exceeded the measurement
resolution, was observed. On the other hand, two measurements conducted over a period of 8 months
in 2011 showed no indication of drift in the optics stability of the machine. A histogram with the
relative difference is shown in figure 5.66.

250 7 — T T ‘ : T
2011-variation over 8 months (Ny,,c=1007)
2010- variation over 3 months ( bpms=955) —
200 b
» 150 1
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>
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Figure 5.66: Histogram shows the relative variation in the -beat over a period of 8 months (red) and
3 months (blue).
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Ramp rate

The ramp rate was initially set to 2 A/s, and was later changed to 10 A/s. In figure 5.67 the two
ramps are plotted. By implementing the 10 A/s ramp, a large amount of time — about 30 min per fill-
was saved. The gain in time was about 3, instead of 5. This was because the beginning of the ramp
for the 10 A/s ramp is not linear. Increasing the ramp rate reduced the turn around time between
physics fill, hence the amount of time allocated for physics was increased.

3500 r

3000 r

2500 r

2000 r

Energy [GeV]

1500 |

1000 |

Ramprate 2 A/s  +
Ramprate 10 A/s = 1

500 . . .
0 5 10 15 20 25 30 35 40 45
Time [min]

Figure 5.67: The time needed for ramping up the LHC from an energy of 450 GeV to 3.5 TeV, for a
ramp rate of 2 A/s (red) and 10 A/s (blue).

An investigation whether the change in ramp rate could have an effect on the optics was conducted.
Figure 5.68 shows the beta-beat for the two ramps of beam 1 (left) and beam 2 (right). The change is
within the error bars, meaning that the faster ramp had no significant effect on the optics.

LHCB2 3.5 TeV|
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Figure 5.68: f-beat for the horizontal plane (top) and the vertical plane (bottom), for beam 1 (left)
and beam 2 (right). Ramp rate of 2 A/s is shown in red and of 10 A/s in blue.

5.7.2 Observations with squeezed beams

In this section some special observations made during the measurement at squeezed optics will be
presented.

Stability of the optics

Figure 5.69 shows the stability of the optics for a g* value of 3.5 m over a 3 month period. Both
measurements were conducted right after the squeeze. The main distribution of the variation for the
optics is up to 5%, about the same value as the measurement resolution. Therefore it was concluded
that the optics of the LHC is reproducible for squeezed optics.
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Figure 5.69: Stability of the optics for * = 3.5 m.
End-of-fill measurements

End-of-fill studies were performed for 8* = 2 m. No measurements were conducted right before
the fill, but the data was compared with a previous measurement from a prior fill. The time lapse
between the beginning and the end of the fill was about 30 hours. Figure 5.70 shows the difference
in -beat for beam 1. The plot shows a peak difference in the S-beat of around 10%, larget than
the value of the measurement resolution. Both in the horizontal and vertical plane abrupt jumps at
1Py, IP, and [Py are observed. A possible explanation is the decay of the quadrupolar errors in IR
superconducting magnets along the fill. Such a decay was observed in magnetic measurements with
the 7 TeV settings [100] but there is no data available for the settings at 3.5 TeV. More statistics are
needed to better understand the level of reproducibility and the possible dynamic error sources.
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Figure 5.70: B-beat for end of fill study.
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5.7.3 Beam position monitors

An optimal performance of the LHC BPM system is crucial for the optics measurement. Figure 5.71
shows the failing rate for the BPMs for beam 1 and figure 5.72 for beam 2 in 2010. For this analysis
about 383 and 351 files, respectively for beam 1 and beam 2, were analyzed. Figure 5.73 shows the
failure rate for the BPMs for beam 1 and figure 5.74 for beam 2 for 2011. For this analysis about
258 and 313 files, respectively for beam 1 and beam 2, were analyzed. For the analysis performed, no
difference was made between BPMs failing at injection or squeezed optics. Missing crates, meaning
missing sections of BPMs, was also disregarded. For beam 1 the maximum number of BPMs failing
decreased by about 38% in 2011 with respect to 2010. For beam 2, on the other hand, the maximum
number of failing BPMs increased by about 47% in 2011 compared to 2010. But the LHC BPMs have
been performing excellently, with a maximum failing rate of about 10%.
Most common causes for the BPMs being filtered out are:

e BPM did not acquire any signal (returning 0).
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Figure 5.71: Failing rate for the BPMs of beam 1 (left) and beam 2 (right) for 2010.
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Figure 5.72: Failing rate for the BPMs of beam 1 (left) and beam 2 (right) for 2010.
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Figure 5.75: Probability density function for the statistical phase error for beam 1 (left) and beam 2
(right) separated by year. Horizontal plane is shown on the top and the vertical plane on the bottom.

e Only noise was acquired.

e The data being corrupted for some turns in the BPM signal .

5.7.4 Statistics on the measurement errors of the optics functions

Statistics on the measurement errors of the optics functions were gathered during December 2009
to December 2011, The statistics were only gathered for measurements conducted during the optics
measurements. No difference was made between measurements with tune kicker or AC-dipole [101].
The statistics from the three years are presented separately. In 2009 no dispersion measurements were
conducted. In total about 979 files were analyzed.

Statistics of the ¢ and § error

The statistical phase error is shown in figure 5.75. This error is computed as the standard deviation
between a number of files. In most cases 3 datasets were acquired and analyzed. Figure 5.76 shows
the total error from the p-function from phase, derived using the 3-BPM technique. The total error
is computed as AByr = |/AB2
using the three BPM method and (g4 being the statistical error. A clear improvement was observed
between 2009 and 2010. This is because in 2009 injection oscillation and tune kicker were used, and the
acquired number of turns was lower than in 2010 and 2011. In 2010 and 2011 between 1500 and 2000
turns were acquired. The improvement between 2010 and 2011 is attributed to the updated algorithm.

Figure 5.77 shows the statistical error from the 8 from amplitude of the main betatron tune line.
The error in 2010 was slightly lower than in 2011. This could be explained by the performance of
the BPMs which was slightly worse in 2011 for beam 2, as was observed in section 5.7.3. A clear
improvement was observed between 2009 and 2010.

+ Aﬁgt 4~ Dphase being the error coming from calculating the 3

hase

Statistics of the coupling error

The statistical error is calculated for the difference resonance driving term, f1901 and the sum resonance
driving term, f1910. This error is calculated from the standard deviation for several files. In most cases
three datasets were acquired. A clear improvement was observed from 2009 and 2010 to 2011. This
is because less turns were acquired in 2009 than in 2010 and 2011. The main motivation was that
the AC-dipole was commissioned and this allowed the analysis of more turns. The difference between
2010 and 2011 was due to two reasons. Firstly the coupling algorithm was updated. In this update
the phase was properly taken into account. For example in the past 0.05 (27) and 0.95 (27) return
a standard deviation of 0.45. This was changed such that the phase correctly returns 0.0. Secondly,
a new algorithm was implemented to cancel the effect of the AC-dipole [102]. The data for canceling
the effect is processed in a different way, returning a different standard deviation.
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Figure 5.76: Probability density function for the total 8 error from phase for beam 1 (left) and beam 2
(right) separated by year. Horizontal plane is shown on the top and the vertical plane on the bottom.
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Figure 5.77: Probability density function for the statistical 8 error from amplitude for beam 1 (left)
and beam 2 (right) separated by year. Horizontal plane is shown on the top and the vertical plane on
the bottom.
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Figure 5.78: Probability density function for the statistical coupling error. The error for the difference
resonance driving term, figo1, is shown on top and the sum resonance driving term on the bottom.
Beam 1 is shown at the left and beam 2 on the right. The data is separated by year.
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Figure 5.79: Statistical dispersion error for beam 1 (left) and beam 2 (right). The horizontal dispersion
is shown on the top and the vertical dispersion on the bottom. The data is presented separated by
year.
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Figure 5.80: Statistical normalized dispersion error for beam 1 (left) and beam 2 (right). The data is
presented separated by year.

Statistics of the dispersion error

In 2009 no dispersion measurements were conducted. In 2010 about 59 files were analyzed and in 2011
about 23 . For squeezed optics the frequency trims were about +50H z, =100 H z in some measurements,
these correspond to a %’ value of 0.4 x 1074, 0.8 x 10~* respectively. Figure 5.79 shows the horizontal
and vertical dispersion, figure 5.80 shows the normalized horizontal dispersion. For both the horizontal
and normalized horizontal dispersion, an improvement is observed between 2010 and 2011. For the
vertical dispersion, however, the error seems to have increased between 2010 and 2011.

5.8 Outlook for the S-beating

The LHC has been operating during 2010 and 2011 at an intermediate energy of 3.5 TeV. An ex-
trapolation of the errors for S-beat was done for the ultimate energy of 7 TeV. Figure 5.81 shows the
extrapolation of the S-beat to a lower 8*. For this extrapolation only the local errors were included,
not the global corrections. The measurements (dots) conducted at different 5* are shown. The differ-
ent lines show the extrapolation of the -beat for the implemented local corrections at different 5*.
From the figure it is clear that the challenge remains for a g* value of 0.55 m. Dedicated local and
global corrections will be needed to correct the optics to a satisfactory level.
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Figure 5.81: Extrapolated errors to a lower 8* are shown. Only the observed local errors at different
[B* settings are included in the extrapolation. Red dots show the measured peak [-beat at the different
[* settings. Lines represents extrapolation for different settings. For 5* = 1.5m only I P, IPs; and
IPs = 3 m are squeezed. For the operational settings of 2010, all IPs were squeezed to a 8* value of 2

m and later 3.5 m.
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Chapter 6

LHC special optics studies

During the 2011 run, dedicated time was allocated for machine development studies. These studies
covered a large range of different topics [103]. For two of these studies, optics measurements were
conducted during several sessions in 2011. The topics were unsqueezing IP1 and IP5 to a 8* value of
90 m and the achromatic telescopic squeeze (ATS). Unsqueezing IP1 and IP5 is discussed in section 6.1.
In this section the measurements as well as the motivation for conducting these measurements will be
discussed. The achromatic telescopic squeeze, a scenario studied for a possible upgrade of the LHC, is
discussed in section 6.2.
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124 6. LHC special optics studies
6.1 High §* optics

The precise measurement of the total cross section at LHC requires the observation of elastically
scattered particles at extremely small angles [104]. The ATLAS-ALFA [105] and TOTEM [106] col-
laborations are the two experiments that perform these measurements. The precise measurements are
done using specially designed equipment at the LHC to measure the total cross section, called the
roman pot [107]. The observed displacement of the beam, z,p, at the roman pot is expressed as:

Zrp = \/ BrpB*0;. (6.1)

Where 67 is the horizontal or vertical scattering angle. z,, being the displacement of the beam at
the roman pot, ,, and 3* the S-function at respectively the roman pot and the IP. Equation 6.1 is
obtained from the matrix elements m1; and mio in equation 1.24.The dispersion is irrelevant for elastic
scattering [105]. The high-/3 optics was optimized in such a way that the phase advance between the
roman pot and the IP was close to 7, a* is negligible at the IP.

To reach the smallest possible scattering angle, the distance between the roman pots and the center
of the beam should be as small as possible (zp):

" - (6.2)

: vV Brpﬁ* .

With o, = \/€f:, zrp can be rewritten as follows:

Zrp = Nyp/ €6%. (6.3)

Where n,,, is the smallest possible distance to the beam center expressed as a multiple of the beam
spot size. Equation 6.4 can then be rewritten as:

0r = nm\/% . (6.4)

The closest distance of the roman pot to the center of the beam (ng) and the emittance (¢) are
almost constant. In order to be able to further decrease the scattering angle, the g* should be further
increased. For this reason high-8* optics of up to 2600 m was developed [108]. The 90 m 3* optics
was developed [109] to investigate the feasibility and the procedures needed for such optics. The goal
is to achieve very high-3* optics of above 1 km.

6.1.1 Introduction to the 90 m optics

In normal operations the beams are squeezed down to a * value as low as possible. For high-3 optics
the 8* is increased, thereby decreasing the currents. From the optics point of view this changes the
perspective from the errors emerging from the triplets. The high-8 squeeze together with the normal
squeeze allow to better understand the optics.

This optics was implemented and tested during several machine development studies [110]. Fig-
ure 6.1 shows a zoom around IR1. In this plot the horizontal S-function is shown. During normal
operation the S in the triplet increases, and decreases for the high-3 optics.

In order to increase the $* the current in the triplets has to be reduced, as shown in figure 6.2.
When the high-8 optics will reach higher 5*, the current in the triplets will decrease close to zero
Ampere.
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6.1.2 Measurements

The measurements conducted for the S-beat, coupling, dispersion and * will be discussed in this
section.

Beta-beat

The beta-beat was measured at 8* values of 11 m, 30 m and 90 m in IP1 and IP5. Evolution of the
beta-beat for beam 2 is shown in figure 6.3. From this plot it can be concluded that the change in
beta-beat during the unsqueeze is negligible. The beta-beat at 5* value of 90 m is shown in figure 6.4.
The peak beta-beat for beam 1 is ~ 25% in the horizontal plane and ~ 20% in vertical plane. The
peak beta-beat for beam 2 is slightly larger than for beam 1 with a beta-beat of ~ 30% in both planes.
The measurement of the S-beat for beam 2 in sector 2-3 was of poor quality because of malfunctioning
BPMs.

