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Abstract

The non-linear beam dynamics of a circular accelerator, such as the Large Hadron Collider,
can have a significant impact on its operation. In order to avoid limitations on the per-
formance reach of the accelerator, and ensure machine protection, it is vital that the beam
dynamics are well understood and controlled. This thesis presents the results of studies of
non-linear beam dynamics undertaken on the Large Hadron Collider at CERN, during the
2010 to 2013 period. It sets out to quantify the understanding of the non-linear beam dynam-
ics through the comparison of beam-based measurements to simulation, and where able and
appropriate seeks to explain deviations of measurement from the model, and define correc-
tions for relevant aspects of the dynamics.

The analyses presented in this thesis represent considerable advances in the understanding
of the LHC beam dynamics which should allow for an improved operation of the machine in
the coming years.
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Introduction

Since its inception around the 1930s the particle accelerator has come to infuse many aspects

of our society. As examples, accelerators in various forms are either already utilized in,

or being developed for, the fields of medicine, industry, defence, power generation, and

scientific research [12, 13, 14, 15, 16].

High energy physics (HEP), the study of the fundamental constituents of matter, is one

such field, which has pushed the boundaries of accelerator science throughout the 20th and

21st centuries. The European Organization for Nuclear Research (CERN) currently hosts

the Large Hadron Collider (LHC), the highest energy and most technologically advanced

particle accelerator yet constructed, which provides datafor experiments at the forefront of

HEP research. In order to achieve an optimal performance of the accelerator however, an

understanding of the dynamics of the particle beams as they travel through the machine is

essential.

The focus of this thesis is the single-particle transverse dynamics of hadron colliders,

specifically of the Large Hadron Collider at CERN. Within the field of single-particle trans-

verse dynamics,transverserefers to the plane of motion transverse to the direction of travel

of the particle beam, whilesingle-particleindicates that interactions between particles in the

beams are neglected. Multi-particle effects are beyond thescope of this thesis. In particular

the author has studied the modelling and correction of the non-linear dynamics in the Large

Hadron Collider, using beam-based measurements. The lineardynamics has also been con-

sidered, both as a prerequisite to the non-linear studies, and as an essential contribution to

the operation of the machine.

Chapters1 and2 briefly introduce the field and provide on overview of the Large Hadron
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Collider. Chapter3 presents results of beam-based correction of the linear optics1 in the

accelerator. Attention then turns to the non-linear dynamics, and Chapters4, 5 and6 present

the results of three analyses of different aspects of the non-linearity in the machine. Chap-

ter 4 describes the analysis of non-linear dynamics at injection(the state of the machine

at which beam is introduced into the accelerator), and presents the results of measurement

and correction of the non-linearities, together with comparisons to simulation. Chapter5

discusses observations of unexpectedly large shifts to specific beam properties which were

correlated with changes in the powering of non-linear elements, and presents an explanation

for the effects. Chapter6 is concerned with non-linear errors in specific elements of the

machine which are significant sources of non-linearity in collision (the state of the machine

where data is produced for the HEP experiments). First measurements and corrections of

these errors are presented.

The non-linear dynamics of particle accelerators is a field of rich phenomenology, which

lies at the forefront of modern accelerator science. The Large Hadron Collider is arguably the

largest, most complex accelerator built to date, and represents a new and exciting dynamical

system for study. Furthermore, in order to achieve the best possible performance of the LHC

(and in doing so advance the research of the HEP community) the beam dynamics must be

well understood, in order that it can be effectively controlled. The analyses presented in this

thesis represent significant steps forwards in the understanding and correction of the LHC

beam dynamics.

1A specific magnetic state of the machine is normally termed anoptics, due to the similarity of the beam
dynamics with the field of optics as it pertains to the transport of light through a system of lenses.



Chapter 1

Theories of beam dynamics pertaining to transverse
single-particle motion in the Large Hadron Collider

Beam dynamics is a field of accelerator science which is significant for the design, opera-
tion, performance, and protection of an accelerator. In this section an overview is given of
the theories of beam dynamics which are relevant to the material presented inthis thesis.
The chapter begins with a description of the linear dynamics, then progresses to deal with
aspects of the non-linear dynamics, concluding with a discussion of the luminosity.

1.1 Linear beam dynamics

The linear beam dynamics of an accelerator is, in the first instance, concerned with the bend-

ing and focusing of the beams such that they remain within theaperture of the machine.

Bending forces are supplied by dipole magnetic fields, while focusing is typically performed

with the use of quadrupole magnets. Within the linear approximation non-linear magnetic

fields are ignored and the beam dynamics is described by linear differential equations. Fig-

ure1.1 illustrates the Frenet-Serret coordinate system most often applied when dealing with

the linear beam dynamics.

Figure 1.1: Coordinate system for linear accelerator optics [17].

3
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The coordinate system travels with the particle, along a reference trajectory defined by

an ‘ideal’ particle.s is the curvilinear coordinate. A local radius of curvature,ρ(s), is also

defined, which depends on the magnetic field and therefore varies around the ring. The trans-

verse phase space is defined by(x, x′, y, y′), wherex andy are the transverse displacements

of the particle relative to the reference trajectory. The coordinatesx′ andy′ are the divergent

angles in thex andy planes, the prime denoting differentiation with respect tos.

To first approximation, the dipoles in a circular accelerator define an ideal orbit for a

particle having the reference momentum,p0. This orbit passes through the magnetic center

of all elements and closes in upon itself after a single revolution. An orbit which closes in

upon itself is termed aclosed orbit. In practice dipolar errors around the ring, together with

a variety of other effects, will act to distort the real closed orbit from the ideal designed orbit.

Furthermore, particles within the beam are distributed in amplitude (the beam occupies a

finite area in(x, x′, y, y′) phase space). The closed orbit defines the path of a particle with

zero amplitude within the beam, in practice the particles within the beam oscillate about the

closed orbit as a consequence of the focusing forces presentin the machine. In the LHC this

focusing is provided predominantly by quadrupole magnets.

Quadrupolar fields acting on charged particles displaced from the central axis provide

a restoring (focusing) force proportional to the displacement in one transverse plane, while

simultaneously providing a divergent (defocusing) force in the other. A quadrupole which

is focusing in the horizontal plane but defocusing in the vertical is referred to as afocusing

quadrupole. Likewise a quadrupole which is defocusing in the horizontal plane but focusing

in the vertical is referred to as adefocusing quadrupole. Utilizing an alternating arrangement

of focusing and defocusing quadrupoles, referred to as a FODO lattice, a net focusing is

obtained [18]. Figure1.2 illustrates magnetic fields in an idealized dipole and quadrupole,

together with the forces exerted on a positively charged particle travelling into the page.

In a circular accelerator such as the LHC the focusing due to the quadrupoles is peri-

odic in s, with a period of at most the accelerator circumference. Motion in the transverse

plane is therefore described by Hill’s equation, Eq.(1.1), wherek(s) is a periodic coefficient
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(a) Idealized dipole (b) Idealized quadrupole

Figure 1.2: Magnetic fields and forces in an idealized dipole (having acos(φ) current distribution
in the circular coil) and an idealized focusing quadrupole (having acos(2φ) current distribution
in the circular coil). Current in the dipole and quadrupole coils are indicatedin colour. Forces
exerted by the magnet on a positive charge travelling into the page are illustrated. Adapted
from [19].

describing the restoring force due to the distribution of focusing fields around the ring.

z′′ ∓ k(s)z = 0 z = x, y z′ =
dz

ds
(1.1)

Solutions to Hill’s equation take the form of Eq.(1.2),

x =
√

βx(s)ǫx cos (φx(s) + φx0) (1.2)

y =
√

βy(s)ǫy cos (φy(s) + φy0)

whereǫ is the emittance of a particle, and is a constant of the motionat a given energy.β(s) is

thebeta-functionof the accelerator, which describes the variation of the oscillation envelope

around the ring. In a collider such as the LHC, it is usual to denote the beta-functions at the

Interaction Points (where the beams are made to collide) by the symbolβ∗.

Particles oscillate about the closed orbit within the envelope defined by the beta function
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and emittance. The number of thesebetatron oscillationsper revolution around the accel-

erator is known as thetune, Qx,y. The tune is defined in Eq.(1.3), where∆φx,y is the total

betatron phase advance undergone by a particle during one complete revolution around the

accelerator ring.

Qx,y =
1

2π
∆φx,y =

1

2π

∮
ds

βx,y

(1.3)

Figure1.3shows a tracking simulation of a particle undergoing suchbetatron oscillations

in the LHC Arc12. Dipole errors were added which have distorted the closed orbit away from

the ideal path.
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Closed Orbit
√(βxεx)

Particle trajectory

Figure 1.3: Tracking simulation in LHC Arc12 of a particle undergoing betatron oscillations.

Analogously to the beta-function, thegamma-function, γ(s), describes the envelope of

oscillations inx′ andy′. The beta and gamma functions are related by thealpha-function:

αx,y = −1

2

d

ds
βx,y(s) =

√

γx,y(s)βx,y(s) − 1 (1.4)

Within the linear approximation all particles follow elliptical trajectories inx, x′ and

y, y′ phase space. The equation of the ellipse, Eq.(1.5), is defined by theα(s), β(s), and
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γ(s) functions together with the emittance.

γz(s)z
2 + 2αz(s)zz

′ + βz(s)z
′2 = ǫ where z = x, y (1.5)

Figure1.4shows schematically the phase space ellipse.

z

z′

Area = πε

tan 2φ = 2α/(γ−β)

φ

√(ε/γ)

√(εβ)

α√(ε/β)

√(ε/β)

√(εγ)

−α√(ε/γ)

Figure 1.4: Phase space ellipse in the transversez, z′ plane. Wherez represents eitherx or y.

The emittance defines the area of phase space contained by theellipse. Liouville’s the-

orem states that the phase space volume is conserved in a closed system. As protons emit

little synchrotron radiation [20] up to the TeV scale the emittance may usually be regarded

as a constant of the motion for a given energy (though at the multi-TeV scale radiation emis-

sion may become significant). Accelerating the beam invalidates Liouville’s theorem, and

thephysical emittance(ǫ) will shrink with increasing energy. It is possible, however, to con-

struct anormalized emittance(ǫγ), which is invariant with the beam energy. This is defined

in Eq.(1.6), whereβrel andγrel are the relativistic beta and gamma functions.

ǫγ = (βrelγrel)ǫ (1.6)
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The emittance of a specific particle is termed thesingle particle emittance.1 Different

particles may have differing single particle emittances, and therefore will undergo betatron

oscillations of differing amplitude. Abeam emittancemay also be defined: definitions vary,

however typically it is defined as the emittance corresponding to an amplitude at1 σ of the

(assumed) Gaussian charge distribution.

Dependence of the phase space trajectory on theα(s), β(s), andγ(s) functions can

be removed by transformation toCourant-Snyder coordinates[21] (sometimes called the

normalized Courant-Snyder coordinates), defined in Eq.(1.7),

(
ẑ
ẑ′

)

=

(
1√
βz(s)

αz(s)√
βz(s)

0
√

βz(s)

)(
z
z′

)

where z = x, y (1.7)

where the new coordinates are denoted byˆ. In the Courant-Snyder coordinate system par-

ticles follow circular trajectories in phase space.2

So far all particles within the beam are assumed to have the designed momentum (p0).

In reality particles within the beam have a distribution in momentum. The momentum of a

particle which differs fromp0 is typically defined in terms of a relative momentum deviation,

δ, defined in Eq.(1.8).

δ =
p − p0

p0

(1.8)

Such offsets in momenta introducechromaticerrors into the beam dynamics. One of the

most important of the chromatic aberrations in a particle accelerator isdispersion.

Magnetic rigidity relates the magnetic flux (B) perpendicular to the motion of a charged

particle, with the local radius of curvature and the particle momentum (P). It is defined in

Eq.(1.9) [22].

|Bρ| =
|P|
e

(1.9)

1The termsingle particle emittancehas been used throughout this thesis to denote theǫ, as defined by Eq.(1.5),
of a specific particle. This property is more technically denoted as theCourant-Snyder invariantof a particle.

2The terminologyCourant-Snydercoordintes has been used in this thesis for consistency with[21], however it
should be noted that these are theFloquetcoordinates.
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Particles of differing momenta have different local radii of curvature in the dipoles of

an accelerator, and therefore follow differing orbits around the ring. The deviation of an off

momentum particle orbit from that of the synchronous particle is defined by theDispersion

function, D(s) [23]. In a region of non-zero dispersion the contribution to theorbit of a

particle is described by Eq.(1.10).

∆xdispersion = Dx(s)δ (1.10)

∆ydispersion = Dy(s)δ

The orbit of a particle is therefore defined by Eq.(1.11).

z = zbetatronic + zdispersion + z closed orbit|δ=0
(1.11)

where z = x, y

1.2 Non-linear magnetic multipoles

In the linear approximation only dipolar and quadrupolar magnetic fields are considered.

Non-linear magnetic fields, those of sextupolar or higher order, are also introduced in an

accelerator both by design and through the presence of unavoidable imperfections in the

lattice. In general the magnetic field of a multipole of ordern (wheren = 1 is a dipole,

n = 2 is a quadrupole,n = 3 a sextupole, and so forth) is given by Eq.(1.12).

By(x, y, s) + iBx(s, y, s) = [Bn(s) + iAn(s)] (x + iy)n−1 (1.12)

Bn(s) and An(s) are the respectivenormal and skewmultipole coefficients, defined in

Eq.(1.13), where a skew multipole is a normal multipole rotated byπ
2n

.

Bn(s) =
1

(n − 1)!

∂n−1By

∂xn−1

∣
∣
∣
∣
(0,0,s)

(1.13)

An(s) =
1

(n − 1)!

∂n−1Bx

∂xn−1

∣
∣
∣
∣
(0,0,s)
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The Hamiltonian in the linear approximation can be written according to Eq.(1.14),

whereK(s) describes the variation of focusing strength around the ring.

H0 =
1

2
p2

x +
1

2
p2

y +
1

2
K(s)x2 − 1

2
K(s)y2 (1.14)

The contribution to the Hamiltonian of a multipole of ordern is given by Eq.(1.15) [24].

Hn =
q

p
Re

[
1

n
[Bn(s) + iAn(s)] (x + iy)n

]

(1.15)

The momentum kick received by a particle in the field of a certain magnetic multipole can

then be obtained from Hamilton’s equation

dpz

ds
= −dH

dz
where z = x, y (1.16)

In thethin lens approximationmagnetic elements are assumed to have zero length, the multi-

pole coefficients in Eq.(1.15) are replaced by their integrated strength (over the true element

length), and the multipoles are assumed to provide an instantaneous momentum kick to the

beam. In this context Eq.(1.15) is sometimes referred to as athin kickHamiltonian.

The transverse coordinates (z,pz wherez = x, y) may be re-expressed in the action-

angle coordinate system (φz,Jz wherez = x, y), Eq.(1.17), used extensively in the study of

oscillatory systems.

x =
√

2Jxβx cos φx y =
√

2Jyβy cos φy (1.17)

In the action angle coordinate system, the conjugate momenta (theaction, Jx,y) is an

invariant of linear betatron motion and describes the betatron amplitude of a particle (2J =

ǫsingle particle). In the first order approximation the tune shift due to certain magnetic multi-

pole is defined by Eq.(1.18),

∆Qx,y =
1

2π

d 〈H〉
dJx,y

(1.18)

where〈H〉 indicates that the Hamiltonian has been averaged over the betatron phase vari-
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ables. It should also be clear from the transformation to action angle coordinates that the

perturbation to the Hamiltonian due to a non-linear magnetic multipole scales with the beta-

function and the action. Denoting the Hamiltonian for annth order normal multipole asNn,

and the Hamiltonian for annth order skew multipole asSn, this is seen in Eq.(1.19).

Nn ∝ Re [(x + iy)n] (1.19)

∝ Re

[
n∑

k=0

(
n

k

)

ikβ
n−k

2
x β

k
2
y

(√

2Jx cos φx

)n−k (√

2Jy cos φy

)k

]

Sn ∝ Im [(x + iy)n]

∝ Im

[
n∑

k=0

(
n

k

)

ikβ
n−k

2
x β

k
2
y

(√

2Jx cos φx

)n−k (√

2Jy cos φy

)k

]

Non-linear magnetic multipoles introduced through the powering of non-linear magnets,

or through magnetic errors, can substantially influence thebeam dynamics. Geometric errors

in an accelerator lattice however, can also play a significant role. Eq.(1.15) assumes that a

particle is passing through the center of the generating element, however in general a lattice

suffers from misalignment errors of its constituent elements, and the real closed orbit of

the beam may be distorted away from the ideal. These effects result in the beam passing

off axis through magnetic elements in the lattice. A transverse displacement of the beam

from the magnetic axis of an element causes the beam to see, not only the primary field

component, but also perturbations from all lower orders [25]. Thus a beam passing off axis

through a sextupole will observe the sextupole, but also encounter quadrupole and dipole

perturbations. This is known asfeed-down. It can be illustrated by considering the (x,y)

dependence ofN3 from Eq.(1.19) (N3 ∝ Re
[
(x + iy)3] = (x3 − 3xy2)), under the change

of variablesx → x+∆x (equivalent to introducing a misalignment of the relevant element).

A Taylor expansion yields Eq.(1.20), which shows terms equivalent to quadrupole and dipole

fields.

N3(∆x ≈ 0) ∝ (x3 − 3xy2) + 3∆x(x2 − y2) + 3∆x2(x) (1.20)

∝ N3 + 3∆xN2 + +3∆x2N1 (1.21)
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Rotational misalignment is also a significant concern. Normal and skew multipoles are

related though rotation. Rotational misalignment of a purely normal or skew magnet there-

fore results in the beam seeing a mixture of normal and skew fields. Rotational misalign-

ments of normal quadrupoles for example, can be an importantsource of skew quadrupole

fields.

1.3 Formalism of non-linear beam dynamics

The dynamics of a circular accelerator may be defined in termsof transfer maps, which

relate final to initial phase space coordinates [21, 24, 26]. Within the linear approximation

the transfer map is a matrix, and in the case of the normalizedCourant-Snyder coordinates,

introduced in Section1.1, a pure rotation matrix. For consideration of the non-linear beam

dynamics it is usual to work in a frame where the linear dynamics is described by a pure

rotation. The transfer map for an arbitrary segment of an accelerator, for example theone

turn map(M) which relates a particle’s coordinates after a single turnto their initial values,

is the product of the transfer maps for the constituent elements of the relevant sector [21],

xf = Mxi with M = MWMW−1 . . . M2M1 (1.22)

whereW represents a specific element in the lattice. The transfer map for a non-linear ele-

ment is not described by a matrix, but rather by the exponential Lie operator,e−:f :, defined,

e−:f :g = g + [f, g] +
1

2
[f, [f, g]] + . . . (1.23)

[f, g] =
∑

i

∂f

∂qi

∂g

∂pi

− ∂f

∂pi

∂g

∂qi

whereqi andpi are the canonical position and momentum coordinates, and[f, g] is termed

the Poisson bracketof f andg. The one turn map including non-linear sources therefore

takes the form,

M = e−:hW :e−:hW−1: . . . e−:h2:e−:h1:R (1.24)
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whereR represents a matrix describing the linear beam dynamics andhw are the thin kick

Hamiltonians of the non-linear elements. The product of exponential Lie operators can be

expressed as another exponential Lie operator3 [24, 26, 27], giving the one turn map,

M = e−:h:R with h =
W∑

W=1

hW +
W∑

W,M<W

[hW , hM ] + . . . (1.25)

where from now on only terms to first order inhW are retained.h may be expanded in terms

of the solutions of the unperturbed motion, Eq.(1.17), according to Eq.(1.26) [24, 26, 27],

h =
∑

jklm

hjklm (2Jx)
j+k
2 (2Jy)

l+m
2 ei[(j−k)(φx−φx0

)+(l−m)(φy−φy0
)] (1.26)

wherehjklm areHamiltonian coefficientscontaining contributions from all multipoles in the

ring of ordern = j + k + l +m. As an example, a multipole of ordern gives rise to terms in

the Hamiltonian∝ xj+kyl+m, wheren = j + k + l + m, thus a skew quadrupole contributes

to h1010, h1001 andh0110.

Non-linear sources in general create a system in which the phase space trajectory de-

pends on both particle amplitude and betatron phase, and thelinear invariantJx,y is no longer

a constant of the motion. Transformation to normal form coordinates [21] is the non-linear

generalization of transformation to Courant-Snyder coordinates in which linear betatron mo-

tion is described by a pure rotation. The principle is to perform a transformation,e−:F :, from

a system with amplitude and phase dependence to one in which the dynamics is described

by only an amplitude dependent rotation [24, 26, 27]. This is illustrated in Fig.1.5. Much of

the detail regarding the non-linear dynamics is then contained in the generating function of

the transformation,F , and a new non-linear invariant,Ix,y, can be introduced. Similar toh,

F may be expanded in the normal form coordinates according to Eq.(1.27),

F =
∑

jklm

fjklm (2Ix)
j+k
2 (2Iy)

l+m
2 ei[(j−k)(ψx−ψx0

)+(l−m)(ψy−ψy0
)] (1.27)

3This is theCampbell-Baker-Hausdorfftheorm.
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Figure 1.5: An illustration of transformation to normal form coordinates [24]. Normalized phase
space portraits are shown for initial action-angle coordinates (left) and following transformation
to normal form coordinates (right). The units of the axes are0.5

√
mm

where the coefficientsfjklm are related tohjklm by Eq.(1.28) [24, 27].

fjklm =
hjklm

1 − ei2π[(j−k)Qx+(l−m)Qy ]
(1.28)

From Eq.(1.28) it is seen that at certain values of the tunes the transformation required

to shift the phase space to an amplitude dependent rotation diverges. Specifically this corre-

sponds to cases where,

(j − k)Qx + (l − m)Qy = p where j, k, l,m, p ∈ Z (1.29)

A divergence of the transformation to normal form generallyindicates an unclosed phase

space trajectory due to a resonance in the beam motion. The condition in Eq.(1.29) cor-

responds to situations where particles lie on resonant frequencies, in most cases leading to

their amplitudes growing unbounded (by the dynamics).fjklm are therefore known as the

resonance driving terms, or RDTs.

The resonance driving terms depend on local multipole strength and vary around the ac-

celerator ring according to the distribution of contributing sources [27]. In particular the

fjklm show abrupt jumps at the location of relevant sources. As thenormal form is by defini-

tion phase independent, it is possible to relate the turn-by-turn data at a given location on the
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ring to the RDTs at that location, Eq.(1.32) [28]. N represents the turn number,h±
z andζ±

z

are the original and normal form phase space coordinates. The second equality of Eq.(1.31)

has been truncated to first order in the Poisson bracket.

h±
z =

√

2Jze
∓i(φz−φz0) = z ± ipz where z = x, y (1.30)

ζ±
z =

√

2Ize
∓i(ψz−ψz0)

h−
z(N) = e:F(N):ζ−

z (N) ≃ ζ−
z (N) +

[
F(N), ζ−

z (N)
]

(1.31)

h−
x(N) =

√

2Ixe
i(2πQxN−ψx0) −

2i
∑

jklm

jfjklm(2Ix)
j+k−1

2 (2Iy)
l+m

2 ei[(1−j+k)(2πQxN−ψx0
)+(m−l)(2πQyN−ψy0

)] (1.32)

h−
y(N) =

√

2Iye
i(2πQyN−ψy0) −

2i
∑

jklm

lfjklm(2Ix)
j+k
2 (2Iy)

l+m−1

2 ei[(k−j)(2πQxN−ψx0
)+(1−l+m)(2πQyN−ψy0

)]

Each term in these expansions corresponds with a certain mode in the beam motion, and

contributes to a specific frequency in the spectrum of the motion [29]. The spectrum may be

determined from an FFT of the turn-by-turn betatron oscillation data. The contribution of an

RDT at a specific location on the ring to a given spectral line isdescribed in Eq.(1.33) [29],

whereP(a, b) represents the amplitude of the spectral lineaQx + bQy in planeP . Terms

with j = l = 0 do not contribute to the motion in either plane.

H(1 − j + k,m − l) = 2j |fjklm| (2Ix)
j+k−1

2 (2Iy)
l+m

2 (1.33)

V(k − j, 1 − l + m) = 2l |fjklm| (2Ix)
j+k
2 (2Iy)

l+m−1

2

In principle the|fjklm| may therefore be determined by a comparison of the amplitudes of

various spectral lines [27]. As an example the|f1001| = H(0,1)
2V(0,1)

.

In practice there are several additional concerns which need to be taken into account.

Firstly the decoherence of a kicked beam leads to a reductionin the amplitude of the spectral
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lines observed in the turn-by-turn data, dependent on both the line in question and the de-

tuning with amplitude [24]. Secondly, in order to reconstructh−
z from the turn-by-turn data

both the position and momentum are required. If only position data is available then spectral

analysis will mix linesP(a, b) with P(−a,−b). Consequently the contributions of different

RDTs may not be distinct, for example without momentum data the f1001 andf1010 RDTs

are not distinguishable. Finally situations may also arisewhere multiple RDTs contribute

significantly to the same spectral line, which may make interpretation of the data more com-

plicated.

To summarize:

• Multipoles of order n produce terms in the Hamiltonian∝ xj+kyl+m, where

j + k + l + m = n.

• These terms in the Hamiltonian drive resonances[(j − k), (l − m)] and give rise to

resonance driving terms (RDTs)fjklm.

• fjklm contribute to specific frequencies in the spectrum of the beam motion:

H(1 − j + l,m − l) andV(k − j, 1 − l + m).

• fjklm varies around the ring dependent on the distribution of multipoles of ordern,

showing abrupt jumps at the location of the relevant sources.

• fjklm are determined from the spectrum of the beam motion, which may be recon-

structed from the turn-by-turn data in the BPMs, allowing thelocalization of the rele-

vant multipole sources.

The formalism of RDTs has been used in this thesis when considering the linear betatron

coupling in the LHC. This is referred to specifically in Section 1.4.6.
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1.4 Phenomenology of non-linear beam dynamics

1.4.1 Chromaticity

Chromaticity is the variation of tune with the relative deviation from the ideal momentum

(p0). Under the influence of chromatic aberrations the tune may be described as a Taylor

series about the unperturbed tune, Eq.(1.34).

Qz

(
∆p

p0

)

= Qz0 + Q′
z ×

(
∆p

p0

)

+

+
1

2!
Q′′

z ×
(

∆p

p0

)2

+
1

3!
Q′′′

z ×
(

∆p

p0

)3

+ ...

(1.34)

where

Q′...n
z =

∂nQz

∂ ∆p

p0

n z = x, y (1.35)

Q′ is the first order variation of the tune with the relative momentum deviation, and is

normally referred to aschromaticity. Q′′, Q′′′, and further higher order terms in the Tay-

lor expansion are referred to asnon-linear chromaticity. Chromaticity is in the first in-

stance introduced into an accelerator via the momentum dependent focusing generated by

quadrupoles (higher momentum particles are less strongly focused by quadrupolar fields),

thus all alternating gradient machines have substantialnatural chromaticitieswhich are neg-

ative. Momentum dependent focusing can be illustrated by considering the transverse mo-

mentum kick from a thin normal horizontally focusing (B2 > 0) quadrupole. From Eq.(1.15)

and Eq.(1.16),

∆px = − d

dx

1

2

q

p
B2L(x2 − y2) = −q

p
B2Lx (1.36)

demonstrating that the magnitude of the horizontal momentum for a horizontally diverging

particle (a particle withpx > 0 andx > 0; or with px < 0 andx < 0) is reduced more

for lower momentum particles upon passage through a focusing quadrupole. A detailed

discussion relating the momentum kick to the change in divergent angle can be found in [30].
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Non-linear magnetic fields in dispersive regions also generate chromatic perturbations,

thus sextupoles are commonly used to correct the natural chromaticity. This can be illustrated

by considering the tune shift, Eq.(1.18), from a thin normal sextupole, Eq.(1.15), with x →
x + Dxδ. The chromaticity introduced by a normal sextupole is givenby Eq.(1.37).

∆Q′
x,y =

1

2π

〈
d

dδdJx,y

1

3

q

p
B3L([x + Dxδ]

3 − 3[x + Dxδ]y
2)

〉

=
±1

2π

q

p
B3LDxβx,y (1.37)

Relevant sources for chromatic perturbations are summarized in Tab.1.1.

Table 1.1: Sources of chromaticity [21]. In this notationK2 represents a quadrupole.(Ka)
b

represents thebth order contribution of multipoleKa.

Order Source

Q0 K2

Q′ K2, K3

Q′′ K2, K3, (K3)
2, K4

Q′′′ K2, K3, (K3)
2, K4, (K3)

3, K3K4, K5

1.4.2 Detuning with amplitude

Amplitude detuning is the variation of tune with single particle emittance. This detuning

may be described by a Taylor expansion about the unperturbedtune, Eq.(1.38).

Qz(ǫx, ǫy) = Qz0 +
∂Qz

∂ǫx

ǫx +
∂Qz

∂ǫy

ǫy+

+
1

2!

(
∂2Qz

∂ǫ2
x

ǫ2
x + 2

∂2Qz

∂ǫx∂ǫy

ǫxǫy +
∂2Qz

∂ǫ2
y

ǫ2
y

)

+ ...

(1.38)

ǫx,y is the physical single particle emittance. The single particle physical emittance is related

to the action (Jx,y) by Eq.(1.39).

2Jx,y = ǫx,y (1.39)
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For practical purposes some authors prefer to relate the particle emittance to an amplitude in

terms of the number of beam sigmas (σ) in the discussion of amplitude detuning. Assuming

a Gaussian beam distribution this is given by Eq.(1.40).

Nσ =

√

2J

ǫBeam

(1.40)

ǫBeam is the physical emittance of the beam, which may be determined from wire scanner

(BWS) data [31]. The nominal physical emittance of the beam at450 GeV is 0.0078µm,

σnominal is defined as the amplitude corresponding to this emittance.

Detuning with amplitude is generated by non-linear magnetic fields. As an example, the

tune shift due to a thin normal octupole can be calculated from Eq.(1.18),

∆Qx =
3

8π

q

p
B4L(β2

xJx − 2βxβyJy) (1.41)

∆Qy =
3

8π

q

p
B4L(β2

yJy − 2βyβxJx)

which shows a linear dependence of∆Qx,y on the action, demonstrating that normal oc-

tupoles generate first order detuning with amplitude. Table1.2summarizes relevant sources

for detuning with amplitude.

Table 1.2: Sources of detuning with amplitude [21]. In this notation K2 represents a
quadrupole.(Ka)

b represents thebth order contribution of multipoleKa.

Order Source

Q0 K2

∂Q

∂ǫ
(K3)

2, K4

∂2Q

∂ǫ2
(K3)

4, (K3)
2K4, (K4)

2, K3K5, K6
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1.4.3 Decoherence

On exciting a beam with a single kick betatron oscillations are induced, however amplitude

detuning and chromaticity lead to a tune spread in the beam. As a result, oscillations of the

composite particles following a single kick rapidly becomeout of phase, and the oscillation

of the beam is said to decohere. Beam position monitors (BPMs) record the center of charge

of the beam. Due to the decoherence of the betatron oscillations, the oscillation amplitude

recorded by the BPM will decrease towards zero following a single kick, even though the os-

cillation amplitude of the individual particles is unchanged. Correction of non-linear sources

in the accelerator removes sources of tune spread and reduces the decoherence of the beam,

leading to a slower decay of the oscillation amplitude recorded by the BPMs. In the par-

ticular case of decoherence due to first order chromaticity,synchrotron motion leads to a

periodic decoherence and recoherence of the beam motion. This occurs with a periodicity

equal to that of the synchrotron motion, in the LHC this is∼ 200 turns.

Decoherence may also occur as a consequence of collective effects. The LHC beams

utilized in the kicked-beam studies presented in this thesis consisted of a small number of

low intensity bunches. Decoherence due to collective effects was therefore not relevant to

the measurements presented in this thesis.

1.4.4 Resonances

It is normally desired to keep the accelerator tunes as far aspossible from simple fractional

values4. This is done in order to avoid the frequency of the betatron oscillations approaching

resonant values. Resonances arise in the beam motion when perturbations (which may be

linear or non-linear) act in synchronism with the oscillations of the beam in phase space,

that is: the frequency of the betatron oscillations causes aparticle to repeatedly encounter a

perturbation such that the effect of subsequent encountersadd coherently, which may lead to

a rapid growth in the oscillation amplitude of the particle [36, 37, 38].

The general resonance condition is given by Eq.(1.42). Theorder (n) of a resonance is

4Exceptions to this rule are, for example, slow extraction using the third order resonance [32] or multiturn
extraction and injection of the beam using non-linear resonances [33, 34, 35]. In principle the examination of
beam losses on the crossing of resonances can also be used as adiagnostic for non-linear correction qualities.
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n = |a| + |b|, wherea andb are as defined in Eq.(1.42).

aQx + bQy = p where a, b, p ∈ Z (1.42)

Eq.(1.42) defines a series of resonance lines in the(Qx, Qy) tune space, and is equivalent

to Eq.(1.29). Figure1.6plots the resonance lines, initially for resonances of order n = 5 and

lower (top), then for all resonances ofn ≤ 10 (bottom). The coordinate(Qx, Qy) at which

an accelerator operates is known as theworking point, and should be chosen to avoid (as far

as possible) resonant values.

The resonant lines defined in Eq.(1.42) have a finite width in(Qx, Qy) tune space. The

width of the resonance line is termed thestopbandof a resonance. In most resonances

particles which enter inside the stopband undergo a rapid growth in amplitude. Not all res-

onances, however, generate such instability in the beam motion. The difference linear cou-

pling resonance(Qx − Qy), for example, is inherently stable, and will be discussed further

in Section1.4.6.

The approach of the tune to a resonance results in characteristic distortions of the phase

space trajectory [38]. The distortion features the same degree of symmetry as theorder of the

resonance. In the absence of any amplitude dependent detuning there is no region of stability

in phase space when the beam lies on a resonant tune, however if detuning with amplitude is

present then solutions to the Hamiltonian show stable fixed points at small amplitudes [38].

These fixed points define a central region of stability, around which islandsof stable beam

motion form, the number of islands equalling the order of theresonance. This is illustrated

for the fourth order resonance in Fig.1.7.

1.4.5 Dynamic aperture and the chaotic boundary

The dynamic aperture (DA) defines the boundary in phase spacebeyond which particle mo-

tion becomes unstable [40, 41]. Particles which pass beyond the DA grow rapidly in ampli-

tude, and are lost from the accelerator. The Dynamic Aperture is therefore of key concern

for the successful operation of an accelerator and providesan important benchmark for the

LHC non-linear model.
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Figure 1.6: Resonance lines defined in(Qx, Qy) tune space by Eq.(1.42).
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Figure 1.7: Simulated phase space trajectories in the vicinity of the fourth order resonance
(Q = 0.2453) [39].

The dynamic aperture of a machine is closely related to the onset of chaotic motion. The

long term dynamic aperture, sometimes denoted asD∞, where the∞ indicates the DA after

an infinite number of turns, is generally associated with theboundary between regular and

chaotic motion [41, 42]. Practically however, the property of interest is typically the phase

space boundary inside of which particles will continue to circulate in the accelerator for a

specific time. Consequently the dynamic aperture at is usually considered to be the amplitude

beyond which particle motion becomes unstable, where stability it taken to refer to bounded

motion over a certain number of turns in the machine. The boundary of stability is larger than

the chaotic boundary at finite times, but will vary dependingon the time period in question.

The DA is therefore a function of time (or equivalently number of turns) with an asymptotic

value representing the region of long term stability which is generally associated with the

chaotic boundary. The DA is therefore normally quoted as a value associated with a number

of turns. Such a definition of the dynamic aperture has been adhered to in this thesis, and

unless explicitly stated the terms dynamic aperture or DA should be taken as referring to the

stable boundary after a specific number of turns. The DA may bedetermined in simulation

by examining the initial conditions of lost particles in a tracking study, using software such

as SIXTRACK [43].
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Chaotic motion is characterized by an exponential deviationin phase space of initially

close particles [40, 41]. Formally this can be described by theLyapunov exponent(λ), de-

fined: |∆(t)| ∼ eλt|∆(t = 0)|, where∆ is the separation of two trajectories in phase space.

A positive Lyapunov exponent is an indication of chaotic motion. Computationally efficient

alternatives to calculation of the Lyapunov exponent as methods to detect the onset of chaos

in a tracking simulation are thedistanceandslopemethods [42]. The distance method is

based upon examination of the final separation of two initially close particles. This may give

an overestimate of the chaotic boundary, as weakly chaotic particles may not have time to

separate substantially in order to be picked up [42]. The slope method is based upon exam-

ination of the evolution of the distance in phase space. The slope method may overestimate

the boundary in the case of weakly chaotic particles, but is also capable of underestimating

the chaotic boundary as a consequence of misidentifying large, but regular, oscillations near

resonances [42]. Both methods are implemented in SIXTRACK.

It is also worth noting that, while not utilized in this thesis, the field ofFrequency Map

Analysis(FMA) can have significant applications to the examination of particle stability in

accelerators [44, 45, 46].

1.4.6 Linear betatron coupling

In the LHC it is normally desired that the motion of the beam inthe transverse (x,y) planes

are independent. Such a situation is referred to asuncoupledmotion, and the transverse

phase space can be separated into two 2D ellipses in the(x, x′) and(y, y′) planes. Up to

this point coupled motion, wherein thex and y phase spaces are not separable, has not

been explicitly considered. Numerous aspects of the beam dynamics may act to couple the

transverse motion. The main sources of linear transverse coupling are solenoidal and skew

quadrupole fields, the latter being of most interest for studies of the LHC optics. While

the transfer map for linearly coupled motion can take the form of a 4 × 4 transfer matrix,

and it might therefore be considered an aspect of the linear dynamics, discussion of coupled

beam dynamics includes some consideration of resonances and resonance driving terms, and

has therefore been included within the non-linear phenomenology section of this chapter.

Transverse betatron coupling can significantly impact the beam dynamics and is over-viewed
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briefly in this section.

Parameterizations of linear coupling

The transverse linear dynamics may be described by a4 × 4 transfer matrix:

M̂ =

(
P p

q Q

)

(1.43)

whereP, p, q andQ are2 × 2 matrices. For uncoupled motion matricesp andq are0.

In the Edwards-Tengparameterization, described in [47], the linear coupling may be

characterized by a symplectic rotation ofM̂ into its normal modes form̄M, in which the

motion is decoupled:

M̄ =

(
X 0
0 Y

)

= RM̂R−1 (1.44)

Edwards and Teng characterized the transformationR by the symplectic matrix:

(
I cos θ −K−1 sin θ
K sin θ I cos θ

)

(1.45)

whereI is the2 × 2 unit matrix, andK is a2 × 2 symplectic matrix (det(K) = 1).

The transfer matrixM̂ of the linear dynamics may therefore be described by thex and

y twiss parameters of the uncoupled motion, together with theelements of matrixK and

Teng’s angle of rotationθ. In total, six of the twiss parameters, three elements ofK, andθ

will completely characterize the motion.

The Edwards-Teng parameterization forms the basis of the MAD-X [48] handling of

coupled motion. In MAD-X the relevant parameters areβx,y,αx,y,µx,y,γx,y andr11,r12,r21,r22,

where the quantitiesr11...22 correspond to the elements ofK multiplied bytan θ.

An alternative parameterization of linear coupling was developed by Mais and Ripken,

described in [49].

When transverse coupling is non-negligible, particle trajectories are confined to toridal
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paths in 4Dx, x′, y, y′ phase space. Such a trajectory is described by four generating vectors

and two phases:

z̄(s) =
√

ǫI [z̄1(s) cos φI − z̄2(s) sin φI ] +
√

ǫII [z̄3(s) cos φII − z̄4(s) sin φII ] (1.46)

where

z̄i =







xi

x′
i

yi

y′
i







i = 1, 2, 3, 4 (1.47)

As in the uncoupled case, two modes of oscillation exist (I, II), however in the Mais-Ripken

parameterization these do not correspond to purely horizontal and vertical oscillation. Lattice

functions are introduced by projecting the motion of modesI and II onto the transverse

planes, and defining the elements of vectorsz̄i as the product of a position envelope function

(β) with a position phase function (Φ), and an angle envelope function (γ) with an angle

phase function (̃Φ):

z̄1 =







x1

x′
1

y1

y′
1







=







√
βxI cos ΦxI√
γxI cos Φ̃xI√
βyI cos ΦyI√
γyI cos Φ̃yI







z̄2 =







x2

x′
2

y2

y′
2







=







√
βxI sin ΦxI√
γxI sin Φ̃xI√
βyI sin ΦyI√
γyI sin Φ̃yI







z̄3 =







x3

x′
3

y3

y′
3







=







√
βxII cos ΦxII√
γxII cos Φ̃xII√
βyII cos ΦyII√
γyII cos Φ̃yII







z̄4 =







x2

x′
2

y2

y′
2







=







√
βxII sin ΦxII√
γxII sin Φ̃xII√
βyII sin ΦyII√
γyII sin Φ̃yII







(1.48)

z̄ =







√
ǫIβxI cos(ΦxI + φxI) +

√
ǫIIβxII cos(ΦxII + φxII)√

ǫIγxI cos(Φ̃xI + φxI) +
√

ǫIIγxII cos(Φ̃xII + φxII)√
ǫIβyI cos(ΦyI + φyI) +

√
ǫIIβyII cos(ΦyII + φyII)√

ǫIγyI cos(Φ̃yI + φyI) +
√

ǫIIγyII cos(Φ̃yII + φyII)







(1.49)
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Lagrange invariance requires that:

z̄T
1,3Sz̄2,4 = CONST with S =







0 1 0 0
−1 0 0 0
0 0 0 1
0 0 −1 0







(1.50)

whereS is the unit symplectic matrix. In order to characterize the volume of the tori by the

quantitiesǫI andǫII , z̄ is normalized such that:

z̄T
1 Sz̄2 = 1 z̄T

3 Sz̄4 = 1 (1.51)

which yields5:

βxIΦ
′
xI + βyIΦ

′
yI = 1 βxIIΦ

′
xII + βyIIΦ

′
yII = 1 (1.52)

The areas of the ellipses in modeI andII are then constants of the motion, however the

projected areas inx, x′ andy, y′ are not conserved for coupled motion.

Analogously with the uncoupled case the position and angle envelope functions are re-

lated by:

γzi =
(βziΦ

′
zi)

2 + α2
zi

βzi

z = x, y and i = I, II (1.53)

The coupled dynamics is therefore described by fourβ functions, fourγ functions (or equiva-

lently fourα functions) and two phase functions. Figure1.8illustrates how the Mais-Ripken

lattice functions describe the projection of the 4D Taurus onto thex, x′ or y, y′ plane.

The Mais-Ripken parameterization is the basis of the Polymorphic Tracking Code’s

(PTC [50]) handling of coupled dynamics. The relevant PTC twiss parameters areβ11,β12,β21,β22

corresponding toβxI ,βxII ,βyI ,βyII , and similarly for other twiss parameters.

In practice when measuring twiss parameters in the real accelerator, it is the horizontal

and vertical functions which are observed. This corresponds with the Edwards-Teng twiss

5Considered here is the normalization under the influence of skew quadrupolar fields, solenoidal fields introduce
additional complications [49].
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Figure 1.8: Projection of 4D taurus onto thez, z′ plane (wherez = x, y).

functions. If it is desired to compare PTC simulations of twiss parameters under the in-

fluence of non-negligible transverse coupling to measurements, it is therefore necessary to

transform the PTC results into the Edwards-Teng parameterization, or vice-versa. Lebedev-

Bogacz [51] and Alexahain et al. [52] have derived most of the necessary transformations.

Dynamics of coupled motion

Linear coupling is driven by skew quadrupole fields (these may be generated by dedicated

skew quadrupoles in the lattice, and by magnetic and geometric errors in other elements) and

solenoids. In the LHC the contribution of the skew quadrupole component dominates.

To first order linear coupling drives two resonances:(Qx + Qy) and (Qx − Qy). To

higher order linear coupling may also give stationary termsin the Hamiltonian (a tune shift)
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and drive the2Qx and2Qy resonances. The higher order effects are typically neglected. The

dynamics of the beam are significantly affected by the approach to the sum(Qx + Qy) and

difference(Qx−Qy) linear coupling resonances. This has been studied through Hamiltonian

perturbation theory, this is the approach followed by Guignard [53] and Wiedeman [54], and

also through the normal form / resonance driving term formalism [27]. The magnitude of

the transverse coupling is characterized by coefficientsC− andC+, corresponding to the

difference and sum resonances respectively, which are simply proportional to the hamiltonian

coefficients corresponding to these resonances (2h1001 and2h1010) [53].

As the tunes approach the difference resonance the amplitude is described by a relation

in the form of Eq.(1.54) [54].

ǫx + ǫy = CONST (1.54)

Consequently as the difference resonance is approached the beam motion may not be-

come unstable (as neither emittance may grow unbounded). Rather there is a periodic ex-

change of emittance (equivalently energy) between the transverse planes. This leads to a

characteristic ‘beating’ of betatron motion under the influence of difference coupling, which

may be observed with kicked beams. Eq.(1.55) [53] and Fig.1.9show for a beam excited in

a single plane how the the period (T ) and amplitude ratio (G) associated with the beating of

betatron oscillations due to linear coupling relate to the coupling parameters. The properties

defined in Eq.(1.55) are indicated on Fig.1.9.

∆ = unperturbed tune split

|C−| = magnitude of the linear difference coupling

G =
Amin

Amax

=
|∆|

√

∆2 + |C−|2

T =
G

|∆| frevolution

(1.55)
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T

Figure 1.9: Illustration of the relation of linear difference coupling parameters to the beating of
betatron oscillations of a beam which is kicked in a single plane. This ignores decoherence. In
this plot the axes are labelled asx being the plane of the kick, andy the plane into which the
kick is coupled, however this is simply for convenience and the axes may be reversed without
consequence.

Close to the linear difference coupling resonance it is also found that while there are

two modes of oscillation, they are perturbed from the uncoupled tunes of the accelerator as

described by Eq.(1.56).

Q1 = Qx −
∆

2
+

1

2

√

∆2 + |C−|2 (1.56)

Q2 = Qy +
∆

2
− 1

2

√

∆2 + |C−|2

Thus if the motion is uncoupled or far from the resonance (∆ ≫ |C−|) the oscillation modes

are well correlated with the unperturbed tunes, however as the resonance is approached (∆ →
0) the perturbed tunes are forced apart by the coupling, and there exists a minimum tune split

which is equal to the magnitude of theC− (δQmin = |Q1 − Q2| = |C−|). This is illustrated

in Fig. 1.10.
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Figure 1.10: The dependence of the frequency of the oscillation modes on the tune split, under
the influence of linear difference coupling [55].

The beating of betatron oscillations and the existence of a non-zero minimum tune ap-

proach are therefore the principle observable consequences of the linear difference coupling

resonance.

In contrast with Eq.(1.54), as the tunes approach the sum resonance the amplitude is

described by a relation in the form of Eq.(1.57).

ǫx − ǫy = CONST (1.57)

Unlike the relatively benign dynamics of difference coupling therefore, the sum reso-

nance allows for unstable motion as only the difference in emittance is constrained. Re-

sultantly the LHC working point (Qx,y = 0.28, 0.31 for injection, andQx,y = 0.31, 0.32

for squeezed beams) is selected such that the linear coupling is dominated by the difference

resonance.
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Resonance Driving Terms for linear betatron coupling

Linear coupling in the LHC is dominated by the contribution of skew quadrupole fields,

which generate terms∝ xy in the Hamiltonian. As discussed in Section1.3, this gives rise

to the resonance driving termsf1001 andf0110 which correspond to theQx − Qy resonance,

and thef1010 RDT which corresponds to theQx + Qy resonance. In the LHC the working

point is selected so as to be close to the stable difference resonance as opposed to the unstable

sum resonance, consequently the|f1001| in the LHC dominates relative to the|f1010|.

The coupling RDTs can be measured in the LHC from spectral analysis of the betatron

oscillations. Such oscillations may be induced with a kicker magnet or an AC-dipole [56]

(which induces forced oscillations of the beam), however inthe AC-dipole case the calcula-

tion of the RDTs must take into account the effect of the AC-dipole on the Hamiltonian [57].

Spectral analysis of injection oscillations has also been recently applied to measure the cou-

pling RDTs in the LHC [7]. f1001 andf0110 describe the same dynamics, withf1001 corre-

sponding to motion in the horizontal plane andf0110 corresponding to motion in the vertical

plane. As standard therefore, when measuring the linear coupling in the LHC the average

of f1001 andf0110 is considered, but is generally labelled asf1001. This convention has been

adhered to in this thesis.

f1001 is approximately related to the difference linear couplingcoefficient|C−| by Eq.(1.58)

[27], where|f1001| is the mean amplitude off1001 around the accelerator ring.

|C−| ≈ 4|(Qx − Qy)||f1001| (1.58)

Correction of the linear coupling RDTs is implemented in the LHC to enable both global

and local correction of the linear coupling [55, 58].

1.5 Luminosity

The LHC accelerator is operated for the production of data which enables the study of High

Energy Physics (HEP) interactions. Counter-rotating beamsof hadrons are made to collide in

four Interaction Points (IP), around which various HEP experimental apparatus are located.
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The constituent particles which together comprise the hadrons within the beam may interact

during these collisions via processes which are of interestto the HEP community.

Many of the interactions studied at the LHC HEP experiments are extremely rare, and,

in order to differentiate signals of interest from background processes, a substantial volume

of statistics is required. The rate for a specific interaction is given by,

Rp = Lσp (1.59)

whereσp is the cross section for the interaction.L is theLuminosityof the accelerator, mea-

sured in units ofinverse barns per second(b−1s−1) where[b] = [10−24 cm−2]. Luminosity

is the key figure of merit for collider operation. The generalluminosity for colliding beams

is defined as [59, 60],

L = (frevncoll) KN1N2
1

c

+∞∫

−∞

∫ ∫ ∫

ρ1 (x, y, s,−s0) ρ2 (x, y, s, s0) dx dy ds ds0 (1.60)

wherex, y are the transverse dimensions,s is the longitudinal dimension, ands0 is a time-

like variable (s0 = ct) which defines the longitudinal separation of the bunches.N1,2 are

the numbers of particles per bunch in the two beams,ρ1,2 define the particle density,frev is

the revolution frequency, andncoll is the number of colliding bunches per turn (in the LHC

this differs from the total number of bunches, may vary between collision points, and will

depend on the specific filling scheme).K is the kinematic factor:

K =

√

(v̄1 − v̄2)
2 − (v̄1 × v̄2)

2

c2
(1.61)

For typical operation in the LHC, with counter rotating relativistic beams of equal magnitude

velocity, the kinematic factor is∼ 2c [61].

An analytical expression for the Luminosity may be obtainedby assuming the bunches
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have uncorrelated Gaussian profiles in all planes, and equalbunch lengths [59, 60]:

L =
N1N2 (frefncoll)

2π
√(

σ2
x,1 + σ2

x,2

)√(
σ2

y,1 + σ2
y,2

) (1.62)

whereσz,b is the size at the interaction point of beamb, in transverse planez. This is related

to the beam emittance and beta function at the Interaction Point by,

σz,b =
√

β∗
z,bǫz,b where z = x, y and b = 1, 2 (1.63)

where the dispersion function is assumed to be negligible atthe interaction point. In practice

an uncorrelated Gaussian beam profile may not accurately describe the charge distribution,

however it is a useful approximation which illustrates the importance of a well correctedβ

function at the interaction points.

In addition to the assumption of Gaussian distributions of charge within the bunches,

Eq.(1.62) also ignores a number of complications to the calculation of luminosity. To avoid

parasitic collisions either side of the interaction point it is necessary to separate the beams

by introducing a crossing angle into the LHC orbit at the Interaction Point. This reduces the

luminosity. Additional complications can arise due to any transverse separation of the beams

at the IP, and also due to small variations of the beta function along the length of the bunch

at the IP, both of which will reduce the luminosity. Eq.(1.62) should be modified to:

L =
N1N2 (frefncoll)

2π
√(

σ2
x,1 + σ2

x,2

)√(
σ2

y,1 + σ2
y,2

) × (reduction factors) (1.64)

Details of the relevant factors may be found in [59, 60]. The value of the reduction factor

will depend on the specific state of the collider at a given moment, however for the LHC a

value of the order of∼ 0.8 is expected.

The luminosity described so far is theinstantaneous luminosity, the luminosity of the

collider at a given moment in time. Also of practical concernis the integrated luminosity
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([b−1]) over a given period of time:

Lint =

T∫

0

L(t)δt

Number of events = Lintσp (1.65)

The integrated luminosity is determined, for example, by down-time throughout the run,

and by the ratio of preparation time to time in collisions. During operation for luminosity

production the instantaneous luminosity decays throughout the fill as particles are lost from

the beams (beam lifetime[62]). Particle losses prior to bringing the beams into collision will

also adversely affect the initialN1,2 reducing the obtainedLint.

A well controlled linear optics is essential for effective luminosity production, both di-

rectly through the optics quality at a given moment, and moregenerally in the contribution to

the smooth operation of the accelerator. Departures from the linear approximation, however,

also play a substantial role in determining the performanceof an accelerator. For example,

correction of the non-linearities in a collider may provideadditional space in the resonance

diagram, allowing a larger beam-beam tune shift, and hence higher intensity beams, to be

tolerated. Degradation of beam quality - for example emittance increase, beam loss, or the

reduction of beam lifetime - due to non-linear beam dynamicswill also reduce the delivered

luminosity. An understanding of the non-linear dynamics can therefore be important for the

effective operation of an accelerator such as the Large Hadron Collider.



Chapter 2

The LHC accelerator

The Large Hadron Collider is a hadron accelerator constructed in the former Large Electron
Positron Collider tunnel at CERN. The work presented in this thesis was performed on the
LHC during its first phase of operation between July 2010 and July 2013.In this section a
brief overview of the LHC will be given.

2.1 The LHC lattice

The Large Hadron Collider (LHC) is a26.66 km twin ring synchrotron collider operated by

the CERN1 laboratory. Two counter rotating hadron beams are circulated in the accelerator,

and collide at four interaction points (IPs), to provide data for High Energy Physics (HEP)

experimental apparatus: ATLAS [63, 64], LHCf [65, 66], Alice [67, 68], CMS [69, 70],

TOTEM [71, 72], LHCb [73, 74], and MoEDAL [75]. The LHC is a key accelerator based

instrument of study for a wide range of HEP phenomena.

The LHC consists of eight arcs (also called sectors), intersected by eight insertion re-

gions (IRs). Naming conventions are defined such that the arc separating IR1 and IR2 is

labelled Arc12, similarly for all other arcs. The octant of the LHC with IR1 at its center,

and containing halves of Arc12 and Arc81, is labelled Octant1, similarly for all other oc-

tants.Beam 1rotates clockwise around the LHC ring as viewed from above,Beam 2rotates

counter-clockwise as viewed from above. The beams occupy separate apertures, except for

those IRs where they are made to collide. The layout of the LHC is indicated in Figure2.1.

The LHC machine is described in theLHC design report[76, 77, 78].

1CERN, theEuropean Organization for Nuclear Research, is a High Energy Physics laboratory situated on the
Franco-Swiss border just outside of Geneva. CERN takes its name from the acronym of theConseil Euroṕeen
pour la Recherche Nucléaire, the provisional council originally mandated to establishthe institute.

36
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Figure 2.1: Schematic of the LHC layout [55].

2.1.1 The LHC arcs

Each LHC arc is constructed from 23 approximately regular cells of 106.9 m. The layout of

an LHC arc cell is shown in Fig.2.2.

The cell utilizes an FBDB layout of alternating focusing and defocusing superconduct-

ing quadrupoles, inter-spaced with superconducting dipole magnets. These elements are

commonly labelled MQF, MQD, and MB. Each cell contains two MQ (one focusing, one

defocusing), inter-spaced by three MB (six MB per cell). Thetunnel in which the LHC re-

sides was originally constructed for an earlier electron-positron collider, the Large Electron
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Figure 2.2: Schematic of an LHC arc cell [79].

Positron Collider (LEP), which has since been decommissioned. The transverse dimensions

of the LEP tunnel are too small to house two independent rings, therefore the MB magnets

in the LHC are of a dual bore design. Within each arc all MB are powered in series. The

main quadrupoles are arranged in two families per arc: all MQF of the two apertures being

powered in series, and all MQD of the two apertures being powered in series. A cross section

of the LHC main dipole assembly is shown in Fig.2.3 [80], together with a cross section of

the MB magnet with field lines indicated [81]. A cross section of the LHC main quadrupole

assembly is shown in Fig.2.4[82], together with a photo of an MQ magnet [83].

Inherent to the dual bore design and superconducting natureof the main arc magnets are

significant higher order field errors [19]. Consequently superconductingspool piecemagnets

are installed throughout the arc for the local compensationof the magnetic errors in the main

arc magnets [79]. Sextupolar correctors, known as the sextupolar spool pieces or MCS [84],

are mounted on the ends of every main dipole. These elements are intended to correct the

b3 errors of the MB. A feature of the superconducting nature of magnets in the LHC is the

decay of field components during the injection plateau followed by snap-back to their initial

values at the beginning of the ramp [85]. In the LHC the decay and snap-back ofb3 errors in

the main dipoles is a significant concern. The settings of theMCS therefore vary throughout

injection in order to track changes in theb3 content of the MB [84]. Octupole and decapole
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Figure 2.3: Cross section of the LHC main dipole assembly [80], alongside a cross section of
the MB magnet with field lines indicated [81].

Figure 2.4: Cross section of the LHC main quadrupole assembly [82], together with a photo of
an LHC MQ [83].
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spool pieces [84] are also used in the LHC for the compensation ofb4 andb5 errors in the

main arc magnets. The octupole corrector magnets, MCO, are nested within the decapole

corrector magnets, MCD, and together are referred to as the MCDO (or equivalently the

MCOD). Due to the nested configuration only the MCD magnets are pre-cycled. MCDO

are mounted on the ends of every second MB. Spool piece magnetsin the LHC are single

aperture, and are powered in series so as to define one family per Arc per beam.

In addition to the spool piece correctors, linear and non-linearlattice correctorsare also

present in the arcs, mounted on the main arc quadrupoles. Alllattice correctors are pow-

ered independently between the two beams. Horizontal and vertical orbit correctors (MCBH

and MCBV) are installed at each focusing and defocusing MQ respectively. Normal trim

quadrupoles, MQT, are used primarily for correction of the tune in the LHC. Four MQT per

arc are rotated by45◦ to form skew quadrupoles, MQS, which are intended for correction

of linear coupling. Normal and skew lattice sextupoles, MS and MSS, are also mounted on

the MQ, and are intended for correction of the natural chromaticity and the chromatic cou-

pling respectively. Of most significance for this thesis however, Landau octupoles, MO, are

present to provide damping of coherent oscillations of the beam due to collective instabili-

ties. The Landau octupoles are powered in series such that there are two families (focusing

and defocusing) per arc per beam.

Figure 2.5 shows how the betatron phase (top), beta-function (center)and horizontal

dispersion (bottom) vary through a single LHC arc cell. A schematic of the cell is also

shown, which indicates the locations of the MB, MQ and beam position monitors (BPM).

2.1.2 The LHC insertion regions

The LHC features eight Insertion Regions, labelled IR1-IR8. The principal functions of the

insertion regions are summarized in Table2.1. Detailed descriptions of the layout of the IRs

may be found in [79].

Of primary interest to this thesis are the experimental insertions, of which the LHC has

four, located at IR1, IR2, IR5 and IR8. In the experimental IRs the beta-function is squeezed

to small values in order to achieve a high luminosity. This isparticularly true of IR1 and IR5,
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Figure 2.5: Betatron phase (top), beta-function (center) and horizontal dispersion (bottom) in a
single LHC cell. A schematic of the cell is also shown which indicates the locationsof the main
dipoles (MB), main quadrupoles (MQ) and beam position monitors (BPM).
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Table 2.1: LHC insertion regions.

IR1 ATLAS and LHCf experiments
IR2 Alice experiment and Beam 1 injection
IR3 Momentum cleaning
IR4 RF and LHC beam instrumentation
IR5 CMS and TOTEM experiments
IR6 Beam dump
IR7 Betatron cleaning
IR8 LHCb and MoEDAL experiments, and Beam 2 injection

as ATLAS and CMS operate with tightly squeezed beams as standard (with the exception of

specific‘High β’ runs). IR2, Alice, typically operates without tightly squeezed beams for

proton collisions, however during ion and proton-ion (Pb-Pb and p-Pb) collisions theβ∗ is

reduced. During normal operation theβ∗ in Alice and LHCb is still squeezed, but only to

the order of several meters (3 m and8 m respectively in 2012). This contrasts with aβ∗ in

ATLAS and CMS of0.6 m in 2012.

In order to achieve a smallβ∗ at the interaction points, the beams are focused using

a ‘triplet’ arrangement of quadrupoles in the IRs. Such an arrangement necessarily has

a substantial beta function in triplets and neighbouring elements. This is illustrated in

Fig. 2.6, which plots the nominal beta function through IR1, for aβ∗ in the ATLAS In-

teraction Point (IP) of0.6 m. A schematic of the LHC lattice in this region is shown along-

side. LabelsQ1, Q2andQ3 indicate the triplet quadrupoles, andD1, D2 indicate the sep-

aration/recombination dipoles responsible for bringing the beams together in the common

region from their separate apertures in the arcs. TheQ4, Q5, Q6and Q7 are matching

quadrupoles.

Due to the largeβ either side of the Interaction Points, magnetic errors in the elements

in the IRs can significantly influence the beam dynamics. To enable the correction of errors

in the IRs, linear and non-linear corrector magnets are addedin the insertions, distributed

symmetrically about the IP. Of particular concern to this thesis, combinedb3 / b6 correc-

tors, and combineda3 / b4 / a4 correctors are installed on the non-IP sides of theQ3 triplet

quadrupoles. A schematic of the corrector layout in the LHC experimental insertions is

shown in Figure2.7.
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Figure 2.6: Beta function through IR1 (ATLAS), withβ∗ = 0.6 m. A schematic of the lattice
in this IR is shown (top). LabelsQ1, Q2andQ3 indicate the triplet quadrupoles, andD1, D2
indicate the separation/recombination dipoles responsible for bringing the beams together in the
common region from their separate apertures in the arcs. TheQ4, Q5, Q6andQ7 are matching
quadrupoles.

During luminosity production the LHC operates with many bunches, and parasitic cross-

ing points exist on either side of the IPs. In order to preventcollisions at these locations,

closed orbit bumps are introduced in a single plane of each experimental insertion to gen-

erate a crossing angle at the IP. An example of the simulated crossing angle in IP1 (for

β∗ = 0.6 m at4 TeV) is shown in Figure2.8.

Differing conventions exist to describe the LHC crossing angle. Throughout the studies

described in this thesis the crossing angle is defined as the angle made by the beam with the

longitudinal axis in its direction of travel. Thus, considering Figure2.8, the crossing angles
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Figure 2.7: Corrector layout in the LHC experimental insertions [86].
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Figure 2.8: Simulated nominal crossing angle in IP1 forβ∗ = 0.6 m at4 TeV.
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of Beam 1 and Beam 2 are defined to beθB1 andθB2 respectively. Dedicated closed orbit

bumps may also be applied to separate the beams at the IPs themselves. Theseseparation

bumpsare applied, for example, during injection, ramp, and squeeze to prevent collisions at

these stages in the LHC cycle.

2.1.3 Error estimates for the LHC lattice

During LHC construction, measurements were performed of individual magnet misalign-

ments within the cryostats and the alignment of the cryostats within the LHC. The Windows

Interface to Simulation Errors (WISE [87]) produces estimates of the geometric errors in the

LHC lattice [88] from these measurements.

Estimates of the magnetic errors in the LHC are also producedby WISE, based on direct

magnetic measurements and on the associated uncertainties. Low current measurements

were performed at room temperature on all magnets at industry (‘warm measurements’),

and ‘cold’ measurements (under operational conditions) were performed on a fraction of

the magnets once delivered to CERN. For magnets without cold measurements a‘warm-to-

cold’ correlation is introduced in the modelling of the field, however this has an associated

uncertainty. Typical uncertainties included in the WISE modelling are the uncertainty on this

warm-to-cold correlation, measurement errors, hysteresis, and power-supply accuracy. Sixty

magnetic instances (known asseeds) of the LHC are defined by WISE in order to encompass

the likely magnetic state of the accelerator. A descriptionof the production of the magnetic

error estimates may be found in [89].

The geometric and magnetic error estimates generated by WISEmay be incorporated

into LHC lattice models for beam dynamics simulation codes.

2.2 The operational cycle of the LHC

The operational cycle of the LHC begins with a pre-cycle of the majority of the magnets in

the accelerator [90]. No beam is present in the machine at this stage. In general the pre-cycle

requires that the current in the magnets is ramped up to a large value (in some cases it is then

also driven to large negative values), then back to the required settings. The exact nature
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of the pre-cycle depends on the type of magnet in question. The pre-cycle ensures that the

LHC magnets lie on the correct hysteresis branch and, where necessary, have a reproducible

behaviour of decay and snap-back, or a small residual magnetization.

Following the pre-cycle, beam is injected into the LHC from its injector chain at an en-

ergy of450 GeV andβ∗ ∼ 11 m. Depending on the purpose of the fill the number, intensity,

and filling pattern of bunches may vary. For the beam dynamicsstudies presented in this the-

sis it was usual to operate with a small number of non-colliding bunches, typically between

one and three, of low intensity,∼ 1010 protons/bunch. During operation for luminosity

production a significantly larger number of bunches, of the order of103, with high intensity,

≥ 1011 protons/bunch, are used. This stage of the LHC’s operational cycle is referred to as

Injection.

Once beam is injected the energy of the LHC is increased to collision energy, in a stage

referred to as theRamp. During the period studied in this thesis the LHC operated with

collision energies of3.5 TeV and4 TeV. The current of the LHC magnets must track the

energy changes during the ramp. Having completed the ramp the LHC enters a mode known

asFlattop where the beams are at high energy but theβ∗ has not yet been squeezed in the

experimental insertions. Typically a number of optics checks, for example tune measurement

and correction, are performed at Flattop. Theβ∗ is then reduced down to the value for

collisions (theSqueeze). The beams may then be brought into collision. Stable operation

with collisions is referred to asStable Beams.

At the end of an LHC fill the beams are extracted from the accelerator (Beam Dump). In

the case of a requested beam dump the current in the magnets isdecreased to the pre-injection

levels via a pre-cycling of the elements where necessary. Inthe case of an emergency dump

an independent pre-cycle is required before returning to injection.

Figure2.9plots theβ∗ in IP1, and the current in the main dipoles and Landau octupoles,

throughout an LHC fill. The operational mode is also shown. The currents andβ∗ should

be taken as indications only: the details of theβ∗ and magnetic cycle varied throughout the

period examined in this thesis. Some LHC modes have not been discussed in this section

as they are not relevant to the studies presented in this thesis. A complete description of the

LHC’s various modes of operation may be found in [91].
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Figure 2.9: The operational cycle of the LHC, as characterized by the IP1β∗ and the current in
the main dipoles and the Landau octupoles. Beam modes of particular relevance to this thesis are
indicated.

2.3 Beam instrumentation in the LHC

Beam-based study of the LHC underpins the analysis of the LHC dynamics presented in this

thesis. This section provides an overview of the beam instrumentation used to perform such

measurements in the LHC.

2.3.1 Wirescanners for transverse profile measurement

Measurement of the transverse profile of low intensity bunches in the LHC can be performed

with the use of dedicated linear wirescanners [92]. In the LHC design a36 µm carbon wire

is driven through the bunch in a single turn, generating a shower of secondary particles. The

position of the wire is monitored using a high precision potentiometer, while the shower is
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measured in a scintillator / photomultiplier detector. Theintensity of the secondary shower

is proportional to the charge density at the location of the wire, allowing a determination of

the transverse profile of the bunch. Operational software for the LHC wirescanner provides a

calculation of the emittance via a single Gaussian fit to the measured bunch profile. The value

of theβ-function used in the calculation may be either the nominal value at the wirescanner,

or a value propagated from optics measurements in nearby BPMs[55].

Four wirescanners (BWS) are present in the LHC: two horizontal and two vertical, where

the second pair of horizontal and vertical monitors are backups in case of malfunction. The

BWS are installed in IR4 and IR5. Several further instruments areavailable for the study of

beam profile in the LHC [76], however they are not relevant to the studies presented in this

thesis.

2.3.2 Beam position monitors

Transverse center-of-charge beam position in the LHC can bemonitored on a turn-by-turn

(TbT) and bunch-by-bunch basis by around 500 dual-plane BeamPosition Monitors (BPM)

in each ring [76]. Two types of BPM are used in the LHC: stripline BPMs are utilized in the

common apertures as they are capable of distinguishing between counter rotating bunches,

while button BPMs are used throughout the rest of the LHC. Figure 2.10shows schematics

for the two BPM types.

Both types of monitor work on the principle that passage of a charged particle bunch

induces a signal in the BPM electrodes [94]. The beam position is then given by the ratio

between the difference and sum of the induced signal in opposite electrodes, multiplied by a

scaling factor. LHC BPMs consist of two pairs of opposing electrodes, allowing determina-

tion of the beam position in both transverse planes.

The majority of the LHC BPMs (∼ 360/beam) are located in the arcs, mounted by

the main quadrupoles as seen in Fig.2.1. All arc BPMs are of the button variety. The

betatron phase advance between BPMs in the LHC arcs is∼ 45◦, this is roughly optimal for

reconstruction of the linear optics, and allows phase spacereconstruction from comparison

of TbT data in BPMs separated by∼ 90◦. Stripline BPMs are only used in the insertion
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(a) Button BPM

(b) Stripline BPM

Figure 2.10: Schematic illustration of the two types of Beam Position Monitor (BPM) used in
the LHC [93].
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regions at locations where the two beams occupy the same aperture. Enlarged button BPMs

(relative to those in the arcs) are also used in the IRs. The location of BPMs in an insertion

region is shown for IR1 in Fig.2.6, where BPMs are indicated by vertical grey lines.

In the LHC corrections for geometric and electrical non-linearity of the BPM responses

are performed automatically on turn-by-turn data prior to its delivery to users. Corrections

for the non-linearity applied during the LHC’s first operation run (Run 1: 2009-2013) are

known to be imprecise at large amplitudes [93]. Significant issues also exist with the re-

sponses of the IR BPMs [93]. The correction of BPM non-linearity is reviewed in [93, 95].

2.3.3 BBQ system for tune and coupling measurement

Continuous, passive monitoring of tune and linear coupling in the LHC is provided by the

Base Band Tune(BBQ) system [96, 97]. The BBQ measures the tune based on the principle

of performing spectral analysis on the difference signal between opposing pickups of dedi-

cated BPMs located in IR4 (this is equivalent to spectral analysis of the transverse position).

Incoming signals from the BPM pickups pass through a diode peak detector, isolating the

low frequency (base band) betatron modulation of the beam position from the high frequency

periodic revolution signal. For this reason the measurement technique used in the LHC BBQ

is known as Direct Diode Detection [98]. Filtering of the signal may then be performed for

the expected betatron frequency. Isolating the betatron oscillation with a peak detector prior

to spectral analysis allows the BBQ to analyse very small (of the order ofµm) oscillations

of the beam. This enables monitoring of the betatron tune without the need for external

excitation, allowing the BBQ to operate continuously during LHC operation.

In addition to measurement of the betatron tune, the BBQ also provides an estimate of

|C−| from the relative amplitude of the spectral lines corresponding to linear coupling [96,

99]. As the BBQ measurement of linear coupling is based on betatron oscillation data col-

lected at a single location no momentum information is available, and spectral analysis is

unable to distinguish between lines corresponding tof1001 andf1010. The BBQ therefore

measures a mixture of|C+| and|C−|. In practice difference linear coupling dominates in the

LHC and|CBBQ| ≈ |C−|.
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While in general it is possible to measure tune and coupling with the BBQ in the absence

of any external excitation, small transverse excitation can be performed by the LHCChirp

in order to improve the quality of the BBQ data [96].

2.3.4 Experimental kickers

Experimental kickers are present in the LHC to facilitate study of the beam dynamics. These

elements apply transverse momentum kicks to the beam, shifting it to a larger phase space

amplitude and inducing betatron oscillations which can be observed in the BPMs. Kicker

dipole magnets for Beam 1 and Beam 2 in the horizontal and vertical planes (four magnets

in total) are located in IR4. The kickers for each plane and each beam function independently.

The kicker dipole coils are formed from a single turn of solidcopper, this allows for a very

fast response of the kicker but requires large currents to generate a significant deflection of

the beam. The experimental kickers in the LHC can operate in three possible modes [100],

referred to as theTune Kicker(MKQ), Aperture Kicker(MKA), and theAC-dipole.

The tune and aperture kickers [100, 101] operate as traditional kicker magnets, ramp-

ing up and down within one turn in order to apply a single transverse kick then allow free

betatron oscillations. The MKQ and MKA are principally distinguished by the achievable

kick amplitude. The MKQ can generate kicks up to∼ 2 σnominal at450 GeV, and is intended

to induce betatron oscillations for the study of the linear beam dynamics. The MKA pro-

duces large amplitude kicks for study of the non-linear dynamics. Prior to 2012 the MKA

was limited to provide kicks≤ 6 σnominal at 450 GeV. This was upgraded to≤ 14 σnominal

at 450 GeV for the 2012 run [102]. The possible excitation is considerably reduced at top

energy compared to injection. Excitation with a single kickis a destructive measurement. In

practice this generally limits the applicability of the MKQand MKA to studies of the LHC

at injection where it is possible to rapidly dump and re-inject fresh beam.

Rather than applying a single kick, as with the MKQ and MKA, in AC-dipole mode

the dipole kicker magnets are powered sinusoidally, generating driven oscillations of the

beam [56]. By exciting at frequencies at close to the natural tunes of the LHC (Qx,y ×frev ∼
3 kHz) it is possible to generate forced oscillations of large amplitude with relatively little

power, even at top energy. The AC-dipole excitation can be ramped up and down close to adi-
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abatically [103], allowing beam dynamics measurements to be performed withonly a small

increase in emittance [104]. This allows multiple kicks to be applied to the same bunches,

facilitating optics measurements at top energy. Furthermore the driven oscillations generated

by the AC-dipole do not decohere, as is the case with a single kick. In the LHC measure-

ment with the AC-dipole is typically based on∼ 2000 turns of comparatively clean betatron

oscillation data. The downside to optics measurement with the AC-dipole is that the driven

oscillations introduce additional perturbations into thelinear and non-linear beam dynamics

which must be correctly accounted for in any analysis [57, 105]. Where possible therefore,

beam dynamics measurement for the studies presented in thisthesis were performed with the

use of single kicks generated by the MKQ and MKA.