Coupling

A local coupling correction was applied at flattop. Local corrections were applied in IR1, IR2, IR5
and IR8. A summary of the correction strengths is shown in table 6.1. In figure 6.5 an example of the
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Figure 6.3: Evolution of the beta-beat during the unsqueeze for beam 2. Three measurements are
shown for a 8* value of 11 m (blue), 30 m (green) and 90 m (red) in IP1 and IP5.
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Figure 6.4: Beta-beat at a 8* value of 90 m in IP1 and IP5 for beam 1 (left) and beam 2 (right).
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correction is shown for IR2, beam 1. The figure on the left shows measurements before the correction
was applied and on the right after. The local jump which was observed at IR2 is corrected. This was
achieved by powering the two skew quads in the triplet, left and right of the IP. A suitable correction
was needed for the coupling in both beams as the correctors are located in the common beam pipe.
The knob was applied with a constant value of 1 during the unsqueeze. A compensation knob was

applied to minimize the impact of the local knob on C'~.

Corrector | Strength [m=2] || Corrector | Strength [m=2]
kgsx3.11 0.0008 kqgsx3.15 0.0006
kqgsx3.r1 0.0008 kqgsx3.r5 0.0006
kqgsx3.12 -0.0009 kqgsx3.18 -0.0007
kqgsx3.r2 -0.0009 kgsx3.r8 -0.0007

Table 6.1: Summary of local corrections applied. Corrections were applied in IR1, IR2, IR5 and IRS.
The correctors used are common for both beams, changing the coupling in both beams.
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Figure 6.5: Example of local correction at IR2. Only beam 1 is shown, before corrections (left) and
after (right) correction. Red line indicates the amplitude of the difference resonance term, blue line

real part and black line imaginary part.
In figure 6.6 the measured coupling at a 8* value of 90 m in IP1 and IP5 is shown. The local

jumps which were observed at flattop before are still corrected. Small coupling source at IR6 for beam
1 (left), and for IR1, beam 2 (right) is observed.
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Figure 6.6: Measured coupling for beam 1 and beam 2 at a §* value of 90 m in IP1 and IP5.

Dispersion

Turn-by-turn data with an energy offset, % = —0.408 for beam 1 and %2 = —0.394 for beam 2, was
acquired to measure the dispersion function. Figure 6.7 shows the difference between the measured
and model normalized horizontal dispersion function, £z, for both beams. Figure 6.8 shows the
difference between the measured and model vertical dispersion function for both beams. For the

vertical dispersion of beam 2 a local jump left from IR1 is observed.
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Figure 6.7: Difference between measured and model normalized horizontal dispersion function is shown
for both beams. Beam 1 is shown on the left and beam 2 on the right.
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Figure 6.8: The difference between measured and model vertical dispersion function is shown for both

beams. Beam 1 is shown on the left and beam 2 on the right.
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| P | Beam | Model 3% | Bz | error | Model B;; ,6';; | error |
IP1 1 85.17 80.15 | 2.82 90.20 87.19 | 6.06
1P5 1 91.31 82.52 | 10.25 90.04 92.73 | 4.72
IP1 2 92.94 97.11 | 11.39 89.63 98.61 | 1.62
1P5 2 90.51 90.66 | 2.74 92.37 76.21 | 5.93

Table 6.2: f* measurements at IP1 and IP5 at a §* value of 90 m.

[* measurements for IP1 and IP5

[* measurements for IP1 and IP5 at a 8* value of 90 m were conducted. The values are listed in
table 6.2. The g* for IP1 and IP5 is not exactly 90 m by design. The error bars listed in the table are
large. The largest asymmetry between the two beams, about 18%, was observed for the vertical plane
of IP5 and the horizontal plane of IP1.
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6.2 ATS optics

During the machine development studies dedicated to the ATS optics, optics measurements were
conducted. The motivation behind these measurements was the emergence of new requirements for
the available tools and algorithms:

e A strict limit on the phase advances between BPM.14/15 left and right of the IP to the BPM
nearest to the IP.

e Detailed measurements were required for the chromatic functions.

e [-beat should be as small as possible to allow maximum available aperture in the arcs and
triplets. As a result [111], dedicated corrections should be applied to obtain the smallest possible
[B-beat.

6.2.1 Introduction to the ATS optics

At top energy (7 TeV) the 8* will have a nominal value of 55 cm at IP1 and IP5. For the upgrade
project the minimum S* should be reduced. It is limited by the strength of the sextupoles [112] and
aperture limitations in the IR. A new optics [113, 114] was developed to cope with the limitations
mentioned above.

Figure 6.9 shows the ATS optics a §* value of 1 m and 10 cm. To cope with the limitations of the
sextupole strengths the beta function in the arcs is increased when S* is decreased below a value of
1 m. The B-function in the arcs, left and right from IP1 and IP5, is increased by a factor of about 4
between a $* value of 1 m and 10 cm. For this optics the tunes are changed from 64, 59 to 62, 60 in
the horizontal and vertical plane respectively.
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Figure 6.9: S-function (left) around the ring, zoomed in (right) around the arc left from IR1 is shown
during the ATS squeeze.

Figure 6.10 shows 8* versus time (top) and the sextupoles strengths versus time along the squeeze
(bottom). When squeezing the 5* below 4 m the sextupole strengths are increasing. For §* lower than
40 cm the strengths in the sextupoles remain constant, as the 3 in the arcs is increased.

This scheme is called ATS (Achromatic Telescopic Squeezing) and was tested during several machine
development studies [115], [116] and [111]. During these studies several optics measurements were
conducted. The next sections will discuss these measurements.

6.2.2 Measurement at injection

Measurements, both at injection and flattop, were conducted to check the new ATS optics. Beta-beat,
coupling and dispersion were measured. Measurements at injection energy were conducted as the ATS
optics features different integer tunes than the nominal optics.
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Figure 6.10: Top plot shows the 8* versus time. Bottom plot the strength in the sextupoles around
the adjacent arcs.

Beta-beat

In figure 6.11 the beta-beat at injection is shown for beam 1 (left) and beam 2 (right). The measured
peak beta-beat at injection is about 25% for beam 1 and about 30% for beam 2. In both figures some
abrupt local jumps were observed at the IRs, indicating that some local error sources were present.
For a peak beta-beat in the 20% — 30% range local corrections will be hard to identify.
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Figure 6.11: The beta-beat at injection is shown for beam 1 (left) and beam 2 (right).

In figure 6.12 the beta-beat at flattop is shown for beam 1 (left) and beam 2 (right). The peak
measured beta-beat at flattop is about 15% for beam 1 and about 15% and 10% for beam 2, for
the horizontal and vertical plane respectively. The beta-beat observed at flattop was decreased by
approximately a factor of 2 in comparison to injection. The large error bars for beam 1 in sectors 1-3
were due to the fact that only 50 turns were acquired for these sectors. When re-injecting, the number
of turns acquired was reset to 50 turns in the injection region to acquire injection oscillations. The
large error bars in beam 2 sector 2-3 ares due to malfunctioning BPMs.

Checking the dipole bs correction

The systematic quadrupolar component of the LHC dipoles has been determined from magnetic mea-
surements [82] and [83]. The total phase advance error, which is the difference between the measured
and model phase advance, is shown for injection in figure 6.13 and for flattop in figure 6.14. Only
beam 2 at flattop is shown, since due to BPM issues, no measurements were conducted for beam 1.
The residual phase-beating is smaller at flattop than at injection. The saw-tooth pattern is due to the
dipole b2 and the MQT correction.
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Figure 6.12: The beta-beat at flattop is shown for beam 1 (left) and beam 2 (right).
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Figure 6.13: The total phase advance is shown at injection for beam 1 (left) and beam 2 (right).
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Figure 6.14: The total phase advance, which is the difference between the measured and model phase
advance, is shown at flattop, 3.5 TeV, for beam 2. Due to BPM issues, no measurements were conducted
for beam 1
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Coupling

In figure 6.15 the coupling, before and after local corrections, is shown at injection for beam 1 and
beam 2. This knob was calculated from the nominal injection optics and tested during the 90 m
MD [110]. Local correction were applied in IR1, IR2, IR5 and IR8. A summary of the correction
strengths is shown in table 6.3. The correctors used were common for both beams, resulting in
a coupling change for both beams. Local jumps at these locations were reduced, as can be seen in
figure 6.15. For beam 2 a jump at IR7 is observed in the real (middle plot) and imaginary part (bottom
plot). The appearance of the jump is explained by the change in the phases after the corrections were
applied. A detailed analysis for beam 2 IR7 is shown in figure 6.16. A jump in the real (blue) and
imaginary part (red) is also observed. But the propagated model is in good agreement with the
measurements, thus indicating that the jump in the real and imaginary parts is not an error. A jump
is also observed in IR6 for beam 1.

Corrector | Strength [m=2] || Corrector | Strength [m 2]
kgsx3.11 0.0008 kqgsx3.15 0.0006
kqgsx3.rl 0.0008 kqgsx3.r5 0.0006
kqgsx3.12 -0.0009 kqgsx3.18 -0.0007
kqgsx3.r2 -0.0009 kqgsx3.r8 -0.0007

Table 6.3: Summary of local corrections applied. Corrections were applied in IR1, IR2, IR5 and IRS8.
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Figure 6.15: The coupling is shown at injection for beam 1 (left) and beam 2 (right), before (red) and
after local (blue) corrections were applied.

In figure 6.17 the coupling is shown at flattop (3.5 TeV) for beam 1 and beam 2. The local variations
in IR4 were not completely corrected, indicating that the coupling source in IR4 was changing during
the ramp. An iteration on the local coupling correction would correct this. BPMs were not plotted
for beam 1 sectors 1-3, this was because of the filtering in the coupling algorithm and the 50 turn
acquisition.

Dispersion

In figure 6.18 the dispersion is shown at flattop (3.5 TeV) for beam 1 (left) and beam 2 (right). In
this figure the top plot shows the normalized horizontal dispersion, %7 and the bottom plot the
vertical dispersion function. For this dispersion, measurement of the on and off-momentum data,
(%)31 = —0.428 x 102 and (%)BQ = —0.423 x 1073, were acquired. The normalized horizontal
dispersion function in beam 2 is larger than beam 1 by a factor of 2. Vertical dispersion for both
beams is similar. For beam 1 the measured dispersion in sectors 1-3 should be ignored, because only
50 turns were acquired for these BPMs.
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Figure 6.16: Coupling around IR7 calculated from segment-by-segment technique. Amplitude (red),
imaginary part (blue) and real part (black).
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Figure 6.17: Coupling shown at flattop (3.5 TeV) for beam 1 (left) and beam 2 (right)
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Figure 6.18: The dispersion is shown at flattop (3.5 TeV) for beam 1 (left) and beam 2 (right). In this
figure the top plot shows the horizontal dispersion and the bottom plot the vertical dispersion.
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Phase measurements

For the ATS MD it was important that certain constraints for phase advances were maintained during
the squeeze. For beam 1 the largest deviation is about 3% in the horizontal plane and for beam 2
about 7% in the vertical plane.

B*[m] setting BPM Agpme Agme Agpe N
BPM.14L1 BPMSW.1L1 | -0.0322 (0.0001) | -0.0289 | -0.3790 (0.0031) | -0.3852
BPMSW.1R1 BPM.14R1 | -0.3505 (0.0007) | -0.3542 | -0.0271 (0.0023) | -0.0198
BPM.15L1 BPMSW.1L1 | -0.1547 (0.0017) | -0.1645 | -0.4936 (0.0029) | -0.4991
BPMSW.1R1 BPM.15R1 | -0.4840 (0.0006) | -0.4904 | -0.1365 (0.0023) | -0.1337
BPM.14L1 BPMSW.1L1 | -0.0145 (0.0006) | -0.0128 | -0.4286 (0.0042) | -0.4377
BPMSW.1R1 BPM.14R1 | -0.3999 (0.0018) | -0.4112 | -0.0123 (0.0030) | -0.0089
BPM.15L1 BPMSW.1L1 | -0.0935 (0.0011) ( )
( ) ( )
( ) ( )
( ) ( )
( ) ( )
(

IP175 =1.2m

1P, =0.54m

1P, —1.2m -0.0977 | -0.4967 (0.0033) | -0.4996
BPMSW.1R1 BPM.15R1 | -0.4939 (0.0017) | -0.4956 | -0.0757 (0.0030) | -0.0711
1P, =0.3m BPM.14L1 BPMSW.1L1 | -0.0085 (0.0012) | -0.0071 | -0.4562 (0.0040) | -0.4639
BPMSW.1R1 BPM.14R1 | -0.4342 (0.0014) | -0.4464 | -0.0067 (0.0041) | -0.0050
IP; —1.2m BPM.15L1 BPMSW.1L1 | -0.0591 (0.0014) | -0.0588 | -0.4986 (0.0040) | -0.4998

BPMSW.1R1 BPM.15R1 | -0.4953 (0.0011) | -0.4975 | -0.0454 (0.0038) | -0.0411
Table 6.4: Phase advance measurement for beam 1. First column shows 8* setting, third measured
horizontal phase advance with error, fourth model horizontal phase advance, fifth measured vertical
phase advance with error, sixth model vertical phase advance.

B*[m] setting BPM Agme Agmo Ay Agre
BPM.14L1 BPMSW.1L1 | -0.3797(0.0010) | -0.3847 | -0.0345 (0.0053) | -0.0291
BPMSW.1R1 BPM.14R1 | -0.0229 (0.0004) | -0.0202 | -0.3350 (0.0038) | -0.3536
BPM.15L1 BPMSW.1L1 | -0.4953 (0.0009) | -0.4985 | -0.1675 (0.0057) | -0.1653
BPMSW.1R1 BPM.15R1 | -0.1302 (0.0005) | -0.1341 | -0.4819 (0.0050) | -0.4898

IP1,5 =1.2m

)

( ) ( )

( ) ( )

( ) ( )
TP, —0.54m BPM.14L1 BPMSW.1L1 | -0.4302 (0.0029) | -0.4373 | -0.0150 (0.0012) | -0.0132
' BPMSW.1R1 BPM.14R1 | -0.0106 (0.0028) | -0.0091 | -0.3836 (0.0013) | -0.4106
IP —1.9m BPM.15L1 BPMSW.1L1 | -0.4983 (0.0026) | -0.4993 | -0.1060 (0.0012) | -0.0985
oo BPMSW.1R1 BPM.15R1 | -0.0708 (0.0021) | -0.0714 | -0.4923 (0.0012) | -0.4954
1P, —=0.3m BPM.14L1 BPMSW.1L1 | -0.4591 (0.0019) | -0.4636 | -0.0086 (0.0026) | -0.0073
' BPMSW.1R1 BPM.14R1 | -0.0056 (0.0009) | -0.0050 | -0.4252 (0.0029) | -0.4459
BPM.15L1 BPMSW.1L1 | -0.4983 (0.0014) | -0.4996 | -0.0647 (0.0026) | -0.0593

BPMSW.1R1 BPM.15R1 | -0.0402 (0.0016) | -0.0412 | -0.4955 (0.0028) | -0.4974
Table 6.5: Phase advance measurement for beam 2. First column shows * setting, third measured
horizontal phase advance with error, fourth model horizontal phase advance, fifth measured vertical
phase advance with error, sixth model vertical phase advance.

6.2.3 Measurement during the squeeze at IR1

Measurements during several sessions during the squeeze of IR1 down to a value of 30 cm were con-
ducted for S-beat, coupling, dispersion and the chromatic function. For both beams measurements
were conducted for IR1 at a 8* value of 1.2 m, 0.54 m. For beam 2 an additional measurement was
conducted at 4.4 m.

Beta-beating

Measurements were conducted at a *, as shown in figure 6.19, value of 1.2 m, 0.45 m and 0.3 m.
Additional measurements for beam 2 at 8* value of 4.4 m were conducted. It was impossible to
measure beam 1 at 8* = 4.4 m, due to problems which occurred with the crate settings for the BPM
acquisition.

The initial measurement at 1.2 m revealed a peak beta-beat of 20% for the horizontal plane of
beam 1 and 15% for the vertical plane of beam 2.

The B-beat was increased to 40% for the horizontal plane for beam 1 and to 45% for the vertical
plane for beam 2 at a 8* value of 0.3 m. The peak beta-beat for the vertical plane for beam 1 and
horizontal plane for beam 2 remained constant at 20% and 15% respectively.
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The observed gaps in beam 1 are due to the BPM filtering when calculating 8. The gap in beam
2 is due to the fact that no data was acquired for that sector.

LHCB1 ATS 1.2m-0.30m LHCB2 ATS 4.4m-0.30m

AB/BX
app,

AR,
Aﬁlﬁx

-0.4

10000 15000 20000 25000 0 5000 10000 15000 20000 25000
Longitudinal location [m] Longitudinal location [m]

Figure 6.19: f3-beat for different 8* for beam 1 (left) and beam 2 (right).

0 5000

Coupling

The coupling observed during the squeeze is shown in figure 6.20. Global online corrections using
the orthogonal knobs were carried out for a §* value of up to 1.2 m. Due to time limitations, global
corrections were not carried out for 8* below 1.2 m. This explains the growth in the amplitude of the
coupling for 8* lower than 1.2 m. Local jumps in IR5 and for both beams are observed. A local jump
is also observed in ARC 8-1 for beam 1.

LHCB1 ATS 1.2m-0.30m 0.2 LHCB2 ATS 4.4m-0.3m
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Figure 6.20: Coupling observed during the squeeze is shown in figure 6.20, for beam 1 (left) and beam

2 (right). Difference resonance is shown on the top plots and sum resonance on the bottom.

Off-momentum measurements

Off-momentum measurements were conducted at 8* = 1.2 m. Radial trims were applied in the order
of 120 Hz, 60 Hz, -60 Hz and 120 Hz. 60 Hz corresponds to a % of 0.485. In the following sections
the results will be discussed.

Dispersion The normalized dispersion is shown in figure 6.21. For both normalized horizontal and
vertical dispersion the dispersion for beam 2 is two times larger than for beam 1. The same was
observed at injection. The error bars for beam 1 are substantially larger between IR2 and IR5. The
same was observed for beam 2 between IR2 and IR6.
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6.2. ATS optics 137
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Figure 6.21: Normalized horizontal dispersion for beam 1 (left) and beam 2 (right) for IR1 at a *
value of 1.2 m.
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Figure 6.22: Vertical dispersion for beam 1 (left) and beam 2 (right) for IR1 at a 8* value of 1.2 m.

Chromatic functions The chromatic functions are calculated for both beams. The model and
measurements are in good agreement, as shown in figure 6.23. The error bar in beam 2 is significantly
larger than in beam 1. BPMs in sector 6-7 were not acquired. No large discrepancies between model
and measurement were observed.
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Figure 6.23: Chromatic functions for beam 1 (left) and beam 2 (right). Model and measurement are
in good agreement for both beams.

Comparing the chromatic measurement for the ATS optics, see figure 6.23, to the nominal optics for
IP1 and IP5 at a 8* value of 1 m, see figure 6.24, the amplitude of the Montague function is decreased
by a factor of about 2.
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Figure 6.24: The amplitude of the Montague function for nominal optics is shown for IP1 and IP5 at
a f* value of 1.0 m, 10 m for IP2 and 3 m for IP8 m for beam 1 (left) and beam 2 (right). Model is
shown in blue and measurement in red.

138



Chapter 7

Implementation of the
Segment-by-Segment technique at

RHIC.

The segment-by-segment technique was successfully demonstrated in the LHC operation for reducing
the beta-beat [79]. It was decided to develop and apply the same technique to RHIC during the polar-
ized proton operation in 2011. Few limitations had to be taken into account during the development of
the segment-by-segment technique for RHIC. First limitation is that double plane BPMs are installed
only around the IPs, elsewhere single plane BPMs are available. Second limitation is that small num-
bers of independent power converters are available, meaning that the available number of correctors
is limited. The RHIC lattice and optics are discussed in section 7.1. The measurements are discussed
in section 7.2. The first corrections calculated and implemented during operations are presented in
section 7.3. Optics stability, presented in section 7.4, is important for safe operations. Measurements
were conducted between two fills separated by 1.5 months. A summary is given in section 7.5.

7.1 Introduction to the relativistic heavy ion collider

RHIC consists of two six-fold symmetric superconducting rings with a circumference of 3.833 km. The
two rings (blue and yellow in figure 7.1) are made up of six arcs intersecting at six interaction regions
(IRs) and provide collisions for 2 or 4 experiments. The names of the four experiments are PHOBOS,
BRAHMS, PHENIX and STAR. An overview of the accelerator complex is shown in figure 7.1. The
main goal of RHIC is to provide collisions at energies of up to 100 GeV /u per beam for heavy ions. The
accelerator is also designed for colliding lighter ions all the way down to protons (250 GeV), including
polarized protons [117], [118].

7.1.1 RHIC optics layout

The optics layout for the blue ring is shown in figure 7.3. As opposed to the LHC, RHIC is not equipped
with double plane BPMs everywhere. Single plane BPMs are installed in the arcs, where double plane
BPMs were installed in the insertion regions. Due to this limitation the segment-by-segment algorithm
had to be adjusted. The adjustment that had to be made for this is that the BPM data had to be
filtered separately per plane. A second limitation is that the number of independent power supplies
around the IPs is limited, this significantly reduced the number of available variables.

Table 7.1 shows the main optics parameters for the blue ring of RHIC during proton operation.

7.2 Optics measurements

Optics measurements were conducted at several instances during the 2011 polarized proton run. The
measurements described in this thesis are for the blue ring at 250 GeV. Figure 7.4 shows a comparison
between the two methods, i.e, the fit and phase methods, which are used to measure the linear optics.
The fit method [119] consists of fitting the amplitude of the betatron oscillations. The phase method
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Figure 7.1: Overview of the RHIC complex.
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Figure 7.2: Optics layout for the blue ring of RHIC. Quadrupole strengths are shown on top. f-
functions in the middle, for horizontal plane (red) and vertical plane (blue). The horizontal dispersion
is shown on the bottom. This is for RHIC at top energy, 250 GeV. IP6 and IP8 are squeezed down to

0.62 m and IP2 to 3 m.

Parameter

Value

Store energy [GeV]
Circumference [m]
Horizontal tune
Vertical tune
Horizontal natural chromaticity
Vertical natural chromaticity
7 at store
Normalized emittance [pm)]
B3011 at IP6,IP8 [m]
beam size at IP6,IP8 [um)]

250
3833
28.69
29.68

-58.62
-57.36
14.498
~ 1.3

0.62

81.25

Table 7.1: Main parameters for the blue ring of RHIC at

140
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Figure 7.3: Optics layout for IP12. Quadrupole strengths are shown on top. S-functions in the middle,
for horizontal plane (red) and vertical plane (blue). The horizontal dispersion is shown on the bottom.
This is for RHIC at top energy, 250 GeV.

uses the phase of the main betatron line and the model. The -beat, i.e being the normalized difference
between measurement and model, is shown. A good agreement between the two methods is observed.
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Figure 7.4: A comparison between the two different methods used to measure the optics at RHIC, for
the horizontal plane (above) and vertical plane (below). Abrupt jumps are observed in the vertical
plane for IR6, IR8 and IR10.

A peak beta-beat of ~ 30%,40%, in the horizontal and vertical plane respectively is observed.
Abrupt jumps in the 8-beat indicate strong local errors. Large local jumps are observed in IR6, IR
and IR10.

7.3 Optics corrections

In this section the analysis and correction of IR6 and IR12 will be discussed. The observable used
is the phase error, i.e. the difference between the measured and model phase advance. Figure 7.5
shows the phase error observed for IR6, the largest error is observed in the vertical plane. A suitable
correction was found, but due to technical limitations, an alternative correction had to be found. The
result is presented in the figure, showing measurements with correction (blue), before any corrections
(red) and after applying 80% of the correction strength (green). The local error originates from the
right of the IP, indicating that the main error source is the triplet. Applying 100% of the correction
had a negative impact on the optics. A list of the correctors used for IR6 is shown in table 7.2.
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142 7. Implementation of the Segment-by-Segment technique at RHIC.

Corrector | AK[10~*m~?] | rel values[%]
Q716 0.84 1
Q5IT6 -0.53 2
Q116 -0.05 -0.1
Q206 0.05 0.1
Q50T6 1.97 7

Table 7.2: List of local correctors used for IR6 correction.
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Figure 7.5: Local correction for IR6. The top plot shows the location and strengths of the quadrupoles
in the segment. The middle plot shows measurements in the horizontal plane and the bottom plot
refers to the vertical plane. Measurements before correction are shown in red, fitted model in blue and
measured after correction in green. The largest deviation is observed in the vertical plane.

Figure 7.6 shows the phase error observed for IR12. A suitable correction was found using the
correctors listed in table 7.3. A large number of correctors was used to achieve the correction shown.
The calculated correction (blue) agrees well with the measurement (red). A correction of only 20%
was applied. Measurements after correction (green) indicate a change in the observed phase error.

Corrector | AK[10~*m™2] | rel values[%]
Q6012 8.9 0.1
Q5012 -17.9 2
Q2112 -2.2 0.4
Q3112 2.7 0.5
Q4112 18.0 -2.0
Q5112 26.9 3.0
Q6I12 -44.9 5.0

Table 7.3: List of local correctors used for IR12 correction.

[B-beat for several steps in the correction process is shown in figure 7.7. The top plot shows the
horizontal plane and bottom plot the vertical plane. The beta-beat is ~ 30%, 40% around the ring for
the baseline measurement (red), some outer layers are at 60%. After the correction in IR6 was applied
(green) the peak beta-beat in the horizontal plane remained the same. In the vertical plane the large
local jump at IR6 is corrected. The peak beta-beat is reduced to a 20% level. After applying IR6 and
IR12 correction (blue) simultaneously, a difference is observed in both planes. The peak beta-beat in
the horizontal plane was reduced to a 20% level around the ring. In the vertical plane, however, the
peak beta-beat was not further reduced.
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Figure 7.6: Local correction for IR12. The top plot shows the location and strengths of the quadrupoles
in that segment. The middle plot shows the measurements in the horizontal plane and bottom in the
vertical plane. Measurements before correction are shown in red, fitted model in blue and measurement
after correction in green. Largest error is observed in the vertical plane.
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Figure 7.7: B-beat for several steps in the correction process. After the correction in IR6 was applied
(green) the peak beta-beat in the horizontal plane remained the same. In the vertical plane the large
local jump at IPgs is corrected. The peak beta-beat is reduced to a 20% level. Applying IR6 and
IR12 correction simultaneously a difference is observed in both planes (blue). Peak beta-beat, in the
horizontal plane was reduced to a 20% level. In the vertical plane however, the peak beta-beat was
not further reduced and remained at a 20% level.