Excitation of the LHC beams to large amplitude can representa considerable risk to

the accelerator [76]. Consequently the experimental kickers in the LHC may only be used

with a small number of low intensity bunches (of the order of1010 protons/bunch). This is

particularly true in the case of the MKA, which may only kick asingle low intensity bunch.

Following upgrade of the MKA for beam dynamics studies in 2012 the MKA was physically

disarmed in the LHC tunnel for regular operation, and required dedicated interventions to

enable and disable the MKA generator before and after beam dynamics measurements [102].

To aid machine protection, and during AC-dipole studies to prevent degradation of the beam

quality, the amplitude of kicks applied during beam dynamics measurements are typically

increased gradually to a sufficient magnitude while monitoring the beam losses. Beam loss

is usually observed with dedicatedBeam Loss Monitors(BLM): ionisation chambers located

around the LHC ring outside the magnet cryostats, which detect secondary particles from

showers created by losses from the LHC beams [76].

2.3.5 Beam current monitors

Measurement of individual bunch intensities in the LHC is provided by theFast Beam Cur-

rent Transformers(FBCT) [76]. FBCT measure the beam current by detecting the magnetic

field of the bunch which generates a current in the secondary winding of a transformer placed

around the beam.



Chapter 3

Modelling and correction of the linear optics

The studies presented in this chapter consider two main issues: whether the linear behaviour
of the LHC is replicated in the best available models, and the beam-based correction of the
linear optics.

A well understood and controlled linear optics is important for efficient operation of an
accelerator. The understanding of the linear optics may assessed through comparison
of simulation to measured data. Such a comparison was performed for the LHC in
collaboration with M.C. Alabau-Pons, F. Schmidt and R. Tomás (CERN) [1, 2].

Linear optics may be controlled through beam-based measurement and correction.
Correction of the linear optics in LHC experimental insertions is essential to achieving
the best possible luminosity in the HEP experimental apparatus, and to prevent luminosity
imbalance between the HEP experiments. Correction of linear optics errors around the
LHC ring can also reduce theRMS closed orbit, improving a wide range of machine
parameters and aiding in luminosity production. Furthermore the LHC has stringent safety
tolerances on the linear optics in order to ensure machine protection. The machine must
be corrected within these tolerances before it can run with operational intensity beam.
The beam-based measurement and correction of the linear optics reportedin this chapter
represents an application of methodology pioneered by the CERN Optics Measurement
and Correction (OMC) team during the first years of LHC commissioning [55, 106, 107].
The commissioning of the linear optics of the LHC is performed by the OMC team, of
which the author was a member at the time of the studies presented. Results reported in
this chapter reflect contributions from all the members of the team [4]. Measurements are
performed collectively, typically two team members perform the excitations of the LHC
beams while observing the losses and intensity to avoid unsafe beam loss, and a further
two team members process the incoming kick data. Once initial measurements havebeen
performed the team attempts to find local or global corrections for the optics errors. The
author played a leading role in the measurements and corrections presentedin this chapter.

Due to the influence of the linear optics functions on the non-linear phenomenology of a
particle accelerator, a well understood and corrected linear optics is an important prerequi-
site to the study of non-linear beam dynamics. The results presented in this chapter lay a
foundation for analysis of the non-linear dynamics of the LHC which will be presented in
Chapters4 to 6.

53
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3.1 Introduction

The quality of the linear optics correction in the Large Hadron Collider contributes substan-

tially to the machine performance. As described in Chapter1.5, β∗, the beta-functions at the

LHC Interaction Points (IP), determine the luminosity. It is important from the perspective

of the HEP experiments that the real beta-functions are as close as possible to the intended

values, and hence that the linear optics in the IRs is well controlled. As the orbit feedback

routines in the LHC assume the nominal1 LHC model, correction of the linear optics func-

tions towards their nominal values also results in an improvedRMS Closed Orbit around the

LHC ring [4]. Consequently the quality of the linear optics correction not only influences lu-

minosity production directly, but also impacts upon a wide range of machine parameters and

operational aspects. Furthermore, in order to guarantee machine protection tight tolerances

on linear optics errors are imposed on the Large Hadron Collider. The linear optics must be

commissioned following any change to the LHC lattice in order to check whether the ma-

chine operates within these safety constraints. If the machine is found to operate out-with

safe tolerances the linear optics must be corrected.

The linear optics quality is typically defined by the so-calledbeta-beatingof the acceler-

ator. The beta-beating is the relative deviation of the betafunction from the designed value.

It is defined by Eq.(3.1).

∆βz(s)

βz(s)
=

βz(s)measured − βz(s)nominal

βz(s)nominal

where z = x, y (3.1)

To ensure machine protection, the tolerance on the maximum beta-beat in the LHC is set

at≤ 15% in the horizontal plane and≤ 19% in the vertical [108]. As found in 2009-2011,

the LHC is out-with these tolerances if no optics corrections are applied [106, 107]. This

makes beam-based measurement and correction of the linear optics an essential prerequisite

to luminosity production.

In addition to the measurement and correction of the beta-beat, thenormalized horizontal

dispersion beating, defined in Eq.(3.2), may also be measured and corrected in the LHC.

1nominalrefers to the ideal designed machine.
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Normalized horizontal dispersion is considered rather than the horizontal dispersion beat, as

it is a quantity independent of BPM calibration [109].

∆
Dx(s)

√

βx(s)
=

Dx(s)measured
√

βx(s)measured

− Dx(s)nominal
√

βx(s)nominal

(3.2)

Comparison can be made of beam-based measurements of the linear optics to simula-

tions which incorporate the known sources of optics errors.These comparisons allow for an

assessment of the understanding of the errors in the machine, and an analysis of the relative

importance of the sources which may assist in directing future efforts.

As seen in Chapter1, the linear optics functions impact upon the non-linear phenomenol-

ogy of an accelerator. A well understood and corrected linear optics is therefore an important

prerequisite to study of the non-linear dynamics. The studies of linear LHC optics presented

in this chapter lay a foundation for study of the non-linear dynamics in the following chap-

ters.

Section3.2 begins by describing the methods used to measure and correctthe linear

optics. Section3.3 then presents a comparison of predictions from the best available LHC

models to measured data obtained during commissioning of the 2010 collision optics atβ∗ =

3.5 m and an energy of3.5 TeV. Finally Section3.4 presents results of the LHC optics

commissioning at4 TeV, performed in 2012, where a record quality of the linear optics

correction was achieved.

3.2 Measurement and correction of the linear optics

In this section the methods used to measure and correct the linear optics in the LHC are

summarized. References are provided to more detailed descriptions.

3.2.1 Linear optics measurement

Linear optics measurements in the LHC are performed by analysing the betatron oscillations

of excited beams. These excitations may be performed with the use of a kicker magnet, or
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by using an AC-dipole to drive forced oscillations of the beam[56]. The AC dipole has the

advantage that it is non-destructive if ramped adiabatically [103], however the forced oscilla-

tions introduce additional perturbations which must be compensated for in the analysis [57].

Tune and betatron phase are determined from spectral analysis of the betatron oscilla-

tions of the excited beams. The betatron oscillations are observed in the LHC BPMs [110],

which record the turn-by-turn (TbT) center of charge of the beam. Prior to any spectral

analysis however, the turn-by-turn BPM data is cleaned via a Singular Value Decomposition

(SVD) [111].

The SVD of anm × n matrixM is given by Eq.(3.3).

M = UΣV† =
∑

i

uiσiv
†
i (3.3)

U andV arem × m andn × n unitary matrices, them andn columns of which are the left

and right singular vectors ofM respectively.V † is the conjugate transpose ofV . Matrix Σ

is am × n diagonal matrix of real positive elementsσi, which are the singular values ofM.

The magnitude ofσi reflects the dominance of a given mode.

To clean LHC BPM data, the matrixM may be constructed of the turn-by-turn data

of all BPMs (m) for a desired number of turns (n). This is decomposed intoU andV,

describing the spatial and temporal modes respectively. Modes with small singular values

tend to be the result of uncorrelated noise between the LHC BPMs. By truncatingΣ to

retain only large singular values (small values ofσi are replaced with0), it is possible to

reconstruct a refined matrix̃M of the turn-by-turn BPM data with reduced noise. Following

the SVD procedure, spectral analysis is performed on the cleaned BPM data. The tune and

betatron phase at the LHC BPMs are determined by performing aninterpolated FFT using a

modified version of the SUSSIX software [44, 112, 113] designed for the frequency analysis

of betatron oscillation data.

Once the betatron phase is determined the beta function at the BPMs may be calculated

using theThree BPM Method[114]. Eq.(3.4) defines the beta-function at three BPMs in

terms of the phase advances and the elements of the transfer matrices between the BPMs.
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Figure3.2.1presents the quantities used in the calculation schematically.

β1 =
cot ∆φ12 − cot ∆φ13

m11

m12
− o11

o12

β2 =
cot ∆φ12 + cot ∆φ23

m22

m12
+ n11

n12

β3 =
cot ∆φ23 − cot ∆φ13

n22

n12
− o22

o12

(3.4)

BPM 2
BPM 1 BPM 3

∆φ12 ∆φ23

∆φ13

Beam
MMAD-X NMAD-X

OMAD-X

Figure 3.1: A schematic illustration of the 3-BPM method used to measure the beta-function
in the LHC BPMs. ∆φ are the phase advances between the BPMs determined from spectral
analysis of the turn-by-turn betatron oscillation data in the BPMs.MMAD−X , NMAD−X and
OMAD−X represent the transfer matrices between the BPMs with elementsmij , nij andoij . To
enable the measurement the transfer matrices are taken from the nominal model. These quantities
may be used in conjunction with Eq.(3.4) to determine theβ function at the BPMs.

The phase advances between the BPMs are determined from the spectral analysis previ-

ously described. The elements of the transfer matrix are assumed to be those of the nominal

model. The uncertainty in the beta function is determined bythe uncertainty in the phase

measurement and the phase advance between the BPMs [114]. In particular phase advances

of 0◦, 90◦ or 180◦ lead to a divergence in the uncertainty on the calculations in Eq.(3.4).
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Consequently in the insertion regions, where the phase advance between the BPMs is small,

or in situations where some of the BPMs malfunction, the uncertainty on the measured beta-

beat may become large. For this reason, and because of the reliance on the nominal model in

Eq.(3.4), corrections are normally calculated for the directly observed betatron phase rather

than the beta-beat.

To measure the dispersion at the LHC BPMs the mean orbit is calculated from the turn-

by-turn betatron oscillation data. Performing such a measurement at several RF frequencies

allows the dispersion to be calculated using Eq.(3.5), where∆z is the shift in the mean

horizontal or vertical orbit, and∆p/p0 is the relative shift in momentum due to the RF trim.

Dz =
∆z
∆p

p0

where z = x, y (3.5)

As previously mentioned, the normalized dispersion (D/
√

β) is the preferred quantity

for study, as it is independent of BPM calibration [109].

3.2.2 Linear optics correction

Two methods are utilized in the LHC for the correction of the linear optics. Thesegment-by-

segmentmethod [55, 107] corrects errors locally, and is focused towards the identification

and compensation of strong, highly localized errors. In contrast the response matrix ap-

proach [115] corrects the linear optics globally, and is better suited to the compensation of

widely distributed sources.

The segment-by-segment method was developed in order to provide a method to identify

and locally correct optics errors in the LHC [55]. A section of the ring is treated as a beam

line. The measured optics parameters at the start of the section are taken as initial conditions

at entry into the beam line, and are propagated through usingthe nominal model in MAD-

X [116]. The propagated optics parameters may be compared with theobservations. Any

deviation of the real machine from the nominal model shows upas a difference between

the propagated optics functions and the observations afterthe point in the beam line where

the error is located. The error can then be reconstructed by applying magnet trims in the
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model which reproduce the observed discrepancy. Applying the reconstructed trims to the

machine in reverse compensates the optics errors. The segment-by-segment technique has

been developed for a wide range of linear optics parameters.For correction of the beta-

beating in the LHC it is implemented by correcting the discrepancies in the betatron phase.

This has the same impact as correcting the beta-beat directly [115]. This method was applied

to great effect in the first years of LHC operation [55, 106, 107].

Following correction of strong local errors with the segment-by-segment technique, re-

maining errors may be corrected globally. A response matrix(R) of the linear optics func-

tions to the trims of the quadrupole circuits2 is constructed using the nominal MAD-X model,

Eq.(3.6) [55].

(

~∆φx, ~∆φy,
~∆βx

βx

,
~∆βy

βy

,
~

∆
Dx√
βx

, ∆Qx, ∆Qy

)

= R ~∆k (3.6)

The correction is then determined by Eq.(3.7), whereR+ is the pseudoinverse ofR deter-

mined by SVD, andω are weightings applied to the optics functions.

∆̄k = −R+

(

ω1
~∆φx, ω2

~∆φy, ω3

~∆βx

βx

, ω4

~∆βy

βy

, ω5

~
∆

Dx√
βx

, ω6∆Qx, ω6∆Qy

)

(3.7)

Cuts are applied on the minimum∆k to avoid making insignificant trims. If the∆k obtained

from global correction are too large segment-by-segment correction may first need to be

implemented to remove some of the stronger sources.

3.3 Comparison of simulated linear optics to measurement

Significant linear optics errors are present in the LHC insertion regions which generate a

substantial beta-beat in thevirgin3 machine. These were first identified in 2009-2010 [106,

107]. These errors are well understood [117], and may be corrected effectively with the

segment-by-segment technique [106, 107]. Of primary interest therefore was whether the

residual beta-beating in the LHC, after local correction of the linear optics errors in the

2circuit refers to a set of magnets powered in series.
3virgin machine: an optics of the machine with all beam-based corrections removed.
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insertion regions, is compatible with the current knowledge of the lattice errors. To assess the

understanding of the linear optics after local correctionshave been performed, measurements

of the residual beta-beating in the LHC were compared to the predictions of LHC models

including all known sources [1, 2].

To examine the beta-beating in the LHC a model was constructed in MAD-X [ 48]. As

described in Section2.1.3, the Window Interface to Simulation Errors [87] generates esti-

mates of geometric and magnetic errors in the LHC lattice from measurements performed

during construction. The measured alignment errors were applied to the lattice. Magnetic

errors (normal and skew) of ordern = 2 (quadrupole) up ton = 15 were then applied to the

main dipoles and quadrupoles in the LHC arcs, and the correction circuits in the arcs were

set to their nominal values. The closed orbit was matched to the zero orbit, the coupling was

matched to|C−| ≈ 0, and tunes and chromaticities were matched to their nominalvalues. As

the model was to be compared to the measured beta-beating following local corrections (but

before global corrections had been applied) no errors were applied in the interaction regions.

The twiss functions in the model were determined using the PTC module [50] in MAD-

X to allow the inclusion of higher-order errors in thick lattice elements. Consequently it

was necessary to transform the Mais-Ripken beta-functions output by PTCTWISS into the

Edwards-Teng parameterization for comparison with the measured data (see Section1.4.6

for a brief discussion of the Mais-Ripken and Edwards-Teng parameterizations of linearly

coupled motion).

The predictions of the model were compared to measurements of the beta-beat obtained

during commissioning of the 2010 collision optics (β∗ = 3.5 m at3.5 TeV) [1, 2]. Figure3.2

plots the simulated and measured beta-beat. Data for the simulated beta-beat are themean

andstandard deviation of the values obtained for the sixty WISE seeds.

At top energy, where local corrections have been performed,the agreement between the

simulated beta-beat and the measurements is good. While somediscrepancies are visible,

notably in the horizontal plane of Beam 2, they are clearly associated with steps in the beta-

beat located at the IRs (and in particular at IR8). These discrepancies may therefore be confi-

dently identified with slight imperfections in the local corrections utilized in 2010. Between

the uncompensated errors in IRs the global scale of the beta-beat obtained from simulation is
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Figure 3.2: Comparison of the modelled and measured beta-beating in the LHC at3.5 TeV,
β∗ = 3.5 m, following local correction of errors in the Insertion Regions. Measurements were
performed on the 4th September 2010 by R. Toḿaset al. Figure adapted from [2]
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compatible with the measurement. The precise shape of the beta-beating around the ring is

not perfectly reproduced, however simulation and observation agree within the uncertainty

defined by the measurement error and the variation between the WISE seeds (of the order of

σ(∆β

β
) = ±0.05, dependent on location, plane, and beam [1, 2]). This represents, therefore, a

respectable validation of the LHC model in the arcs within the linear regime. The simulated

beta-beat was also studied at injection [1, 2]. In this case no local corrections were applied in

the IRs and a comparison of the measured and modelled beta-beat is less meaningful due to

discrepancies introduced by the insertion errors, howevera beta-beating of the correct order

of magnitude was obtained [1, 2].

The importance to the beta-beat of the various sources included in the model was as-

sessed [1, 2] by introducing the errors in a step-wise fashion, togetherwith any corresponding

corrections. The simulated beta-beat in the complete modelwas of the order of10 %, de-

pending on the specific beam, plane, and location. Approximately half of this was generated

by the quadrupolar errors in the arc dipoles. The quadrupolar errors in the arc quadrupoles

also generated a comparable beta-beat. While the effect of the specific WISE seed was negli-

gible for the errors in the dipoles, in the arc quadrupoles there is a non-negligible uncertainty

in the warm-to-cold correlation4 of the magnetic error measurements. The peak and global

scale of the beta-beat are minimally affected by this, however the specific shape of the beta-

beat around the ring does vary dependent on the seed. The uncertainty in the warm-to-cold

correlation of theb2 errors in the arc quadrupoles represents, therefore, a limit on the un-

derstanding of the linear optics. Higher order errors made only a small contribution to the

beta-beating: up to a peak of∼ 1 %, but considerably lower at most locations. The effect of

the geometric errors was small but non-negligible, increasing the beta-beat by between1 %

and3 %. The role of the closed orbit was assessed by performing matchings to either the zero

orbit, or to a target produced from measured orbit data. The difference in the beta-beatings

for the two orbits was of the order of1 %.

Significant errors exist in the LHC insertions which lead to substantial beta-beatings,

however these errors are well understood and corrected via the beam-based commissioning

of the linear optics. Atβ∗ = 3.5 m, 3.5 TeV the scale of the residual beta-beating in the LHC,

after correction of local errors in the IRs, agrees well with expectations from simulations

4The warm-to-cold correlation was introduced in Chapter2.1.3.
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which include the known lattice misalignments and the magnetic errors in the arcs [1, 2].

The residual beta-beat is dominated by the quadrupolar errors in the main arc dipoles and

quadrupoles, with small contributions from feed-down [1, 2]. As the arc optics are not sig-

nificantly affected by changes ofβ∗ the conclusions of this section may be extrapolated to

other LHC optics. These results provide a good verification of the LHC model in the linear

regime.

3.4 Commissioning of linear LHC optics for proton operation at
β∗ = 0.6 m, 4 TeV

During the first years of LHC operation at3.5 TeV (circa 2009-2011) the methodology de-

scribed in Section3.2was implemented in the LHC with great success. In particularthe beta-

beat was corrected to the level of∼ 10% for operational states of the machine [55, 106, 107].

As β∗ was reduced over this period however, a growing luminosity imbalance was observed

between the ATLAS and CMS experiments. Due to concern that theimbalance could grow

to an intolerable level upon further reduction of theβ∗ to 0.6 m in 2012, special attention was

given to linear optics commissioning for theβ∗ = 0.6 m, 4 TeV proton-proton run. This was

primarily characterized by an increase in the time available for linear optics commissioning

compared to previous occasions.

During β∗ = 0.6 m, 4 TeV commissioning for proton-proton operation the methods de-

scribed in Section3.2 were applied to the LHC, however with more time available for the

linear optics commissioning than in preceding years a number of differences in strategy

were possible. In 2012 measurements were performed on the virgin LHC over its entire

magnetic cycle. This contrasted with previous methodology, wherein corrections were ap-

plied incrementally at every change in optics. Larger amplitude betatron oscillations were

excited compared with previous commissioning studies, which assisted in the reduction of

measurement uncertainties. Finally, local corrections inthe insertions were found by exam-

ining measurements throughout the betatron squeeze, and global corrections were performed

on the betatron phase and dispersion simultaneously. The results of these measurements and

corrections are presented in this section.
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3.4.1 Injection ( 450 GeV)

The first optics studied was at injection. The peak beta-beating before correction was ob-

served to be in the30− 40 % range, with a normalized horizontal dispersion beat up to

0.4 m− 1

2 . Independent global corrections were found for Beam 1 and Beam2.5 Simulations

of the correction predicted that simultaneous correction on the phase advance and normal-

ized horizontal dispersion gave the best quality correction. It was corrections found by this

method which were implemented. FiguresA.1aandA.1b in AppendixA.1 show the Beam 1

and Beam 2 correction trims applied to the machine.

Figures3.3and3.4show the Beam 1 and Beam 2 beta-beating and normalized horizon-

tal dispersion before and after correction. In both beams the beta-beat has been consider-

ably reduced (to< 10 %) and the horizontal normalized dispersion beat improved (down

to ∼ 0.01 m
1

2 ). In Beam 1 the vertical dispersion was unaffected, while in Beam 2 it was

marginally worse after application of the optics corrections. The slight worsening of the

Beam 2Dy(s) is not relevant to LHC operation. The correction was highly effective.

3.4.2 Top Energy ( 4 TeV)

Following measurement and correction of the linear optics at injection, studies were per-

formed at the new top energy of4 TeV. Measurements on the virgin machine were per-

formed throughout the betatron squeeze. As theβ∗ was reduced the beta-beating was seen

to increase dramatically, showing clear jumps in the beta-beat at the experimental IRs. This

was the result of errors in the IRs having a more significant impact as the beta-function was

increased in the elements surrounding the IP. Figure3.5 shows the beta-beating at several

points in the squeeze. As dispersion measurements require studies on and off the reference

momentum, and hence additional beam time, dispersion was only measured at the end of the

betatron squeeze. Given the∼ 100% beta-beat observed atβ∗ = 0.6 m corrections to the

optics were vital.

5MQM and MQT type magnets were used for the correction. These elements are on separate circuits for the two
beams, which allowed independent correction of Beam 1 and Beam 2



CHAPTER 3. MODELLING AND CORRECTION OF THE LINEAR OPTICS 65

-0.04

-0.02

0.00

0.02

0.04

 0  5 10 15 20 25

∆D
x/

√β
x 

 [m
1/

2 ]

Longitudinal location [km]

-0.4

-0.2

0.0

0.2

0.4

∆β
/β

y

IR3 IR4 IR5 IR6 IR7IR2 IR8 IR1

-0.4

-0.2

0.0

0.2

0.4

∆β
/β

x

IR3 IR4 IR5 IR6 IR7IR2 IR8 IR1

Virgin LHC After global correction

Figure 3.3: Beta-beat and normalized horizontal dispersion beat in LHC Beam 1 at injection,
before and after global correction of the linear optics.
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Figure 3.4: Beta-beat and normalized horizontal dispersion beat in LHC Beam 2 at injection,
before and after global correction of the linear optics.
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Figure 3.5: Beta-beating in the virgin LHC at several stages of the4 TeV betatron squeeze for
proton-proton operation.β∗ = 11 m corresponds to the optics at Flattop.
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Local corrections

Significant optics errors were identified in IR1, IR5, IR6 and IR8.Errors in the IRs are best

corrected locally with the use of the Segment-by-segment technique described in Section3.2.

In contrast with previous optics commissioning, the strategy adopted was to find trims which

would simultaneously correct multiple optics throughout the betatron squeeze (as the triplet

magnets are common to both beams it was also necessary, as with previous years, that these

trims simultaneously correct both beams). Unique solutions to the error distribution through

the IR do not necessarily exist, and such a method assists in removing some of the possi-

ble degeneracy in sources of the phase errors in the IR [4]. The simultaneous correction

of multiple optics is illustrated in Fig.3.6, which shows for three optics and both beams

the measured deviations of the betatron phase from the nominal model, together with the

reconstructed phase errors on applying the inverse correction trims in the nominal model.
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Figure 3.6: Simultaneous local correction of multiple optics in IR5. This plot has been adapted
from that shown in [4].

The measured deviations of the betatron phase from the nominal model atβ∗ = 0.6 m

through IR1, IR5, IR6 and IR8 are shown in Fig.A.2 to A.5 in AppendixA.2. Reconstructed
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phase errors corresponding to the local corrections applied to these IRs are also shown. The

local corrections are summarized in TableA.1 in AppendixA.2.

The local corrections were implemented in the LHC as constant trims from Flattop to

β∗ = 0.6 m, and led to a significant reduction in the beta-beating and normalized horizontal

dispersion beat. Figures3.7and3.8plot the beta-beating and normalized horizontal disper-

sion beat atβ∗ = 0.6 m, before and after the application of the local corrections in IR1, IR5,

IR6 and IR8.

Global corrections

The local corrections alone brought the linear optics within the tolerances defined for safe

operation, however as small a beta-beat as possible was desired in order to optimize the

operation of the machine. Errors in the LHC arcs and residuals from the segment-by-segment

technique may be corrected using the global method. As in thecase of injection, global

optics corrections were calculated for the measured betatron phase and normalized horizontal

dispersion after local correction. The applied trims are plotted in Fig.A.6 in AppendixA.3,

and the resulting improvement in the beta-beating and normalized horizontal dispersion beat

are shown in Fig.3.9and3.10for LHC Beam 1 and Beam 2 respectively.

Record beta-beat

Following local and global corrections, a peak beta-beat was achieved in the LHC of(7 ±
4) %. This is a record for hadron colliders, and equals the recordfor lepton colliders, held

by CESR [118]. Notably the CESR performance has been matched in spite of the LHC’s

larger circumference and greater number of insertions. TheRMS beta-beat achieved was

∼ 2 %, approaching a scale normally only seen in light sources. These results represent an

unprecedented quality of the LHC linear optics correction.Table3.1 presents the peak and

RMS beta-beat and normalized horizontal dispersion beat in theLHC following each stage

of correction.
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Figure 3.7: Beta-beat and normalized horizontal dispersion beat in LHC Beam 1 atβ∗ = 0.6 m,
before and after local optics correction in IR1, IR5, IR6 and IR8.
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Figure 3.8: Beta-beat and normalized horizontal dispersion beat in LHC Beam 2 atβ∗ = 0.6 m,
before and after local optics correction in IR1, IR5, IR6 and IR8.
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Figure 3.9: Beta-beat and normalized horizontal dispersion beat in LHC Beam 1 atβ∗ = 0.6 m,
before and after global correction.
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Figure 3.10: Beta-beat and normalized horizontal dispersion beat in LHC Beam 2 atβ∗ = 0.6 m,
before and after global correction.



CHAPTER 3. MODELLING AND CORRECTION OF THE LINEAR OPTICS 74

Table 3.1: RMS and peak beta-beat and normalized horizontal dispersion beat atβ∗ = 0.6 m in
the virgin LHC, and following local and global corrections. Adapted from[4].

(a) Beam 1

∆βx

βx
[%] ∆βy

βy
[%] ∆Dx√

βx
[10−2

√
m]

RMS peak RMS peak RMS peak

Before corr. 20 44±2 34 93±5 1.8 5.8±0.2
Local corr. 6.2 15±2 7.9 19±2 1.2 3.2±0.1
Global corr. 2.2 7±4 1.8 6±2 0.3 1.5±0.7

(b) Beam 2

∆βx

βx
[%] ∆βy

βy
[%] ∆Dx√

βx
[10−2

√
m]

RMS peak RMS peak RMS peak

Before corr. 33 99±5 23 67±2 2.1 9.2±0.4
Local corr. 4.1 10±2 3.9 12±2 0.7 2.6±0.2
Global corr. 1.8 6±2 1.5 7±3 0.4 2.4±0.2

3.5 Conclusions

The linear optics of the LHC, as characterized by the beta-beating and normalized horizontal

dispersion beat, is well understood and controlled. Presented in this chapter was a compar-

ison of the simulated LHC beta-beat atβ∗ = 3.5 m, 3.5 TeV to measurements performed

after local correction of the linear optics, and results of theβ∗ = 0.6 m, 4 TeV linear optics

commissioning for proton operation.

At β∗ = 3.5 m, 3.5 TeV it was found that following local corrections of the errors in the

LHC insertions, the scale of the remaining beta-beat agreedwell with simulations incorpo-

rating the known errors in the arcs. It was determined from simulation that the beta-beat

(after compensation of the errors in the insertions) was dominated by the quadrupolar errors

in the arc dipoles and quadrupoles. The uncertainty in the warm-to-cold correlation of theb2

errors in the arc quadrupoles was non-negligible and definedthe limit on the understanding

of the observed beta-beat. While this uncertainty affected the local shape of the beat-beat

around the ring, the variation was within the measurement and simulation uncertainties. The
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peak and global scale of the beta-beat was in general unaffected, and agreed well with the

observations, providing a good validation of the LHC model in the linear regime. As the arc

optics are not significantly affected by changes in theβ∗ this conclusion may be extrapolated

to other LHC optics.

Significant optics errors exist in the LHC insertions. As demonstrated during commis-

sioning of theβ∗ = 0.6 m, 4 TeV optics for proton operation however, these errors can be

identified and corrected locally within the IRs. During theβ∗ = 0.6 m, 4 TeV commissioning

local corrections alone reduced the peak LHC beta-beat from∼ 100 % to within operational

tolerances. Following local corrections in the insertions, global corrections were applied to

compensate for errors in the arcs and any residuals from the local correction. Upon imple-

menting these corrections a peak beta-beat of(7 ± 4) % was achieved in the LHC (with a

considerably lower beta-beat around most of the ring). Thisis a record for hadron colliders

which also matches the record for lepton colliders held by CESR.

The good understanding of the linear optics and the superb quality of the linear optics

corrections which are typified by these results represent a solid foundation in the study of the

LHC dynamics. Efforts continue during the LHC’s first long shutdown towards the improve-

ment of linear optics correction quality, however further advancements in LHC optimization

may also now be sought through an improved understanding of the non-linear dynamics.



Chapter 4

Measurement and correction of non-linear
observables in the LHC at injection

The non-linear dynamics of a circular accelerator such as the Large Hadron Collider can
significantly impact upon its performance. As the LHC progresses to more challenging
regimes of operation it is to be expected that the non-linear single particle dynamics
in the transverse planes will play an increasing role in limiting the performance of the
accelerator. As such it is important that the non-linear sources are well understood
and controlled. Beam-based studies of non-linear observables such asthe higher order
chromaticity, detuning with amplitude, and dynamic aperture provide the means to quantify
the non-linear dynamics of an accelerator.

Degradation of beam quality due to the non-linear dynamics at injection (450 GeV) will
adversely affect luminosity production throughout an entire LHC fill. The non-linear dy-
namics also play a significant role in the growth or damping of instabilities at injection.
Detailed studies of the non-linear dynamics in the Large Hadron Collider at injection were
performed in two experimental sessions during the LHC’s first operational run. Initial stud-
ies, performed in 2011, focused primarily on the non-linear chromaticity. Discrepancies
with the LHC models were identified, and partially explained. Corrections for the non-
linear dynamics were obtained through the minimization of second and third order chro-
maticities. During the second non-linear dynamics experiment, performed in 2012, studies
focused on the measurement of non-linear observables using kicked beams. Measurement
of first and second order amplitude detuning were performed, together with a determination
of the dynamic aperture. First observations of non-linear coupling in the LHC optics were
made. Simultaneous correction of the non-linear chromaticity, detuning with amplitude,
and dynamic aperture was demonstrated. It was shown that at nominal injection optics,
with Landau octupoles powered, the LHC model agreed well with the observed dynamics.

76
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4.1 Introduction

Since commissioning of the LHC began in 2009 great progress has been achieved in the

measurement, correction and modelling of the linear optics[1, 2, 4, 106, 107]. It has also

been demonstrated that the chromatic beta-beating and the chromatic coupling are well un-

derstood [4, 119]. In order to optimize the future performance of the machineas it moves

into more challenging operational regimes however, further understanding of non-linearities

in the LHC will be essential.

Non-linearities in the machine contribute to the Dynamic Aperture (DA), lead to the

development of resonances in the motion, and may drive particles towards such resonant

frequencies. These effects are detrimental to beam lifetime and luminosity production. On

the other hand the introduction of well understood and controlled non-linearity can be im-

portant for the damping of dangerous instabilities in beam motion. To effectively control

and correct the non-linearity in operation it is necessary therefore, to quantify the machine

non-linearity through beam-based measurements of properties determined by higher order

fields. Such studies allow for verification or invalidation of the magnetic model, and may

also be significant for the study of upgrade scenarios.

Beam based studies of non-linearities in the LHC were first performed at injection

(450 GeV) in 2011 [5, 6, 120], focused primarily on the study of non-linear chromaticities

with depowered Landau octupoles (MO). Further studies wereperformed on Beam 2 in 2012,

with a focus on measurements utilizing kicked beams at the nominal magnetic configuration

for injection. This included Landau octupoles powered at their operational settings1.

In this chapter results of analysis of the non-linear beam dynamics at injection are pre-

sented. Section4.2summarises the methods used to measure non-linear beam properties in

the LHC. Section4.3 presents the results of studies of the non-linear dynamics of the LHC

at injection with depowered Landau octupoles. Measurements and correction of the second

and third order chromaticities are presented, followed by acomparison of the measurements

to simulation and a discussion of possible sources of discrepancy. Section4.4presents stud-

ies of the non-linear dynamics performed in the LHC at nominal injection optics, including

1Operational settingsin this context refers to the settings present in the machineduring operation for luminosity
production in June 2012. During the second half of 2012 the MOpolarity in operation was reversed.
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Landau octupoles at their nominal settings. Measurements of non-linear chromaticity are

presented. A revised model of the LHC at injection, buildingon experience from the non-

linear chromaticity analyses, is introduced. Results of studies of the non-linear dynamics

at nominal injection optics, from the perspective of kickedbeam experiments, are then pre-

sented, together with a comparison to simulation. Section4.5 discusses the application of

the LHC model to machine configurations at injection which have not been studied directly.

4.2 Measurement of non-linear observables

4.2.1 Non-linear chromaticity

Chromaticity is the variation of tune with the relative deviation from the ideal momentum

(p0). As described in Chapter1.4.1, under the influence of chromatic aberrations the tune

may be described as a Taylor series about the unperturbed tune, Eq.(4.1).
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where

Qn
z =

∂nQz

∂ ∆p

p0

n z = x, y (4.2)

The non-linear chromaticity are the termsQ′′ and higher in Eq.(4.1).

The coefficients in Eq.(4.1) may be measured directly by observing the tune shift while

varying the momentum of the Beam, higher orders in general requiring a larger momen-

tum excursion. A change in momentum of the beam is generated via a change in the fre-

quency of the RF-cavities. The relative momentum offset is related to the frequency shift by

Eq.(4.3) [121], whereαC is the momentum compaction factor.
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The variation of the momentum compaction factor with momentum in the LHC is negligible

and the non-linear chromaticity is in general calculated assuming a constant momentum

compaction factor. The LHC tunes may be monitored throughout a scan of the relative

momentum offset using the BBQ system [97].

The second order chromaticity (Q′′) and third order chromaticity (Q′′′) may be corrected

using octupole and decapole magnets respectively, as theseelements have an impact linear

in their strength and will not affect the lower orders exceptthrough feed-down (Tab.1.1).

4.2.2 Amplitude detuning

Amplitude detuning is the variation of tune with single particle emittance, and was intro-

duced in Chapter1.4.2. This detuning may be described by a Taylor expansion about the

unperturbed tune, Eq.(4.4),
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∂Qz
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+ ...

(4.4)

whereǫx,y is the physical single particle emittance.

The detuning with amplitude can be measured by exciting the beam to large amplitudes

using a kicker magnet. The LHC Aperture Kicker (MKA) [100, 101, 122] used in these

studies is capable of providing single kicks of up to14 σnominal. On applying such a kick

betatron oscillations of the beam are excited. Spectral analysis of the turn-by-turn (TbT)

data in the Beam Position Monitors (BPM) then yields the tune. In these studies spectral

analysis was performed using the‘SUSSIX’code for frequency analysis of non-linear be-

tatron motion [112]. Performing such an analysis for a range of kick strengths allows for

a measurement of the variation of tune with betatron oscillation amplitude. The mean and

standard deviation obtained by performing this analysis for all BPMs (there are∼ 500 dual

plane BPMs per Beam in the LHC) are taken as the value and uncertainty on the tune.
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The action of the kick may be determined from the TbT BPM data using Eq.(4.5)

2Jx,y =

∑

BPMs

( 1

2
Peak−to−Peak)

2

βx,y

N
(4.5)

wherePeak − to − Peak is the peak-to-peak amplitude of the turn-by-turn oscillation data

in the relevant plane of the BPM andN is the number of BPMs. The procedure of averaging

over the available BPMs automatically cancels the effect of first order focusing errors around

the ring. The effect of the measured beta-beat on the action determined with Eq.(4.5) has

been examined for the studies presented in this Chapter, and found to be negligible [123].

This reflects the high quality of the linear optics correction in the LHC.