AByB,

143



144 7. Implementation of the Segment-by-Segment technique at RHIC.
7.4 Optics stability

Optics stability is important for safe operation. Measurements were conducted to investigate the
variation of the 5-beat over a period of time. Baseline measurements were conducted separated by 1.5
months. In figure 7.8 a histogram of the difference in the S-beat is shown. The main distribution is
below 10%.

counts

counts

0 0.1 0.2 0.3 0.4 0.5
A BB,
Figure 7.8: Histogram of the difference in the S-beat. Results for the horizontal plane are shown on
the top plot and for the vertical plane on the bottom plot. Horizontal axis shows the difference in the
[B-beat between two fills separated by 6 weeks.

Figure 7.9 shows the phase error for the horizontal plane (top) and vertical plane (bottom) spread
over 6 weeks and using different BPMs. The observed error is very similar for both fills.
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Figure 7.9: Measurement for the phase error in IR6 is shown. The horizontal plane, top and vertical
plane, bottom. Different starting BPMs were used and measurements were separated by 6 weeks. In
the vertical plane there is one missing BPM for fill15329, compared to fill 15220.

7.5 Summary

First measurements and corrections using the segment-by-segment technique show promising results.
Corrections for IR6 and IR12 have been implemented and a reduction in the f—beat has been achieved.
The B—beat around in the ring in both planes was reduced from 30%, 40%, respectively in the hori-
zontal and vertical plane, to a ~ 20% level. Corrections were applied in the order of 20%, 80% of the
calculated corrections. Further investigation should be carried out to find out why the full calculated
corrections were successful. A plausible explanation could be the spurious effects from the AC-dipole
on the 8 measurement. S—beat has been shown to be stable at the ~ 10% level over a 6 week period.
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7.5. Summary 145

The observed local errors are reproducible from fill to fill and are not dependent on the starting BPM
chosen. Scans of IR4, IR2 and IRS8 corrections were also performed during the polarized proton run in
2011. Local errors at IR4 have been identified and a suitable correction was found. A first correction
campaign for IR4 showed promising results. Detailed analysis and comparisons are in progress.

More detailed measurements and systematic scans of all IPs should be performed. The effect of
the AC-dipole on the linear optics should be taken into account. When all local errors are corrected
to a satisfactory level, a global correction should be calculated to correct small distributed errors. The
same measurements and corrections will be repeated for the yellow ring. When the S—beat in both
rings is corrected the segment-by-segment technique should be extended to measure and correct locally
the coupling, dispersion and chromatic /3.
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Chapter 8

CLIC

Scientist and engineers around the globe are looking into future linear colliders. Two of the future
designs of linear colliders are the International Linear Collider (ILC) [120] and the Compact LInear
Collider (CLIC) [121]. This chapter will discuss the simulations conducted for the coupling and vertical
dispersion for the CLIC Damping Ring (DR) using the algorithms developed for the LHC. Section 8.1
will give a general overview of CLIC. Section 8.2 introduces the damping ring in more detail. The
results for the simulations are discussed in section 8.2.1. The first tests of the developed tools at an
electron machine are discussed in section 8.4.

8.1 Introduction to the Compact Linear Collider

The Compact LInear Collider (CLIC) is a potential new high energy physics collider for the post-LHC
era [121]. CLIC is based on the Two-Beam Acceleration (TBA) method in which the RF power for
sections of the main linear accelerator is extracted from a secondary, low energy, high intensity electron
beam running parallel to the main linear accelerator [122]. The power is extracted from the beam by
special Power Extraction and Transfer Structures (PETS).

An overview of the CLIC complex is sketched in figure 8.1. In the current design two interaction
points are foreseen. For a center of mass of 3 TeV, an accelerating gradient of 100 M and allowing
~ 10 km for the Beam Delivery (BD) area, CLIC would cover a total length of approx1mately 48 km.
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Figure 8.1: Overview of the CLIC complex
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8.2 CLIC Damping rings

Studies were conducted for the correction of coupling and vertical dispersion for the damping rings of
CLIC. The damping rings of CLIC play a crucial role in reaching the design ultra-low emittance at the
interaction point. The term damping refers to damping by radiation. When an electron is accelerated
it emits radiation, causing it to lose energy. This results in a reduction of the oscillation around its
reference orbit and a shrinking of the beam. The importance of achieving ultra-low vertical emittance
is twofold:

e Reduction of the magnetic gap of insertion devices, this allows to reach higher magnetic fields,
resulting in a higher photon flux.

e The vertical emittance will induce higher luminosity.

In figure 8.1 the position of the damping ring in the CLIC complex is shown. Before the electrons
and positrons are injected into the main linac the beam is damped in the damping rings. An overview
of the main parameters is shown in table 8.1, the full list of parameters can be found in table [123].

Parameter Value
Energy [GeV] 2.86
Circumference [m] 427.5
Number of dipoles 100
Dipole field [T] 1.0
Horizontal tune 48.35
Vertical tune 10.39
Horizontal natural chromaticity -115
Vertical natural chromaticity -85
Horizontal normalized emittance (€norm ) nm.rad] (2/1Ghz) | 472/456
Vertical normalized emittance (€porm)[nm.rad]( 2/1Ghz) 4.8/4.8
Number of wigglers 52
Wiggler peak field [T 2.5

Table 8.1: Main parameters for the CLIC damping ring.

8.2.1 Optics of the damping ring

A plot of the optics for half of the ring is shown in figure 8.2. The plot on the left shows the beta-
function, for the horizontal (middle), the vertical plane (bottom) and the quadrupole strength (top).
The plot on the right shows the dispersion. The horizontal dispersion is shown on the right.

Sextupoles and skew quadrupoles are installed along with the normal quadrupoles and dipoles in
the arcs. From 0 to 80 m the long straight section is shown. This long straight section is equipped
with normal quadrupoles and wigglers, used for damping. Figure 8.3 shows one fourth of the arc.
In this figure the horizontal and vertical S-function, horizontal dispersion and horizontal and vertical
phase-advances between the skew quadrupoles are plotted. Only one of the two arcs is shown, the long
straight section is not equipped with any skew quads or sextupoles. In total 198 skew quadrupoles
are installed, with 2 skew quadrupoles per cell. The vertical § function at the skew quadrupoles is
about a factor of two larger in the focusing plane. The vertical phase-advance is much smaller than
the horizontal one, resulting in the lower betatron tune.

8.3 Simulations for the CLIC Damping Ring

Simulations for the misalignments and rotations in the damping ring have been performed for the first
time in [124]. The main contributors to an increase in the vertical emittance are the coupling and the
vertical dispersion. Coupling and vertical dispersion are induced by the following errors:

e Tilt errors in the main dipole or orbit correctors.

e Vertical orbit bumps in the quadrupoles.
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Figure 8.2: Half of the circumference of the damping ring is shown for the S-function (left) and
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150 8. CLIC

e Vertical sextupole misalignment.
e Vertical orbit bumps in the sextupoles.
e Tilt in the quadrupoles.

Several simulations with random error assignment to the dipoles and quadrupoles have been con-
ducted. Horizontal and vertical misalignments at the sextupoles were ignored. A list of the specified
tolerances in [124] are listed in table 8.2

Imperfections Symbol 1 RMS
Quadrupole misalignment | < AYj 00 >,< AXgyad > 90um

Quadrupole rotation < AOgyqa > 100purad

Dipole rotation < AOgipote > 100purad

Table 8.2: Random alignment errors assigned to the CLIC damping rings.

In order to see how the corrections change for a range of assigned errors, the simulations were
conducted for a range of errors.

8.3.1 Corrections

Several cases were studied. No noise was applied to the BPMs. In the following paragraphs the results
are discussed. Random errors with increasing amplitude were applied. After the random errors, an
orbit correction for the horizontal and vertical plane respectively, chromaticity correction using the
sextupoles in the arcs and a tune correction using the quadrupoles in the long straight section were
applied. After these corrections a correction was calculated for the coupling and vertical dispersion
using the skew quadrupoles. This was followed again by an orbit correction in the horizontal and
vertical plane respectively, and a chromaticity and tune correction. This was to correct the orbit,
chromaticity or tune that was generated from the correction using the skew quadrupoles. There is an
initial horizontal orbit, which was implemented to reach the required emittance. This initial horizontal
orbit was set as a target correction for the orbit in the horizontal plane. The vertical orbit was corrected
down to the zero orbit.

The linear optics functions are calculated at the following instances during the correction process:

e after random errors were applied and after the orbit, chromaticity and tune were corrected.
e after skew quadrupole corrections were applied.

e after skew quadrupole corrections were applied and after the orbit, chromaticity and tune are
corrected.

Assumptions For the conducted simulations it was assumed that the skew quadruples do not have
any field errors and that they were perfectly aligned. Furthermore it was also assumed that the beam
position monitors are double plane BPMs. If single plane BPMs would be installed in the future,
additional work should be done to implement the technique called pseudo double plane BPMs. The
effect on the correction accuracy should be investigated.

Skew quad families In total 198 skew quadrupoles are installed in the arcs. No skew quadrupoles
are installed in the long straight section. In the design lattice only 2 skew quadrupole families are
implemented. This means that only 2 variables are available for correcting the coupling and vertical
dispersion. Two skew quadrupoles are installed per cell, the first skew quadrupole is powered by the
first family and the second by the second family of power supplies. The decision on the number of
independent variables is mainly driven by economical reasons. The more families needed, the more
independent power supplies need to be installed, which in turn increases the overall cost. A first
simulation was conducted using all 198 skew quadrupoles independently and this was compared with
using only 99 skew quadrupole families. For the 99 families, the skew quadrupoles in the same cell
are one family. From the simulation it was observed that reducing the number of families by two had
no clear effect on the coupling and vertical dispersion. For this reason it was decided to conduct the
measurements with the 2 skew quadrupoles families as is stated in the design, and 99 independent
skew quadrupole families.
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Motivation of the weights A small study was conducted to investigate the effect of applying
different weights. For the algorithm which corrects coupling and vertical dispersion, 5 weights could
be allocated. The first two are the real and imaginary part of the difference resonance driving term.
The two following weights are to correct the sum resonance driving term. The last one is to correct
the vertical dispersion.

Two cases were studied. Both studies were conducted using the 99 skew quadrupole families. In the
first case, shown in figure 8.4, the effect of applying weights on the sum resonance was investigated, this
was done for when rotations were applied in the quadrupoles. From the difference and sum resonance
plot it was obvious that even when weights were placed on the sum resonance it was impossible to
correct this resonance, and the correction had a large effect on the correction of the leading difference
coupling resonance. The difference resonance was corrected 50% less when the weight was placed on
the sum resonance. Furthermore the correction of the sum resonance had a negative effect on the
vertical dispersion , the vertical dispersion was increased by a factor of two.
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Figure 8.4: The fi001 (top) and fip10 (bottom) coupling resonance term is shown for the case that
quadrupole rotations were applied. Correction is shown for using 99 skew quadrupole families. Three
cases are shown: before correction (red), after correction using skew quadrupoles, but before orbit,
chromaticity and tune corrections were applied (green) and after correction (blue).

For the second study the effect of placing weights on the correction of the vertical dispersion was
investigated. It was discovered that placing the weight for the correction of the vertical dispersion
did not correct the vertical dispersion, it remained constant. Also no effect could be observed for the
difference and sum resonances, as it had no negative effect on the difference coupling resonance.

It was decided not to place weights for the correction of the sum resonance, as this has a negative
effect on both the vertical dispersion and the difference resonance. The weight for the correction of
the vertical dispersion was enabled.

Dipole rotation

Dipole rotations were applied to 81 wigglers and 196 dipoles. The error was randomly applied in a
range from 0 to 230 urad. Figure 8.6 shows the horizontal and vertical orbit. For the 2 and 99 families
the orbit was well corrected before and after applying the corrections. This was expected, as the same
number of skew quadrupoles was used. The effect of not correcting the orbit is large, especially in the
vertical orbit. This was expected, as rotating the dipoles introduces a vertical orbit.

Figure 8.7 shows the difference (top) and sum coupling resonance (bottom). The generated differ-
ence resonance (f1po1) is larger than the sum resonance (f1010). This was expected as the tunes are
0.35 and 0.39, for the horizontal and vertical tune respectively, as the tunes are closer to the integer
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Figure 8.5: The figo1 (top) and fip10 (bottom) coupling resonance term is shown for quadrupole
rotations. Correction is shown for using 99 skew quadrupole families. Three cases are shown: before
correction (red), after correction using skew quadrupoles, but before orbit (green) and after correction
using skew quadrupoles and orbit correctors (blue).
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Figure 8.6: Horizontal (top) and vertical (bottom) orbit is shown when dipole rotations were applied.
Left plot shows the correction using 2 skew quadrupole families and right plot using 99 skew quadrupole
families. Three cases are shown: before correction (red). After correction using skew quadrupoles,
before orbit, chromaticity and tune corrections were applied (green) and after correction (blue).

152



8.3. Simulations for the CLIC Damping Ring 153

for the difference resonance (0.35-0.39) than for the sum resonance (0.354+0.39). The importance of
correcting the orbit to a satisfactory level is apparent. As the effect of the coupling before and after
the skew quadrupole correction was not visible a plot leaving out the orbit, chromaticity and tune
correction was made.
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Figure 8.7: The figo1 (top) and fip10 (bottom) coupling resonance term is shown for when dipole
rotations were applied. Left plot shows the correction using 2 skew quadrupole families and right plot
using 99 skew quadrupole families. Three cases are shown: before correction (red), after correction
using skew quadrupoles, but before orbit, chromaticity and tune correction was applied (green) and
after correction (blue).

Figure 8.8 shows the difference (top) and sum coupling resonance (bottom) only after the orbit
correction was applied. Using only the 2 skew quadrupole families foreseen in the design it is clear
that it is not possible to sufficiently correct the difference or sum resonance. The difference resonance
is slightly corrected, but the sum resonance increased slightly. Using the 99 skew quadrupole families
the correction of the difference resonance was more effective. The difference resonance was corrected
by a factor of about 7. The sum was slightly corrected, even though no weight was placed on the
correction.
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Figure 8.8: The figo1 (top) and fip10 (bottom) coupling resonance term is shown for when dipole
rotations were applied. Left plot shows the correction using 2 skew quadrupole families and right plot
using 99 skew quadrupole families. Two cases are shown, before (red) and after correction(green).

Figure 8.9 shows the vertical dispersion. Without correcting the orbit, chromaticity and tune the
vertical dispersion increases to a peak value of 8 mm. Figure 8.10 shows the vertical dispersion before
and after corrections were applied. By using only 2 families it was not possible to correct the vertical
dispersion, the vertical dispersion even increased by a factor of about 4. When using the 99 families it
was possible to keep the vertical dispersion constant.
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Figure 8.9: Vertical dispersion is shown for when dipole rotations were applied. Left plot shows the
correction using 2 skew quadrupole families and right plot using 99 skew quadrupole families. Three
cases are shown before correction (red), after correction using skew quadrupoles, but before orbit,
chromaticity and tune (green) and after correction(blue).
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Figure 8.10: Vertical dispersion is shown for when dipole rotations were applied. Left plot shows the
correction using 2 skew quadrupole families and right plot using 99 skew quadrupole families. Two
cases are shown, before (red) and after correction (green).

Figure 8.11 shows the emittance before and after correcting the orbit, chromaticity and tune. It
was observed for the vertical dispersion, when the orbit, chromaticity and tune was not corrected, that
the imbalance between the horizontal and vertical emittance is large for both cases.

For a closer look at the emittance imbalance after the orbit, chromaticity and tune was corrected,
see figure 8.12. For the case of the 2 families the emittance imbalance increases significantly by a
factor of about 13. For the 99 families the correction was more successful. The emittance imbalance
was reduced significantly by a factor of about 5. It was observed, from figure 8.10, that the vertical
dispersion could not be corrected, but the difference resonance was corrected to a satisfactory level.
This shows that the main contributor for the case of the dipole rotation to the emittance imbalance
comes mainly from the difference resonance.

154



8.3. Simulations for the CLIC Damping Ring 155
30 ; — ; 30 ; — ;
Before correction  + Before correction  +
After correction, before orbit After correction, before orbit
L After correction X ] L After correction 1
25 25
20 1 20 1
& 157 g 15t ]
(=} (=]
w>\ w>\
10 1 10 1
5t 1 5t 1
0 0
0 50 100 150 200 250 0 50 100 150 200 250

Rotation [urad]

Rotation [urad]

Figure 8.11: Emittance imbalance is shown for when dipole rotations were applied. Left plot shows the
correction using 2 skew quadrupole families and right plot using 99 skew quadrupole families. Three
cases are shown before correction (red): after correction using skew quadrupoles, but before orbit,
chromaticity and tune (green) and after correction (blue).
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Figure 8.12: Emittance imbalance is shown for dipole rotations. Left plot shows the correction using 2
skew quadrupole families and right plot using 99 skew quadrupole families. Three cases are shown be-
fore correction (red). After correction using skew quadrupoles, before orbit (green) and after correction
using skew quadrupoles and orbit correctors (blue).
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Quadrupole rotation

Quadrupole rotations were randomly applied to 384 normal quadrupoles. The quadrupole rotations
were applied in a range from 0 to 230 prad. As expected it was observed that the orbit after applying
the skew quadrupole correction has a smaller effect than with the dipole rotation, see figure 8.13. For
the 2 family case the vertical orbit was increased after the correction. For the 99 family case the
vertical orbit was not perfectly corrected, but as they are so small the effect is negligible.
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Figure 8.13: Horizontal (top) and vertical (bottom) orbit is shown for when quadrupole rotations
were applied. Left plot shows the correction using 2 skew quadrupole families and right plot using
99 skew quadrupole families. Three cases are shown before correction (red): after correction using
skew quadrupoles, but before orbit, chromaticity and tune corrections were applied (green) and after
correction (blue).

Figure 8.14 shows the difference and sum resonance driving term. For the case of 2 families the
correction has a positive effect on both the difference and sum resonance. The difference resonance
was corrected by about 30%. The sum was corrected less, by about 25%. When looking at the case
for 99 families the difference resonance was corrected by a factor of 8. However, in the case of the 99
families the sum resonance was not corrected, but remained constant.

The orbit correction had little or no effect on the difference or sum driving terms, whereas in the
case of the dipole rotation the effect was larger.
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Figure 8.14: The fi001 (top) and f1p10 (bottom) coupling resonance term is shown for when quadrupole
rotations were applied. Left plot shows the correction using 2 skew quadrupole families and right plot
using 99 skew quadrupole families. Three cases are shown before correction (red): after correction
using skew quadrupoles, but before orbit, chromaticity and tune correction were applied (green) and
after correction (blue).
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The impact of the skew quadrupole rotations on the vertical dispersion is shown in figure 8.15. For
the 2 family case the vertical dispersion was increased by 14%. For the case of the 99 families the
vertical dispersion was kept constant.
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Figure 8.15: Vertical dispersion is shown for when quadrupole rotations were applied. Left plot shows
the correction using 2 skew quadrupole families and right plot using 99 skew quadrupole families.
Three cases are shown before correction (red): after correction using skew quadrupoles, but before
orbit, chromaticity and tune corrections were applied (green) and after correction (blue).

Figure 8.16 shows the emittance imbalance. The emittance imbalance deteriorates for the 2 family
case. For the 99 families the emittance imbalance was corrected by a factor 3, for the 2 family case
the imbalance was increased by 30%.
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Figure 8.16: Emittance imbalance is shown for when quadrupole rotations were applied. Left plot shows
the correction using 2 skew quadrupole families and right plot using 99 skew quadrupole families. Three
cases are shown before correction (red): after correction using skew quadrupoles, but before orbit, tune
and chromaticity corrections were applied (green) and after correction using skew quadrupoles and orbit
correctors (blue).

Quadrupole misalignments

Quadrupole misalignments were randomly applied to 384 normal quadrupoles. Misalignments were
applied for both the horizontal and vertical plane of a range from 0 to 10 pm. Figure 8.17 shows the
horizontal and vertical rms orbit. For both cases the orbit increases significantly after implementing
the errors.

157



158 8. CLIC

400 400

— 350 b Before correction  + i — 350 Before correction  +
g 300 - After correction, before orbit i g 300 - After correction, before orbit |
> 250 | After correction i = 250 | After correction ¥ 1
5 200t 1 8 200} ]
o 150 d S 150t i
S 100 1 S 100 1
o 50 1 o 50 - 1
O¥ % x % % ¥ 0¥k X X X K OX—— % x  ow ¥ % % K % K X

450 450
€ 400 r 1 £ 400 | 1
3 350 ¢ 1 3 350 1
: B . ]
€ 200f 1 5§ 200} I
o 150 1 «» 150 1
= 100 1 S 100 ¢ ]
o 50 1 o 50 1
0 ¥ * * * % ¥ ¥ * * 0 ¥ ¥ ¥ * e K * * *
0 2 4 6 8 10 0 2 4 6 8 10
Misalignment [um] Misalignment [um]

Figure 8.17: Horizontal (top) and vertical (bottom) orbit is shown for when quadrupole misalignments
were applied in both directions. Left plot shows the correction using 2 skew quadrupole families
and right plot using 99 skew quadrupole families. Three cases are shown before correction (red):
after correction using skew quadrupoles, but before orbit, chromaticity and tune corrections were
applied(green) and after correction (blue).

Figure 8.18 shows the difference and sum coupling resonance. As can be observed from the figure
the coupling that is generated by the misalignments in the quadrupole is large, when the orbit is
not corrected. Figure 8.18 shows the difference and sum coupling resonance before and after the
corrections. For the 2 family case both the sum and difference resonances were corrected, but for the
99 families case the difference resonance was corrected more than for the 2 family cases. However it is
interesting to observe that the sum resonance was corrected more than the difference resonance.
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Figure 8.18: The fi001 (top) and fi010 (bottom) coupling resonance term for when quadrupole mis-
alignments were applied in both directions. Left plot shows the correction using 2 skew quadrupole
families and right plot using 99 skew quadrupole families. Three cases are shown before correction
(red): after correction using skew quadrupoles, but before orbit, chromaticity and tune corrections
were applied (green) and after correction (blue).

Figure 8.20 shows the vertical dispersion for the two cases. For the 99 family case the vertical
dispersion remained constant. For the 2 family cases the vertical dispersion was increased by a factor
of 2.
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Figure 8.20: Vertical dispersion is shown for when quadrupole misalignments were applied in both
directions. Left plot shows the correction using 2 skew quadrupole families and right plot using 99
skew quadrupole families. Top plot shows three cases: before correction (red), after correction using
skew quadrupoles, but before orbit, chromaticity and tune corrections were applied (green) and after
correction (blue). Bottom plot shows only before (red) and after (green) correction.
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The emittance imbalances are shown for the two cases in figure 8.21. It is clear that when the orbit
is not corrected the emittance imbalance is large. When looking closer to before and after corrections
it is clear that for the 2 family case the imbalance was corrected by about a factor of 6.
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Figure 8.21: Emittance imbalance is shown for when quadrupole misalignments were applied in both
directions. Left plot shows the correction using 2 skew quadrupole families and right plot using 99
skew quadrupole families. Top plot shows three cases: before correction (red), after correction using
skew quadrupoles, but before orbit, chromaticity and tune corrections were applied (green) and after
correction (blue). Bottom plot shows only before (red) and after (green) correction.

Summary for the CLIC damping ring studies

Figure 8.3 shows the calculated emittance imbalances before and after correction for the three cases
studied. It is clear that for the three cases the emittance imbalances can be corrected by a factor
of 3-5, depending on the case studied. It is shown that the developed algorithm for the correction
of the coupling and vertical dispersion could be applied to the CLIC damping ring. The correction
of the emittance imbalance is shown for the specifications which are listed in table 8.2, except for
the quadrupole misalignments. For these quadrupole misalignments it was impossible to introduce an
error which was larger then 10um. This was due a failure to match the tune, chromaticity and orbit
for large errors.

A possible solution for this would be to apply the error in small steps and correct during every step
the tune, chromaticity and orbit.

Correction | €y0/€z0 for dipole | €yo/ezo for quadrupole ro- | €y0/€z0 for quadrupole
rotation [%)] tation[%)] misalignments [%)]
Before 0.0057 0.3710 0.027
After 0.0013 0.1256 0.005

Table 8.3: Emittance imbalances before and after corrections.

The results in table 8.3 are encouraging. They show that it would be possible to use the developed
algorithms to correct the coupling and vertical dispersion to a satisfactory level.

From the simulations it follows that it is impossible to correct the vertical dispersion, but in the
case of the 99 families it is possible to keep it constant. The decision on the number of families will be
based on a balance between budget and the allowable emittance imbalance. An optimization routine
could be written to find the optimal number of families.

The installation of skew quadrupoles in the long straight sections should be considered, as this
would increase the number of variables available. Another advantage would be that the correction will
be spread around the ring and not only in the arcs. A good orbit correction will be very important.
Without a good orbit correction it will be nearly impossible to correct the emittance imbalances to a
satisfactory level.
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8.4 First test of the algorithms in SOLEIL

The motivation for conducting measurements at the SOLEIL was to explore the possibility of applying
the developed algorithms and tools for the LHC to an electron machine. The main difference between a
hadron machine and an electron machine is that a electron machine has flat beams, vertical emittance
is smaller than horizontal emittance. The emittance is much smaller in electron machine than in a
hadron machine, resulting in an optics stability and resolution which is more robust than in hadron
machines. In an electron machine beam stability is easier thanks to the synchrotron radiation. Electron

machines have been using LOCO [125] as the preferred tool for the measurement and correction of the
linear optics [126].

8.4.1 SOLEIL

SOLEIL is a third generation light source [127]. This type of light sources are characterized by the
emittance of synchrotron light all along the circumference of the storage ring. This is achieved in

the bending magnets and also in the straight sections which are equipped with the wigglers and
undulators [128].
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Figure 8.22: Layout of the SOLEIL light source.

Figure 8.22 shows a layout of the light source complex at SOLEIL. In total 27 beam lines are
installed. These beam lines can be classified in several categories according to the beam spot size,
energy range and analyzing method [129]. Electrons are injected into the LINAC, called HELIOS [130]
at an energy of 90 KeV. In the LINAC the beam is accelerated to an energy of 100 MeV. From there
the beam goes into the BOOSTER [131], which has a circumference of 156.620 m and will further
accelerate the beam to an energy of 2.75 GeV. The beam is extracted into the main storage ring. The
main parameters of the storage ring are listed in table 8.4.

8.4.2 Measurements at SOLEIL

During the experiments several linear and non-linear measurements were conducted. In the following

paragraphs the linear optics, third and fourth order resonances and the effect of the undulator will be
discussed.