Eq.(4.5) makes the implicit assumption of an elliptical phase spacetrajectory: it is valid

in the linear regime where the phase space has not been distorted by higher order resonances.

The application of Eq.(4.5) to the real LHC is therefore an approximation, the validityof

which will depend on the degree to which the phase space is distorted. If detuning with

amplitude drives the tunes towards resonant frequencies such distortions could impact upon

the determination of the detuning. The validity of Eq.(4.5) under the conditions relevant to

the studies presented in this Chapter is discussed briefly towards the end of Section4.4.4.

This method of determining the action of the kicks also assumes that any emittance exchange

due to coupling is negligible.

In the LHC corrections for various geometric and electricalnon-linearities are automat-

ically performed on the turn-by-turn BPM data at its point of delivery to users, however

there are known to be small imperfections in the compensation of the BPM non-linearity at

very large amplitudes. The correction of the BPM non-linearity is reviewed in [93, 95]. As

described in Chapter3.2.1, prior to analysis of the turn-by-turn BPM data Singular Value

Decomposition (SVD) cleaning is performed on a matrix constructed from the TbT data of

all available BPMs [111]. This assists in the removal of uncorrelated noise.

Ideally, detuning terms in Eq.(4.4) are reconstructed by kicking at a range of amplitudes

along several angles in the(2Jx, 2Jy) plane. A fit may then be performed to the surface

defined by these measurements. In practice such a procedure requires a significant amount

of dedicated beam time in the LHC. Consequently measurements may be performed only in
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the horizontal and vertical planes. Under such conditions,when the excitation of a single

plane dominates, the 2D Taylor expansion of Eq.(4.4) may be approximated to 1D Taylor

series, Eq.(4.6).

Qx(ǫx, 0) (4.6)

Qx(0, ǫy)

Qy(ǫx, 0)

Qy(0, ǫy)

Typically it is required to perform a small excitation in theopposite plane from the dominant

kick. This ensures the amplitude of the spectral line corresponding to the tune of the unkicked

plane is sufficiently above the noise level to allow for a reliable determination of both tunes.

So long as any variation in the excitation amplitude of this additional kick is small with

respect to the amplitude range being examined, determination of the detuning is unaffected

(though the effect may show up as changes in theQz0 of fits to the measured data). Keeping

all kicks in the sub-dominant plane at constant amplitude throughout the study should help

ensure this condition is satisfied, however any substantialcoupling of the kicks into the

opposite plane will introduce complications if a 1D analysis is attempted.

Diagonal terms in the 2D Taylor expansions forQx andQy cannot be measured directly

if only horizontal or vertical kicks are performed. Some of these missing terms may be

determined from the well known identities relating the diagonal terms ofQx to the on axis

terms ofQy and vice-versa. Eq.(4.7) is the well known equivalence of first order amplitude

detuning cross terms. Eq.(4.8) are the equivalent identities for the second order detuning,

which relate the diagonal detuning ofQx,y to the on axis detuning ofQy,x.

∂Qx

∂ǫy

=
∂Qy

∂ǫx

(4.7)
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∂ǫx∂ǫy

=
∂2Qy

∂ǫ2
x

(4.8)

∂2Qy

∂ǫx∂ǫy

=
∂2Qx

∂ǫ2
y

If the data is available such identities relating the detunings ofQx andQy can provide a

qualitative test of the measurement quality and the fits to the data. Identities (4.7) relating

the first order detuning cross terms allow for such a test withboth 1D and 2D methods. While

poor agreement of these terms in the detuning expansion may be indicative of a poor quality

fit or bad data, a good agreement does not necessarily imply the reverse.

Recent theoretical advances, verified experimentally in theLHC, now allow for the study

of amplitude detuning using an AC dipole kicker magnet [105]. As opposed to measurements

with a single kick this has the advantage of being non-destructive, however the analysis is

substantially complicated with respect to the single kick method and data quality may be

lower. At injection energy in the LHC the single kick method is most suitable, and was

utilized for the studies presented in this Chapter.

4.2.3 Dynamic aperture

A possible method to observe the dynamic aperture is to measure beam loss following large

amplitude kicks. The principle behind such a measurement isillustrated in Fig.4.1. A kick

shifts the beam to large amplitude inz′ (the angle amplitude in the plane of the kick,z

denotes the position amplitude in the plane of the kick), resulting in particles passing beyond

the dynamic aperture and being lost. The distance of the excited beam from the dynamic

aperture may then be determined from the measured beam losses following the kick, while

the kick amplitude itself is determined from the turn-by-turn BPM data.

The fractional beam loss is given by the integral of the charge distribution, normalized

to its total charge, over the region of phase space outwith the DA. It is assumed that the

charge distribution is small with respect to the dynamic aperture, such that the integral may

be taken between the limitsN = ±∞ (whereN represents the amplitude inz, in units of

[σbeam]). Assuming a circularly symmetric single Gaussian charge distribution the integral

is then reduced to Eq.(4.9), whereN ′ represents the amplitude inz′, in units of [σbeam].



CHAPTER 4. MEASUREMENT AND CORRECTION OF NON-LINEAR OBSERVABLES IN THE LHC AT INJECTION 83

Figure 4.1: Illustration of the method used to measure the dynamic aperture. The value of
(DA − NσKICK) is determined from the beam loss over many turns.

Equation (4.9) can be expressed in terms of the error function, and rearranged to give an

expression for the DA in terms of the measured beam loss and kick amplitude, Eq.(4.10). A

more detailed derivation of these relations is provided in AppendixB.4.

∆I

I
=

1√
2π

∫ +∞

DA−NσKICK

e−
1

2
N ′2

dN ′ (4.9)

DA − NσKICK√
2

= erf−1

[

1 − 2
∆I

I

]

(4.10)

In the LHC the beams are round (ǫx = ǫy) to a close approximation and the beam size is

small compared to the possible DA of the nominal machine, however there is known to be

an overpopulation of the transverse tails with respect to a single Gaussian charge distribution

for the bunch types used for DA measurement in the LHC [124]. To limit the impact of any

overpopulation of the tails on the estimate of the DA, the beam should be kicked as close to

the aperture as allowed by beam losses. Alternatively the analysis of the beam losses may be
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extended to a more realistic charge distribution, this is described in AppendixB.4.

Losses at the dynamic and physical apertures may in general be distinguished by a con-

sideration of the timescale over which the losses take place. Losses on a physical aperture

usually occur on a timescale of a few turns, while losses uponthe dynamic aperture are gen-

erally slower and occur over many turns. It is in principal possible to study the losses on

a turn by turn basis using the sum signal of the BPMs, however this data was in practice

unavailable. Losses during the measurements presented in this Chapter were studied using

the LHC Beam Current Monitors, BCT. The BCT data used have a resolution of 0.5 Hz,

approximately550 turns. While this is insufficient to allow for a completely conclusive de-

termination of whether losses occurred on the physical aperture, it may provide a strong

indication. To definitively verify that losses are occurring at the dynamic aperture however,

it is desirable to perform a second measurement with non-linearities reduced as far as pos-

sible, while the physical aperture is unchanged. The removal of non-linear sources may be

expected to increase the DA. If a corresponding increase in the loss aperture is seen in the

measurement then the dynamic aperture is the source of the observed losses.

4.3 Measurements of non-linear observables at injection, with
Landau octupoles set to zero

First studies of the non-linear dynamics in the LHC were performed at injection optics in

2011. Substantial second and third order chromaticities were observed during an initial

study with Landau octupoles set to zero, which led to a first correction of the higher order

chromaticity shortly after. Corrections for non-linear chromaticity presented in this section

will also be relevant to an analysis of kicked beam observables presented later in the chapter.

4.3.1 First measurement of the non-linear chromaticity

As a first step in the study of the non-linear dynamics of the LHC, measurements of the

higher order chromaticity were performed at injection optics, with Landau octupoles set to

zero. Measurements were performed by varying the relative momentum offset,δ = p−p0

p0
,

within the range±2 × 10−3. The RF frequency trim was varied in regular steps, pausing for
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∼ 10 s following each trim. Two scans were performed, one over the rangeδ = ±1 × 10−3,

another over the full±2 × 10−3 range. The non-linear chromaticities were determined from

fits of third order polynomials to tune data logged by the LHC BBQ. Measurements atδ = 0

were compared at the start, middle, and end of the RF scan in order to verify that the unper-

turbed tunes remained steady throughout the measurement. Data in the horizontal plane of

Beam 2 for theδ = ±1 × 10−3 scan was rejected due to a drift of the unperturbed tune.

Figure4.2presents the results of non-linear chromaticity measurements with depowered

Landau octupoles for Beam 1 (top) and Beam 2 (bottom). Results ofthe±1× 10−3 scan are

displayed in blue, and results of the±2×10−3 scan in red. Table4.1summarizes the second

and third order chromaticities determined from third orderpolynomial fits to the measured

data.

Table 4.1: Results of second and third order chromaticity measurements on the LHC at injection
with Landau octupoles set to zero.

Q′′
x [103] Q′′

y [103] Q′′′
x [106] Q′′′

y [106]

δ = ±1 × 10−3

Beam 1 −1.8 ± 0.08 1.0 ± 0.1 −3.7 ± 0.5 0.3 ± 0.5
Beam 2 − 0.82 ± 0.09 − 0.5 ± 0.5

δ = ±2 × 10−3

Beam 1 −1.8 ± 0.03 0.86 ± 0.02 −2.2 ± 0.1 0.73 ± 0.07
Beam 2 −1.7 ± 0.05 0.82 ± 0.02 −1.1 ± 0.2 0.90 ± 0.06

Similar results were obtained for both LHC beams, with the exception ofQ′′′
x , for which

the Beam 2 value was approximately half that observed for Beam 1. TheQ′′ is in general very

consistent between the±1 × 10−3 and±2 × 10−3 scans, however theQ′′′ value shows sig-

nificant variations, indicating the larger range inδ is important for an accurate determination

of the third order chromaticity. This is relevant for futuremeasurements of the higher order

chromaticity, as accessing larger trims of the RF frequency requires the masking of specific

elements of the machine protection architecture, which would automatically the dump the

beams.

With depowered Landau octupoles the second order chromaticity of the LHC was ex-

pected to be small. The measuredQ′′ and Q′′′ however was substantial, and as will be
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Figure 4.2: Measurement of non-linear chromaticity in the LHC at injection optics with depow-
ered Landau octupoles. Measurements were performed over two momentumranges,±1 × 10−3

(blue) and±2 × 10−3 (red).



CHAPTER 4. MEASUREMENT AND CORRECTION OF NON-LINEAR OBSERVABLES IN THE LHC AT INJECTION 87

discussed in Section4.3.3significantly in excess of expectations from the known magnetic

and alignment errors.

4.3.2 Correction of the non-linear chromaticity

Observation of substantial non-linear chromaticity at injection, with Landau octupoles set to

zero, prompted a first attempt at correction of the second andthird order terms shortly af-

ter the initial measurement. The non-linear chromaticity correction study was performed on

LHC Beam 2, in parallel with a separate non-linear dynamics study performed on Beam 1 [5].

The LHC was pre-cycled, Landau octupoles were powered off, and the octupolar spool pieces

(MCO) were driven from their nominal settings to their zero field settings (±3 A, dependent

on the Arc). Two families of LHC Beam 2 MCO, those in Arc 78 and Arc81, were malfunc-

tioning and remained depowered throughout the study.

Correction of theQ′′ was performed by applying a global trim to the operational fam-

ilies of MCO. Similarly, correction of theQ′′′ was performed by applying a global trim to

all families of decapole spool pieces (MCD), which were initially at their nominal settings.

Independent knobs2 for Q′′ andQ′′′ were determined prior to the experiment based on simu-

lation of MCO and MCD trims in MAD-X [48] and PTC [50]. Following an initial measure-

ment of the non-linear chromaticity, settings of these knobs were adjusted to compensate the

observed second and third order chromaticities. Details ofthe knob definitions and corrector

circuit powering are provided in AppendixB.1. Figure4.3 and Tab.4.2 show results of the

Q′′ andQ′′′ correction. Application of the corrections caused a substantial reduction in both

the second and third order chromaticities of both beams in both planes.

Table 4.2: Second and third order chromaticity of LHC Beam 2 before and after correction with
MCO and MCD respectively.

Q′′
x[103] Q′′

y[103] Q′′′
x [106] Q′′′

y [106]

Before correction −2.14 ± 0.02 0.74 ± 0.03 −1.90 ± 0.06 0.80 ± 0.09
After correction −0.72 ± 0.02 −0.19 ± 0.02 −0.37 ± 0.05 −0.15 ± 0.04

2knob: in the context of LHC operations a knob is a collection of magnet trims which may be applied to the
machine in order to produce a desired shift in the beam properties.
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(a) Horizontal chromaticity

(b) Vertical chromaticity

Figure 4.3: Measurement of LHC non-linear chromaticities, before and after correction with
octupolar and decapolar correctors.
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Before and after correction of the non-linear chromaticity the CERN Optics Measure-

ment and Correction (OMC) team applied a series of kicks with the LHC aperture kicker.

The beams were excited in either the horizontal or vertical plane with single kicks. The kick

amplitude was limited to< 6 σnominal by the maximum strength of the aperture kicker (at

the time), and by beam loss on a collimator (due to a malfunction which prevented its with-

drawal). It was possible however to measure first order detuning with amplitude and examine

decoherence of the kicks. These observations of first order detuning and decoherence have

previously been reported in [55, 120].

Upon correction of the non-linear chromaticity the first order detuning with amplitude

was observed to decrease. Large reductions were seen in the detuning terms∂Qx

∂ǫx
and ∂Qx

∂ǫy
.

The first order detunings ofQy both elicited a change of sign, with∂Qy

∂ǫx
showing a small

reduction in magnitude and|∂Qy

∂ǫy
| remaining constant within the measurement uncertainty.

This is illustrated in Fig.4.4and Tab.4.3. It was also observed that on application of the non-

linear chromaticity correction the decoherence of the betatron oscillations was significantly

reduced, this is illustrated in Fig.4.5.

Table 4.3: Measurement of first order amplitude detuning in the LHC in 2011 at injection op-
tics with Landau octupoles powered to zero. Measurements were performed before and after
correction of the non-linear chromaticity. Adapted from [120].

∂Qx

∂ǫx
[103 m−1] ∂Qy

∂ǫx
[103 m−1] ∂Qx

∂ǫy
[103 m−1] ∂Qy

∂ǫy
[103 m−1]

Before correction −12.2 ± 0.2 8.4 ± 0.5 9.4 ± 1.3 −2.5 ± 1.5
After correction −2.9 ± 0.6 −2.7 ± 1.7 0.6 ± 0.5 2.4 ± 0.8

The observed reduction in the decoherence of kicked beams and of detuning with ampli-

tude, upon correction of non-linear chromaticity, reflectsthe fact that the corrector magnets

used for the compensation are mounted directly on every second main dipole in the LHC

arcs, and the main dipoles are the dominant sources of the relevant non-linearities at injec-

tion when the Landau octupoles are unpowered. This local nature of the correction allows

for the simultaneous correction of non-linear chromaticity together with amplitude detun-

ing and decoherence. It should also be noted that the reduction of decoherence due to the

non-linear chromaticity correction had practical benefitsfor the OMC studies, as it allowed

spectral analysis of the betatron motion to be performed on an increased number of turns
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Figure 4.4: Measurement of first order amplitude detuning in the LHC in 2011, at injection
optics with Landau octupoles powered to zero. Measurements are shown before (blue) and after
(red) correction of theQ′′ andQ′′′. Adapted from [120].
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Figure 4.5: Turn-by-turn BPM data, recorded following4.8 σnominal kicks in the horizontal
plane, before (red) and after (blue) correction of the non-linear chromaticity. The decoherence
was substantially reduced by the applied corrections. Adapted from [120].

which improved the quality of the optics measurements [120]. The corrections of non-linear

chromaticity presented in this section were not included inregular LHC operation, but will

be of relevance to the analysis of non-linear observables with kicked beams presented in

Section4.4.

First corrections of the non-linear dynamics in the LHC at injection (with depowered

Landau octupoles) were highly successful. The second and third order chromaticities were

significantly reduced, with corresponding reductions observed in both the first order ampli-

tude detuning and the decoherence of kicked beams. This represents an important demon-

stration of the ability to effectively control the non-linear dynamics of the LHC.

4.3.3 Comparison to simulation

TheQ′′ andQ′′′ measured at injection, with Landau octupoles set to zero, were substantial.

To assess the understanding of the relevant sources, the measurements outlined in the previ-

ous sections were compared to simulation. Simulations wereperformed using the MAD-X

model introduced in Chapter3.3, which had previously proved successful in reproducing the
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magnitude of the beat-beating in the LHC following local correction of the errors in the IRs.

These simulations incorporated estimates of geometric andmagnetic errors (based on mea-

surements performed during LHC construction) from the Windows Interface to Simulation

Errors3 (WISE) [87, 89, 88], which represented the best available knowledge of the errors

in the LHC lattice. Tunes and first order chromaticities werematched in the MAD-X model

to their values during the non-linear chromaticity measurements. Closed orbit and linear

coupling were matched towards zero. Malfunctioning MCO families in LHC Beam 2 were

set to zero in the model. The non-linear chromaticity in the model was determined using the

PTC NORMAL module in MAD-X [116, 50].

TheQ′′ determined from these simulations were significantly smaller than observed in

the machine. For injection optics with depowered Landau octupoles,Q′′ of approximately

−100 ± 100 and200 ± 100 (where the uncertainty is associated with variation between the

WISE seeds) were predicted in the horizontal and vertical planes respectively. This repre-

sented roughly an order of magnitude discrepancy with the observedQ′′
x. Predicted values

for theQ′′′ also showed a considerable discrepancy with respect to theQ′′′
y measured in both

beams, and with theQ′′′
x in Beam 1. The measurement ofQ′′′

x for Beam 2 is ambiguous due to

inconsistencies between the value obtained during the initial non-linear chromaticity studies

and the value obtained prior to the non-linear chromaticitycorrection. The discrepancies of

the model with respect to the observations are summarized inTab.4.4; Q′′′
x of Beam 2 is not

considered, due to the aforementioned inconsistencies.

Comparable discrepancies were also observed in the simulated first order amplitude de-

tuning (determined with PTCNORMAL). It was observed in the model that trims of the

MCO chosen to reproduce the measuredQ′′ also reproduced observed values of the detuning

with amplitude.

While the absolute values of the non-linear chromaticity arenot well reproduced by the

known magnetic and geometric errors, the shifts inQ′′ andQ′′′ upon applying trims of the

MCO and MCD to correct the non-linear chromaticity agree very well between simulation

and observation. This is illustrated in Tab.4.5, which compares the modelled and measured

∆Q′′ and∆Q′′′ upon applying the non-linear chromaticity correction.

3WISE, the Windows Interface to Simulation Errors, was introduced in Chapter2.1.3.
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Table 4.4: Discrepancies of the simulatedQ′′ andQ′′′ in the LHC at injection (with Landau
octupoles depowered) with respect to observations at injection optics. The Q′′′

x of Beam 2 has
not been considered due to inconsistencies between the initial measurementsand measurements
performed immediately prior to the non-linear chromaticity correction.

∆Q′′
x [103] ∆Q′′

y [103] ∆Q′′′
x [106] ∆Q′′′

y [106]

Beam 1
measured − modelled −1.7 ± 0.1 0.7 ± 0.1 −1.2 ± 0.1 0.6 ± 0.1
measured−modelled

measured
∼ 94% ∼ 70% ∼ 55% ∼ 86%

Beam 2
measured − modelled −1.7 ± 0.1 0.6 ± 0.1 − 0.8 ± 0.1
measured−modelled

measured
∼ 94% ∼ 73% − ∼ 89%

Table 4.5: Measured and simulated shifts in the second and third order chromaticities, due to
trims applied to the MCO and MCD during non-linear chromaticity correction.

Horizontal ∆Q′′ [103] ∆Q′′′ [106]

Measured 1.4 ± 0.03 1.5 ± 0.08
Modelled 1.3 1.6

Vertical ∆Q′′ [103] ∆Q′′′ [106]

Measured −0.93 ± 0.04 −0.97 ± 0.1
Modelled −0.90 −0.91

The poor agreement ofQ′′′ may be a contributed to by discrepancies in theQ′′ sources,

therefore the first consideration for the model is investigation of the the second order chro-

maticity discrepancy. There are a number of potential explanations for theQ′′ observations.

Chromatic coupling driven bya3 errors in the dipoles have the potential to generate a sig-

nificantQ′′ in the LHC [125]. Measurements of the linear coupling resonance driving terms

as a function of the relative momentum offset demonstrated,however, that the simulated

chromatic coupling is in excellent agreement with that present in the machine [119]. Con-

sequently chromatic coupling may be excluded as a significant source of the observedQ′′

discrepancy.

Another possible explanation for theQ′′ discrepancy could be feed down resulting from

a systematic misalignment of the MCD with respect to the main arc dipoles (which are the

dominant source ofb5 errors at injection). Using the aforementioned shifts inQ′′ upon

simultaneous correction of the second and third order chromaticity (Tab.4.5), it is possible

to place constraints on the allowed systematic misalignment of the MCD. Assuming that the

discrepancy between the modelled and measured∆Q′′ in Tab.4.5 is entirely the result of a
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systematic misalignment of the MCD, the allowed magnitude is∆x = −0.055 ± 0.04 mm.

Applying this misalignment in the model it was determined that a systematic misalignment

of the MCD with respect to the main dipoles could generate up toQ′′
x = −200 ± 150 and

Q′′
y = 150± 110. Systematic misalignment of the MCD is not therefore the dominant source

of the discrepancy between the model and measurements, although it does potentially remain

as a small but non-negligible contribution to the second order chromaticity at injection optics

with depowered Landau octupoles.

The hysteresis of the octupolar spool pieces represents another potential source of the

discrepancy. The MCO in the LHC are nested within the MCD [84]. In such an arrangement

only one of the magnets may be pre-cycled, in this case the MCD [90], in addition to which

the MCO are weakly powered at injection. Consequently the fieldof the MCO at injection

may be highly dependent on the magnetic history. Following the observations of substan-

tially higherQ′′ than predicted from the known magnetic and geometric errors, the FiDeL4

group at CERN calculated the MCO fields following a nominal LHC pre-cycle, including

the effects of hysteresis. The estimates of the actual field are shown in Tab.4.6 and differ

substantially from the previously implemented values [126]. It should be noted however,

that the estimate becomes imprecise at small fields, such as those present in the machine at

injection.

The discrepancies in the MCO fields due to hysteresis were applied in the MAD-X model.

The resulting changes in chromaticity are shown in Tab.4.7. The previously discussed effect

of a 0.055 ± 0.04 mm systematic misalignment of the MCD with respect to the main arc

dipoles (which gives the closest agreement to the observed∆Q′′ on correction of the non-

linear chromaticity with the MCO and MCD) is also shown.

The MCO hysteresis, as characterized by Tab.4.6, explains approximately30 % of the

observedQ′′ discrepancy in the horizontal plane, and57 % in the vertical. It represents an

important contribution to the non-linear dynamics at injection and should be incorporated

into the model. MCO hysteresis together with a systematic alignment of the MCD could

explain the majority of theQ′′ discrepancy in the vertical plane, however there remains a

4FiDeL: the Field Description of the LHC. The FiDeL group at CERN is responsible for matters concerning
prediction of the magnetic state of the LHC.
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Table 4.6: Effect of hysteresis on the MCO field following a nominal pre-cycle of the accelerator.
Calculation was performed by the FiDeL group at CERN [126], for nominal injection settings. It
is known that these calculations become imprecise at low MCO fields [126].

(a) Beam 1

Family Expected field Actual field Discrepancy
[Tm] [Tm] [%]

Arc 12 0.000069 −0.000005 −108
Arc 23 −0.000160 −0.000234 46
Arc 34 −0.000134 −0.000208 55
Arc 45 −0.000120 −0.000194 62
Arc 56 0.000063 −0.000012 −119
Arc 67 0.000088 0.000014 −84
Arc 78 0.000018 −0.000056 −417
Arc 81 −0.000139 −0.000214 53

(b) Beam 2

Family Expected field Actual field Discrepancy
[Tm] [Tm] [%]

Arc 12 −0.000104 −0.000178 72
Arc 23 0.000098 0.000024 −76
Arc 34 0.000097 0.000023 −76
Arc 45 0.000085 0.000011 −87
Arc 56 −0.000100 −0.000174 75
Arc 67 −0.000136 −0.000211 54
Arc 78 0 (depends on previous cycling) unknown
Arc 81 0 (depends on previous cycling) unknown
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Table 4.7: Simulated impact of the MCO field discrepancies due to hysteresis on the non-linear
chromaticity. The effect of adding a0.055±0.04 mm systematic misalignment of the MCD with
respect to the main arc dipoles is also shown.

∆Q′′
x [103] ∆Q′′

y [103] ∆Q′′′
x [106] ∆Q′′′

y [106]

measurement−model −1.7 ± 0.1 0.6 ± 0.1 −1.0 ± 0.1 0.70 ± 0.1
(model+ MCO hysteresis)−model −0.5 0.34 +0.006 −0.003
(model+ MCD alignment)−model −0.2 ± 0.15 0.15 ± 0.11 0 0

sizable discrepancy in the horizontal plane,∆Q′′
x ∼ 1000, which is presently unaccounted

for.

There may be other sources relevant to theQ′′ discrepancy, for example the local quality

of b3 correction in the main dipoles, however no data is availableto assess such contributions.

TheQ′′′ discrepancy remains unexplained, however until theQ′′ observations are adequately

understood the focus remains the lower order.

Studies of non-linear chromaticity performed at injection, with Landau octupoles set to

zero, identified substantial discrepancies in the non-linear modelling of the LHC. The MCO

hysteresis was identified as a prominent source of the discrepancy, whereas systematic mis-

alignments of the MCD were constrained by the data such that they could only make a small

contribution to theQ′′. A substantial discrepancy remains in the second order chromaticity

in the horizontal plane. First corrections of the non-linear dynamics were performed suc-

cessfully via beam based correction of the second and third order chromaticities, with corre-

sponding reductions observed in the first order detuning with amplitude and the decoherence

of kicked beams.

4.4 Measurements of non-linear observables at nominal injec-
tion optics

The nominal injection optics of the LHC include powering of the Landau octupoles. The

Landau octupoles introduce substantial amplitude detuning and second order chromaticity.

Study of the LHC at injection with depowered Landau octupoles is useful for identifying

discrepancies in the behaviour of the weaker sources, for example the MCO hysteresis dis-
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cussed in the preceding section, however it is the nominal optics, including the nominal

settings of the MO, which are of interest operationally.

Measurements of the non-linear chromaticity at nominal injection optics were performed

in 2011. This was followed in 2012 by detailed examinations of non-linear observables using

kicked beams. In particular upgrades to the LHC aperture kickers and favourable collimation

settings allowed examination of a large amplitude range. This facilitated the measurement of

amplitude detuning terms higher than first order, a first observation of the dynamic aperture

of the LHC, and observations of the non-linear coupling.

4.4.1 Measurement of non-linear chromaticity at nominal injec-
tion optics

Measurements of the non-linear chromaticity at injection optics in 2011 were performed

during the same experimental period as the initial measurements with depowered Landau

octupoles discussed in Section4.3.1. The same procedure was utilized for measurements at

the nominal optics as for studies with MO depowered. The relative momentum offset was

scanned in several steps over two ranges,δ = ±1×10−3 andδ = ±2×10−3, and the second

and third order chromaticity were determined from polynomial fits to tune data logged by

the LHC BBQ. Table4.8and Fig.4.6show results of non-linear chromaticity measurements

at nominal injection optics.

Table 4.8: Results of second and third order chromaticity measurements of the LHC at nominal
injection optics.

Q′′
x [103] Q′′

y [103] Q′′′
x [106] Q′′′

y [106]

δ = ±1 × 10−3

Beam 1 −5.9 ± 0.1 2.8 ± 0.1 −4.5 ± 0.6 0.2 ± 0.6
Beam 2 −5.8 ± 0.1 2.5 ± 0.1 −3.6 ± 0.7 0.8 ± 0.6

δ = ±2 × 10−3

Beam 1 −6.1 ± 0.2 2.6 ± 0.1 −1.9 ± 0.7 1.1 ± 0.2
Beam 2 −6.1 ± 0.4 2.1 ± 0.06 −2.7 ± 0.7 1.1 ± 0.2
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Figure 4.6: Measurement of non-linear chromaticity in the LHC at nominal injection optics.
Measurements were performed over momentum ranges:±1× 10−3 (blue) and±2× 10−3 (red).
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Compared to measurements with Landau octupoles powered off,Q′′ was substantially

increased. The measured change inQ′′ upon inclusion of the MO agreed well with simu-

lation, indicating the MO circuits functioned as expected.The largeQ′′ introduced by the

Landau octupoles defines the momentum offset of the LHC beamsat which theQ′ becomes

negative, which may influence the growth of instabilities inthe beam motion. At the nominal

on-momentum first order chromaticity (δ = 0, Q′ = 2), and for the MO settings considered

in 2011, this occurs atδ > 3×10−4 in the horizontal plane andδ < −8×10−4 in the vertical

plane. These tolerances are dependent upon the on-momentumfirst order chromaticity, for

example if the on-momentumQ′
x was to drop toQ′

x ∼ 0.5 the momentum offset at which

the horizontal chromaticity became negative would decrease to δ ∼ 1 × 10−4, which may

then become comparable with theRMS momentum deviations of the LHC bunches [76].

4.4.2 Experimental procedure for study of the non-linear dynam-
ics with kicked beams

Initial studies of the non-linear dynamics of the LHC at injection were performed in 2011,

and focused on measurements of the non-linear chromaticity. In 2012 detailed measurements

were performed of the non-linear observables in the LHC at injection, using kicked beams,

which allowed measurement of detuning with amplitude, dynamic aperture, and a first ob-

servation of non-linear coupling. This section describes the experimental procedure applied

during 2012 studies of the non-linear dynamics using kickedbeams.

Measurements of the non-linear observables such as detuning with amplitude and dy-

namic aperture require large amplitude excitation of the beam. The LHC aperture kicker,

capable in 2012 of providing kicks up to∼ 14 σnominal (whereσnominal is defined as cor-

responding to a normalized emittance of3.75 µm) was used to provide the excitation for

these studies. Single probe bunches were used for the measurement which had intensities

(∼ 1 × 1010 protons) below the damage threshold of the LHC. The collimators in theLHC

were retracted from their operational settings in order to allow measurements out to large am-

plitudes. The horizontal and vertical primary collimatorswere left at11.6 σnominal in order

to shield the LHC triplets, all other collimators were retracted beyond this aperture.

An initial series of measurements were performed on LHC Beam 2at nominal injection
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optics, with kicks applied in either the horizontal or vertical planes. Multiple kicks were

performed, with amplitude increasing incrementally up to the limit defined by beam losses.

A distinct experiment [127] was performed on LHC Beam 1 in parallel with these studies, as

such all results presented in the following sections pertain to measurement of LHC Beam 2.

Following a successful series of measurements at nominal injection settings, the Landau

octupoles were powered to zero, and the MCO were driven to their zero field settings. The

corrections for the second and third order chromaticities found during the 2011 non-linear

measurement program were then applied. A second series of kicks were then performed on

this ‘corrected’ machine in the horizontal, vertical, and diagonal planes. As in the case of

the nominal measurement series, the kick amplitudes were increased incrementally out to the

maximum defined by beam losses.

Unperturbed tunes, first order chromaticities, and linear coupling were very stable through-

out the measurement. The valueQ′ was∼ 2 (the nominal value for the LHC) in both planes

throughout the experimental period. The tunes also remained close to their nominal val-

ues (0.28 and0.31 in the horizontal and vertical planes respectively). The only substantial

change was observed inQy following a beam-protection dump during measurements of the

corrected machine. After recovery, the vertical tune was corrected to a value0.0027 smaller

than had previously been present in the machine. A correction has been applied to the detun-

ing data to compensate for this shift. Emittance measurements of the unkicked beams were

performed regularly throughout the experiment, this too was found to be extremely stable.

Details of the settings of the relevant corrector circuits,and of the kicks applied during the

measurement are provided in AppendixB.2 andB.3 respectively.

4.4.3 An updated model of the LHC at injection

Studies of the non-linear chromaticity performed on the LHCat injection in 2011 provided

valuable information in regard to the non-linear dynamics.To quantify the understanding of

the non-linear dynamics in analysis of the non-linear dynamics using kicked beams, it was

desired to incorporate the experience of the earlier studies into an updated model of the LHC

at injection, which could then be compared to results of the kicked-beam measurements. The

details of this model are described in this section.
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Estimates of the geometric errors in the LHC lattice [88] generated by the Windows

Interface to Simulation Errors [87] from measurements performed during LHC construction

were applied to the model lattice in MAD-X. Magnetic errors of order (b3,a3) up to (b15,a15),

also generated by WISE from magnetic measurements, were assigned to the main dipoles and

quadrupoles in the LHC arcs and in the IRs. Given the excellentquality of the linear optics

correction in 2012 [4], described in Chapter3.4, it was assumed that theb2 errors had been

well corrected during commissioning and were not included in the model. Incorporating a

∼ 10% beta-beating in the model had a negligible impact on the amplitude detuning and

dynamic aperture at nominal injection settings, validating the application of this assumption.

The Landau octupoles and non-linear correctors in the LHC were set in the model to the

settings present in the machine during the measurement (with the exception of the normal

sextupole correctors in the arcs, the sextupolar spool pieces or MCS, which will be discussed

shortly). Notably this included three families of arc octupole correctors (MCO), out of a total

of eight, which were malfunctioning throughout 2012 and hadzero field. It should be noted

that in 2012, compared to 2011, an additional family of the MCO(Arc 12) were malfunc-

tioning, therefore non-linear dynamics studies performedin the two years cannot be directly

compared. Adjustments were then applied to the settings of the MCO to reproduce a best

estimate of their substantial hysteresis effects, which studies of the non-linear chromatic-

ity, presented in the preceding sections, determined were an important contribution to the

Q′′ [6, 126].

The settings of the sextupolar spool pieces present in the machine were not applied di-

rectly to the model. Corrections for dynamicb3 are included in the machine settings of the

MCS, but the dynamic components are not included in the WISE errors applied to the model.

The compensation of the dynamicb3 was therefore assumed to be perfect, and corrections for

the staticb3 defined in the WISE seeds applied to the MCS in the model. A systematic mis-

alignment of the MCD, corresponding to the limit determined in Section4.3.3, was included

in the updated model. The contribution to the detuning from the additional MCD alignment

(of the order1 × 103 m−1) was small at nominal injection settings.

Tunes and chromaticities were matched to the measured values. The closed orbit was

matched towards a zero reference orbit, but retained a realisticRMS in the arcs. Crossing and
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separation bumps through the LHC insertions, which were present during the experiment,

were reproduced in the model.

It was observed in simulations of detuning with amplitude inat top energy in the LHC

that the linear coupling could significantly influence the non-linear phenomenology of the

machine [105]. The quality of the linear coupling model is therefore a concern for study of

the non-linear dynamics, which had not been addressed in previous studies of the non-linear

dynamics. Linear coupling is characterized by the magnitude of thef1001 resonance driving

term (RDT), which drives the(Qx − Qy) resonance, and varies around the LHC ring. The

global quantity|C−| is related to the mean amplitude of the RDT around the accelerator ring

( |f1001| ) by Eq.(4.11), [27].

|C−| = 4|(Qx − Qy)| |f1001| (4.11)

The value off1001 in the LHC BPMs was determined from spectral analysis of turn-by-

turn data obtained following small amplitude (∼ 2 σ) kicks, performed in the course of the

study of non-linear kicked-beam observables. A small kick was used for the determination of

f1001 in order to avoid any amplitude dependent contribution. Themean amplitude off1001

was extremely stable throughout the kicked-beam measurements described in the following

sections, however there were significant local variations of |f1001| around the ring. The local

fluctuations in the amplitude of the RDT corresponded to an equivalent range of0.002 ≤
|C−| ≤ 0.004 (it should be emphasised that the range in|C−| quoted is an equivalent to the

f1001 fluctuation, intended to give a sense of the scale of the localvariation of the RDT, rather

than an actual change of|C−| which is a global quantity).

The best procedure would be to reproduce the linear couplingin the model by locally

matching to the measuredf1001 around the ring. This is not currently implemented for the

LHC model and applying the measureda2 errors does not guarantee the correct localf1001.

In the MAD-X model therefore,a2 errors were not included, which gave a relatively flat

|f1001| around the ring. The linear coupling was then matched using the LHC global coupling

knobs [128] in order to produce a given phase and amplitude off1001 in the center of Arc12.

In order to assess the uncertainty in the non-linear observables due to the linear coupling
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∼ 2000 random realisations of the LHC were then defined. The|f1001| was defined on an

even distribution within the band defined by the observed local fluctuations of the RDT. The

phase off1001 at the matching location was varied randomly with a uniform distribution. The

sixty seeds defined by the WISE magnetic model were also variedrandomly with a uniform

distribution. Evidently this is a somewhat artificial construct, in reality the|f1001| and its

phase vary around the ring according to the distribution ofa2 sources, however the purpose

is to assess the uncertainty arising in the non-linear observables due to the variation off1001

around the ring, not to directly reproduce this effect in themodel.

The non-linear observables measured with kicked beams, as described in Section4.2,

were simulated in this model by tracking particles initially displaced from the closed orbit.

Both the Polymorphic Tracking Code (PTC [50]) module within MAD-X, and SIXTRACK

[43], were used for such simulations. The PTC Normal module in MAD-X also provided a

convenient way to determine the detuning with amplitude andthe non-linear chromaticity.

A thin lattice model of the LHC was utilized for these studies, as opposed to the thick lattice

used considered in Chapter3and Section4.3.3. This was necessary to allow simulation of the

dynamic aperture with SIXTRACK, and to allow matching of the coupling to be performed

in MAD-X (the relevant procedures in PTC being too time consuming). Differences between

the thin and thick lattice predictions for the non-linear chromaticity were negligible for the

optics considered in the preceding Section.

For the model of the nominal injection optics no matching of the non-linear parameters

is performed. The model therefore represents the current understanding of the non-linear

sources. All comparisons between measured and simulated non-linear observables at nomi-

nal injection optics presented in the following sections utilize this model.

Non-linear parameters of the model, in particular the non-linear chromaticity and detun-

ing with amplitude, may be matched to produce a so-called ‘effective model’, which repro-

duces observed properties of the machine. As will be described in Section4.4.4, this has

been performed for the state of the machine in the latter halfof the kicked-beam experiment,

where departures from the nominal magnetic cycles of the octupolar correctors in the arcs

made estimates of the hysteresis errors in these elements impractical. Such matchings were

performed in MAD-X using macros which call the PTC normal module.
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4.4.4 Experimental results from non-linear dynamics measure-
ments with kicked beams, and comparison to simulation

Decoherence

As described in Section4.4.2, following amplitude detuning and DA measurements at nom-

inal injection settings Landau octupoles were powered to zero andQ′′ andQ′′′ corrections,

found in 2011, were applied. A check of the effectiveness of the 2011 non-linear chromatic-

ity corrections was required before proceeding with the remainder of the study, however, due

to a parallel experiment running on Beam 1, direct verification of the correction via mea-

surement ofQ with ∆p

p0
was not possible. To perform a brief check of the correction quality

therefore, small(2σx, 2σy) kicks were performed at nominal injection settings, following the

depowering of the MO to zero and the zeroing of MCO field, and after inclusion of the 2011

non-linear chromaticity corrections. The decoherence of the three kicks were compared.

This is shown in Fig.4.7.

-3

-2

-1

0

1

2

3

   0  500 1000 1500 2000

x 
[m

m
]

Turn no.

BPM.30L1.B2

additional Q’’, Q’’’ correction applied.
MO off and MCO residual field zeroed.

Nominal injection settings.

Figure 4.7: Decoherence of (2σx, 2σy) kicks at injection. The decoherence of kicks at the three
different optics studied are shown: nominal injection settings settings (red),with Landau oc-
tupoles powered to zero and the MCO residual field zeroed (green), and the ‘corrected’ optics
with Q′′ andQ′′′ corrections applied on top of the preceding state (blue).
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The decoherence of the kicked beam was substantially reduced by the depowering of

the MO to zero together with the zeroing of MCO residual fields,and again on the applica-

tion of the 2011 non-linear chromaticity corrections. Thisqualitatively indicated the 2011

corrections were still valid, and the experiment proceededusing this new configuration. It is

also interesting to observe that upon correction of the octupolar and decapolar non-linearities

(blue data) a periodic beating of the decoherence pattern isrevealed, corresponding to the

decoherence due to first order chromaticity together with the synchrotron motion.

Amplitude detuning

As described in Section4.4.2amplitude detuning measurements were performed at nominal

injection settings, and at the corrected optics. During thenominal measurement only hori-

zontal or vertical kicks were applied (together with small excitations in the opposite plane to

ensure successful tune measurements), however coupling ofthe kicks into the opposite plane

did occur. Attempting to fit the 2D Taylor expansion up to second order, Eq.(4.4), fails in

this case due to a lack of data in the diagonal plane. As described in Section4.2.2the quality

of the fit can be checked qualitatively by comparing detuningterms in the expansion ofQx

andQy which are by definition identical. These values differed significantly in the 2D fit,

implying the detunings calculated by this method were unphysical. This is not unexpected.

The second order diagonal term does not influence pure horizontal or vertical detuning, and

was only weakly constrained by the data due to the coupling oflarge kicks into the opposite

plane. Under such conditions its inclusion in the regression model is inappropriate and can

be expected to reduce the fit quality. A regression without the diagonal term, equivalent to

the 1D analysis of Eq.(4.6), is more suitable to the available data.

Making the approximation to 1D Taylor expansions, Eq.(4.6), requires that some data is

excluded from the fit due to a substantial coupling of the highest amplitude vertical kick into

the horizontal plane (this coupling is discussed in more detail in the following section). The

calculated detunings are given in Tab.4.9a. First order cross terms of theQx andQy fits,

Eq.(4.7), agree well.
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Table 4.9: Results of fits to measured amplitude detuning.

(a) Nominal injection settings. 1D polynomial
fits

Anharmonicity [unit] Fit± Fit error

Qx (fromJx fit) [tune units] 0.2821 20 × 10−5

Qy (fromJx fit) 0.3124 10 × 10−5

Qx (fromJy fit) 0.28035 9 × 10−5

Qy (fromJy fit) 0.31409 1 × 10−5

∂Qx

∂ǫx
[103m−1] −29 7

∂Qy

∂ǫx
19 3

∂Qx

∂ǫy
24 4

∂Qy

∂ǫy
−32.8 0.4

∂2Qx

∂ǫ2x
[109m−2] −60 30

∂2Qy

∂ǫ2x
34 10

∂2Qx

∂ǫ2y
11 34

∂2Qy

∂ǫ2y
−13 3

−

−

(b) MO off, andQ′′, Q′′′ corrections applied.
Fits to 2D Taylor expansions.

Anharmonicity [unit] Fit± Fit error

Qx [tune units] 0.28061 6 × 10−5

Qy 0.31151 2 × 10−5

−
−

∂Qx

∂ǫx
[103m−1] 0.8 1

∂Qy

∂ǫx
−1.4 0.4

∂Qx

∂ǫy
−2.0 0.7

∂Qy

∂ǫy
2.8 1

∂2Qx

∂ǫ2x
[109m−2] −18 5

∂2Qy

∂ǫ2x
6 1

∂2Qx

∂ǫ2y
11 3

∂2Qy

∂ǫ2y
−20 3

∂2Qx

∂ǫx∂ǫy
7.6 3

∂2Qy

∂ǫx∂ǫy
8 3

When measuring the detuning with amplitude of the corrected configuration the beam

was kicked horizontally, vertically, and diagonally. In this case fitting to the 2D Taylor

expansion, Eq.(4.4), is feasible. Tab.4.9bpresents the results of the fits to measured data for

this configuration. The measured detunings are consistent with Eq.(4.7) and Eq.(4.8).

Fig. 4.8 plotsQx,y(ǫx, const) andQx,y(const, ǫy) as determined from the fits described

above. Results from the nominal injection setting measurement are shown in red, and results

from the corrected configuration measurement are shown in blue. Uncertainties on the fit are

indicated in grey. The measured tunes for the horizontal andvertical kicks are also shown,

plotted against the measuredǫ = 2J of the kick in the dominant plane. The highest amplitude

vertical kick during the nominal measurement is plotted in black, this is to indicate it was

excluded from the fit due to a significant coupling into the opposite plane.
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Figure 4.8: Detuning with amplitude of the LHC at nominal injection settings (red), and with
Landau octupoles set to zero and additional corrections forQ′′ andQ′′′ applied (blue). The tune
is plotted against the horizontal and vertical single particle emittance of the kicks. Points shown
in black represent kicks where there was substantial coupling of the kickinto the opposite plane.

The amplitude detuning in the nominal case is substantial. Considering the tune shift with

ǫx (Fig. 4.8, left), by a kick amplitude of∼ 8.3 σx nominal Qx andQy are driven towards the

fourth and third order resonances respectively. This is well illustrated by Fig.4.9which plots

the turn-by-turn position and phase-space at an LHC arc BPM following the (8.3 σx, 0.6 σy)

kick. The three and four island structures corresponding tothese resonances are evident.

Regarding the approach of the tune to these resonances, it is insufficient to consider only

the first order amplitude detuning. Higher order detuning terms are large, and are observed

to impact significantly the detuning over the amplitude range studied, including within the

5.7 σnominal aperture defined in operation by the collimators.



CHAPTER 4. MEASUREMENT AND CORRECTION OF NON-LINEAR OBSERVABLES IN THE LHC AT INJECTION 108

0.0

0.5

   0  500 1000

y 
[m

m
]

Turn no.

-5.0

0.0

5.0

   0  500 1000

x 
[m

m
]

Turn no.

0.6

0.8

1.0

0.0 0.2 0.4

p y

y

BPM.31L1.B2

-5.0

0.0

5.0

-5.0 0.0 5.0

p x

x

BPM.26L1.B2

Figure 4.9: Turn-by-turn (TbT) and phase space data for a (8.3σx, 0.6σy) kick with nominal
LHC injection settings in the vertical plane at BPM.31L1.B2 (top), and the horizontal plane at
BPM.26L1.B2 (bottom).

Regarding the tune shift withǫy in the nominal case (Fig.4.8, right, red data), the first

order detuning is again substantial, but drives the tunes together. Second order detunings

with ǫy are not so substantial as withǫx, however, as will be discussed in the following

section, amplitude dependent coupling plays an important role at large amplitudes in the

vertical plane.

Following the depowering of the Landau octupoles to zero, and the application of cor-

rections for the non-linear chromaticities, detuning withamplitude was significantly smaller.

Magnitudes of the first order terms were reduced by factors between10 and30, and second

order detunings withǫx were reduced by factors3 and5. Second order detuning ofQx with

ǫy (∂2Qx/∂ǫ2
y) was unaffected by the depowering of the Landau octupoles and subsequent

non-linear chromaticity correction, but had been small initially. Second order detuning ofQy

with ǫy (∂2Qy/∂ǫ2
y) increased by∼ 50%, but had a post-correction magnitude comparable
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with that of∂2Qx/∂ǫ2
x, which had been reduced considerably. Losses upon kicking the beam

were reduced and it was possible to perform kicks out to higher amplitudes than at nominal

optics. No important resonances were approached within theavailable aperture.

Figure4.10displays histograms of the simulated first order detunings in the2000 real-

isations of the LHC considered. The mean and standard deviations of the distribution are

indicated. The|f1001| and the phase at the matching point substantially influencedthe un-

certainty in the detuning with amplitude. Uncertainties inthe magnetic model accounted for

< 30 % of the quoted uncertainty. In light of the significant impactthef1001 resonance driv-

ing term has on the detuning, it may be important in future non-linear studies to investigate

the feasibility of matching locally to a measuredf1001.
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Figure 4.10: Histogram showing the distribution of first order detuning with amplitude of∼
2000 random instances of the LHC, with|f1001| defined on an even distribution within the band
defined by measurements of local fluctuations of the RDT around the LHC ring, and a uniform
distribution in the phase off1001 at the matching location. The WISE seeds were also varied
randomly on a uniform distribution.
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Table4.10compares the modelled and measured amplitude detunings. A good agreement

is observed between the modelled and measured first order amplitude detuning, which may

be expected given that the first order detuning at nominal injection settings is dominated by

the Landau octupoles. None the less this is an important verification of the non-linear LHC

model at nominal injection optics.

Table 4.10:Comparison of modelled and measured detuning with amplitude at nominal injection
settings.

Detuning [unit] Measured± error Model ± error

∂Qx

∂ǫx
[103m−1] −29 7 −27.0 0.7

∂Qy

∂ǫx
19 3 22 1.5

∂Qx

∂ǫy
24 4 22 1.5

∂Qy

∂ǫy
−32.8 0.4 −30.6 0.8

∂2Qx

∂ǫ2x
[109m−2] −60 30 −14 3

∂2Qy

∂ǫ2x
34 10 17 8

∂2Qx

∂ǫ2y
11 34 −10 9

∂2Qy

∂ǫ2y
−13 3 −3 4

In contrast to the first order terms there are more substantial differences in the second

order detunings. While the modelled values show a qualitatively similar behaviour to the ob-

servations, there are still considerable discrepancies with respect to the measurements. Over

the amplitude range examined the discrepancies between themodel and the measurement

have a relevant effect, and in particular result inQy reaching the third order resonance at

a horizontal amplitude0.7 ± 0.6 σnominal larger than was measured (as calculated from the

mean and standard deviation values of the first and second order detuning). Likewise there

is a similar effect in the approach ofQx to the fourth order resonance. This may indicate that

second order perturbations of the octupoles in the LHC are being underestimated in present

models.

An attempt was not made to model the corrected configuration of the LHC only from

knowledge of the machine state. Deviations from the standard hysteresis cycle of the MCO
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meant their field was uncertain, and there are still unidentified sources of detuning andQ′′

which could have become significant when the Landau octupoles were less strongly powered

(studies of the influence of linear coupling on amplitude detuning and non-linear chromatic-

ity with depowered MO indicated it could not explain the missing ∆Q′′). The corrected op-

tics was instead simulated in MAD-X by reproducing, on-top of the nominal model, the trims

applied to the MO, MCO, and MCD; and then matching settings of the octupolar elements to

reproduce the measured amplitude detuning. This model was used to simulate the dynamic

aperture of the corrected machine configuration, as will be described in Section4.4.4.

As discussed in Section4.2.2, the use of Eq.(4.5) to determine the action of applied

kicks is an approximation if the phase space trajectory is distorted away from an ellipse.

At the corrected configuration the small detuning with amplitude resulted in the tunes not

approaching any important resonances within the amplituderange examined, and the phase

space was not significantly distorted away from an ellipse. This was further verified by

observing an excellent agreement of the detuning with amplitude in the matched model of

the corrected configuration as determined from ptcnormal (which correctly handles non-

linear distortion of phase space) and from tracking simulations using Eq.(4.5). The use of

Eq.(4.5) was therefore deemed justified for study of the corrected configuration.

Having determined that Eq.(4.5) was valid for the corrected configuration, the validity to

the nominal LHC optics was assessed by comparing the action of the applied MKA kicks,

determined using Eq.(4.5), measured at both the nominal and corrected configurations. The

MKA is known to have good magnetic reproducibilty, discrepancies between the action mea-

sured at the two configurations would therefore indicate that Eq.(4.5) is no longer reliable.

In the horizontal plane a discrepancy was observed for the two highest amplitude kicks at

the nominal optics, corresponding to the approach of the horizontal and vertical tunes to the

fourth and third order resonances, however the discrepancywas well within the uncertainty

on the measured action. In the vertical plane no significant discrepancy was observed, with

the exception of the highest amplitude kick at nominal optics. This discrepancy was within

the measurement uncertainty, and as has been previously discussed this kick had already

been excluded from the determination of the detuning with amplitude due to the significant

coupling of the vertical kick into the horizontal plane. Theuse of Eq.(4.5) for the studies of

the nominal LHC optics described in this Chapter was therefore deemed justified.
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The results presented here represent a partial, but important, verification of the non-

linear model in respect of the amplitude detuning. The consistency between model and

measurement is good for the first order terms, while the higher order contributions show

a qualitatively similar behaviour. Amplitude ranges relevant to operation are smaller than

those considered in the non-linear study presented here (collimators in operation define an

aperture of∼ 5.7 σnominal).

Non-linear coupling

The linear coupling measured by the LHC BBQ [97, 99] during these studies was stable at

|C±| ≈ 0.002 throughout the experiment (C± indicates the BBQ measures a mixture ofC+

andC−, which in the LHC is dominated by theC−). This value is consistent, via Eq.(4.11),

with the |f1001| at BPMs close to the BBQ position on the LHC ring. In parallel withthe

non-linear dynamics experiment, the regular injections ofLHC Beam 2 required during these

studies were used to demonstrate the measurement of linear coupling (as determined from

f1001) using injection oscillations [7]. The linear coupling RDT measurements, which were

obtained by this method for every injection during the experiment, were consistent with the

BBQ and kicked beam values, and showed thef1001 to be very stable. Linear coupling was

therefore small (in the range0.002 to 0.004) and stable throughout these measurements.

Difference linear coupling (C−, driven by thef1001 resonance driving term) defines a

closest approach of the normal mode tunes, Eq.(4.12).

|δQmin| = |C−| (4.12)

On applying vertical kicks to the beam at nominal injection optics, the detuning with

amplitude forced the horizontal and vertical tunes together. Figure4.11plots the measured

(green) and the modelled (blue) tune split,|Qx − Qy|, against the action of applied vertical

kicks. The modelled tune split was examined by tracking kicked particles in the non-linear

model described in Section4.4.3. The linear coupling in the model was matched toδQmin =

0.006, to avoid any underestimation of the role played by linear coupling. In both modelled

and measured cases the separation of the tunes appear to approach a minimum, however the
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observed value,δQmin ∼ 0.015 (Model : ∼ 0.02), is significantly larger than possible due

to linear coupling.
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Figure 4.11: Modelled and measured variation in the tune-split with vertical kick amplitude at
nominal injection optics.

Coupling between the transverse planes results in periodic emittance transfer, and hence

the familiar beating of the betatron oscillations. Assuming any external excitation is kept

constant in one plane, coupling may be identified by a growth of ǫmax in the unkicked (or

minimally kicked) plane with increasing excitation in the dominant plane. When the trans-

verse planes are fully coupled,∆ = 0 → |Qx − Qy| = δQmin = |C−| (where∆ is the

unperturbed tune split and|Qx − Qy| is the separation of the normal mode tunes which are

measured in the machine), the emittances are completely shared andǫmax x = ǫmax y. This

does not violate conservation of phase space volume as the peak ǫ of one plane corresponds

with the minimumǫ of the other.

Eq.(4.5) calculatesǫmax, which in the absence of coupling defines the action of the kick.

Figures4.12aand4.12bplot ǫmax, calculated using Eq.(4.5), in the(ǫx, ǫy) plane for the hor-

izontal and vertical kicks applied during the amplitude detuning measurements. Figure4.12a

plots the results for measurements at nominal injection optics, Fig.4.12bplots the results for

measurements at the corrected optics with MO depowered to zero, andQ′′ andQ′′′ correc-
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tions applied.
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(a) Nominal injection optics.
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rections applied.

Figure 4.12: ǫmax calculated using Eq.(4.5) for the horizontal and vertical kicks applied during
amplitude detuning measurements.

Considering the vertical kicks applied at nominal injectionoptics, Fig.4.12a, as vertical

kick amplitude is increased there is substantial growth ofǫx,max. At the largest amplitudes

examinedǫx,max becomes comparable with the action of the vertical kick. This is a strong

indication that the transverse planes are significantly coupled, which should not be the case

when the tune split is so much greater than the linear|C−|. Equivalent behaviour is not

observed at the corrected optics. This rules out any systematic effect of the MKA as the

source of this growth.

A similar behaviour to that observed in Fig.4.12ais also seen in simulation. This is

shown in Fig.4.13which compares the measuredǫmax (green) with the modelledǫmax of

tracked particles (red, blue). Examining the simulated tracking data it was seen that the

growth of ǫmax in the unkicked plane was the result of beating of the betatron oscillations

between the transverse planes, and was therefore driven by transverse coupling.

Due to the rapid decoherence of large amplitude kicks at nominal injection optics, any

clear beating of the measured betatron oscillations is obscured for the kicks of interest. Con-
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Figure 4.13: Comparison of the modelled and measuredǫMAX of kicks in the horizontal or
vertical planes at nominal injection optics.

sidering Fig.4.14however, which displays an example of the turn-by-turn dataobtained at

a BPM following a large amplitude vertical kick, some important qualitative features are

observable. The amplitude of the small horizontal kick is well understood, measurements

at the corrected optics showing an excellent agreement withtheoretical predictions at small

amplitudes [7]. The amplitude of the horizontal and vertical kicks are indicated in Fig.4.14.

Following the application of the kicks the betatron oscillation amplitude in the horizontal

plane shows a rounded growth then decay up to a value considerably in excess of the initial

horizontal excitation. Such an observation is characteristic of emittance exchange due to

coupling.

The earlier described growth ofǫx,max with vertical kick amplitude is a convincing signal

of coupled motion. The qualitative features of Fig.4.14are additional indications. That the

δQmin in the model corresponds with the transverse planes becoming coupled is clear from

the growth ofǫx,max with vertical kick amplitude and an associated beating of the betatron

oscillations of tracked particles. This can also be demonstrated in simulation by showing that

a δQmin is not approached if the initial tune split is increased. This is shown in Fig.4.15.

As has been described in this section, the linear coupling was independently measured
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Figure 4.14: Measured TbT data from a large amplitude vertical kick at nominal injection optics.
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nominal injection optics. This is shown for the nominal tune split with unkicked beams, and for
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by the LHC BBQ and by spectral analysis of low amplitude betatron oscillation data. The

two measurements were consistent, and the linear|C−| was determined to be in the range

0.002 to 0.005. On kicking the beam to large vertical amplitudes, aδQmin = 0.015 was

approached. ThisδQmin is significantly in excess of the linear|C−|. An observed increase

of the peak emittance in the horizontal plane with vertical kick amplitude, together with the

qualitative features of the raw turn-by-turn data, indicate this was aδQmin driven by cou-

pling. It is concluded therefore, that an amplitude dependent (non-linear) coupling between

the transverse planes of the LHC, giving rise to an amplitude dependence of theδQmin, has

been observed.

Similar non-linear coupling effects are reproduced in the LHC model, namely the ap-

proach to aδQmin (comparable with measurement) which is significantly in excess of the

known linear|C−|. Growth of the peak emittance in the unkicked plane was consistent with

measurements, and the beating of the betatron oscillationsof tracked particles clearly iden-

tified coupling as the source of this growth. It was shown thaton increasing the initial tune

separation no saturation of the tune split was observed overthe same amplitude range.

In light of these observations a new avenue has been opened through which the LHC

dynamics may be studied. The respectable agreement betweenthe simulated and measured

non-linear coupling now allows for the use of the non-linearLHC model in the determination

of the dominant sources, and further studies are underway with the aim of studying the

reported effect in more detail. In the mean time however, thestudies presented here represent

a further validation of the understanding of the LHC non-linearities.

Dynamic aperture

As described in Section4.2.3it is possible to determine the distance of the beam from an

aperture by examining the beam losses. If the beam is excitedwith a kick it is possible to

obtain the amplitude of excitation using Eq.(1.40) and Eq.(4.5). Together such measurements

allow a determination of the aperture. Figure4.16plots the surviving beam intensity30 s

after the application of a kick with the LHC MKA, as a functionof the kick amplitude in

units ofσnominal.
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Figure 4.16: Surviving beam intensity versus kick amplitude in nominal sigma,30 s (∼ 3 ×
105 turns) after the kick was applied.
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It is clear from the increasing losses with increasing kick amplitude that in all cases

considered the beam is being driven towards an aperture. Following correction of octupolar

and decapolar non-linearities (blue data in Fig.4.16) the aperture was substantially increased.

Consequently the aperture observed before correction at nominal injection optics (red data

in Fig. 4.16) may confidently be identified with the dynamic aperture, andnot the physical

aperture defined by the collimators.

At the largest amplitudes considered by the DA measurement,imperfect correction of the

BPM non-linearity, as implemented in the LHC during 2012, caused a slight underestimate of

the kick amplitude [95]. An improved correction method for BPM non-linearity in theLHC

has been developed for operation of the in 2015 [95]. To determine the dynamic aperture

therefore, the BPM non-linearity corrections applied online at the time of the measurement

were inverted in thepeak − to − peak data used to determine the kick amplitude (closed

orbit was also taken into account), and the improved corrections applied. This increased the

calculated kick amplitudes by∼ 0.3 σnominal for the highest amplitude horizontal and vertical

kicks, and by0.5 σnominal for the highest amplitude diagonal kick.

The distance between the bunch center and the aperture was estimated in two ways.

In the approximation of a Gaussian charge distribution, Eq.(4.10) was applied to the beam

losses following those kicks which showed losses≥ 20 %. In most cases this was only the

highest amplitude kick, however where more than one kick wasused the results were very

consistent (within0.1 σnominal). The beam loss due to a double Gaussian charge distribution,

as measured by scraping the beams with collimators at injection in 2012 [124], was then

compared with the measured loss curves of Fig.4.16. The predicted loss curve fit well to the

observations, both at nominal injection settings and aftercorrection of non-linear sources,

and agreed well with the single Gaussian method (within0.1 σnominal).

The amplitudes of the apertures corresponding to these measurements are given in

Tab. 4.11. The aperture was observed to increase following correction of octupolar and

decapolar non-linearities. The values before correction therefore, represent a measurement

of the dynamic aperture of the LHC. The values after correction of octupolar and decap-

olar non-linearities are harder to interpret. In the horizontal and vertical planes the aper-

ture after correction increased to within∼ 1.1 σnominal of the applied collimator aperture
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(11.6 σnominal). Furthermore the collimator aperture is itself subject touncertainties in rela-

tion to both the beta-beat and distortion of the closed orbitfrom the reference used to center

the collimators about the beam. Losses on the collimators may therefore have contributed to

the measured aperture in the horizontal and vertical planes.

Table 4.11:LHC aperture determined from beam loss and turn-by-turn betatron oscillation data.

Angle measurement± error

arctan (Nσy/Nσx) nominal optics corrected optics

4◦ 8.8 ± 0.7σnominal 10.8 ± 0.6σnominal

40◦ − 11.1 ± 0.6σnominal

80◦ 8.8 ± 0.6σnominal 10.5 ± 0.6σnominal

Figure4.17plots the intensity of the LHC beams recorded by the beam current monitor

(BCT) following the largest amplitude kicks in the horizontal, vertical, and diagonal planes

at the corrected optics configuration. As described in Section 4.2.3losses against a physical

aperture usually occur over a few turns. While the∼ 550 turn resolution of the BCT does

not allow for an absolutely conclusive determination of thesource of the observed losses as

the physical aperture, the abrupt drop in intensity observed for the horizontal and vertical

kicks, followed by relatively flat losses is a very strong indication that for these kicks losses

occurred on a physical limitation. In contrast the losses observed for the highest amplitude

diagonal kick are characteristic of loss on the dynamic aperture.

The dynamic aperture in the model of nominal injection settings described in Section4.4.4

has been determined using SIXTRACK [43] for 3.3 × 105 turns. The simulation examined

50 angles in the(σx, σy) plane, tracking sets of30 particles distributed in2 σ steps. Matching

of the coupling was performed as described in Section4.4.4. Simulations with|C−| = 0.002

and|C−| = 0.004 were considered, corresponding to the uncertainty arisingfrom local vari-

ations of|f1001|. Four phases (0.0 π, 0.5 π, 1.0 π and1.5 π) of f1001 at the matching point

were considered for each amplitude examined. The WISE seeds of magnetic errors are in-

cluded automatically by SIXTRACK. A comparison of the SIXTRACK simulation to the

measured dynamic aperture is shown in Fig.4.18. The phase and amplitude off1001 is seen

to have a notable impact upon the simulated dynamic aperture.
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Figure 4.17: Beam intensity recorded by the LHC Beam Current Monitors following the highest
amplitude kicks in the horizontal, vertical, and diagonal planes at the corrected optics configura-
tion.
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Figure 4.18: Comparison of the modelled and measured dynamic aperture at nominal injection
optics in the LHC. Simulations with|C−| = 0.002 and |C−| = 0.004 have been considered
in order to characterize the uncertainty in the DA arising from the reproduction of |f1001| in
the model. Similarly, four phases (0.0 π, 0.5 π, 1.0 π and1.5 π) of f1001 at the matching point
were considered for each amplitude examined. The area shown for the simulated amplitudes
corresponds to the maximum and minimum DA defined by the four phases.
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The agreement between model and measurement is good. The measured DA in both

planes agrees well inside the factor of two margin of safety (DAdesigned/DAdesired = 2)

which was specified during the LHC design phase. It is clear that to some degree the mod-

elling of linear coupling is limiting the simulation of the non-linear dynamics, up to the level

of ∼ 1.5 σnominal at certain angles. An improved method of local matching to the realf1001

in the machine may assist in this regard.

As described in Section4.4.4, a MAD-X model of the corrected optics was created by

matching to the measured first order detuning. Following thematching of the first order

terms, the second order detuning showed a similar qualitative behaviour to the observations,

but showed a∼ 50 % deficit compared to the measured values. Dynamic aperture studies

were performed on this model using SIXTRACK, the results are shown in Fig. 4.19. In

Fig. 4.19 the settings of the collimators in the horizontal and vertical planes are indicated

by solid orange lines. The aperture defined by the collimators in units ofσnominal can be

influenced by beta-beating at their location. An estimate of±0.3 σnominal is obtained for the

uncertainty collimator aperture, assuming a maximum beta-beat of5 %. This is indicated in

Fig.4.19by a patterned orange area about the collimator setting. Anydistortion of the closed

orbit from the reference used to center the collimators willalso reduce the aperture. It has

not been possible to quantify this effect, and no attempt is made to account for it in Fig.4.19,

however some departure from the reference should be expected due to the low intensity of

the beams used for the DA measurement.

The simulated DA of the effective model showed an increase relative to that of the nomi-

nal machine, reflecting the observed increase in the real machine. The influence of the linear

coupling on the dynamic aperture also appeared to be reducedupon reduction of the non-

linearities. At∼ 11 σ, the simulated dynamic aperture agrees well with the measured value

for the diagonal kicks. In the horizontal plane it is difficult do draw meaningful conclusions:

the measured aperture, simulated DA, and collimator aperture (which it should be noted does

not include reduction due to closed orbit distortion away from the reference orbit) are all ap-

proximately consistent. In the vertical plane detailed conclusions regarding the validity of

the matched model cannot be drawn beyond the fact that the vertical dynamic aperture is

outside the aperture of the collimators, as appeared to be the case in the real machine.
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Figure 4.19: Comparison of the modelled and measured dynamic aperture, following depower-
ing of the MO and the application of corrections forQ′′ andQ′′′. Simulations with|C−| = 0.002
and|C−| = 0.004 have been considered in order to characterize the uncertainty in the DA aris-
ing from the reproduction of|f1001| in the model. Similarly, four phases (0.0 π, 0.5 π, 1.0 π and
1.5 π) of f1001 at the matching point were considered for each amplitude examined. The area
shown for the simulated amplitudes corresponds to the maximum and minimum DA defined by
the four phases. Collimator settings are indicated by orange lines, where thepatterned orange
area indicates the uncertainty in collimator aperture defined by an assumed maximum beta-beat
of 5 %.
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4.5 Application of the non-linear model to new injection optics

Observations and simulation agree well for the nominal injection settings present in the LHC

during the first half of 2012. In light of this the LHC non-linear model may be extrapolated

to new regimes which have not been studied directly.

During the latter half of 2012 the Landau octupole polarity in the LHC was reversed

(K4 = +3 m−4) with respect to the settings studied in preceding sections(K4 = −3 m−4).

Figure4.20plots the detuning due to first and second order terms for the original and reversed

polarities. Predictions for the reversed polarity were obtained by applying the shifts in first

and second order terms obtained from simulation to the values measured at the original

polarity. Evidently the effects of coupling and higher order detuning are ignored in these

predictions: they are intended to provide an indication of the effect MO polarity has on the

first and second order detuning, rather than detailed predictions of the machine behaviour.
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Figure 4.20: Effect of Landau octupole polarity on first and second order detuningwith ampli-
tude at injection.
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At the original MO polarity present in the LHC, the detuning generated by the Landau

octupoles acted in the same direction as the substantial detuning of the machine in the ab-

sence of the MOs. Perhaps more significantly the first and second order detunings also acted

in the same direction. After reversal of the Landau octupolepolarity the first order detuning

generated by the MO acted in opposition to that of the bare machine. The first order detuning

was also partially compensated by the second order terms. Asa consequence the detuning

with amplitude predicted for the Landau octupole polarity utilized in the latter half of 2012

operation is considerably reduced compared to that measured for the original settings.

When the LHC restarts following its first Long Shutdown (2013-2014), it is desired to

shift from luminosity production with50 ns bunch spacing to25 ns. The reduced bunch

spacing may lead to the development of collective instabilities in the beam motion, and it may

be necessary to increase the powering of the MO to provide additional damping. For tests

of the25 ns configuration, performed during the first operational run, the MO powering was

increased by a factor of four, toK4 = 12 m−4. This is considerably in excess of previously

envisioned powering scenarios for the Landau octupoles. Figure 4.21 plots the (first and

second order only) amplitude detuning obtained from PTCNORMAL for simulations with

Landau octupoles set to the polarity of late 2012, but with four times higher strength.

The detuning is substantial, with both first and second orderterms being increased con-

siderably. In particular the third order resonance could bereached by∼ 5 σy (nominal), inside

the operational aperture defined by the collimators. It may be necessary to consider whether

having the third order resonance within the collimator aperture could present machine safety

concerns. Also relevant is the dynamic aperture of such an optics. The DA determined

for 3.3 × 105 turns (∼ 30 s) in SIXTRACK is plotted in Fig.4.22. A coupling range of

0.5 × 10−3 ≤ |C−| ≤ 6 × 10−3 was considered, representing a realistic range of possible

values at injection.

The modelled DA is considerably reduced from that obtained for simulations of the early

2012 optics. At3.3 × 105 turns the predicted dynamic aperture at injection is comparable

with the operational aperture (∼ 5.8 σnominal) of the collimators for most angles. Also of con-

cern is that the chaotic boundary identified by SIXTRACK was particularly small: generally

between1 σnominal and4 σnominal dependent on angle, coupling, and seed. In some cases
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Figure 4.21: Simulated detuning with amplitude (first and second order) for the Landau octupole
settings proposed for25 ns operation of the LHC.
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Figure 4.22: Simulated dynamic aperture after3.3×105 turns (∼ 30 s) for the Landau octupole
powering applied during tests of operation with25 ns bunch spacing (K4 = 12 m−4). A coupling
range of0.5 × 10−3 ≤ |C−| ≤ 6 × 10−3 was considered.
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however, SIXTRACK identified the smallest amplitude tracked particles (corresponding to

∼ 0.1 σnominal) as following chaotic orbits. Over long periods of time it ispossible that the

dynamic aperture will decrease towards the chaotic boundary [41, 42]. Given the results of

these simulations this could indicate the potential for beam loss if the DA becomes compa-

rable with the beam size, and may warrant further study.

4.6 Conclusions

Measurements of several non-linear observables have been performed in the LHC at in-

jection. The results have been compared to simulation allowing for an assessment of the

understanding of the non-linear transverse dynamics of themachine.

Initial investigations were made of the non-linear dynamics through study of higher or-

der chromaticity. Measurements revealed large second and third order chromaticities at in-

jection optics with depowered Landau octupoles. Substantial discrepancies were seen in the

simulated non-linear chromaticity with respect to these observations. It was determined that

hysteresis of the octupolar spool piece magnets was a significant contribution to this discrep-

ancy. Constraints were placed on any systematic misalignment of the decapolar spool pieces

with respect to the main arc dipoles. A notable discrepancy remained in theQ′′
x of the LHC

model compared to the measured values. Beam-based correction of second and third order

chromaticity was demonstrated, and was observed to reduce first order detuning with am-

plitude and the decoherence of kicked beams. Measurement ofnon-linear chromaticity with

Landau octupoles powered to their nominal settings indicated the MO behaved as expected.

Detailed measurements of the non-linear observables were performed using kicked beams

at nominal injection optics in 2012. It was found that first order amplitude detuning was

large, but agreed well with the modelled values. Second order amplitude detuning was also

measured in the LHC for the first time. While the simulated second order detunings showed

a qualitatively similar behaviour to the measurements, there were significant deficits. At the

highest amplitudes examined this resulted in a delayed approach of the model to the third and

fourth order resonances. These discrepancies are smaller,but still relevant, within the aper-

ture defined by the collimators in operation. Further studies will be required to improve the

understanding of these higher order effects. Following measurements at nominal injection
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optics, Landau octupoles were depowered and corrections for the non-linear chromaticities

(found in 2011) were applied. Significant reductions in the amplitude detuning were ob-

served, which led to improved decoherence of kicked beams. It should be highlighted that

the validity a year later of non-linear dynamics corrections found in 2011 is a significant

demonstration of the stability of the non-linear dynamics in the LHC.

During measurements of the detuning with vertical amplitude performed at nominal in-

jection optics, a substantial coupling of the large amplitude vertical kicks into the horizontal

plane was observed. This corresponded with the tune split approaching aδQmin which was

considerably in excess of the linear|C−|. It has been concluded that an amplitude dependent

non-linear coupling was observed. The approach to theδQmin and the coupling of vertical

kicks into the horizontal plane are reproduced in the model,representing a further verifica-

tion of the understanding of the non-linear dynamics in the LHC. The non-linear coupling

in the LHC optics is now an area of growing interest. As a consequence of the observations

presented in this Chapter, further theoretical and simulation studies are being performed in

order to better understand the effect, and identify the dominant sources in the LHC.

The dynamic aperture at nominal injection optics was measured. Agreement with the

model was good in both planes, particularly in the horizontal. The measured and simulated

dynamic aperture agreed well within the safety margin specified in the LHC design phase.

It was shown that through a minimization of readily observednon-linear parameters it is

possible to increase the dynamic aperture in the LHC.