Linear optics

Linear optics is measured by the phase advance between adjacent BPMs. The phase-beat, which is the
difference between the measured and model value, is shown in Fig. 8.23. In both planes the phase-beat

is relatively small (A¢y rms = 0.32°, Agy rms = 0.44°). The vertical phase-beat shows some periodic
high peaks at the low beta regions.

The beta function is calculated from the phase-advances between three BPMs, as was done in
LEP [35]. The measured and model beta functions for both planes are shown in Fig. 8.24. Both planes
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Ao []

A,

Parameter Value
Nominal energy [GeV] 2.75
Circumference [m] 354.097
Horizontal betatron tune [-] 18.2
Vertical betatron tune [-] 10.3
Horizontal natural chromaticity [-] -53
Vertical natural chromaticity [-] -23
Maximum horizontal dispersion [m] 0.28
Horizontal emittance [nm.rad] 3.74
Revolution period [ns] 1181.40
Revolution frequency [MHz| 0.84664
Bunch length [ps] 13.8
Number of cells 16
Number of superperiods 4

N

L b5 o

Table 8.4: Main parameters of SOLEIL
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Figure 8.23: Phase beat for horizontal (top) and vertical (bottom).
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show a good agreement with the model, but in the horizontal plane the error bars are larger than in
the vertical plane. The beta-beat, which is the relative difference between the measurement and the
model, is shown in Fig. 8.25. A maximum beta-beat of ~ 6% and ~ 20%, in the vertical and horizontal
plane respectively, are measured. The beta-beat is large and differs from the experience at SOLEIL,
where the LOCO [134] algorithm is used. The error bar is rather large for the phase-based method.
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Figure 8.24: Measured and model betatron function for horizontal (top) and vertical (bottom) planes.
The super periodicity of the ring is four.

A By/By [%]

A BB, (%]
OHENONED®PON

0 50 100 150 200 250 300 350
s [m]
Figure 8.25: Beta-beat for horizontal (top) and vertical direction (bottom). A maximum beta-beat of
~ 6% and ~ 20%, in the vertical and horizontal planes respectively is measured.

Figure 8.26 shows histograms of the relative measurement error of the beta functions. The maxi-
mum error on the vertical plane is 4.0%.
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Figure 8.26: Histogram of the beta function error bar normalized to the beta.
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Third order resonance

The horizontal spectral line with a frequency of 2Q, was used to probe the beam dynamics of sex-
tupolar order. Figure 8.27 shows a plot of Ampsyg versus the longitudinal location, for two working
points @, = 18.21,18.273. Ampyy is defined as the height of the spectral line at the frequency 2Q,.
The measurement is scaled with a factor of three to fit the simulation. The three reasons for the
scale difference were the decoherence factors [14], possible kicker calibration error and synchrotron
radiation damping. The decoherence factor, however, should be around two for the 2Q), line. The
local variations of the 2@, line around the ring show a qualitative agreement with the model. The
sources for local discrepancy could be due to BPM non-linearities [135] and real errors such as optical
and sextupolar errors. Before attempting nonlinear corrections it should be verified that the effect of
BPM nonlinearities operating with this new filter in turn-by-turn mode are negligible.
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Figure 8.27: Normalized Ampgg for Q, = 0.21 (top) and @, = 0.273 (bottom).
Fourth order resonance

Ampg is defined as the height of the spectral line at the frequency 3Q,. The horizontal spectral line
with a frequency of 3Q), was used to prove the beam dynamics of octupolar order. An increase in Ampsg
is typically observed when approaching the fourth order resonance. Figure 8.28 shows the spectrum of
the motion for measured and simulated data, for three working points @, = 18.21,18.241,18.245. The
simulation consists of a single particle tracked for 2000 turns, therefore the zero tune spread in the
spectrum. The observed coupling in the measurement (@), ) seems to come from electrical coupling. In
Fig. 8.29 the normalized Amps versus the longitudinal location for the tunes is shown. Measurement
and simulation show different longitudinal variation. In both figures and both for measurement and
simulation, the variation of the octupolar lines when approaching the fourth order resonance (18.25)
was negligible. Phase,,,o corresponds to the phase of the spectral line at the frequency of m@,. Phaseg
and phasesg are evaluated, shown in figure 8.30 for both measurement and simulation. For both data
sets phaseig was multiplied by three. It can be seen that phasesy = 3phase;g from the measurement.
Figure 8.30 indicates that the octupolar line was dominated by the third order response of the BPMs.

Undulators SOLEIL is equipped with three in-vacuum (located at 121.67, 210.11 and 232.43 m)
and one long undulator (located at 88.52 m). These two different types of undulators were examined
separately. Figure 8.31 shows the difference of the 2Q), spectral line between the lattices, with and
without undulators. In both cases a small effect can be observed in the sextupolar line (2@Q),.), indicating
that the undulator could have sextupolar errors. However, the striking similarity between the two cases
was not yet fully understood.

Summary

The phase-beat measurement shows a good result. However, the beat-beat measurement seems to be
too large compared to the experience at SOLEIL. This could be due to the quality of the BPM data or
to the technique used. The measurement of the sextupolar line (2@Q);) is showing promising results. The
measurement of the octupolar line (3Q);) seems to be dominated by BPM non-linearities. When looking
at the undulators an effect on the 2Q), spectral line was observed, but further analysis is necessary.
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Figure 8.28: Frequency spectrum for horizontal tune approaching 4*" order resonance. For measured
(top) and simulation taking into account the decoherence (bottom).
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Figure 8.31: Plot showing the effect of the undulators on the Ampgg. Long undulator (top) and
in-vacuum undulators (bottom).

The new BPM turn-by-turn filter still needs further tuning in order to improve its calibration and
reproducibility. Moreover the flat chamber of the storage ring is the source of strong non-linearities
and saturation of the BPM, and BPM electronic induces 5% crosstalk. The implication for the CLIC
damping ring is that the BPM non-linearity should be well compensated.
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Chapter 9

Software package

INFO: results dir created

A software package was developed [137] to ease and minimize the user input for the measurement
and corrections of the optics functions. The software package was developed in such a way that
the different modules could be run separately and are easily adaptable to different accelerators. A
general introduction of the software package is discussed in section 9.1. The different panels of the
Graphical User Interface (GUI) are discussed in section 9.2, including a short discussion of the usage
and functionality. Some functionalities of the LHC Software Architecture (LSA) [139] are implemented
in the software package, and this is briefly discussed in section 9.3. Performance is crucial for every
software package. In section 9.4 an overview of the performance is given. Lastly, a list of possible
improvements is given and discussed in section 9.5.
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9.1 Overview

A schematic overview of the software package is shown in figure 9.1. This schematic shows the steps
that are followed during operation. The steps are followed from top to bottom, it starts by importing
the turn-by-turn data.

Turn-by-turn data

..
iLaLe) >{ creator

‘ SVD SUSSIX H Cleaner
Optics Chromatic

>{[functic‘ns } -[ functions J} >

Global » Corrections

{ SEE Correction: ] 58 SPS,LHC

\J v
Optics @ elements Fitted model

Figure 9.1: Flow diagram showing the steps done in the Graphical User Interface during normal
operations.
Explanation of the different colors in the flow diagram:

e The orange blocks are the different panels implemented in the GUI. These panels will be explained
in section 9.2.

e The gray blocks are external programs that are developed in python.
e The blue blocks is an external program that is developed in C and Fortran.
e The green blocks represents external programs that are developed in MAD.

Figure 9.2 shows the data structure used for storing the data generated by the different algorithms.
This data structure is created automatically by the beta-beat application.

The names in italic/bold are the names that are created, the others are replaced by the specific
file names. The ’date’, 'name’ and ’time’ directories are automatically created by the GUI. The
"accel/beam’ and 'model name’ are created after manual selection and input from the user. The blue
boxes are directories and the orange boxes are the files inside the specific directory. The different files
that are generated:

e *.sdds; output after converting and filtering the turn-by-turn data.

e *lin*; output files of sussix. Two files, one per plane, containing the amplitude and phase of the
main and secondary betatron tune lines.

e *.svd*; output files for the singular value decomposition.
e *.bad; output of the filtering. In this file the faulty BPMs are listed.
e *.out; output that contains optics functions. The list of output files:

— getCO%*; files containing the closed orbit, one file per plane.
— getIP*; files containing the 3*, phase advance.

— getampbeta®; files containing the beta from amplitude, one file per plane (in case of AC-
dipole free and driven data is computed).

168



9.1.

Overview 169

Date
—» Accel/beam

1] L4
‘Measurements{ Results

L Name dir ‘ L Time dir ‘

*svd* sbs

Accel/beam

ullresponse?|

* madx

*
oy
)

Figure 9.2: Flow diagram showing the data structure

getbeta™*; files containing the beta from phase, one file per plane (in case of AC-dipole free
and driven data is computed).

getchi*; files containing the y terms.

getcouple*; files containing the coupling (in case of AC-dipole free and driven data is com-
puted).

getsex/oct*; files containing the resonance driving terms.

getphase*; files containing the phase-advances, one file per plane (in case of AC-dipole free
and driven data is computed).

getphasetot™®; files containing the total phase-advances, one file per plane (in case of AC-
dipole free and driven data is computed).

getkick®; files containing the kick amplitudes.
getD*; files containing the dispersion, one per plane ( if off-momentum data is acquired).

getNDx*; files containing the normalized horizontal dispersion ( if off-momentum data is
acquired).

e *.madx; madx scripts for model and full response generation.
e *.dat; output of the madx scripts containing optics functions.

e Fullresonse*; fullresponse for beta, phase and horizontal dispersion and fullresponse.couple for
coupling and vertical dispersion. The fullresponses are a response matrix calculated using the
ideal optics functions used to calculate the corrections.

The *.lin*, *.svd*, *.bad, *.out, *.dat are in the so called Table File System (TFS) format. The

idea behind them is that of a Self-Describing Data Set, invented for data in the LEP Control System
in the late 1980s [138]. An example of a TFS format:

@ DESCRIPTION %f VALUE
* NAME1 ... NAMEN
$ %s ... %le
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170 9. Software package

VALUE1 ... VALUEN

Further explanation of the data format:

e If @’ is the first character of a line in the data, a single variable with value can be added (%f
can be either %s, string or %le, double).

e If ™ is the first character of a line in the data, the column names can be found after.

e If ’$’ is the first character of a line in the data, the format of the column names can be found
after ( %s, string; %le, double).

e The lines with no symbol as the first character is the data corresponding to the column.

Figure 9.3 shows the organization structure for were the main programs and model files are stored.
For experiments that are conducted at CERN, this directory is located at /afs/cern.ch/eng/sl/lintrack/Beta-
Beat.src/. This directory contains the main codes. The color code has the following meaning:

e Blue squares represent the directories which contain the different codes or sub-directories.
e Orange squares represent the programs or files in the directory that are used in the GUIL.

e Green squares represent directories that are chosen by the user when the GUI is started. The
green squares contain default models for different accelerators.
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Figure 9.3: Flow diagram showing organization structure for were the main programs and model
files are stored. The blue squares represent the directories which contain the different codes or sub-
directories, orange represent the programs or files in the directory that are used in the GUI. Green
squares represent directories that are chosen by the user when the GUI is started.

The analysis directory contains SVD clean, the algorithm which is responsible for removing noise
and bad BPMs. In the Getllm directory the algorithms are stored which calculate the optics functions.
Getllm calculates the optics functions at the BPM, Segment-by-Segment calculates the optical functions
using a propagated model in a segment or at machine elements. The sbs-files contain the files for
generating the madx and gnuplot scripts. Getsuper is the program that with the help of Getllm the
chromatic functions calculate.

The Drive.src contains the drive.god.lin code which uses SUSSIX the calculate main betatron and
higher order frequency, phase and amplitudes at the BPMs. The SVD directory has an alternative
code which could be used the calculated the phase and amplitudes of the main signal. The model
directory contains several sub-directories depending on the usage and accelerator. For accelerators
other than the LHC the user will be redirected to the optics dir of choice containing the model Twiss
files and the fullresponses for the correction.

For the LHC the process of generating a model and fullresponse was more automated. The user
can create his own model in the GUI, which will use the madx scripts and full response script which
are stored in the directory model.
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9.2 Detailed description

In the next paragraphs the mains panels and functions will be shown and discussed.

BPMpanel A print screen of the BPMpanel in BPM viewer mode is shown in figure 9.4. The turn-
by-turn data is acquired using the multiturn application [31] and the file is imported by the user. The
data format is automatically recognized and the corresponding converter is used to convert the data
into the internal data format. An example of data the format:

Plane BPM S Turnl Turn2 Turn3.... Turn N.

Further explanation of the data format:

e Plane (fist column): 0 for horizontal plane and 1 for vertical plane.
e BPM (second column): Name of the BPM.

e S (third column): Position of the BPM in the accelerator.

e Turnl ... TurnN (fourth until Nth column): Position of the beam in the specified plane for turn
N.
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Figure 9.4: First window of the BPM panel showing the turn-by-turn data.

The table in the top right corner of figure 9.4 shows the filenames and the dp values (which are
added manually) of the datafiles imported. The lower panel of figure 9.4 can either display the beam
position versus turn, or the phase-space. This is done by taking the data from two BPMs that are
separated by /2.

The BPMpanel can also be used in faulty BPM mode, shown in figure 9.5. This allows the user to
identify the faulty BPMs (which is read from *.bad file) according to the longitudinal position.