These observations validate many aspects of the LHC non-linear model at nominal injec-

tion optics, in particular: the first order detuning, the non-linear coupling, and the dynamic

aperture. Some areas have been highlighted as requiring further study however, notably the

higher order terms in the amplitude detuning, and the requirement for a better linear cou-

pling model. Observation of the non-linear coupling, and its reproduction in the model, have

opened the door to more detailed studies of this phenomenon.The ability to control the non-

linear transverse dynamics has been well established by themanipulations performed during

this experiment. Most notably the demonstration of dynamicaperture correction in the LHC

is an important step forwards. These are promising results for the future exploitation of the

LHC.



Chapter 5

The tune, linear coupling and first order chromaticity
dependence of the LHC on Landau octupole powering

During regular operation of the LHC the Landau octupoles are strongly powered and play a
significant role in the damping of instabilities in the beam motion. It is important therefore
that the dynamics introduced by the Landau octupoles are well understood. During the
2012 LHC run however, several observations were made at top energy, 4 TeV, which
demonstrated a dependence of the tune, linear coupling and first order chromaticity upon
Landau octupole powering. The observed shifts in these properties upon changes in Landau
octupole powering were larger than might reasonably have been expected, and were not
reproduced in the best LHC models.

Understanding the dependence of first order chromaticity was of particular importance, as
it can significantly influence the growth of instabilities in the beam motion. The abilityto
reproduce and predict these features of the beam dynamics in simulation was an important
goal in improving the accuracy of the LHC model, and in expanding its applicability. In this
chapter the observations of the relationship betweenQ, Q′, |C−| and the Landau octupole
powering are analysed, leading to an understanding of the effect.
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5.1 Introduction

Over the course of the 2012 LHC run observations were made at top energy (4 TeV) of

significant shifts in the tune (Qx,y), linear coupling (|C−|), and first order chromaticity (Q′
x,y),

which appeared to be correlated to changes in the Landau octupole (MO) powering.

Understanding the source of these apparent dependencies onMO powering is important

for anticipating shifts in the fundamental beam properties, for correction of the effect, and

for the identification of artifacts in the measurements. Theincorporation of these features of

the dynamics into the LHC model is significant both for its accuracy and its applicability.

The influence of the Landau octupoles on first order chromaticity is of particular impor-

tance. The Landau octupoles in the LHC are intended for the damping of instabilities in the

beam motion through the introduction of amplitude dependent detuning, however first order

chromaticity also plays a significant role in the suppression of the head-tail instability. If the

powering of the Landau octupoles, intended for the damping of instability, causes the first

order chromaticity to become either negative, or large and positive, then the beam may be-

come unstable. An analysis of the first order chromaticity dependence on Landau octupole

powering was therefore an important complement to study of the amplitude detuning. In

contrast the tune dependence is too small to be of serious concern for operation. Together

with the first order chromaticity shifts and the peculiar observations of the coupling however,

they represent an unanticipated behaviour of the LHC which warranted further investigation.

This chapter is concerned with understanding the influence of Landau octupole powering

on the tune, linear coupling and first order chromaticity. Section 5.2 begins by presenting

observations of shifts to these properties which were correlated with changes in the Landau

octupole powering. Section5.3 then discusses analysis of the available data together with

the effort to reproduce the effect in the LHC model, finally arriving at an understanding of

the influence of the Landau octupoles on these beam properties. Section5.4details a simple

analytical description of the chromaticity variation which may be useful in circumstances

where simulation is impractical.

Throughout this chapter the use of‘chromaticity’ may be taken as referring to the first

order chromaticity,Q′. Similarly ‘coupling’ refers to the linear coupling.
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5.2 Observations of tune, linear coupling, and first order chro-
maticity variations with Landau octupole powering

The analysis described in this Chapter is based on observations made during four beam

dynamics experiments which are described briefly in sections 5.2.1to 5.2.4. The measured

shifts to tune, chromaticity, and coupling, which were correlated with changes in Landau

octupole powering, are summarized in section5.2.5.

Measurements of tune, chromaticity, and coupling were performed using the LHC BBQ

system. During all measurements the focusing (MOF) and defocusing (MOD) Landau oc-

tupoles in all arcs were trimmed simultaneously. In order toconsistently characterize the

Landau octupole powering, the current in the Arc12 MOD (IMOD:a12) has been used through-

out this chapter. With the exception of observations presented in Section5.2.3the data pre-

sented was not the result of dedicated measurements, but wasobtained parasitically.

5.2.1 Initial observation of tune and linear coupling dependence
on Landau octupole powering

Variations of the tune and linear coupling with Landau octupole powering were first observed

parasitically during measurements of the LHC aperture. Upon depowering the MO from

IMOD:a12 = 450 A to 50 A shifts to the coupling (Fig.5.1) and tune (Fig.5.2) were noticed

in data obtained from the LHC BBQ.

A clear decrease in the coupling measured by the BBQ was observed for both beams.

The change in|C−| was significant (> 2 × 10−3) on the scale relevant to typical LHC oper-

ation, and well outside the amplitude of noise on the measurement. The change in|C−| was

clearly associated with the depowering of the Landau octupoles, and demonstrated plateaus

coinciding with breaks in the ramping of the MO current. Thiswas indicative of an influ-

ence of the Landau octupole powering on the LHC linear coupling (as measured by the BBQ

system) which could potentially be relevant for operation.

The raw tune signal was extremely noisy, but improved as the MO powering was de-

creased. Small positive tune shifts were seen in both planesfor both beams, with the shift

becoming more apparent in the final MO trim (fromIMOD:a12 ∼ 200 A to 50 A) as the noise
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Figure 5.1: Coupling logged by the BBQ system while depowering the Landau octupoles during
measurement of the LHC aperture. Landau octupole powering is also displayed.
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Figure 5.2: Tunes logged by the BBQ system while depowering the Landau octupoles during
measurement of the LHC aperture. Landau octupole powering is also displayed.
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decreased. It should also be highlighted that in the horizontal plane of Beam 2 (Fig.5.2b,

dark blue data) the BBQ regularly misidentified the tune with a peak at around0.306 in the

horizontal spectrum while the octupoles were powered, the source of which is unknown.

Towards the end of the aperture measurement the Landau octupoles were re-powered

to their nominal currents and corresponding shifts in the coupling and tunes from the BBQ

were observed. The changes in coupling and tune were approximately equivalent to those

observed upon the depowering of the MO, and are shown in Fig.5.3and Fig.5.4respectively.

It should be noted that on re-powering of the MO, the Beam 2Qx was again misidentified

with the spectral line at0.306.

The tune and coupling shifts corresponding to these two changes of MO powering have

been combined and are presented in Tab.5.1 in Section5.2.5

5.2.2 Confirmation of BBQ observations from commissioning
data, and analysis of linear coupling RDTs

Following the initial observations of a tune and coupling dependence on MO powering, old

optics commissioning data [129] was re-analysed in an attempt to verify the results.

Optics measurements of the LHC are usually performed by exciting coherent betatron

oscillations using the LHC AC-dipoles. By performing spectral analysis on the betatron os-

cillations during the AC-dipole flattop it is possible to determine resonance driving terms

(RDTs) of the motion [57]. The RDT corresponding to linear|C−| is f1001, and was in-

troduced in Section1.4.6. The coupling coefficient and RDT are approximately related by

Eq.(5.1) [27], where|f1001| is the mean amplitude off1001 around the LHC ring.

|C−| ≈ 4|(Qx − Qy)||f1001| (5.1)

Initial observations (presented in the preceding section)of a shift in linear coupling de-

pendent on Landau octupole powering were based on changes inthe |C−| recorded by the

LHC BBQ. Thef1001 is a more robust quantity for study than|C−| as determined by the

BBQ (which only describes the coupling at a single location -IP4 - and must utilize only
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Figure 5.3: Coupling logged by the BBQ system while re-powering the Landau octupolesduring
measurement of the LHC aperture. Landau octupole powering is also displayed.
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the real part of the turn-by-turn signal, as opposed to the complex signal used to findf1001).

Conversely, the necessity of using the AC-dipole to excite large amplitude betatron oscilla-

tions limits the applicability of such an analysis to dedicated studies. Typically during optics

measurement and correction (OMC) studies with the AC-dipole the Landau octupoles are

powered at zero or low current.

During a single session of theβ∗ = 0.6 m commissioning however, optics measurements

with the AC-dipole were performed with MO at nominal settings(at the timeIMOD:a12 =

250 A), prior to their depowering for the main series of optics studies. This enabled a mea-

surement of how the|f1001| varied with the MO powering, and a comparison to measurements

of the coupling made using the LHC BBQ system.

Figures5.5and5.6show the coupling and tune data logged by the BBQ while the Lan-

dau octupoles were trimmed to zero. As in Section5.2.1the tune data of both planes in both

beams demonstrated a small positive shift, coinciding withthe depowering of the Landau

octupoles. Regarding the coupling measured by the BBQ, the Beam 2measurement is so

noisy prior to the MO being depowered that it is difficult to make any definitive statement re-

garding a change in|C−|. In Beam 1 however, there is again a correlation observed between

the Landau octupole depowering and a reduction in|C−| as measured by the BBQ. The re-

duction was significantly smaller than seen in Fig.5.1and Fig.5.3, going from∼ 1 × 10−3

to∼ 0.5×10−3, but still visible (it should be noted that the change in MO powering was also

much smaller than that considered in the previous section).These observations would appear

to validate the observation of coupling and tune shifts presented in the previous section, and

imply the shifts directly relate to the MO powering rather than any coincidental shift during

in the initial observation.

An analysis of the coupling RDTs however, raises some puzzling issues. Figures5.7

and5.8 show the|f1001| and |f1010| obtained from spectral analysis of turn-by-turn (TbT)

BPM data for AC dipole kicks performed before (blue) and after(red) the depowering of the

MO. Plots on the left of Fig.5.7and Fig.5.8show the coupling RDTs measured around the

LHC ring, while plots on the right are histograms of the values measured in the BPMs. It is

apparent from the histograms for Beam 1 (Fig.5.7 right) that there has been no significant

change to the linear coupling RDTs. A change to the linear coupling of the magnitude seen
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Figure 5.5: Coupling logged by the LHC BBQ system during0.6 m optics commissioning stud-
ies. Landau octupole powering is also displayed.
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in the BBQ data (> 2 × 10−4) should be clearly visible as a shift in the RDTs, this is not

observed in the Beam 1 data. In the analysis of Beam 2 we do see a small reduction in

the |f1001|, though this includes a non-negligible contribution from the change in the tune

split. Given the poor quality of the Beam 2 BBQ data, a definite statement cannot be made

regarding the agreement of Beam 2 resonance driving term and BBQmeasurements of the

linear coupling. RDT and BBQ measurements for the coupling in Beam 1 however, are in

contradiction.
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Figure 5.7: Comparison of Beam 1|f1001| and|f1010| before/after MOs depowered during0.6 m
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5.2.3 Measurement of first order chromaticity with Landau oc-
tupole powering

The observations of tune and coupling variations with Landau octupole powering presented

in the preceding sections were obtained parasitically. While data regarding the tune and|C−|
may be obtained in this way, observations of the chromaticity generally require dedicated

studies. Such dedicated measurements of the variation ofQ′ with Landau octupole powering

were performed during studies of the instability thresholdfor octupole powering [130, 131].

Both beams were studied at Flattop. Data was also obtained forBeam 1 atβ∗ = 0.6 m.

During the Flattop measurement both beams became very briefly unstable, most noticeably

in the vertical plane, when the Landau octupoles were trimmed from IMOD:a12 ∼ 80 [A] to

zero, but recovered when the Landau octupoles were re-powered.

A substantial first order chromaticity change, of the order of six units in the horizontal

plane and two units in the vertical, was observed upon depowering the MO fromIMOD:a12 =

450 A to 0 A. This is shown at Flattop for Beam 1 and Beam 2 in Fig.5.9 and Fig.5.10

respectively, and for Beam 1 atβ∗ = 0.6 m in Fig. 5.11. The shifts inQ′ were clearly

associated with trims of the MO, and substantial enough to beof significant concern for

LHC operation.

Coupling shifts correlated to the change in MO powering were once more observed in

the BBQ data. These are shown in Fig.5.12 (Flattop) and Fig.5.13 (β∗ = 0.6 m). The

coupling shifts were several times larger than the noise on the BBQ measurement. Tune data

(Fig. 5.14and5.15) recorded by the BBQ also showed small positive shifts in both planes of

both beams, consistent with previous observations.

5.2.4 Measurements of tune and linear coupling with reversed
Landau octupole polarity

The data presented in the preceding sections was all obtained for the same polarity of the

Landau octupoles. The low quality of the coupling measurements obtained during0.6 m

commissioning, and presented in Section5.2.2, also made a comparison of the BBQ and

RDT measurements difficult. In this section observations with reversed Landau octupole
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Figure 5.9: Chromaticities logged by the LHC BBQ system for Beam 1 at Flattop during studies
of the octupole threshold for instability. Landau octupole powering is also displayed.
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Figure 5.10: Chromaticities logged by the LHC BBQ system for Beam 2 at Flattop during
studies of the octupole threshold for instability. Landau octupole powering isalso displayed.
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Figure 5.11: Chromaticity of Beam 1 logged by the LHC BBQ system atβ∗ = 0.6 m during
studies of the octupole threshold for instability. Landau octupole powering isalso displayed.
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Figure 5.12: Coupling logged by the LHC BBQ system at Flattop during studies of the octupole
threshold for instability. Landau octupole powering is also displayed.
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Figure 5.13: Coupling logged by the LHC BBQ system atβ∗ = 0.6 m during studies of the
octupole threshold for instability. Landau octupole powering is also displayed.
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Figure 5.14: Tunes logged by the LHC BBQ system at Flattop during studies of the octupole
threshold for instability. Landau octupole powering is also displayed.
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Figure 5.15: Tunes logged by the LHC BBQ system atβ∗ = 0.6 m during studies of the octupole
threshold for instability. Landau octupole powering is also displayed.
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polarity are reported, including high quality measurements of both the coupling determined

by the BBQ and the linear coupling RDTs.

During linear optics studies of new MQY1 settings [117], optics measurements with the

AC-dipole were performed with and without Landau octupoles powered, allowing a com-

parison of the coupling measured by the BBQ to the|f1001|. These measurements were

performed at Flattop on a virgin optics (beta-beating corrections removed), with new MQY

calibrations under investigation applied. At this stage inthe LHC operation the polarity

of the Landau octupoles had been reversed with respect to themeasurements considered in

sections5.2.1, 5.2.2and5.2.3. The magnitude of the current in the MO had also been in-

creased toIMOD:a12 = −500 A. Before performing AC-dipole measurements with the MO

off, corrections to the tunes were applied for the drifts which occurred on depowering the

MO. Changes to the|f1001| resulting from variation of the tune split are therefore negligible.

Figures5.16 and 5.17 plot the tune and coupling recorded by the BBQ. Considering

the Beam 1 tune data a coherent tune shift in both planes is oncemore observed, with the

opposite sign to previous measurements (recall the polarities of the MO were reversed with

respect to the previous measurements). In Beam 2 the verticaltune is consistent with the

Beam 1 measurement. In the horizontal plane however the tune (as identified by the BBQ)

jumps to a new spectral line as the MO powering approaches zero, and prior to this no trend

in the observed line is apparent. Conclusions with respect tothe Beam 2Qx are therefore

not possible. Regarding the coupling, as with the measurements presented in the preceding

sections a clear shift in the|C−| recorded by the BBQ is observed on depowering the MO

towards0 A. Significantly however, in spite of the reversal of MO polarity the|C−| recorded

by the BBQ is still observed to decrease. Upon reversal of the MOpolarity it would be

expected for most sources that the sign of∆|C−| would have changed.

Measurements of|f1001| and|f1010| are plotted in Fig.5.18and5.19. The measurement

of |f1001| and|f1010| before and after MO depowering on Beam 1 is of excellent quality, and

no shift compatible with the BBQ measurement is observed. On Beam 2 the measurement

is of slightly lower quality, but is still in contradiction with the BBQ. While shifts in the

|C−| measured by the BBQ are consistently observed upon changes in Landau octupole

1MQY are large bore matching quadrupoles in the LHC insertionregions (IRs).
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Figure 5.16: Tunes logged by the LHC BBQ system at Flattop during MQY calibration studies.
Landau octupole powering is also displayed.
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Figure 5.17: Couplings logged by the LHC BBQ system at Flattop during MQY calibration
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powering, it seems that where data is available these shift are also consistently contradicted

by measurements of the linear coupling resonance driving terms.
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Figure 5.18: Comparison of Beam 1|f1001| and |f1010| before/after MOs depowered during
MQY calibration studies.
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Figure 5.19: Comparison of Beam 2|f1001| and |f1010| before/after MOs depowered during
MQY calibration studies.
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5.2.5 Measurements summary

Simple cleaning was performed on the measured BBQ data. A histogram of the BBQ data

was considered, and cuts on the accepted values applied. This removed much of the outlying

noise. An illustration of the cleaning procedure is shown inFig. 5.20. In the case shown

manual cleaning also removed data corresponding to a spectral line the BBQ repeatedly

misidentified with the tune. Similar cleaning was performedon data with and without the

Landau octupoles powered, and the mean of the retained data used to calculate the shifts

to tune, coupling and chromaticity. Standard deviations ofthe distributions were added in

quadrature to give the error on the shift.
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Figure 5.20: An example of cleaning BBQ data. A histogram of the BBQ data is plotted. Cuts
(shown in pink) are applied to the tune data in order to exclude some of the obvious noise or
misidentified peaks in the spectra.
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Table5.1 summarizes the observations described in the preceding sections. The tune,

chromaticity, and coupling shifts have been calculated from LHC BBQ data.

Table 5.1: Summary of tune, chromaticity and coupling shifts. A∆|C−| equivalent to the change
in |f1001| at the closest available BPM to the BBQ has been calculated using equation (5.1), and
is quoted in the table in order to characterize thef1001 measurements.

Section5.2.2 Section5.2.1 Section5.2.3 Section5.2.3 Section5.2.4

250→0[A] 450↔50[A] 450→0[A] 450→ 0[A] -500→ 0[A]
∆ = off − on β∗ = 0.6 m β∗ = 0.6 m β∗ = 0.6 m Flattop Flattop

B
ea

m
1

∆Qx (×10−4) 2±1 5±2 7±4 5±4 −10±1
∆Qy (×10−4) 3±1 5±2 4±1 8±1 −10±3
∆Q′

x - - 6.6±0.3 6.3±0.8 -
∆Q′

y - - −2.1±0.6 −2.3±0.4 -
∆|C−| from BBQ(×10−3) −0.6±0.1 −3.2±0.2 −0.9±0.1 −2.5±0.5 −4.5±0.3
∆|C−| fromf1001 (×10−3) −0.02 - - - −0.2

B
ea

m
2

∆Qx (×10−4) 4±1 6±3 - 20±6 -
∆Qy (×10−4) 7±1 13±6 - 8±2 −19±4
∆Q′

x - - - 4.7±0.7 -
∆Q′

y - - - −2.2±0.6 -
∆|C−| from BBQ(×10−3) −0.4±0.3 −3.5±0.8 - −3.5±0.2 −4.7±0.4
∆|C−| fromf1001 (×10−3) −0.1 - - - +0.2

In general the Beam 1 data (including thef1001 measurement) is of a higher quality than

Beam 2, however tune, chromaticity and (BBQ) coupling shifts are apparent for both beams.

The tune shifts of both the horizontal and vertical planes are consistently driven in the same

direction, though their magnitude is small. The coupling asmeasured by the LHC BBQ was

observed to decrease on the depowering of the Landau octupoles. This decrease is observed

for both polarities of the MO, and has been shown to be inconsistent with measurements of

the coupling RDTs.

The observed chromaticity variation with Landau octupole powering is substantial and

of concern for the operation of the LHC. The remainder of this Chapter endevours to explain

the tune, chromaticity, and coupling dependence on MO powering.
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5.3 Understanding the tune, linear coupling and first order chro-
maticity dependence on Landau octupole powering

The LHC has two families of Landau octupole (focusing: MOF, and defocusing: MOD) per

arc per beam. As designed both beams had 84 MOF and 84 MOD. Following the incident

in September 2009 twoMODBeam 1 and twoMOFBeam 2 in Sector 3-4 were lost2. An expla-

nation of the observed dependencies of the tune, chromaticity, and (BBQ) coupling on the

powering of these elements is desired.

One likely cause of a variation in the fundamental beam parameters with octupole pow-

ering is feed-down from misalignments and closed orbit. Another is the field quality of the

Landau octupoles. In this section the role of these effects are assessed with reference to the

observations. In this analysis a perfect reliability of thecurrent-field transfer function of the

Landau octupoles is assumed. During 2012 the transfer function was well verified at lower

currents (up to∼ 80 A), however no data is available at the higher currents applied in these

studies.

5.3.1 Matching systematic misalignments of MOF and MOD to
observations

As an initial step towards understanding the dependencies of the relevant parameters on Lan-

dau octupole powering, an attempt was made to match systematic transverse and rotational

misalignments of the MOF and MOD to reproduce the observed∆Q, and∆Q′. It was also

attempted to reproduce the∆|C−| observations made by the LHC BBQ. Matching was per-

formed in MAD-X, the results of the matching procedure are summarized in Tab.5.2.

Initially only the chromaticity shifts in the horizontal and vertical plane were constrained.

Being dominated by horizontal misalignment, only theδx: MOF,MOD were varied in this case.

Systematic misalignments of|0.36|mm in the MOF and|0.1|mm in the MOD were found to

be necessary to reproduce the observations. While purely horizontal misalignment succeeded

in reproducing the chromaticity shifts, it failed to reproduce the observed behaviour of the

tune. To satisfy constraints on chromaticity and tune shifts together, it was necessary to

2When considering simulation in MAD-X therefore, we use the 2012:‘as-built’ sequence [132].
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Table 5.2: Results for Beam 1 of attempts to match systematic misalignments of the MOF and
MOD to measured∆Q, ∆Q′ and (BBQ)∆|C−| on depowering the Landau octupoles. Similar
results were obtained for Beam 2. Attempts to match the coupling shift either failed or obtained
unrealistic misalignments.

Matching: Q’ only Q+Q’ Q+Q’+Coupling
Vary: δx MOF & MOD δx,y MOF & MOD δx,y,ψ MOF & MOD

S
ys

te
m

at
ic

al
ig

nm
en

t

MOF : δx[mm] −0.36 −0.36 FAILED
MOF : δy[mm] 0 −0.008 FAILED
MOF : δψ[µrad] 0 0 FAILED
MOD : δx[mm] −0.1 −0.1 FAILED
MOD : δy[mm] 0 0.39 FAILED
MOD : δψ[µrad] 0 0 FAILED

introduce sizable vertical misalignment (comparable in magnitude to the horizontal).

The systematic misalignments required to reproduce the tune and chromaticity shifts are

large but not unrealistic, implying that Landau octupole feed-down does have the capacity

to explain the observations. These results also set a scale of comparison for the measured

Landau octupole misalignments and the measured orbit in thefollowing sections.

Attempts were made to match systematic horizontal, vertical, and rotational misalign-

ments of the MOF and MOD with constrained shifts to tune, chromaticity, and coupling. In

all cases considered the matching either failed or producedunreasonable results. The failure

to find a reasonable solution for the coupling shifts may suggest a source other than feed-

down is responsible for the observations of∆|C−| made with the BBQ, or that they are the

result of an artifact in the measurement.

5.3.2 Known misalignments of the Landau octupoles

Estimates of geometric errors in the LHC lattice are generated by the Windows Interface

to Simulation Errors (WISE [87]) from measurements of the alignment errors [88]. WISE

was introduced in Chapter2.1.3. Table5.3 shows the mean misalignments of the MOF

and MOD for each Beam, determined from the WISE estimates. Comparing with Tab.5.2

it is apparent from the experience of attempting to match systematic misalignments to the
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measured∆Q′ that the systematic horizontal misalignments are substantially smaller than

required to explain all of the chromaticity shift.

Table 5.3: Mean measured misalignments of the MOF and MOD

δ̄x[mm] δ̄y[mm] δ̄ψ[µrad]

B
1 MOF −0.0633 −0.146 −7.97

MOD −0.0588 −0.185 −0.476
B

2 MOF −0.0514 −0.231 −0.476
MOD −0.0663 −0.208 −7.98

A simple MAD-X model of the LHC was constructed which reproduced the conditions of

the measurement at Flattop during the dedicated chromaticity measurements (Section5.2.3).

The misalignments of the individual Landau octupoles obtained from WISE were applied

to the MO in MAD, then with the MO at their nominal settings thetune, chromaticity and

coupling were matched to their values immediately preceding the measurement. All crossing

and separation bumps in the IRs are removed from the MAD-X model in order to minimise

the closed orbit in the simulation. This ensured that only the effect of the applied misalign-

ments was seen. The shifts toQ, Q′ and|C−| on depowering the MO to zero in the model

are presented in Tab.5.4.

Table 5.4: Q, Q′ and |C−| shifts on depowering the MO (IMOD:a12 = 450 → 0 [A]) in the
MAD-X model (at Flattop) with measured misalignments applied to the MO. The shiftsobserved
during dedicated chromaticity measurements (Section5.2.3) are quoted for comparison.

Beam 1 Beam 2
model measured model measured

∆Qx (×10−4) −6 5±4 −9 20±6
∆Qy (×10−4) 7 8±1 16 8±2
∆Q′

x 0.96 6.3±0.8 1.36 4.7±0.7
∆Q′

y −0.53 −2.3±0.4 −1.12 −2.2±0.6
∆|C−| (×10−3) 0.40 −3.5±0.5 0.58 −3.5±0.2

The sign of the∆Q′ is correct. As expected the magnitude is smaller than observed,

however it represents a non-negligible contribution to thechromaticity dependence (between
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15 % and50 % of observations dependent on plane and beam). The tune and (BBQ) coupling

shifts were not reproduced.

5.3.3 Systematic closed orbit at the Landau octupoles

In addition to misalignment of the Landau octupoles anotherpotential source of feed-down

is the closed orbit of the beams. During the dedicated chromaticity study (Section5.2.3) the

orbit at the LHC BPMs was logged by the LHC steering softwareYASP[133]. All Landau

octupoles in the LHC are located next to a BPM (|sMO − sBPM | = 0.751 m), this may be

seen in Chapter2, Fig. 2.2. The closed orbit in the MO may be approximated to that of the

neighbouring BPM.

Figure5.21shows an example of the orbit logged by YASP for the horizontal plane of

Beam 1, during the dedicated chromaticity study. Functioning BPMs logged by YASP are

plotted in green. Malfunctioning BPMs are plotted in red.

The lower plot in Fig.5.21shows the orbit logged for all BPMs around the ring. The

orbit was not substantially dispersive: the relative momentum offset corresponding to this

orbit was δp

p
= 0.057 × 10−3. Considering the upper plot of Fig.5.21however, which only

displays the orbit at BPMs neighbouring an MO, there is a substantial systematic orbit at

these BPMs. Indeed at two locations (BPM.29R7.B1 and BPM.33R7.B1) the logged orbit is

in excess of2 mm (this issue will be returned to in Section5.3.5).

To assess the systematic closed orbit at the Landau octupoles during the dedicated chro-

maticity measurements (given the assumption the orbit excursion does not change substan-

tially in the0.751 m between the MO and corresponding BPM), the orbit was averagedover

all functioning BPMs next to an MOF or MOD at each time intervalrecorded by YASP. The

mean horizontal and vertical orbits at the MOF and MOD are plotted against time in Fig.5.22

(Beam 1) and Fig.5.23(Beam 2). Theβ∗ and measured MO current are also shown. Note

that Beam 2 was dumped before measurements atβ∗ = 0.6 m could be performed.

A substantial systematic closed orbit is observed in the horizontal plane for the MOF.
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Figure 5.21: Beam 1 horizontal orbit as logged by YASP during the dedicated chromaticity
study. Functioning BPMs are shown in green, malfunctioning in red. The lower plot shows the
measured orbit at all BPMs. The upper plot shows the orbit measured atBPMs immediately
preceding the Beam 1 MOF.
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Figure 5.22: YASP orbit data for Beam 1, averaged over functioning BPMs located next to an
MOF or MOD, during the dedicated chromaticity measurements (Section5.2.3).
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Figure 5.23: YASP orbit data for Beam 2, averaged over functioning BPMs located next to an
MOF or MOD, during the dedicated chromaticity measurements (Section5.2.3).
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Significantly this misalignment is comparable in magnitudeto that expected from experi-

ence of matching systematic misalignments to the observations. The systematic orbit of

Beam 1 increased between the Flattop and post-squeeze measurements, which can explain

the slightly larger chromaticity shifts seen following thesqueeze.

The orbit logged by YASP does not take into account any misalignment of the BPMs,

however alignment data was available for the BPMs with respect to the main quadrupoles

(MQ). Combining these measurements with the MQ misalignments from WISE, a correction

can be applied to the orbit data to account for this effect. Fig. 5.24 shows the effect of

including this correction into the previous analysis of themean horizontal and vertical closed

orbit at the Beam 1 MOF. The effect in the horizontal plane is a small reduction, however the

vertical plane shows a significant increase in the mean orbit, which may be relevant for the

tune dependence. This effect has been quantified for the MOF and MOD of both beams and

is summarized in the following section.

The MQ and MO alignment obtained from WISE, and the BPM alignment data, are

implicitly trusted in this analysis. One potential complication may arise in the form of any

systematic difference between the mechanical and magneticaxes in the LHC. This is not

accounted for in this analysis, however the uncertainty in the model due to this effect is

expected to be small when compared with the uncertainty in the systematic orbit and the

vertical offset of the BPMs with respect to the MO obtained by this method.

5.3.4 Summary of the mean alignments and closed orbit, and
their impact on the model

As discussed in the preceding sections, the MO misalignmenttogether with both horizontal

and vertical closed orbits appear to be relevant sources of MO feed-down. Table5.5presents

the systematic misalignments and the closed orbit at the MOFand MOD of both beams.

Considering Tab.5.5, the mean horizontal alignment of the beam with respect to the

MO axis is comparable with that found when attempting to match systematic misalignments

in Section5.3.1. In the vertical plane the mean displacements are of the opposite sign to

those seen when matching, and there is a large mean displacement at the MOF which again
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Figure 5.24: YASP data, averaged over functioning BPMs located next to Beam 1 MOF during
the dedicated chromaticity measurements (Section5.2.3). Corrections for the BPM alignment are
incorporated. Horizontal and vertical orbits are shown in the top and bottom plots respectively.



CHAPTER 5. THE TUNE, LINEAR COUPLING AND FIRST ORDER CHROMATICITY DEPENDENCE OF THE LHC ON LANDAU
OCTUPOLE POWERING 160

Table 5.5: Summary of systematic misalignments and closed orbit of the MOF and MOD of LHC
Beam 1 and 2 during the dedicated chromaticity measurements (Section5.2.3). The tilt error on
the BPMs were negligible and have not been included in this table. The errors are the standard
deviations on the mean orbit at functioning BPMs when averaged between 02:29 and 03:00. The
total mean misalignment is quoted without error as the error on the MO misalignmentswas not
available.

MO MQ BPM BPM YASP orbit YASP orbit MO
wrt MQ & BPM align’ & YASP orbit

& BPM align’

B
ea

m
1

M
O

F δ̄x[mm] -0.06 -0.07 0.04 -0.024 0.27±0.04 0.25±0.04 0.31
δ̄y[mm] -0.15 -0.13 0.39 0.26 -0.029±0.001 0.239±0.001 0.389
δ̄ψ[µrad] -7.97 -7.97 - - - - -

M
O

D δ̄x[mm] -0.06 -0.07 0.07 0.002 0.01±0.02 0.01±0.02 0.07
δ̄y[mm] -0.19 -0.23 0.42 0.18 0.016±0.001 0.189±0.001 0.379
δ̄ψ[µrad] -4.88 -4.88 - - - - -

B
ea

m
2

M
O

F δ̄x[mm] -0.05 -0.07 0.07 -0.027 0.17±0.03 0.17±0.03 0.22
δ̄y[mm] -0.24 -0.22 0.46 0.25 -0.032±0.001 0.214±0.001 0.454
δ̄ψ[µrad] -4.88 -4.88 - - - - -

M
O

D δ̄x[mm] -0.07 -0.07 0.03 -0.034 0.04±0.02 0.00±0.02 0.07
δ̄y[mm] -0.21 -0.14 0.43 0.29 0.024±0.002 0.308±0.002 0.518
δ̄ψ[µrad] -7.98 -7.98 - - - - -

disagrees with the matching results.

In Fig. 5.22, Fig. 5.23and Tab.5.5 there are non-negligible standard deviations (of be-

tween0.02 mm and0.04 mm) in the horizontal closed orbit at the MO. This is the result

of RF frequency trims, used to measure the chromaticity, affecting the orbit via the disper-

sion. As the RF trims are symmetric (corresponding to∆p

p0
∼ ±1 × 10−4) it is appropriate

to consider the mean systematic orbit, calculated from the average of the systematic orbit

in the MO logged by YASP throughout the dedicated chromaticity measurement. The stan-

dard deviation on the mean systematic orbit shown in Tab.5.5will not therefore define any

meaningful uncertainty on the chromaticity shifts due to the closed orbit.

To simulate the effect of the closed orbit at the MO, systematic misalignments were

added to these elements in the MAD-X model of Section5.3.2. The resulting shifts toQ, Q′

and|C−| on depowering the MO in this model are presented in Tab.5.6.

The majority of the measured discrepancy in the chromaticity shift can be explained by
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Table 5.6: Q, Q′ and|C−| shifts on depowering the Landau octupoles in a MAD-X simulation
at Flattop (IMOD:a12 = 450 → 0 [A]), with measured MO misalignments applied, and addi-
tional systematic misalignments of the MOF and MOD incorporated to model the effect of the
systematic closed orbit.

MO alignment MO alignment MO alignment Measured
+ orbit from YASP + orbit from YASP 20/6/12

+ BPM alignments FLATTOP

B
1

∆Qx(×10−4) -6 -2 -9 5±4
∆Qy(×10−4) 7 7 12 8±1
∆Q′

x 0.96 5.7 5.3 6.3±0.8
∆Q′

y -0.53 -1.5 -1.5 -2.3±0.4
∆|C−|(×10−3) 0.40 0.7 0.6 -2.5±0.5

B
2

∆Qx(×10−4) -9 -6 -15 20±6
∆Qy(×10−4) 16 15 27 8±2
∆Q′

x 1.36 4.3 4.1 4.7±0.7
∆Q′

y -1.12 -2.0 -1.6 -2.2±0.6
∆|C−|(×10−3) 0.58 0.9 0.8 -3.5±0.2

feed-down from the systematic orbit in the MO. The observed tune shift is not explained

by the systematic orbit, the model failing to show a coherentshift in both planes. The

∆|C−| observed by the BBQ is also not explained by feed-down from the misalignments

and systematic orbit.

A shift in the closed orbit due to the change in Landau octupole powering would result

in shifts to the feed-down from all elements in the ring, not only the MO. TheRMS orbit as

recorded by all BPMs however, was not observed to vary with theMO powering. Examining

the effect of the MO on the closed orbit in the MAD-X model, including misalignments,

orbit, and MO field errors (which will be discussed in Section5.3.6) there was a negligible

change in theRMS orbit around the ring. It is not possible to be absolutely certain that there

were no small variations in the feed-down of other elements,but given that no shifts to the

RMS closed orbit are seen in the data or found in simulation, any such contributions are

expected to be insignificant when compared with the feed-down from the Landau octupoles.
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5.3.5 Local feed-down due to closed orbit

So far only the systematic displacement of the beam from the Landau octupole axis arising

from the closed orbit has been considered. Figures5.25and5.26show the orbit logged by

YASP (incorporating the correction for BPM misalignment) ata specific instant during the

dedicated chromaticity measurements (Section5.2.3) for each BPM neighbouring an MO.
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Figure 5.25: Example of orbit data for Beam 1 as logged by YASP during the dedicated chro-
maticity measurements (Section5.2.3). Corrections for the BPM alignments are applied.
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Figure 5.26: Example of orbit data for Beam 2 as logged by YASP during the dedicated chro-
maticity measurements (Section5.2.3). Corrections for the BPM alignments are applied.
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The systematic misalignment is clear as discussed in Section 5.3.3, however in several

circumstances there are also considerable contributions arising from individual MO. The

most prominent of these are a pair of logged orbits seen at∼ 22 km in the Beam 1 horizontal

orbit at the MOF. Corresponding to BPM.29R7.B1 and BPM.33R7.B1, both orbits are in

excess of2 mm: a dramatic excursion for the LHC arcs. From simulation it isconcluded

that the orbit at these two MO alone accounts for∼ 30% of the total Beam 1∆Q′. Consul-

tation with the LHC operations group (OP) revealed that the dramatic misalignment in these

Landau octupoles is the result of a broken orbit corrector inthe arc right of point 7.

To first order in the octupole strength it is expected that feed-down of the MO tob2

should influence the tune split. TheQ′′ generated by the Landau octupoles could generate

a tune shift with MO powering due to a momentum offset of the beam, however this would

also drive the tunes in separate directions. First order detuning with amplitude, due to any

residual oscillation of the beam centroid, could give rise to a coherent tune shift with MO

powering, however the amplitude required to generate the observed∆Qx,y is prohibitively

large. The coherent nature of the tune shift in both planes may therefore suggest as a source,

perturbations higher than first order in the multipole strength. For such higher order pertur-

bations the local distribution of sources around the ring may be relevant. To examine this,

misalignments of the MOF and MOD, corresponding to the closed orbit at neighbouring

BPMs, were individually applied to each MO. Corrections were applied for the individual

BPM alignments. The alignment errors of the Landau octupoleswere also applied. In this

way the closed orbit was modelled locally rather than systematically. The closed orbit logged

at a specific instant during the dedicated chromaticity measurements was considered. This

orbit was shown in Fig.5.25and5.26.