AnalysisPanel In the analysis panel the data that was calculated using SUSSIX or an SVD is
visualized. Figure 9.6 shows the selection frame. This frame is used to specify some inputs for SUSSIX
and SVD. In the selection frame the following input parameters should be specified /selected:

e The algorithm to be used, SUSSIX or SVD.

e Option for parallel computing. This option allows the data to be computed in parallel for
SUSSIX.

e An initial guess for the horizontal and vertical tunes.
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Figure 9.5: Second window of the BPM panel showing the bad BPMs which were filtered.

e The range of BPMs to be analyzed.

e Specification of the turn number where the kick starts. This can be computed automatically. In
case of using the tune/aperture kicker it is important to start analyzing the data after the kick
occurred.

e Window al, a2, bl and b2, for the computation of the noise. The two windows (ay,as; b1, b2)
specify a tune range where the data is analyzed to determine the noise.

e Number of turns to be analyzed.

An output of the SUSSIX algorithm for several files is shown in figure 9.7. The files shown are for
different dp settings. A manual cleaner is available that can be used to remove the bad points. This is
done by placing a window around the tune versus the longitudinal position. The data points outside
the window will be removed.

OpticsPanel The optics panel displays the optics functions calculated at the BPMs and allows the

user to calculate the optic functions at the elements. Figure 9.8 shows an output of the optics functions

at the BPMs for the phase. Different sub panels are available to display the calculated optics functions.
With the current algorithm it is possible to calculate:

Linear optics:

— phase advance
— beta from phase

— beta from amplitude

linear betatron coupling, output as the difference and sum resonance.

off-momentum optics:

horizontal and vertical dispersion

normalized horizontal dispersion

chromatic functions

— tune vs dpp
higher order optics:
— 13000, 2100 resonance driving term. Related to the sextupolar term.

— tune vs kick
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Figure 9.6: The selection analys1s panel which allows the user to specify input parameters for SVD
and SUSSIX.
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Figure 9.7: AnalysisPanel showing the horizontal and vertical tunes for several files.
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Figure 9.8: OpticsPanel showing the first window with the measured optics functions.

For the linear optics the results are shown in the window. The second window contains the tables
for the segment-by-segment technique, element mode. In this panel either, the optics functions at
elements, such as the wire scanner can be calculated, or the accelerator can be divided into segments
for the calculation of local errors. The outcome of some beam instrumentation depends on the optics
function, such as the . In the cases the calculated S is used to calibrate the instruments.

CorrectionPanel The correction panel is the main panel used to calculate corrections for the beta-
beat, coupling and horizontal and vertical dispersion.
For the correction of the linear optics different algorithms are available:

e Local correction technique for most linear optics.

e Correction for 1 beam for phase, beta and horizontal dispersion.

e Iterative correction, 2 beams for phase, beta and horizontal dispersion.
e Correction for 1 beam for coupling and vertical dispersion.

The correctors are grouped into different lists. The selection of the list depends on the correction. The
different categories of the lists are:

e The common correctors in the IPs.
e The correctors in the insertion region, except the common correctors.

e Trim correctors around the ring, except the ones in the common region.

9.3 LSA

The LHC Software Architecture (LSA) [139] project provides homogeneous application software to
operate the Super Proton Synchrotron (SPS) accelerator, its transfer lines, and the Large Hadron
Collider (LHC). The system is entirely written in Java and it is using the Spring framework, an open-
source lightweight container for Java platform, taking advantage of dependency injection (DI), aspect
oriented programming (AOP) and provided services like transactions or remote access. Some of the
functionalities have been implemented in the beta-beat applications. The main functionality that has
been implemented is the generation of the knobs. With the knobbuilder functionality it is possible to
generate a knob, a knob is list containing the correctors and its delta values, for different optics.
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9.4 Time consumption

During the course of the commissioning of the LHC, several important improvements were made in
order to reduce the time between measurement and analysis. SUSSIX has been evolving during the
course of the commissioning. Figure 9.9 shows a plot of the evolution of the computing time of SUSSIX.
In this example the data was analyzed for 538 dual plane BPMs for 2000 turns.
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Figure 9.9: Flow diagram showing the data structure

As observed from figure 9.9 major step in the computing time has been achieved. The following
changes were implemented:

e First improvement: usage of a different compiler [142].

e Second improvement: parallelization of SUSSIX [140]. This has been achieved, using the OpenMP
API [141] to parallelize with respect to the independent analysis of BPMs.

9.5 Improvements

Some improvement of the GUI is foreseen for the future. First of all, the graphical design of the
panels could be improved. Also, the correction algorithm should be improved such that it allows the
placement of cuts separately on the horizontal and vertical plane. The correction panel should be
updated such that it allows to select independently the variables, for the moment their are divided in
lists. To save time for the computation of the full responses it would be recommended to compute the
full responses in parallel.
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Appendix A

Equations of motion

The most commonly used coordinate system in accelerator physics is the Frenet-Serret coordinate
system. This system is convenient as it follows the particles along the reference path. Figure A.1
shows the trajectories of particles in deflecting systems.

Individual particle
trajectory

Reference path

S

Figure A.1: The trajectories of particles in deflecting systems.

The deflection angle of the ideal path is d¢g = kodz, where kg (pln) is the curvature of the ideal
path. The deflection angle for an arbitrary trajectory is d¢ = kds. The ideal curvature ky is evaluated
along the reference trajectory (u=0) for a particle with the ideal momentum. In linear approximation
the path length element with respect to the coordinates for an arbitrary trajectory is:

ds = (1+ kou)dz + O(2). (A1)
Since u is the deviation of a particle from the ideal path, the equation of motion can be written as:
u' = —(1 —+ kou)k} + k‘(). (A2)

The equation of motion for charged particles in electromagnetic fields can be derived from equa-
tion (A.2) and (1.1). The horizontal (x) and the vertical (y) deflection can be expressed using the
general field expansion (appendix B) as follows:

1
p
e e
Fy = EBQC = I_j[koy — ky —may — O(3)], (A.3)

Koz, k, m are the strength parameters (m~"*"!) independent of the energy. No skew components were
considered for the moment. The potentials and magnetic fields until the 2t order are given, the
sextupoles. In appendix B the magnetic field expansion is explained in more detail. As a real particle
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beam is never monochromatic, effects due to small momentum are included. The particle momentum
close to the ideal momentum can be expanded to:

1 1 1
S Oy § I A4
P po(l+9) po( ) (A4)

2"+ (k+k2)r = kow(6 — 02) + (k + kog )26,

—1ma? — kkoz® + O(3) (A.5)
y'—(k—k3,)y= koyd — (k—k3,)yd.
+may + koyky® + O(3)) (A.6)

For the horizontal plane the (k+ k3, )z term describes the focusing effects from quadrupoles and a pure
geometrical focusing from bending in a sector magnet. A dispersive effect arises from ko, (6 — %) which
reflects the varying deflection angle for particles which do not have the ideal design energy. Focusing is
also energy dependent and the term (k + ko )0 gives rise to chromatic aberrations describing focusing
errors due to energy deviation. The term —kkoz? must only be included if focusing and bending
are present in the same magnet, for example in a synchrotron magnet. The last term —%me is the
sextupole term, which introduces both chromatic and geometric aberration. The chromatic aberration
from sextupoles can be used to cancel some of the chromatic aberration from quadrupoles, but in doing

so a quadratic effect which leads to geometric aberrations is introduced.
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Appendix B

Potentials and magnetic fields

The magnetic potential in Cartesian coordinates is written as:

inf

e 1
-V, =Y ——kn(z+iy)" B.1
pV (z,y) 2 (z +iy) (B.1)

The magnetic fields of a multipole of order n is written by:

oV,
B, =_>-"
x a.r b
oV,
B, = ——=. B.2
Yy ay ( )
Table B.1 shows the magnetic multipole potentials up to the 2t" order, the sextupole. ko, k, m are
Name Order Magnetic potential (-2V)
Dipole 0 _—kox + koy
Quadrupole 1 f%kz(:r2 —y?) + kay
Sextupole 2 —zm(z® — 3zy?) + tm(32?y — y®)

Table B.1: The magnetic multipole potentials up to the 2t order.
the strength parameters (m~"*!) independent of the energy and the parameters with the hat above
are their equivalent skew parameters.

Table B.3 shows the upright magnetic fields up to the 2t order.

Name Order | Horizontal magnetic field (%BT) Vertical magnetic field (%By)
Dipole 0 0 ko
Quadrupole 1 gy g x
Sextupole 2 mxy im(2? — y?)

Table B.2: Upright magnetic fields up to the 2t* order.

Table B.3 shows the skew magnetic fields up to the 2" order. In the last column the rotation angle
with respect to the upright magnetic field is given. The angle is determined by (90°/n), with n being
the order.

Name Order | Horizontal magnetic field (£B, | Vertical magnetic field (£B,) | Tilt (°)
Dipole 0 -kos 0 90
Quadrupole 1 -kx kEy 45
Sextupole 2 -zm(z? — y?) may 30

Table B.3: Skew magnetic fields up to the 2t* order.
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Appendix C

Derivation of resonance driving
terms

In case the motion is regular it can be decomposed into a series of spectral lines [143] the frequencies
of which are the fundamental tunes v, and v, and their linear combinations, e.g for the linearly
normalized horizontal plane after N turns:

2(N) —ipe = Y a;e'lP(mivetnivy)NEo] mj,nj € Z. (C.1)
Jj=1

Where a; and ¢; are the amplitude and phase of the corresponding spectral line.

C.1 Generating function

The idea of using a generating function is to reduce the initial map to a simpler map. In this case the
Cartesian coordinates are transformed to action-angle variables.

In the lowest order, the linear case, the action angle variables (Jg, ¢4, Jy, ¢y) are related to the
Courant-Snyder variables (section 1.2. 1) (&, Pz, U, Dy) by the formula:

Z= V2 ¢z + ¢zo
\/_sln (¢ + D20), (C.2)

where ¢, is the initial phase. It is convenient to express the linearly normalized variables in the so
called resonance basis h=(h;, h;,h}, h, ) defined by the relations:

x 'ty
hE=24ip, = \/2J,eTi 0790 (C.3)

The transformation to the new set of canonical coordinates ¢ = (¢, ¢, C;r ,¢, ) which brings the
map into the Normal form is expressed as a lie series:

¢=e P, (C.4)
where _
Czj: _ \/Ee¢z(¢z+¢zu). (C5)

And (I, ¢s, 1, ¢y) are the nonlinear action angle variables. In the resonance basis , F, can be
written as a sum pf homogeneous polynomials variables ( as

F. = Z FikmGH L R GG (C.6)
Jkim
Introducing ¢F:
F. = Z (21, ) (2] )’*"’ —i[(F—F) (b +z0)+(I—m)(dy+$y0)] (C.7)

jklm
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182 C. Derivation of resonance driving terms

The transformation from the new action-angle variables to the linearly normalized variables is given
by:

h = EZFT:C =(+ [FT7 C] + [Frv [FTv [Fm CH] +.y (0'8)
where [F,, (] denotes the Poisson bracket of F, and . To the first order transformation to the h
reads:

hy =G 4 [Fn Gl =0 =20 Y G fmmG L GR GHL G (C.9)

Jklm

The evolution of the variable in Normal Form after N turns is given by:
¢ (N) = \/2L,e* =Nt o0, (C.10)

The evolution of the linearly normalized horizontal variable:

h= (N) _ 2[Tei(27TU;EN+¢:BO)

T
Jtk—1

_9; Z jfjklm (2[1) k (ZIy) L+2m ei[(17j+k)(27rvxN+¢xo)+(mfl)(27ruyN+¢yo)]’ (Cll)
Jklm

and the vertical horizontal variable:

h; (N) = ZIyei(ZﬂuyN—&-qSyO)
-2i Yy lfjklm(ﬂm)%’“ (zjy)’*T"T'*lei[(k—j)(27%N+¢zo)+<1_z+m)(2m,,zv+¢yo)]' (C.12)

jkim
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Summary

The goal of this PhD is the development of tools and techniques for the measurement and correction
of the linear optics in colliders and other storage rings. The modus operandi used for measuring and
correcting the optics are described in great detail. Turn-by-turn data acquired at the beam position
monitors was used to measure the optics parameters.

A new algorithm, called the Segment-by-Segment technique, was further developed to identify
strong local sources. This technique allowed for the identification of strong local sources for the main
optics parameters. The Segment-by-Segment technique has been proven to be extremely useful during
the commissioning of the LHC. Although it has been an important and effective tool there is still
room for improvements. This technique could be improved by implementing an automated way for
identifying the local sources, by using a matching script or local response matrix.

The CERN SPS was used to test the algorithms before the LHC started. During the first ex-
periment the measurements and corrections for the phase of the betatron oscillations and horizontal
dispersion were tested. The ¢-beat (difference between model and measured phase advance) was used
as an observable, as the S-beat (section 1.4.2) could not be used due to the 90° phase advance in the
SPS lattice. For the first time horizontal orbit correctors at the sextupoles were used to correct the
¢-beat in the SPS, as only three quadrupole families are available. The ¢-beat was reduced by a factor
of two. A second experiment was dedicated to the correction of coupling and vertical dispersion. This
correction scheme uses vertical orbit bumps at the sextupoles, as only one skew quadrupole family is
available in the SPS. The outcome of this study is that it was possible to correct the leading coupling
resonance and the vertical dispersion simultaneously. They were both reduced by a factor of two. The
sum resonance was also corrected even though no weight was put on this resonance. Lastly, studies
were conducted for the low 7, optics. For this optics the phase advance is changed from 90° in the
nominal optics to 67° for the low ; optics and this gave the opportunity to measure the S-function in
the SPS. These experiments at the SPS were important and proved that the algorithms developed for
measuring and globally correcting the optics were performing well.