Table5.7presents the shifts to tune, chromaticity and coupling on depowering the MO in

the local model. Simulated shifts obtained using the corresponding systematic closed orbit

are also shown. Note that as the systematic and local orbits at a specific instance have been

considered, some differences are observed with respect to the shifts obtained from the mean

systematic orbit (as calculated from the average of the YASPdata for the entire chromaticity

measurement) presented in Tab.5.6. Table5.7 is intended to illustrate differences in the

simulation due to local and systematic modelling of the MO closed orbit, not to provide

detailed quantitative predictions for direct comparison to observation.
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Table 5.7: Q, Q′ and |C−| shifts on depowering the Landau octupoles in a MAD-X model at
Flattop (IMOD:a12 = 450 → 0 [A]), with measured MO misalignments applied, and additional
misalignments of the individual MO applied individually in order to simulate the effect of the
local closed orbit. The local orbit data used to generate this model was logged by YASP at
a specific instance during the dedicated chromaticity measurements (Section5.2.3), and was
shown in Fig.5.25and5.26. The systematic closed orbit corresponding to this specific logged
orbit has also been modelled and the resulting tune, coupling, and chromaticityshifts are detailed
for comparison.

BEAM 1 Instantaneous systematic orbit Instantaneous local orbit

∆Qx(×10−4) −10 1
∆Qy(×10−4) 12 3
∆Q′

x 4.4 4.6
∆Q′

y −1.0 −1.3
∆|C−|(×10−3) 0.5 −0.4

Instantaneous systematic closed orbit from YASP + BPM alignment.

δ̄x MOF [mm] 0.20
δ̄y MOF [mm] 0.236
δ̄x MOD [mm] −0.02
δ̄y MOD [mm] 0.188

BEAM 2 Instantaneous systematic orbit Instantaneous local orbit

∆Qx(×10−4) −16 −11
∆Qy(×10−4) 27 18
∆Q′

x 3.2 2.8
∆Q′

y −1.3 −0.9
∆|C−|(×10−3) 0.7 −0.2

Instantaneous systematic closed orbit from YASP + BPM alignment.

δ̄x MOF [mm] 0.12
δ̄y MOF [mm] 0.213
δ̄x MOD [mm] −0.02
δ̄y MOD [mm] 0.306
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Small variations of the chromaticity shift were observed between the local and system-

atic techniques, up to the level ofδ(∆Q′
x,y) ∼ 0.4. Variations on this scale may define an

uncertainty on the chromaticity shift obtained from the mean systematic orbit. The coupling

variation, while also significantly influenced by the local orbit, is inconsistent with the BBQ

based observations.

The tune shifts in Beam 1 changed substantially. In contrast to the systematic model,

applying the closed-orbit locally generated a coherent positive tune shift in both planes with

the expected order of magnitude. Reversing the polarity of the Landau octupoles in the model

reversed the sign of the tune shift in the Beam 1 simulation, consistent with the observations.

Modelling the closed orbit locally did not, however, substantially alter the tune shifts of

Beam 2. This is not necessarily surprising: a simplified modelof the LHC has been utilized

for these studies, the local orbit at only one instant has been considered which may have been

distorted by the RF trims used to measure chromaticity, and ifthe tune shifts are the result

of perturbations higher than first order in the multipole strength the distribution of various

sources around the ring may be relevant. For example, upon introducing a closed orbit into

the Beam 2 systematic model, which did not significantly impact upon the systematic closed

orbit at the MO, a positive tune shift was obtained in both planes. Similarly, varying the

momentum offset (within the level defined by the chromaticity measurement trims) was seen

to influence the tune shift of the local model on the relevant scale.

Local simulation of the closed orbit in the Landau octupolesdid produce tune shifts

qualitatively similar to the observations. The LHC Beam 2 local model did not differ sig-

nificantly from the systematic case, but inclusion of a closed orbit into the systematic model

was seen to generate a positive shift in both planes. It should be emphasised however, that

these results do not constitute a true understanding of the observed tune shifts, or the ability

to predict or replicate them in simulation. They should be considered a demonstration that

uncertainty in the simulation can encompass the observed behaviour of the machine. It is not

necessarily required therefore, to try and seek further explanation of the tune observations

through additional sources or artifacts in the measurement. Given the very small tune shifts

under examination, for practical purposes this may be sufficient.
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5.3.6 Magnetic errors

Another potential source of the dependence of tune, chromaticity and coupling on Landau

octupole powering are magnetic errors in the MO. From magnetic measurements performed

during LHC construction WISE generates 60 instances (seeds) of the likely LHC magnetic

model, including normal and skew errors up to the 15th order. To assess the impact of the

magnetic errors in the Landau octupoles on the tune, chromaticity, and coupling dependence,

the WISE magnetic errors (excluding thea1 and b1 multipoles) in the MO were applied

to a MAD-X model, which also included the geometric errors ofthe MO and the mean

systematic orbit obtained from all YASP data during the dedicated chromaticity measurement

(Section5.2.3).

Table5.8 details the shifts toQ, Q′ and |C−| on depowering the Landau octupoles in

this model. Measurements quoted in Tab.5.8 are for studies performed at Flattop during

the dedicated chromaticity measurements, this being the only occasion for which there are

chromaticity measurements of both beams. Tune, chromaticity and coupling shifts generated

in a MAD-X model including only the geometric errors and meansystematic closed orbit

(equivalent to the results presented in Section5.3.4, Tab.5.6) are shown for comparison.

The values and errors quoted for simulation including the WISE magnetic errors are the

mean and standard deviation of the 60 WISE seeds.

Applying the magnetic errors to the Landau octupoles slightly improved the modelling

of theQ′ dependence, however the dominant source of the chromaticity shift remains feed-

down due to closed orbit. Including the geometric errors, magnetic errors and systematic

closed orbit of the MO in MAD-X generates a chromaticity dependence on Landau octupole

powering which agrees within the measurement uncertainty in the horizontal plane of Beam 1

and both transverse planes of Beam 2. The agreement in the vertical plane of Beam 1 is

within twice the measurement uncertainty. As highlighted in Section5.3.5, differences in

predictions for the local and systematic closed orbits implied an uncertainty of around±0.4

units of chromaticity in the modelled shifts. Taking this uncertainty into account the the

modelled and measured∆Q′
y in Beam 1 agree within overlapping errors.

Inclusion ofb2 errors in the Landau octupoles significantly enhanced the shift in the tune
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Table 5.8: Q, Q′ and |C−| shifts on depowering the Landau octupoles in a MAD-X model at
Flattop (IMOD:a12 = 450 → 0 [A]). Magnetic and alignment errors generated from measure-
ments by WISE are applied to the MO, and additional misalignments are applied systematically
to simulate the the closed orbit. The mean systematic closed orbit, from the average over all
YASP data collected during the dedicated chromaticity measurements (Section5.2.3) has been
considered. The values and errors quoted are the mean and standard deviation of simulations with
the 60 seeds of the LHC generated by WISE. Measurements quoted are for studies performed at
Flattop during the dedicated chromaticity measurements, this being the only occasion for which
there are chromaticity measurements of both beams. Predictions from simulation incorporat-
ing only alignment errors and the systematic closed orbit (corresponding todata presented in
Tab.5.6) are shown for comparison.

Beam 1 Model Model Measurement
misalignments misalignments

& mean systematic orbit & mean systematic orbit

& field errors

∆Qx(×10−4) -9 −32.0± 0.3 5± 4
∆Qy(×10−4) 12 33.0± 0.3 8± 1
∆Q′

x 5.3 5.575± 0.006 6.3± 0.8
∆Q′

y -1.5 −1.487± 0.004 −2.3± 0.4
∆|C−|(×10−3) 0.6 0.5734± 0.0006 −2.5± 0.5

Beam 2 Model Model Measurement
misalignments misalignments

& mean systematic orbit & mean systematic orbit

& field errors

∆Qx(×10−4) -15 −35.3± 0.3 20± 6
∆Qy(×10−4) 27 50.4± 0.3 8± 2
∆Q′

x 4.1 4.246± 0.006 4.7± 0.7
∆Q′

y -1.6 −1.741± 0.004 −2.2± 0.6
∆|C−|(×10−3) 0.8 0.7558± 0.0009 −3.5± 0.2
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split upon changes in MO powering, further departing the model from the observations. In-

clusion of the Landau octupole’s magnetic errors in the local Beam 1 simulation considered

in Section5.3.5was also seen to remove the coherent tune shifts of Beam 1. It was once

more observed however, that inclusion of some local variation in the systematic model could

generate tune shifts qualitatively consistent with the observations. The conclusions of Sec-

tion 5.3.5appear therefore to remain valid in-spite of the addition ofthe magnetic errors in

the MO.

The modelled coupling shifts are inconsistent with measurements performed by the BBQ,

and more closely reflect the observations of the resonance driving terms.

5.3.7 Linear coupling

Observations made by the LHC BBQ of shifts to linear coupling which were correlated with

changes in Landau octupole powering are as yet unexplained.The simulations described in

the preceding sections however, demonstrated coupling shifts more compatible with mea-

surements of the resonance driving terms.

When the Landau octupoles are trimmed to towards0 A a reduction in the coupling mea-

sured by the LHC BBQ is consistently observed. A reduction in the |C−| recorded by the

BBQ occurs independent of the polarity of the Landau octupoles. Considering the full body

of data collected no clear trend is seen in the∆|C−| dependent on the size of the Landau

octupole trim. This is shown in Fig.5.27.

The independence of the∆|C−| on MO polarity excludes the common sources of a linear

coupling dependence on octupolar elements, namely feed-down and the field quality. As ex-

pected therefore, and in spite of successes with other main dynamical properties of the LHC,

the modelling of these sources has failed to reproduce the BBQ observation. Measurements

of the linear coupling resonance driving terms (f1001 andf1010), from analysis of betatron

oscillations induced with the LHC AC-dipole, were performedon two occasions when cou-

pling drifts were seen by the BBQ. No corresponding shifts in the RDTs were observed.

The quality of the RDT data and the size of the shift to|C−|, particularly in the case of the

MQY calibration studies (Section5.2.4), are such that a shift in the driving terms should
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Figure 5.27: The shift to|C−| on depowering the Landau octupoles, as recorded by the LHC
BBQ, plotted versus the change in Landau octupole current (as characterized by the∆IMO of
the Arc12 MOD). The coupling shift appears to be independent of the polarity of the Landau
octupoles.

have been clearly visible. The RDT approach to studying the coupling has been extremely

well verified during the commissioning of the LHC. In regard tothese measurements it is

concluded therefore, that the linear coupling is not changing appreciably due to the Landau

octupole powering. While the change in|C−| observed by the BBQ system on depowering

the Landau octupoles is confidently identified as an artifactin the measurement, the mech-

anism which leads to such differing observations between the BBQ and spectral analysis of

betatron oscillations is not understood.

Throughout 2012, BBQ and RDT based measurements of the couplingwith the Landau

octupoles off have generally been found to be consistent. Figure5.28shows the shifts to the

|C−|, as calculated from|f1001|, on depowering the MO during the MQY calibration studies

(Section5.2.4), together with the corresponding BBQ data. Significantly the|C−| measured

by the BBQ agrees well with the|C−| calculated from thef1001 when the MO are depowered.

This is particularly true in the case of the higher quality Beam 1 data. The discrepancy be-

tween the BBQ and RDT observations of∆|C−| on depowering the MO appears, therefore,

to arise from a discrepancy in the measured value with the MO powered.
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Figure 5.28: The value distribution of Beam 1 and Beam 2|C−|, as calculated from|f1001|
data around the LHC ring (top and center), and the corresponding BBQ data (bottom). The|C−|
measured by the BBQ agrees well with the|C−| calculated from thef1001 when the MO are
depowered.
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In light of these conclusions with respect to the RDT data, the|C−| with MO depowered

may be regarded as the‘real’ coupling present in the LHC. Figure5.29plots the|C−| with

Landau octupoles powered (as recorded by the LHC BBQ) versus the |C−| with Landau

octupoles depowered (as recorded by the LHC BBQ), for all measurements considered in this

analysis. Considering this data it may be inferred that with the Landau octupoles powered

the linear coupling in the LHC is in reality both better corrected, and more stable, than

implied by the BBQ|C−| measurement when MO are powered. It should be noted though

that this is a limited sample of measurements, in which the MOare very strongly powered.

In Chapter4 at injection (where at that time the MO were powered toK4 = −3 m−4 as

opposed toK4 = −23.4 m−4 at top energy) the BBQ andf1001 were seen to agree well.
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Figure 5.29: The |C−| with Landau octupoles powered (as recorded by the LHC BBQ) plot-
ted versus the|C−| with Landau octupoles depowered (as recorded by the LHC BBQ) for all
measurements considered in this analysis.
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5.4 Analytical expression for first order chromaticity generated
by octupolar feed down

The feed-down to chromaticity from the closed orbit is an important effect in the machine.

While simulation in MAD-X is a viable solution to examine theQ′ generated by octupole

feed-down for specific instances, such as the analysis presented in the preceding sections, it

may be impractical to rapidly examine large amounts of closed orbit data using this approach.

It was desired therefore to derive an analytical expressionfor theQ′ generated by an offset of

the beam from the magnetic center of the Landau octupoles. This is not a significantly new

result, and the linear variation ofQ′ with octupole misalignment is of course well known.

In a quick review of the literature however, it was not possible to find an explicit equation

for the∆Q′ in terms of the octupole powering and the offset of the beam from the magnetic

center. The purpose of this section therefore, is to arrive at a relation for the∆Q′ in terms of

the known parameters of the lattice and octupoles, and to obtain the correct constant factors

in the expression. The relation is then verified by comparison to simulation.

From Eq.(1.15), the Hamiltonian for a normal octupole (n = 4) is given by Eq.(5.2),

whereB4 is defined by Eq.(1.13).

N4 =
q

p

1

4
B4

(
x4 − 6x2y2 + y4

)
(5.2)

Following the approach in Wiedeman [25], the transformationx → x − ∆x is made, where

∆x represents the misalignment of the octupole from the orbit.A Taylor expansion is then

performed about∆x = 0, the Hamiltonian is modified to:

N4,4→3,...(∆x) =
q

p

1

4
B4

[
(x4 − 6x2y2 + y4) − 4∆x(x3 − 3xy2) + O(∆x2)

]
(5.3)

which may be expressed:

N4,4→3,...(∆x) = N4 +
q

p

1

4
B4

[
−4∆x Re

[
(x + iy)3]] + O(∆x2) (5.4)

From Eq.(1.19) it is found thatN3 ∝ Re
[
(x + iy)3], and it is clear that the first order hor-

izontal feed-down of the normal octupole gives a normal sextupole-like term in the Hamil-
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tonian. The higher order terms give quadrupole and dipole-like terms before the Taylor

expansion terminates. The first order feed-down due to a vertical offset feeds down to a

skew sextupole like perturbation.

Chromaticity is given by Eq.(5.5), where〈〉 represents an average over the phase vari-

ables, andδ = p−p0

p0
is the relative momentum offset.

Q′
x,y =

∂Qx,y

∂δ
=

1

2π

〈
∂2H

∂Jx,y∂δ

〉

(5.5)

Chromaticity is generated by normal sextupoles in a region ofnon-zero horizontal disper-

sion, and skew sextupoles in a region of non-zero vertical dispersion. By contrast normal

sextupoles with vertical dispersion and skew sextupoles with horizontal dispersion generate

chromatic coupling. In the LHC the vertical dispersion is negligible. Consequently it is

the first order horizontal feed-down of normal octupoles, inregions of non-zero horizontal

dispersion which is of relevance to theQ′. The chromaticity shift due to this term in the

Hamiltonian is now derived.

Q′
x,y =

∮

ds
1

2π

〈
∂2

∂Jx,y∂δ

q

p

1

4
B4

[
−4∆x(x3 − 3xy2)

]
〉

(5.6)

In a region of non-zero horizontal dispersionx → x + Dxδ.

Q′
x,y =

∮

ds
1

2π

〈
d2

dJx,ydδ
− ∆x

q

p
B4

[
(x + Dxδ)

3 − 3(x + Dxδ)y
2
]
〉

Q′
x,y =

∮

ds
1

2π

〈
d

dJx,y

− 3Dx∆x
q

p
B4

[
(x + Dxδ)

2 − y2
]
〉

(5.7)

Expressingx andy in action angle coordinates (x =
√

2Jxβx cos φx andy =
√

2Jyβy cos φy),

and taking the differential with respect to the action provides expressions forQ′
x andQ′

y.

Q′
x =

∮

ds
1

2π

〈

−3Dx∆x
q

p
B42βx(cos2 φx +

1√
2Jxβx

Dx cos φx)

〉

Q′
y =

∮

ds
1

2π

〈

+3Dx∆x
q

p
B42βy cos2 φy

〉

(5.8)
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Averaging over the phase variables yields

Q′
x = − 3

2π

∮

ds βxDx∆x
q

p
B4 Q′

y =
3

2π

∮

ds βyDx∆x
q

p
B4 (5.9)

It is desired to convert from an expression in terms ofB4 to the octupole strength,K4. For a

normal multipoleKn is related toBn by Eq.(5.10) [134].3

Kn =
q

p
(n − 1)!Bn (5.10)

Making this substitution yields:

Q′
x = − 1

4π

∮

ds βxDxK4∆x Q′
y =

1

4π

∮

ds βyDxK4∆x (5.11)

∆x in these equations represents the offset of the Landau octupole from the ideal orbit. If

an expression is desired for the∆Q′ caused by the closed orbit in an octupole,∆x should

be replaced with−CO, the closed orbit in the octupole with the sign reversed. This is

equivalent with the procedure used in the preceding sections to model the closed orbit as

effective misalignments of the Landau octupoles in MAD-X.

Integrating around the entire ring, making use of the fact that the lattice functions are

approximately identical in all the MOF and in all the MOD, gives an expression for the chro-

maticity shift due to the systematic misalignment and closed orbit of the Landau octupoles

in the LHC,

Q′
x = +

1

4π

(
NMOF (βxDx)|MOF

K4LMO(COMOF − ∆xMOF)

+NMOD (βxDx)|MOD
K4LMO(COMOD − ∆xMOD)

)
(5.12)

Q′
y = − 1

4π

(
NMOF (βyDx)|MOF

K4LMO(COMOF − ∆xMOF)

+NMOD (βyDx)|MOD
K4LMO(COMOD − ∆xMOD)

)
(5.13)

3In the notation used heren = 4 indicates an octupole, it should be noted that in MAD-X the indices of the
multipoles are one lower, thus the octupole strength in MAD-X is labelled asK3, but is identical with theK4

as defined here.
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whereNMOF andNMOD are the number of operational focusing and defocusing Landau oc-

tupoles (84 or 82 depending on the beam and family),CO is the systematic closed orbit in

the MOF or MOD, and∆x is the systematic misalignment of the MOF or MOD. It has been

assumed thatK4 is the same in all MO, as is normal for LHC operation.LMO is the length

of the Landau octupoles, and is the same for all magnets (0.32 m). As the MOF are located

at largeβx and smallβy they predominantly influence theQ′
x. This situation is reversed for

the MOD. The nominal values ofβ andDx in the LHC are:βx = 176 m, βy = 33.5 m and

Dx = 2 m in the MOF; andβx = 30 m, βy = 179 m andDx = 1 m in the MOD.

The validity of this expression may be assessed by comparison to simulation in MAD-X.

Figure5.30aand5.30bcompare the predictions of the analytical expression to simulation

in MAD-X, for the horizontal misalignment of a single octupole, and for the systematic

horizontal misalignment of all MOF (all MOF were misalignedwith the same displacement

in the simulation) respectively. The agreement between simulation and theory is good.

5.5 Implications for LHC operation

The analysis detailed in this chapter has a number of implications. The influence of Lan-

dau octupole powering on BBQ based measurement of|C−| means caution will have to be

exercised when utilizing the BBQ for studies of the linear coupling when Landau octupoles

are strongly powered. The most far reaching aspect of the analysis however, is the iden-

tification of a large influence on the LHCQ′ of the systematic closed orbit in the Landau

octupoles. The disruption toQ′ caused by a single malfunctioning orbit corrector also came

as somewhat of a surprise, and demonstrates that even such seemingly innocuous features of

the machine may need to be accounted for in the LHC models [135].

The analysis of these effects is still ongoing. Software tools [136] were recently devel-

oped to determine the systematic closed orbits in the MOF andMOD from BPM orbit data

extracted from the LHC logging database [137], and calculate the corresponding chromatic-

ity shifts using the analytical expression derived in Section 5.4. These tools have facilitated

analysis of the chromaticity shifts induced by the closed orbit throughout the 2012 LHC run

(given the large volumes of data this entails simulation in MAD-X would have been compu-

tationally unfeasible, hence the use of the analytical expression). First results from the 2012
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Figure 5.30: Comparison to MAD-X simulation of the theoretical shift inQ′ caused by Landau
octupole misalignment in LHC Beam 1. Note that the horizontal axis plots the MOF misalign-
ment, not the closed orbit.
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run seemed to show large variations in the mean closed orbit in the MOF and MOD, both

between fills and within single fills. An example is shown in Fig. 5.31which plots the mean

closed orbit from Flattop to the end of Stable Beams in the MOF of LHC Beam 2 during

several fills.
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Figure 5.31: The variation of the systematic closed orbit in the LHC Beam 2 MOF, during
Flattop, Squeeze, Adjust and Stable beams, for Fills 2606, 2608 and 2609.

Substantial shifts in the closed orbit are seen. Consideringthe Fill 2609 in Fig.5.31,

the change in systematic closed orbit in the B2 MOF is predicted to have led to a shift in

chromaticity of∆Q′
x = −1.6 (shifts in the MOD were negligible in comparison). This is a

substantial variation of the chromaticity, and depending on the initialQ′ may have led to the

chromaticity becoming negative. Large drifts in the chromaticity could result in instabilities

developing in the beam motion. During 2012 most difficultieswith instabilities developed

during the squeeze, where the orbit is in general stable, andthe analysis presented in this

chapter allowed chromaticity shifts due to changes in the mean closed orbit at the Landau

octupoles to be ruled out as a significant source of instabilities in the squeeze. The effect of

the closed orbit during the remainder of the fill remains to bestudied in detail.

Shifts to the chromaticity, either due to changes in the closed orbit or due to changes

in the Landau octupole powering, also pose challenges operationally. The understanding

of the chromaticity dependence on the MO gained through these studies should assist LHC
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operations in regard to anticipating and correcting such variations in theQ′. At present there

is a project underway at CERN to develop an online model of the LHC [138]. These studies

will allow for the first order chromaticity dependence on Landau octupole powering to be

included accurately in the LHC online model [138]. In a broader sense the applicability of

the LHC model has also been expanded to include circumstances where the closed orbit or

Landau octupole powering are not constant.

5.6 Conclusions

The chromaticity dependence of the LHC on Landau octupole powering is well understood.

The dominant source is feed-down due to a systematic closed orbit in Landau octupoles,

with an additional contribution from feed-down due to misalignments. Within the feed-down

due to the closed orbit there are substantial contributionsfrom a minority of octupoles with

particularly substantial excursions, notably right of Point 7 where two octupoles contribute

approximately30% of the Beam 1 chromaticity dependence. This is the result of a malfunc-

tioning orbit corrector. The magnetic errors in the MO play asmall role in the observed

chromaticity shifts. The identification of the closed orbitdistortion as a significant source of

chromaticity is significant. The closed orbit may vary substantially, both between and within

LHC fills, and the resulting chromaticity shifts could lead to the growth of instabilities in

the beam motion. The variation of chromaticity with Landau octupole powering can now be

well reproduced in the LHC model.

The variation of tune with Landau octupole powering is smallenough that its impact on

LHC operation should be negligible. While the tune shifts arenot definitively reproduced in

the model, it has been shown that a qualitatively similar behaviour can be generated in the

model when considering the local feed-down from the MO. The uncertainty in the simulation

appears to encompass the observed behaviour, suggesting there is no clear requirement to

search for additional sources of tune variation beyond those already included in the LHC

model.

Coupling shifts dependent on the MO powering were observed bythe LHC BBQ. This is

in contradiction with measurements of the linear coupling resonance driving terms (RDTs)

which showed no compatible shifts. Attempts to model the common sources of a linear
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coupling dependence on octupolar elements (feed-down and field quality) failed to reproduce

the BBQ observations, but were approximately consistent withthe study of the RDTs. On

the basis of the RDT measurements it has been concluded that there is no real change to the

linear coupling dependent on the Landau octupole powering,that caution should be exercised

in trusting the BBQ|C−| measurement when MO are strongly powered, and that the linear

coupling in the LHC with Landau octupoles powered is in fact smaller and more stable than

previously appreciated. The reason for the differing observations between the BBQ and

spectral analysis of kicked beams is unknown.

An analytical expression for theQ′ was obtained, and verified against simulation. This

may be used to facilitate rapid analysis of LHC closed orbit data for its impact upon the first

order chromaticity.



Chapter 6

Measurement and correction of non-linear errors in
the LHC experimental insertions

Non-linear magnetic errors in low-β insertions can contribute significantly to the detuning
with amplitude, the linear and non-linear chromaticity, and to the degradation of the dy-
namic aperture and beam lifetime of a particle collider. Through the application of closed
orbit bumps it is possible to examine the non-linearities in such insertions via theirfeed-
down to readily observed beam properties. Such beam-based studies allow for the verifi-
cation and refinement of the magnetic model of the accelerator, and in conjunction with
magnetic measurements allow for the commissioning of local corrections. In this chapter
the application of such a method to the experimental insertions of the Large Hadron Collider
is demonstrated, and results of the first measurements and corrections arepresented.

180
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6.1 Introduction

Non-linear errors at locations of largeβ can significantly influence the non-linear beam dy-

namics of an accelerator, contributing to detuning with amplitude, linear and non-linear

chromaticity, and to the degradation of dynamic aperture and beam lifetime. The triplet

arrangement of quadrupoles used to achieve a smallβ∗ (and hence a high luminosity) in the

ATLAS, ALICE, CMS, and LHCb experiments (IR1, IR2, IR5, and IR8 respectively) neces-

sitates a substantial beta function in the triplet quadrupoles and neighbouring elements. This

was illustrated in Section2.1.2, Fig.2.6, which plots the nominal beta function through IR1,

for aβ∗ at the ATLAS interaction point (IP) of0.6 m (the value for normal operation during

2012).

During its first operational run the contribution of magnetic errors in the low-β inser-

tions to such non-linear phenomenology did not limit the LHC’s performance. As more

challenging regimes of operation are confronted however, correction of the IR non-linearity

in the nominal LHC may become important for an optimized performance of the machine,

and correction of the non-linear errors in the experimentalinsertions is expected to be essen-

tial [139] for operation after the High-Luminosity (HL) LHC upgrade [140]. Correction of

non-linear errors in low-β insertions may also be relevant for potential future colliders.

As discussed in Section2.1.2, to enable the correction of errors in the LHC IRs linear and

non-linear corrector magnets are present in the insertions, distributed symmetrically about

the Interaction Point (IP). Combinedb3 / b6 correctors, and combineda3 / b4 / a4 correctors

are installed on the non-IP sides of theQ3 triplet quadrupoles. A schematic of the corrector

layout in the LHC experimental insertions was shown in Figure2.7.

Two strategies have been proposed for the local correction of non-linear errors in the

LHC experimental IRs. The first method compensates for the magnetic errors in IR elements

via the local minimization of selected resonance driving terms between theD1 separation

dipoles left and right of the IP [86]. The second method is based upon a compensation

of the multipoles locally either side of the IP [141]. Both strategies require an accurate

magnetic model of the LHC insertion regions from which to calculate corrections. Magnetic

measurements performed on the LHC magnets during construction provide a foundation for
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such a model, but must be verified and refined though beam-based studies of the non-linear

dynamics. Any corrections determined using these methods must also be commissioned

with beam-based measurements at safe intensities prior to their inclusion in operation for

luminosity production.

This chapter is concerned with the beam-based study of non-linear errors in the LHC

experimental insertions, and the resulting effort to simulate and correct the observed er-

rors. Section6.2 introduces the method used to perform the beam-based measurements,

Section6.3 then provides details of the model to which these measurements are compared.

Section6.4 presents the results of parasitic studies performed on IR2, which demonstrated

the validity of this method in the LHC, and Section6.5 presents the results of the first ded-

icated studies of the IR non-linearity performed in IR1 and IR5, including the results of the

first attempt at local corrections of the errors in IR1.

6.2 Beam-based study of IR non-linearity

Beam-based study of non-linear magnetic errors can be performed by examining feed-down

[25] to easily observed beam properties. Such a strategy was employed with some success

at RHIC, where an attempt was made to correct non-linear errorsin the RHIC IRs by mini-

mizing tune shifts under the influence of selected closed orbit bumps [142]. Linear coupling

was held constant in the RHIC method.

The non-linear errors in the LHC experimental insertions have also been studied though

their feed-down, however the goal of the beam-based studiesin this case is not, as attempted

at RHIC, a direct compensation of the relevant shifts in beam properties, but rather the val-

idation and refinement of the LHC magnetic model in the insertions. It is from this model

that eventual corrections may be calculated. This is considered to be a safer technique, as

the risk of incorrectly compensating a shift to the beam properties with the wrong multipole

(and so inadvertently increasing the non-linearity, whileappearing to correct the machine) is

reduced.

In contrast to the method employed at RHIC, in the LHC non-linear multipoles in the

IRs have been examined through their feed-down to both unconstrained (‘free’) tune (Qx,y)



CHAPTER 6. MEASUREMENT AND CORRECTION OF NON-LINEAR ERRORSIN THE LHC EXPERIMENTAL INSERTIONS 183

and unconstrained (‘free’) linear coupling (|C−|). This method has a number of advantages

with respect to the examination of feed-down to tune with controlled coupling: all multipoles

may be examined simultaneously and the studies may be performed parasitically; however it

also introduces complications: notably the possibility for large changes in linear coupling to

drive shifts in the observed tune split, and the introduction of additional complexities in the

simulation effort.

Table6.1 summarizes the feed-down of normal and skew non-linear multipoles, due to

horizontal or vertical displacement from the magnetic axis, generating shifts in tune (∆Q)

and linear coupling (∆|C−|). The variation of the tune and coupling is dependent on the order

of the feed-down: a first order feed-down (∆n = 1: for example a normal sextupole,n = 3,

feeding down to a normal quadrupole,n = 2, resulting in a tune shift) will exhibit a linear

variation with the amplitude of the displacement, a second order feed-down (∆n = 2: for

example a normal octupole,n = 4, feeding down to a normal quadrupole,n = 2, resulting

in a tune shift) will exhibit a quadratic variation with the amplitude of displacement, and so

forth. In principle this allows for the identification of a multipole from the observed change

in tune and coupling upon the application of varying amplitude closed orbit bumps through

the IR.

Table 6.1: Feed-down to tune (∆Q) and coupling (∆|C−|) from non-linear multipoles, due
to horizontal or vertical displacement from the magnetic axis. In this notationb3 is a normal
sextupole,a3 a skew sextupole, similarly for higher orders. The order of the feed-down to
tune/coupling is indicated.

1st order 2nd order 3rd order 4th order

Feed-down order
︷ ︸︸ ︷ ︷ ︸︸ ︷ ︷ ︸︸ ︷ ︷ ︸︸ ︷

Multipole b3 a3 b4 a4 b5 a5 b6 ...

Horizontal displacement ∆Q ∆|C−| ∆Q ∆|C−| ∆Q ∆|C−| ∆Q ...
Vertical displacement ∆|C−| ∆Q ∆Q ∆|C−| ∆|C−| ∆Q ∆Q ...

For the closed orbit bumps considered in these studies, the value of the crossing angle

at the interaction point (defined in Section2.1.2) may be taken as an appropriate figure of

merit to characterize the amplitude of the bump through the insertion region. Indeed, during

many of the studies presented in this chapter it was the dedicated crossing bumps which were

varied in order to examine the feed-down.
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Tune and linear coupling in the LHC may be measured by the Base-Band Tune (BBQ)

system [97]. As described in Chapter2.3, the BBQ provides passive, continuous monitoring

of the beam spectra from turn-by-turn beam position data, recorded by a single BPM located

in IR4. Values for the tune and linear coupling are logged in0.5 s intervals. As the BBQ

system utilizes only a single BPM it cannot distinguish the sum and difference coupling

in the beam spectra, and in fact measures a mixture ofC+ andC−. In practice the linear

coupling in the LHC is dominated by the difference resonanceand|CBBQ| ≈ |C−|.

To study the feed-down from non-linear errors, closed orbitbumps through the IR were

varied in a series of steps, pausing after each trim to collect data from the BBQ. Typically the

length of such trim plateaus was of the order of30 to 60 seconds. An example of raw tune

and coupling data measured by the LHC BBQ during a parasitic study of the feed-down is

shown in Fig.6.1as a function of time. Where necessary a manual cleaning of theBBQ data

was performed, in order to assist with the removal of noise and spectral lines misidentified

by the BBQ. In this manual cleaning procedure cuts were appliedto the data within a given

plateau, the mean and standard deviation of the retained BBQ data were taken as the value

and uncertainty on the tune and coupling measurements. An example of the cleaning process

is shown in Fig.6.2.

Small transverse excitation may be applied to the LHC beams to improve the quality

of the BBQ data (‘chirping’ ). When possible, such a chirp was applied during the studies

presented in this chapter, however during parasitic studies it was not always possible to

maintain the chirp. The significant reduction in data quality observed around21:45 in Fig.6.1

corresponded to the deactivation of the chirp midway through the measurement. In this case

manual cleaning was essential in order to retrieve worthwhile data from the BBQ.

The tunes and linear coupling determined by this method wereexamined for dependence

on the applied crossing angle trim at an IP, the observed variations providing insights into

the non-linear multipoles present in the insertion region.
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Figure 6.1: An example of raw coupling (top) and tune (bottom) data recorded by the LHCBBQ
and plotted versus time.
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6.3 Simulation of the IR non-linearity

As described in the preceding section, the goal of the beam-based measurements is the val-

idation and refinement of the LHC magnetic model in the IRs. To this end it was necessary

to compare the observed dependence of tune and linear coupling on crossing angle with the

predictions of the LHC model.

Estimates of magnetic errors generated by WISE1 [87, 89] (based on magnetic mea-

surements performed on the LHC during construction) from order(b3, a3) to (b15, a15) were

applied to the triplet quadrupoles (Q1,2,3), the separation dipoles (D1,2), and the matching

quadrupoles (Q4,5,6,7) in experimental insertions in a thin lattice MAD-X [48] model of the

LHC. Closed orbit bumps, equivalent in terms of the applied magnetic trims to those im-

plemented in the real machine, were applied to this model. Predictions of the variation in

tune and linear coupling with crossing angle, as determinedfrom these simulations, were

then compared with observations. The coupling in the MAD-X model was examined by

determining the minimum tune split in the model at each trim plateau. This determines the

magnitude of the difference coupling coefficient which dominates the linear coupling in the

LHC: |δQmin| = |C−|. The tunes and linear coupling at the start of the simulated crossing

angle scan were matched in MAD-X to reproduce the initial conditions of the beam-based

study. The necessity of both matching the coupling and determining the|δQmin| in the model

made the use of a thick lattice model with PTC [50] impractical for these simulations, as the

relevant procedures were too time consuming, forcing the use of the thin lattice model in

MAD-X.

The matching of the simulated linear coupling to the initialconditions of the measure-

ment is not necessarily straightforward. Linear coupling is driven by two resonance driving

terms (RDTs):f1001 driving the difference coupling resonance, andf1010 driving the sum

coupling resonance. Of relevance to the LHC is thef1001 RDT, related to the difference cou-

pling coefficient though Eq.(6.1) [27], where|f1001| is the mean amplitude of thef1001 RDT

around the ring.

|C−| ≈ 4|Qx − Qy| |f1001| (6.1)

1WISE, the Windows Interface to Simulation Errors, was introduced in Chapter2.1.3.
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Resonance driving terms are complex quantities. The coupling measurement obtained

from the LHC BBQ provides|C−|, but does not provide details of the phase off1001. Feed-

down to a skew-quadrupole in the IR introduces a∆f1001, which is summed with the initial

f1001 of the machine. The observed change in|C−| depends therefore on the relative phase

of ∆f1001 to the initial f1001. While the magnitude of the initialf1001 may be known, this

ambiguity in the phase may result in an ambiguity of the simulated evolution of|C−| with

changing crossing angle. This may be overcome in two ways. The amplitude and phase

of the f1001 may be measured around the LHC ring by performing a spectral analysis of

betatron oscillations excited by an AC-dipole [57]. Preferably, if the initial coupling is small

the question of the RDT phase is rendered moot, and the simulated coupling can be matched

to zero at the crossing angle corresponding to the observed minimum. It is in any case worth

ensuring the linear coupling is well corrected prior to measurements as this also reduces the

chance of a growth in|C−| affecting the measured tunes.