During the commissioning of the LHC several optics measurements and corrections were conducted.
The experience with the LHC has revealed a number of important lessons concerning optics correction.
First of all it is important to identify and correct the dominant local sources. When the local sources
are corrected to a level where no further corrections are possible anymore, a global correction can be
applied, which tries to make a global fit using all available correctors. An attempt was made to use only
the correctors around IR2 to do a global correction (during the ion commissioning), as it was expected
that the errors would arise only from the squeeze of IP2. This attempt was successful in correcting
the optics globally, but the correction had a negative effect on the optics locally. The correction was
changing the local phase advance significantly. The leading quadrupole and skew-quadrupole error
sources were identified in the inner triplets and the values for the correction used were constant during
the squeeze. The f-beating was successfully corrected at injection (450 GeV) to a 30% level. It was
decided that this level, though above tolerances, was acceptable for the existing aperture margins,
due to lower than expected RMS orbit. For the squeezed optics several measurements and corrections
sessions were conducted at different 5* (section 1.2.1) values. For a 5* value of 1.5 m the §* error was
corrected from a 60% to about a 15% level. Table C.1 shows a summary of the achieved results during
the course of the commissioning.

A successful collaboration was started with the Relativistic Heavy Ion Collider (RHIC) at BNL,
New York. The goal of this collaboration was to implement the Segment-by-Segment technique (de-
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Run E (GeV) | g* (IP,IP,,IP5,IPs | Peak % [%] | Peak 22 (%]
before B after
2009-2010 450 (11,10,11,10) ~ 50 ~ 30
2009-2010 3500 (2,2,2,2) ~ 60 ~ 25
2009-2010 3500 (3.5,3.5,3.5,3.5) ~ 35 ~ 15
2011 3500 (1.5,10,1.5,10) ~ 60 ~15
2011 3500 (1,10,1,10) ; ~ 10

Table C.1: Summary of the corrections achieved during the course of the commissioning.

veloped for the LHC) at RHIC. This implementation faced some challenges. The first challenge was
that RHIC only has double plane BPMs around the IRs, and outside of the IR only single plane
BPMs are available. The second challenge was that only a limited number of independent quadrupoles
are available around the IRs, limiting the correction. Despite these limitations, first results from the
segment-by-segment technique are promising. The f—beat around the ring in both planes was reduced
from 30% and 40%, respectively in the horizontal and vertical plane, to a ~ 20% level. Nevertheless,
some issues will need to be clarified. For instance the effect of the AC-dipole at RHIC has to be
investigated and algorithms need to be implemented to filter the bad BPMs.

The same algorithms that were developed for the global correction of coupling and vertical disper-
sion in the LHC have been applied to the CLIC damping ring in simulations. Errors were randomly
applied. Three different cases were studied. Rotations were applied to the dipoles and quadrupoles,
and misalignments were applied to the quadrupoles. The main contribution to the emittance H-V ratio
comes from the difference coupling resonance (section 2.4.3). The case with the largest emittance H-V
ratio was the skew quadrupole rotation. However, simulations with quadrupole misalignments could
not be carried out for an RMS error higher than 10 pm. The correction algorithm for the coupling and
vertical dispersion shows good results. The emittance H-V ratios are reduced by a factor of 3-5. Better
correction could be achieved by applying an iterative correction process. The first results for the CLIC
damping ring are promising and show that the same algorithms that were developed for the SPS and
LHC could be applied to an electron machine. However, further study will be needed to investigate
the effect of sextupole misalignments. Investigations about the number of skew-quadrupoles and the
number of different families of skew-quadrupoles should also be conducted. These explorations will not
only depend on the results of the beam optics studies but also on the available budget. Measurements
were also conducted at SOLEIL, a lightsource, to test whether the measurement techniques developed
for hadron machines could be experimentally applied to lepton machines. First experiments showed
that the measurement techniques could be applied to measure the linear optics and non-linear terms,
but a more detailed study would be needed to investigate the BPM non-linearities and the discrepancy
between the standard LOCO (section 2.6) analyses and the techniques discussed here.
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Samenvatting

Het doel van dit proefschrift is de ontwikkeling van methodes en technieken voor de meting en cor-
rectie van de lineaire optica in versnellers en andere opslagringen. De modus operandi gebruikt voor
het meten en corrigeren van de optiek worden in detail beschreven. De ’turn-by-turn data’ verkregen
in de ’beam position monitors’ (BPMs, monitoren die de positie van de bundel waarnemen) werden
gebruikt om de optische parameters te meten.

Een nieuw algoritme, genaamd de ’Segment-by-segment’ techniek, werd verder ontwikkeld om sterke
lokale fouten te identificeren. Deze techniek kon sterke lokale foutenbronnen voor de belangrijkste op-
tische parameters identificeren. De ’Segment-by-segment’ techniek heeft bewezen zeer nuttig te zijn
tijdens de ingebruikname van de LHC. Hoewel het een belangrijke en effectieve techniek is, is er nog
ruimte voor verbetering. Deze techniek kan worden verbeterd door een meer geautomatiseerde manier
voor het identificeren van lokale fouten, bijvoorbeeld door gebruik te maken van een lokaal 'matching’
script of lokale respons matrix.

De CERN SPS werd gebruikt om de algoritmen te testen voor de LHC werd opgestart. In het eerste
experiment werden de metingen en correcties voor de fase van de betatron oscillaties en horizontale
dispersie getest. De '¢-beat’ (het verschil tussen de gemeten en gemodeleerde fase verschuiving tussen
twee BPMs) werd gebruikt. De reden hiervoor is dat de ’5-beat’ (sectie 1.4.2) niet kon worden gebruikt
vanwege het 90° faseverschil tussen twee monitoren in het SPS-lattice. Voor de eerste keer werden hor-
izontale baancorrectoren in de sextupoles gebruikt om de '¢-beat’ in de SPS te corrigeren, dit omdat
slechts drie quadrupoolfamilies beschikbaar zijn. Het resultaat was dat de ’¢-beat’ verminderd werd
met een factor twee. Een tweede experiment was gewijd aan de correctie van de koppeling en verticale
dispersie. Dit correctieschema maakt gebruik van verticale baancorrectoren aan de sextupoles, omdat
er slechts één ’skew’-quadrupool (normale quadrupool 45° gedraaid in het transversale vlak) familie
beschikbaar is in de SPS-lattice. Het resultaat van dit onderzoek was dat het mogelijk is de dominante
koppelingresonantie en de verticale dispersie tegelijk te corrigeren. Beiden werden verminderd met een
factor twee. De som resonantie werd ook gecorrigeerd, hoewel er geen gewicht werd geplaatst op deze
resonantie. Tenslotte werden studies uitgevoerd voor de lage : optica (sectie 3.3). Voor deze optica
werd het faseverschil tussen twee monitoren gewijzigd van 90° in de nominale optica naar 67 ° voor de
lage v; optica en dit gaf de mogelijkheid om de -functie te meten in de SPS. Deze experimenten in de
SPS waren belangrijk en bewezen dat de algoritmen ontwikkeld voor het meten en globaal corrigeren
van de optiek uitstekende prestaties leverden.

Tijdens de ingebruikname van de LHC werden meerdere optica metingen en correcties uitgevoerd.
Een aantal belangrijke lessen konden geleerd worden over opticacorrectie in de LHC. In de eerste plaats
is het belangrijk om de dominante lokale fouten te identificeren en te corrigeren. Wanneer de lokale
fouten gecorrigeerd worden tot een niveau waarbij geen verdere lokale correcties meer mogelijk zijn, kan
een globale correctie toegepast worden, die probeert een globale ’fit” met alle beschikbare correctoren
te vinden. Er is geprobeerd om alleen de correctoren rond IR2 te gebruiken om een globale correctie
(tijdens de periode dat de LHC ionen versnelde) uit te voeren, omdat verwacht werd dat de fouten
alleen zouden ontstaan uit de ’squeeze’ rond IP2. Deze poging was succesvol bij het corrigeren van
de globale optische functies, maar de correctie had een negatief effect op de lokale optische functies.
Deze correctie veranderde het lokale faseverschil aanzienlijk. De dominante quadrupool en ’skew’-
quadrupoolfouten zijn waargenomen in de triplet magneten en de waarden voor de gebruikte correctie
zijn constant tijdens de ’squeeze’ ('squeeze’ is de techniek waarin de * word verlaagt in de IPs).
De ’B-beating’ werd met succes gecorrigeerd tijdens injectie (450 GeV) tot ongeveer 30%. Er werd
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besloten dat deze correctie, net boven de toleranties, aanvaardbaar was, als gevolg van lagere dan
verwachte 'TRMS’ spreiding van de baan. Meerdere meet- en correctiesessies werden gehouden voor
verschillende 5* (sectie 1.2.1) waarden. Voor een $* waarde van 1,5 m werd de fout gecorrigeerd van
60 % tot ongeveer 15 %. Tabel C.2 geeft een overzicht van de behaalde resultaten in de loop van de
ingebruikname van de LHC.

Run | E (GeV) | 87 (IPy, [Py, IPs, 1Py | Peak 22 [%] [ Peak 52 (%]
2009-2010 | 450 (11,10,11,10) ~ 50 ~ 30
2009-2010 | 3500 (2,2,2,2) ~ 60 ~ 25
2009-2010 | 3500 (3.5,3.5,3.5,3.5) ~ 35 ~ 15

2011 3500 (1.5,10,1.5,10) ~ 60 ~ 15

2011 3500 (1,10,1,10) . ~ 10

Table C.2: Samenvatting van de bereikte correcties in de loop van de ingebruikname van de LHC.

Een succesvolle samenwerking werd gestart met de Relativistic Heavy Ion Collider (RHIC) van
het BNL laboratorium, New York. Het doel van deze samenwerking was om de ’Segment-by-segment’
techniek (ontwikkeld voor de LHC) te implementeren in RHIC. Deze implementatie kende een aantal
uitdagingen. De eerste uitdaging was dat in RHIC alleen ’dual plane’ BPMs (BPMs die de positie
van de straal in beide vlakken waarnemen) geinstalleerd zijn rond de ’Interaction regions’ (IRs), en
buiten de IR slechts ’single plane’ BPMs (zijn BPMs die de positie van de straal oftwel in het horizon-
tale of vertical vlak waarnemen) beschikbaar zijn. De tweede uitdaging was dat slechts een beperkt
aantal onafhankelijke quadrupolen beschikbaar zijn rond de IRs, dit vormt een beperking voor mo-
gelijke correcties. Ondanks deze beperkingen, zijn de eerste resultaten van de segment-by-segment
techniek veelbelovend. De ’S—beat’ in de ring is voor beide vlakken teruggebracht van 30 %, 40 %,
respectievelijk voor het horizontale en verticale vlak, tot een niveau van ~ 20%. Toch zal een aantal
zaken verduidelijkt moeten worden in de toekomst. Bijvoorbeeld het effect van de AC-dipool in RHIC
zal onderzocht moet worden en algoritmen zullen moeten worden ontwikkeld om de slechte BPMs te
filteren.

Dezelfde algoritmes die zijn ontwikkeld voor de globale correctie van de koppeling en de verticale
dispersie in de LHC zijn toegepast voor simulaties van de CLIC 'damping ring’. Drie verschillende
gevallen werden bestudeerd. Rotaties werden toegepast op de dipolen en quadrupolen en verplaatsin-
gen op de quadrupolen. De belangrijkste bijdrage aan de ’emittance’ verhouding tussen het horizontale
en verticale vlak komt van de ’verschil koppelingresonantie’ (sectie 2.4.3). Het geval met de grootste
’emittance’ HV-verhouding was voor de de ’skew’-quadrupool rotatie. Simulaties met quadrupool
verplaatsingen konden niet worden uitgevoerd voor een 'RMS’ spreiding hoger dan 10 pym. Het cor-
rectiealgoritme voor de koppeling en verticale dispersie toont goede resultaten. De emittance HV-
verhoudingen werden verminderd met een factor 3-5. Betere correctie kan worden bereikt door een
iteratief correctieproces. De eerste resultaten voor de CLIC ’damping ring’ zijn veelbelovend en tonen
aan dat de dezelfde algoritmen die zijn ontwikkeld voor de SPS en de LHC zouden kunnen worden
toegepast op een elektronmachine. Echter verder onderzoek zal nodig zijn om het effect van verplaatsin-
gen van de sextupolen te onderzoeken. Onderzoeken over het aantal 'skew’-quadrupolen en het aantal
verschillende families van skew-quadrupolen moeten in meer detail worden uitgevoerd. Dit zal niet
alleen athangen van de resultaten van de optische studies, maar ook het beschikbare budget. Metingen
werden ook uitgevoerd bij SOLEIL, een lichtbron, om te testen of de ontwikkelde meettechnieken voor
hadronmachines kunnen worden toegepast op leptonmachines. Eerste experimenten toonden aan dat
de meting zou kunnen worden toegepast op de lineaire optica en niet-lineaire termen, maar een meer
gedetailleerde studie is nodig om de niet-lineariteiten van een BPM te onderzoeken en de discrepantie
tussen de standaard LOCO analyses (sectie 2.6) en de technieken die hier werden besproken.
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