6.4 Parasitic demonstration in IR2

IR2 houses the Alice experiment, which during normal operation for proton-proton (p-p)

collisions does not run with tightly squeezed beams at the IP(β∗ = 3 m during 2012p-p

luminosity production). During operation for heavy ion collisions (Pb-Pb or p-Pb) however,

the beta function at the IP is significantly reduced (β∗ = 0.8 m during 2013p-Pb luminosity

production). As a consequence, correction of the non-linear errors in IR2 is of particular

interest for heavy ion operation.

To demonstrate, as described in Sections6.2and6.3, that the non-linear beam dynamics

of the LHC experimental insertions could be examined via feed-down under the influence

of varying closed orbit bumps through the IRs, parasitic studies were performed in IR2 at

β∗
IP2 = 1 m. Two opportunities arose to perform these studies during the 2011 commis-

sioning of the LHC for heavy ion collisions: firstly during a test for the reversal of the Alice

dipole-spectrometer polarity, and then during local measurements of the mechanical aperture

in IR2.
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6.4.1 Parasitic study during Alice dipole-spectrometer polarity
reversal at β∗

IP2 = 1 m

In IR2 the Alice detector’s dipole-spectrometer generates aso-called‘internal’ crossing an-

gle of±140 µrad in the vertical plane, dependent on the spectrometer polarity. The internal

crossing angle is partially compensated through the application of a vertical closed orbit

bump through the IR, generating a so-called‘external’ crossing angle of∓80 µrad. Colli-

sion data is collected for both polarities of the dipole-spectrometer, the reversal of the polar-

ity requiring a reversal of the sign of the external crossingangle. As the pre-collision LHC

optics are optimized for the−80 µrad configuration, the reversal of the external crossing an-

gle is performed following the squeezing of theβ∗ to their operation values. Figure6.3

shows the simulated orbit through IR2 with internal (+140µrad) and internal+external

(+140 − 80 µrad) crossing angle bumps applied.
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Figure 6.3: Simulated orbit in IR2 with internal (+140µrad) and internal+external
(+140 − 80 µrad) crossing angle bumps applied.
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The procedure for reversal of the external crossing angle was commissioned with proton

beams during an end-of-fill study, prior to the 2011Pb-Pb run [143]. The external crossing

angle was varied from−80 µrad to +80 µrad in a series of small steps, allowing a pause

following each change in the crossing angle. Consequently, the tune and coupling data mea-

sured by the BBQ during the reversal of the crossing angle couldbe used to study feed-down

from non-linear errors in the IR2 magnets. As the study was performed at end-of-fill, a large

number of high intensity bunches (compared to typical optics measurement conditions) were

present in the machine. The raw BBQ data was therefore of a very high quality and no

manual cleaning was performed. The chirp was depowered during most of the scan.

Figures6.4and6.5show the simulated and measured tunes and coupling during the scan

of the IR2 external crossing angle in LHC Beam 1 and Beam 2 respectively. Linear cou-

pling has been matched to zero at the crossing angle corresponding to its projected minima

(−80 µrad in Beam 1 and−30 µrad in Beam 2).

Shifts to the tune and coupling are dominated by a linear variation of the|C−|, corre-

sponding to feed down fromb3. The simulated variation of the coupling shows an excellent

agreement with the observations, with the exception of a brief jump between−40 µrad and

−20 µrad. This departure and return of the measured data to the simulation corresponded to

the powering, then depowering, of the chirp excitation. Such an influence of the chirp upon

the BBQ measurement is not generally observed in the LHC, and itsappearance in this data

is not understood. Nonetheless the observed discrepancy atthe three affected data points

is not believed to significantly impact upon the conclusion that the measured and simulated

coupling are in good agreement.

Variations of the tunes are significantly smaller than of thecoupling (by a factor of∼ 3).

In the horizontal plane the tune is roughly consistent with the predictions of the magnetic

model. In the vertical plane the general trend of the tune shift is consistent with expectations

from the model, however the measured value appears to oscillate about the prediction from

simulation with an amplitude∼ 3 × 10−4. Such a variation is deemed to be negligible.

During reversal of the external crossing angle no measurement of f1001 was possible

for reasons of machine protection. This was not significant as the initial |C−| was small

compared to that generated by the feed-down, and it was possible to match the coupling of
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Figure 6.4: Modelled and measured tunes and coupling of LHC Beam 1, plotted versus the
external crossing angle. The model has been matched to produce zero coupling at the crossing
angles corresponding with the projected minima of the observed|C−| variation.
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Figure 6.5: Modelled and measured tunes and coupling of LHC Beam 2, plotted versus the
external crossing angle. The model has been matched to produce zero coupling at the crossing
angles corresponding with the projected minima of the observed|C−| variation.
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the model to zero. Figure6.6 however, illustrates that given an appropriate phase off1001

the model reproduces the observed variation irrespective of the matching point. In Fig.6.6

thef1001 of both beams was matched to reproduce the measured|C−| at the beginning of the

scan (−80 µrad), the phase of thef1001 was then selected to reproduce the observed variation

of |C−|. This demonstrates that if the initial phase of thef1001 is known it is possible to make

an accurate prediction of the variation of|C−|, even if the magnitude of the initial|C−| is

not negligible compared to that generated through feed-down.

Variations in the simulation between the sixty instances ofthe LHC defined by the WISE

seeds were negligible for this configuration of the optics inIR2.

6.4.2 Parasitic study during local aperture measurements in IR2
at β∗

IP2 = 1 m

In preparation for the 2011Pb-Pb run it was necessary to commission a new optics of the

LHC, with theβ∗ in IP2 squeezed to1 m (during the precedingp-p run IP2 operated atβ∗ =

10 m). Local measurements of the physical aperture in IR2 were a necessary component of

the commissioning effort, allowing determination of the available parameter space inβ∗ and

crossing angle. Measurements of the local aperture were performed on theβ∗
IP2 = 1 m optics

with depowered Landau octupoles, using a method based on theapplication of closed orbit

bumps through the IR [144]. The measurements were performed with proton beams. The

variation of the closed orbit bumps during these measurements allowed for parasitic studies

of the feed-down from non-linear errors to free tune and freelinear coupling.

During the aperture study several different closed orbit bumps were applied. The initial

state of the machine was defined by the (vertical) internal dipole-spectrometer bump and the

(vertical) external crossing angle, together with the (horizontal) separation bump. Through-

out the measurement the external crossing angle and separation bump were held constant

at −80 µrad and0.7 mm respectively. The IR2 luminosity optimization knobs2 (known as

Lumiscanor Anglescanknobs) were then used to apply additional closed orbit bumpson

top of the nominal crossing and separation. The Lumiscan knobs lacked sufficient strength

to reach the aperture, and in the vertical plane two further knobs:APERTandAPERSCAN,

2A ‘knob’ is a set of magnet trims designed to generate a specific shift in the beam properties.
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Figure 6.6: Modelled and measured coupling plotted versus the external crossing angle. |f1001|
in the model was matched to reproduce the measured amplitude of|C−| at the beginning of the
scan (−80 µrad). The phase off1001 was selected to give agreement with the observed data.
Data is shown for Beam 1 (top) and Beam 2 (bottom).



CHAPTER 6. MEASUREMENT AND CORRECTION OF NON-LINEAR ERRORSIN THE LHC EXPERIMENTAL INSERTIONS 194

were used to reach higher excursions. Figure6.7 shows MAD-X simulations of how the

final closed orbit bump in the vertical plane was built up fromits component knobs. Initially

only the effect of the spectrometer bump is shown (Fig.6.7a). Figure6.7bshows the effect

of adding the crossing and separation bumps on top of that generated by the spectrometer.

Figures6.7c, 6.7dand6.7eshow the effect of the maximum trim of the Lumiscan knob, then

adding the APERT and finally the APERSCAN knobs.

As described in Section6.3, simulations of the feed-down to tune and coupling have

been performed using a thin lattice model in MAD-X . In the case of the LHC knobs used

to generate the external crossing angle and the separation bump re-matched versions exist

which reproduce the applied crossing angle in the thin lattice. No such re-matched versions

of the Lumiscan, APERSCAN, and APERT knobs exist, and the knob definitions applied in

simulation are identical to those applied in the real machine. To assess the size of the error

introduced into the model due to the use of the thin lattice together with the real knob defi-

nitions, the total crossing angle in the model was compared to the theoretical expectation for

the trims applied during the aperture measurement. Figure6.8plots the difference between

the simulated crossing angle (defined by the ratio of the transverse momenta to the references

momenta) and the expected value. The discrepancy in a thick lattice MAD-X model is also

shown for comparison. The error introduced by using the thinlattice model is deemed to be

small, and may be neglected.

During the aperture measurements tune and coupling data wasinitially of a high qual-

ity. As the aperture was approached however it was necessaryto remove the chirp from the

beam to avoid interference with the loss measurements, and the quality of the data dropped

correspondingly. The BBQ data shown previously in Fig.6.1correspond to these measure-

ments. Manual cleaning of the BBQ data was therefore essentialfor study of the feed-down.

Figure6.9demonstrates the improvement in data quality achieved for LHC Beam 2. Similar

improvements were gained in the Beam 1 data.

The manual cleaning was highly effective. Most noise in the BBQdata arose from a mi-

nority of misidentified spectral lines which were straightforward to exclude, though some of

the data at large crossing angles had to be excluded as the tunes passed outwith the frequency

search window applied by the BBQ. Cleaning revealed a small difference in the Beam 2|C−|
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(c) Spectrometer, crossing, and separa-
tion bumps+ maximum vertical trim of
the Lumiscan knobs.
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Figure 6.7: Simulated orbit through IR2, for maximum trims of the closed orbit bumps used
during the vertical aperture studies.
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Lumiscan, APERT, and APERSCAN knobs used during local IR2 aperture measurements in
2011. Results are shown for both thick and thin lattice models. Both models usedthe basic LHC
lattice with no magnetic errors applied.

data between the APERT and APERSCAN knobs where the measurements overlap. A cor-

responding shift was not observed in Beam 1. It is possible that different types of orbit bump

may reveal differing aspects of the non-linear errors, however significant conclusions cannot

be reached from this data, as the raw measurement was of a low quality and there was a delay

in the implementation of the APERSCAN knob upon completion of the APERT knob scan,

therefore the discrepancy may just reflect a drift in the coupling.

Unlike the measurements presented in Section6.4.1the initial coupling of LHC during

the aperture measurements was not small in comparison to thecoupling generated through

feed-down, and the simulated coupling could not be matched to zero. As part of the commis-

sioning procedure however, linear optics measurements hadbeen performed on theβ∗
IP2 =

1 m configuration during the LHC fill immediately prior to that used for study of the aper-

ture. The phase off1001 in BPMs adjacent to the IR2 separation dipoles, measured during the

linear optics studies, was therefore used as a constraint for the matching to initial conditions

in the MAD-X simulation of the aperture measurement. Figures 6.10and6.11present com-

parisons of cleaned BBQ data to the MAD-X simulation in Beam 1 andBeam 2 respectively.
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Figure 6.9: Manual cleaning of Beam 2 BBQ data obtained during local aperture measurements
in IR2. Uncleaned BBQ data is plotted in grey, cleaned data in colour.
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Figure 6.10: Modelled and measured tune and coupling of LHC Beam 1, plotted versus thetotal
crossing angle at IP2 during local aperture measurements of IR2 in 2011.
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Figure 6.11: Modelled and measured tune and coupling of LHC Beam 2, plotted versus thetotal
crossing angle at IP2 during local aperture measurements of IR2 in 2011.
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Clear shifts to the coupling and tune were seen during the aperture measurement. In par-

ticular feed-down to coupling was observed from multipolesof order higher thanb3, which

it had not been possible to observe during the study of crossing angle reversal. The rela-

tively poor quality of the linear coupling correction at thestart of the study complicates the

interpretation of the available tune data, as theδQmin defined by the growing|C−| appears

to have perturbed the tunes. A good agreement is seen betweenthe observations and the

predictions of the magnetic model for the coupling data. As found in Section6.4.1the feed-

down is dominated by theb3 component of the separation dipoles. The agreement in the tune

data is less precise, though the general trends appear consistent and as previously mentioned

the situation is complicated by the impact of the coupling onthe tune split. Discrepancies

between the modelled and measured tunes are particularly apparent in LHC Beam 2 at very

large crossing angles, potentially indicating a discrepancy with the model in the higher order

multipoles. Limitations from the aperture prevented Beam 1 reaching amplitudes where the

Beam 2 discrepancy became significant. Variations between the WISE seeds were negligible.

6.4.3 Proof of principle: measurement and correction of non-
linear errors in the LHC experimental insertions

The parasitic studies performed on IR2 during 2011 demonstrated that it was possible to

examine non-linear errors in low-β insertions of the LHC, using a method based upon the

feed-down to both free tune and free linear coupling under the influence of varying closed

orbit bumps. Feed-down from high order multipoles was observed in both the coupling and

the tune. Magnetic measurements of the dominant non-linearerrors in IR2, namely theb3

component of theD1 separation dipoles, were verified with beam based studies.

In light of the excellent agreement of the observedb3 errors with the magnetic model,

correction of these errors should be possible. Table6.2 presents corrections forb3 errors,

calculated from the magnetic model atβ∗
IP2 = 1 m and3.5 TeV, using the method of local

compensation of the dominant normal sextupole RDTs with correctors either side of the IP.

The required trims were well within the capacity of the correctors. Figure6.12illustrates the

predicted effect of the correction on the feed-down to free linear coupling. Unfortunately,

during the LHC’s first operational run (‘Run 1’) several non-linear correctors on one side of
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IP2 were out of commission, including those forb3. Local correction of theb3 errors on one

side of the IR is still feasible, however due to the unavailability of the correctors, and a lack

of beam time, no attempt was made to perform corrections for the non-linear errors in IR2

during Run 1.

Table 6.2: Corrections for theb3 errors in IR2. Corrections were calculated in MAD-X using
magnetic measurement data verified with beam-based studies. These corrections were deter-
mined forβ∗

IP2 = 1 m at3.5 TeV.

Corrector Strengthk [m−3] Strength[%max]

KCSX.L2 −0.00482 −57.41

KCSX.R2 0.00085 10.15

A number of discrepancies with the magnetic model were also identified during the par-

asitic studies of IR2. These effects were either small or onlybecame apparent at large am-

plitudes, however further study may be of interest once the dominant errors are corrected.

6.5 Dedicated measurement and correction of non-linear errors
in IR1 and IR5

The success of the parasitic studies performed on IR2 led to dedicated studies of the feed-

down from the non-linear errors in IR1 and IR5, which house the ATLAS and CMS experi-

ments respectively. First dedicated measurements of the errors in IR1 were undertaken at the

end of a linear optics study, performed on a new machine configuration withβ∗ = 0.4 m in

IP1 and IP5. This was followed shortly after by dedicated measurement of the errors in IR5

at the nominal optics (β∗ = 0.6 m in IP1 and IP5), together with a first attempt at correction

of the errors in IR1.

6.5.1 Measurement of non-linear errors in IR1 at β∗
IP1 = 0.4 m

In 2012 an exploratory study of the linear optics was performed on the LHC atβ∗ = 0.4 m

in IP1 and IP5. At the end of the optics measurements a scan wasperformed of the vertical
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Figure 6.12: Simulated variation of the coupling with IR2 external crossing angle, with and
without corrections applied for theb3 multipole errors in the IR.
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crossing angle in IR1 (time was only available to study a single plane of one IP). Feed-down

to tune and linear coupling was observed in order to examine the non-linear errors in the

insertion. The raw BBQ data obtained throughout the crossing angle scan was of a low

quality. Beam 1 data was unusable, however a respectable quality of data was obtained for

Beam 2 following manual removal of a number of regularly misidentified spectral lines.

As with the parasitic studies performed for IR2, the feed-down to tune and free coupling

were simulated in MAD-X allowing for comparison between theobservations and predic-

tions from the magnetic measurements. Initial conditions for the simulation were matched

at 0 µrad. Tunes and|C−| were matched to the values obtained from the BBQ, while the

phase of thef1001 was matched to measurements, obtained immediately prior tothe crossing

angle scan, at BPMs adjacent to IP1. Figure6.13plots the measured and simulated tune and

coupling shifts for the scan of the vertical crossing angle in IP1 atβ∗ = 0.4 m. All sixty

WISE seeds are plotted individually. Unlike the studies of IP2 at β∗ = 1 m, the variation

between seeds is not negligible.

Substantial feed-down is observed to the linear coupling. The measurements and sim-

ulation agree, and appear to indicate that the errors in the machine lie towards the extrema

of the uncertainty in the magnetic measurements. This should allow for a refinement of the

non-linear model of IR1. The feed-down to coupling shows significant contributions from

bothb3 anda4 multipoles. Figure6.14demonstrates the effect in simulation of removing the

b3 and theb3 + a4 errors. WISE seed 4 was utilized for this simulation as it showed a good

agreement with the measured coupling.

Correction ofb3 alone still leaves a very substantial coupling variation with crossing an-

gle in the machine at0.4 m, however during Run 1 the skew octupolar corrector left of point

one was out of commission. It is unclear at what point the malfunctioninga4 corrector may

become available, however if it remains out of use local correction ofa4 right of IP1 may be a

worthwhile consideration during the LHC’s second operational run. The simulation shown in

Fig. 6.14demonstrates that perfect correction ofb3 anda4 errors should significantly reduce

the feed-down to coupling, though some does remain.

As regards the tune, variation ofQy with the crossing angle shows a good agreement

with the observations, though a small discrepancy does seemto appear in the higher order
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Figure 6.13: Measured and modelled variation of free tune and coupling in LHC Beam 2, during
a scan of the (vertical) crossing angle in IR1 atβ∗ = 0.4 m.
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Figure 6.14: Simulated effect in Beam 2 of removingb3 andb3 +a4 errors in IR1 atβ∗ = 0.4 m.
The simulation was performed for WISE Seed 4, which showed good agreement with measured
coupling shifts.

terms at crossing angles> 200 µrad. The difference between the feed-down to tune of the

WISE seeds is significantly smaller for the tune than for the linear coupling, therefore no

refinement of the model is possible from thisQy data.

In the horizontal plane a sizable discrepancy is observed between the measured feed-

down and the predictions of the magnetic model. The discrepancy between model and mea-

surement shows both a linear (corresponding to a discrepancy in the a3 errors) and higher

order variation with crossing angle. Polynomial fits to the difference between the modelled

and measured change inQx with crossing angle were unable to convincingly distinguish be-

tween polynomials with(1st +2nd), (1st +3rd +4th), and(1st +2nd +3rd +4th) order terms.

The challenge in understanding the errors in IR1 therefore seems to lie firstly in reducing

the number of possible combinations of multipoles which maygive rise to the observed dis-

crepancy inQx. Studies of the feed-down in the horizontal plane may assistin this regard

by exchanging sources of odd order variations of tune and coupling (as seen in Tab.6.1).

Studies of the feed-down at different optics or over different ranges of amplitudes should

also assist in distinguishing sources of lower and higher order.

With respect to location of the error, that the discrepancy appears only in the horizontal

plane suggests it may lie at a location of significantly larger βx thanβy (though the possibility
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of cancellation between different sources of∆Qy cannot be ruled out). If the data were

available analysis of the Beam 1 tune shifts may assist in the localization of the source,

however further studies using different types of orbit bumpthrough the IR may also aid in

localization.

During construction measurements were performed of magnetalignments within the

LHC. In addition to generating estimates of magnetic errors,WISE may also produce esti-

mates of the geometric errors in the LHC lattice from these measurements [88]. In response

to the observed discrepancy inQx, geometric errors were incorporated into the MAD-X sim-

ulation. As expected the effect of the alignment errors in the IR was negligible, several orders

of magnitude below the observed discrepancy, and offers no explanation for the difference

between model and measurement.

6.5.2 Correction of non-linear errors in IR1 at β∗
IP1 = 0.6 m

Shortly after the dedicated study of the non-linear errors in IP1 atβ∗ = 0.4 m, an opportunity

arose to perform a second set of dedicated measurements atβ∗ = 0.6 m. Due to the brief

interlude between the measurements the data obtained during the0.4 m study had not been

analysed, however it was considered important to make a firstattempt at correction of the

non-linear errors, prior to the LHC’s first long shutdown for maintenance and upgrades, in

order to gain experience in preparation for its second operational run. Two scans were there-

fore performed of the vertical crossing angle in IR1, firstly with corrections for thea3 + b3

errors applied, then with corrections for thea3 +b3 +b4 errors implemented. The corrections

were calculated from the magnetic model, using WISE seed 13. A scan of the virgin LHC

(the LHC with no corrections applied for the IR non-linearity) was not performed, as data

had been collected for the virgin machine atβ∗
IP1 = 0.4 m the previous day, and beam time

was extremely limited.

The data obtained from the BBQ was once more of a low quality. Coupling data was

unusable and the quality of theb3 correction may not be assessed, however after manual

cleaning it was possible to examine the feed-down to tune of both LHC beams. Figure6.15

3Seed 1 was chosen arbitrarily, as detailed analysis of theβ∗

IP1
= 0.4m measurement had not been performed

at the time of theβ∗

IP1
= 0.6m measurement.
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plots the measured tune of LHC Beam 2 as a function of the vertical crossing angle trim for

the scans. The predictions of the MAD-X model at0.6 m are shown for all sixty WISE seeds.

The upper plot compares the scan witha3 + b3 corrections implemented, and the lower plot

with a3 + b3 + b4 corrections.

Results for LHC Beam 2 show a good agreement between the measured feed down and

the predictions from simulations. Considering primarily the Qy data both thea3 andb4 cor-

rections appear to have functioned roughly as expected. Theupper plot does seem to indicate

there may have been a slight overcompensation of thea3 errors which could be addressed

in future corrections. With regard toQx it is interesting to observe that the substantial dis-

crepancy between the model and measurement observed atβ∗ = 0.4 m is not apparent. A

discrepancy does exist, but it is not so pronounced. More detailed analysis of this feature may

help shed light on the relevant sources. In spite of the discrepancies however, the application

of a3 and b4 corrections calculated from the magnetic model did manage to considerably

reduce the feed-down to tune. The first attempt at correctionof the non-linear errors in the

LHC insertions seems to have been broadly successful in LHC Beam 2.

Figure6.16shows the result of the crossing angle scans for LHC Beam 1. As with LHC

Beam 2 thea3 correction (Fig.6.16, top) appears to have functioned roughly as expected,

though the overcompensation ofa3 appears to be slightly more pronounced in Beam 1. Of

much greater concern however, is that upon application of the corrections forb4 (Fig. 6.16,

bottom) a sizable linear feed-down to tune appears to have been introduced.b4 errors should

generate a quadratic variation of the tune, therefore this cannot be due to a simple mispow-

ering of the corrector. Rather the linear variation of the tune (which may be expected to

correspond with ana3-like perturbation), introduced on powering theb4 circuits, implies a

vertical misalignment of theb4 correctors with respect to theb4 sources. The relevant mag-

nets in the IR are common to both beams; that the linear variation was introduced only for

LHC Beam 1 implies that the feed-down fromb4 to a3 is not the result of physical mis-

alignments within the IR, but rather due to a deviation of the Beam 1 orbit through the IR.

It was determined from simulation (taking into account the linear discrepancy identified

in the first scan) that a2.5 mm misalignment of the the octupolar corrector left of IP1 would



CHAPTER 6. MEASUREMENT AND CORRECTION OF NON-LINEAR ERRORSIN THE LHC EXPERIMENTAL INSERTIONS 208

Model (no correction)

Qx model
Qy model

0.310

0.315

0.320

-300 -200 -100  0  100  200  300

Q
x,

y

a3+b3 RDT correction:

Qx measured
Qy measured

Model (no correction)

Qx model
Qy model

0.310

0.315

0.320

-300 -200 -100  0  100  200  300

Q
x,

y

Vertical crossing angle in IP1  [µrad]

a3+b3+b4 RDT correction:

Qx measured
Qy measured

Figure 6.15: Measured and simulated variation of tune with (vertical) IP1 crossing angle inLHC
Beam 2 atβ∗ = 0.6 m. Two scans were performed: witha3 andb3 corrections implemented in
IR1 (top) and then on addition ofb4 corrections (bottom).
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Figure 6.16: Measured and simulated variation of tune with (vertical) IP1 crossing angle inLHC
Beam 1 atβ∗ = 0.6 m. Two scans were performed: witha3 andb3 corrections implemented in
IR1 (top) and then on addition ofb4 corrections (bottom).



CHAPTER 6. MEASUREMENT AND CORRECTION OF NON-LINEAR ERRORSIN THE LHC EXPERIMENTAL INSERTIONS 210

reproduce the additional linear variation of the tune following powering of theb4 corrector.

This serves to characterize the scale of the feed-down, and should not be taken as an assertion

that the particular corrector examined is the source of the linear variation. It should also be

clear that in the simulation this misalignment represents an assumed orbit discrepancy. An

offset of the beam in theb4 corrector with respect to theb4 sources to the order of several

millimeters is large but not unfeasible. This is particularly true if the alignment is distributed

between both corrector and source, possibly on both sides ofthe IP.

As regards correction of theb4, this effect will need to be carefully considered. The

non-linear corrector circuits in the IRs are common to both beams, and it may be difficult

to correct thea3 error introduced in Beam 1 by theb4 correction, without detrimentally

affecting the quality of the correction in Beam 2. A first consideration may be to determine

if this is a permanent feature of the IR, or if it varies betweenfills. Significantly however,

this demonstrates the importance of commissioning the corrections order-by-order. Had the

a3 andb4 corrections been applied simultaneously, without first verifying the quality of the

sextupolar compensation, the most obvious conclusion would have been failure of thea3

correction, which may have resulted in an incorrect strategy being adopted.

6.5.3 Measurement of non-linear errors in IR5 at β∗
IP5 = 0.6 m

A study of the non-linear errors in IR5 atβ∗ = 0.6 m was performed by scanning the hor-

izontal crossing angle at IP5. No corrections for the non-linear errors in the insertion were

applied. As with theβ∗ = 0.6 m studies performed on IR1 the BBQ data was of a low qual-

ity, and the coupling measurement unusable. After manual cleaning however, tune data was

obtained for both LHC Beams. Figures6.17aand6.17bplot the observed variation of the

tune in Beam 1 and Beam 2 respectively, together with the predictions from simulation.

Considerable discrepancies are observed between simulation and measurement, well out-

with the uncertainty in the magnetic model. The effect of alignment errors in the IR was ver-

ified to be negligible by incorporating WISE estimates of geometric errors into the simula-

tion, however a possible explanation does lie with the coupling. As no data was available for

|C−| during these scans the coupling in the simulation was held constant at|C−| ∼ 0.0015.

Predictions of the model therefore reflect the variation of the tune in the absence of any per-



CHAPTER 6. MEASUREMENT AND CORRECTION OF NON-LINEAR ERRORSIN THE LHC EXPERIMENTAL INSERTIONS 211

0.310

0.315

0.320

-300 -200 -100  0  100  200  300

Q
x,

y

Horizontal crossing angle in IP5  [µrad]

LHCB1: IP5, 60cm

Qx
Qy

(a) Beam 1

0.310

0.315

0.320

-300 -200 -100  0  100  200  300

Q
x,

y

Horizontal crossing angle in IP5  [µrad]

LHCB2: IP5, 60cm

Qx
Qy

(b) Beam 2

Figure 6.17: Measured and modelled variation of the virgin LHC tune with (horizontal) crossing
angle in IP5, atβ∗

IP5 = 0.6 m.
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turbation from|C−|. If the coupling increased substantially during the scan, the growth of

δQmin may have forced the observed tunes apart, contributing to the smaller tune split in

the model. The tune split (particularly at large positive crossing angle trims) was substantial

however, and the coupling would need to be large to explain the observations. Upon ex-

amining the simulated feed-down to coupling no comparable change is predicted, therefore

even if coupling was the source of the tune discrepancy it would still indicate a considerable

difference of the real machine with respect to the magnetic model. Without measured data

however, it is only possible to speculate on any influence thecoupling may have exerted.

Another potential cause of the discrepancy was orbit leakage into the LHC arcs, due to

incomplete closure of the crossing angle bumps. A systematic horizontal closed orbit at

normal multipoles in the arcs generates feed-down to the tune. Figure6.18shows how the

Beam 1 orbit in the arcs varied during the IP5 scan. Changes in the mean andRMS orbit

were comparable for Beam 2.

Changes in theRMS orbit in the LHC arcs become apparent as the crossing angles shift

to the side opposite from that used in regular operation, however shifts to themean closed

orbit are small. To eliminate orbit leakage as a source of thediscrepancy, the observed orbit

at the end of the IP5 scan (the worst case in regard to theRMS orbit) was reproduced in

MAD-X. The simulation included non-linear errors and magnets in the arcs. Orbit leakage

was generated in the model by matching small trims of a horizontal orbit corrector in IR5 to

replicate the closed orbit wave around the ring. Settings ofthe crossing angle knob in the

model were adjusted to keep the crossing angle at the IP constant. No errors were included in

the IRs to avoid changes in the IR orbit generating feed-down which could be misinterpreted

as coming from the arcs. Figure6.19shows the closed orbit in the Beam 1 arcs measured at

the end of the IP5 scan, together with the simulated orbit. The quality of the matched orbit

is respectable, erring on the side of an overestimation.

The tune shifts generated in this model on the introduction of the closed orbit wave were

of order10−4 and10−5 in the horizontal and vertical planes respectively. This isat least

an order of magnitude less than the observed discrepancy. Orbit leakage into the arcs has

therefore been discounted as a possible explanation for theobserved difference between the

measured and modelled feed-down to tune during the IP5 scan.
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Figure 6.18: Variation with time of the Beam 1 closed orbit in the LHC arcs during a scan of
the horizontal crossing angle in IP5, with virgin optics. The applied crossing angle trim is also
shown. Similar results were obtained for Beam 2.
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A further possibility considered was that the real IR5 closedorbit bump may have dif-

fered from the nominal expectation present in the model, leading to the observed discrepancy.

Several BPMs are present in the LHC IRs (their location may be seen in Fig.2.7as vertical

grey lines), however there are known to be significant distortions in the measured beam posi-

tion due to an incomplete compensation of the non-linear responses of the IR BPMs [93, 95],

in addition to questions over their alignment. Use of the measured beam position data in the

IR for comparison to the model is therefore hesitant at best,and these uncertainties should be

born strongly in mind in the following discussion. Figure6.20compares the orbit measured

in several pairs of BPMs in IR5, to the expectation from the MAD-X simulation.

Fig. 6.20 (top) compares the measured crossing angle in Beam 1 and Beam 2 to the

applied crossing angle trim present in the machine. The crossing angle was determined from

BPM data, using the measured orbits in BPMs immediately left and right of the IP together

with their known separation. Discrepancies are observed, however it is emphasised again

that the orbit in the BPMs, and hence the crossing angle calculated from these quantities,

suffers from known issues with regard to uncompensated non-linear responses of the BPMs.

Figure 6.21 re-plots the measured variation of the tune as a function of the crossing

angle, accounting for the measured discrepancies observedin Fig. 6.20 (top). The initial

conditions of the simulation were re-matched to the new values and are shown alongside.

Use of the measured crossing angle does not significantly affect the agreement between

model and measurement of LHC Beam 1. In LHC Beam 2 the agreement between model

and measurement shows some improvement on one side (crossing angles< 0 µrad), and

becomes more akin to that of Beam 1. Clearly however, a disparity between the expected

and measured crossing angles does not explain the bulk of thedisagreement between model

and measurement.

To consider possible discrepancies in the closed orbit bumps further from the IP, the orbit

logged at BPMs adjacent to the D1 separation dipoles was also compared to the expectations

from the model. The results of this comparison are shown in Fig. 6.20 for LHC Beam 1

(center) and Beam 2 (bottom). Discrepancies are observed in the orbit at these BPMs for

negative, but not for positive, crossing angles. These variations of the orbit cannot, therefore,

explain the observed discrepancies in the tune. Alignmentsof the D1 dipoles, arranged to
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reproduce the observed offset of the beam through these elements, were applied in the MAD-

X model, and the impact on the tune found to be negligible (∆Qx,y ∼ 1 × 10−4).

In the LHC’s second operational run it is hoped that improved compensation of the BPM

non-linearity will allow the use of measured orbit data withgreater confidence than the dis-

cussion presented here; however, in light of the comparisons between the measured and

expected crossing angles, and of the orbit at the separationdipoles, it is concluded that while

deviation of the real machine orbit from its nominal trajectory has the potential to explain

some of the observed tune discrepancy (namely that of LHC Beam2 at negative crossing

angles), it does not seem able to explain the majority of the difference between the observed

and simulated tune variations. It seems increasing likely therefore that the substantial dif-

ferences between the observed and predicted feed-down to tune in IR5 are the result of a

discrepancy of the magnetic model of the LHC with the real machine. Further studies of the

non-linear feed-down in IR5 will therefore be essential before correction can be attempted.

6.6 Conclusions

As the LHC progresses to more demanding regimes of operation, correction of non-linear

errors in the low-β insertions will become important for an optimized performance of the

accelerator. In the HL-LHC, correction of the non-linear errors in the experimental insertions

will be essential for operation of the machine. A method to study these errors, based on

examination of feed-down to unconstrained tune and unconstrained linear coupling, has been

demonstrated to be effective in the LHC. First results from the study of the non-linear errors

have been obtained.

The method was initially demonstrated parasitically in IR2 at β∗
IP2 = 1 m. It was shown

that it was possible to study feed-down to both unconstrained tune and unconstrained linear

coupling from non-linear errors of sextupole and higher order. From the observations made

it was possible to determine that the non-linear errors in IR2are well understood in the

β∗
IP2 = 1 m regime, and are dominated byb3 component of the D1 separation dipoles. A

number of the non-linear correctors in IR2 were out of commission, and no correction was

attempted. Given the good understanding of the dominantb3 errors, local correction on

the functional side should still be feasible in future operation of the LHC. Several small
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discrepancies were identified between the beam-based and magnetic measurements which

may warrant further examination.

Following on from the success of parasitic studies in IR2, dedicated measurements were

performed on IR1 and IR5. Non-linear errors in IR1 appear to be partially understood.

Studies of feed-down to linear coupling andQy in LHC Beam 2 atβ∗ = 0.4 m showed

a good agreement between measurement and simulation, and a refinement of the magnetic

model should be possible from the obtained coupling data. Feed-down toQx showed a

sizable discrepancy with the predictions of the magnetic model, and will need to be studied

further. Nonetheless, first corrections of the non-linear errors in IR1, performed atβ∗ =

0.6 m, appear to have been broadly successful. The discrepancy inQx was not apparent at

the largerβ∗, and correction ofa3 behaved roughly as expected (a slight overcompensation

was observed). Correction ofb4 was successful in Beam 2, but introduced a sizablea3-like

perturbation in Beam 1. Given the success of the Beam 2 correction it seems likely this is the

result of feed-down due to deviation of the Beam 1 orbit from its nominal trajectory. This

represents a clear demonstration of the need for commissioning of the non-linear errors to

progress on an order-by-order basis.

In IR5 sizable discrepancies were observed between the beam-based studies and the pre-

dictions of the magnetic model. Leakage of the closed orbit into the LHC arcs and deviation

of the real orbit in the IR from its nominal path have been ruled out as significant sources of

the discrepancy. Shifts in the linear coupling could offer an explanation, but would need to

be exceptionally large. Further study of the non-linear errors in IR5 will be required before

any attempt at correction can be made.



Chapter 7

Conclusions

The Large Hadron Collider (LHC) at CERN is arguably the most complicated and advanced

particle accelerator constructed to date. It represents a new and exciting dynamical system,

in which study of the non-linear beam dynamics lies on the frontier of accelerator science.

This thesis set out to quantify for the first time the non-linear dynamics of the Large Hadron

Collider through direct beam-based measurement, and to further develop the understand-

ing of, and ability to correct, the non-linear phenomenology of the accelerator. Highlights

of the research presented in this thesis have included: a record breaking quality of linear

optics correction; the simultaneous correction of non-linear chromaticity, detuning with am-

plitude, and dynamic aperture; first observations of non-linear coupling, a new feature in the

phenomenology of the LHC optics; detailed analysis, leading to an understanding, of the

influence of the LHC Landau octupoles on first order chromaticity; and the demonstration of

a method to study and correct non-linear errors in the LHC experimental insertion regions.

More detailed summaries of the results from the four analyses presented in this thesis are

given below.

In Chapter3 the linear dynamics of the LHC was addressed, firstly as an important pre-

requisite to study of the non-linear beam dynamics, but alsoas a significant issue in its own

right. Measurements of the beta-beating around the LHC ringat 3.5 TeV, β∗ = 3.5 m, af-

ter correction of local errors in the insertion regions, were compared to predictions of LHC

models including the best available knowledge of geometricand magnetic errors in the arcs.

The global scale of the simulated beta-beat agreed well withobservation. Local variation

of the beta-beat was significantly influenced by the uncertainty in theb2 errors of the Main

Quadrupoles in the arcs, which limits the understanding of the linear dynamics. Results from

219
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the 2012 commissioning of the LHC optics for proton-proton operation atβ∗ = 0.6 m, 4 TeV

(including commissioning of the injection optics) were then presented. An excellent quality

of linear optics correction was achieved, withpeak andRMS beta beats of7±4 % and2 % at

β∗ = 0.6 m, and comparable results at injection. This set a new record for hadron colliders,

and equalled the record for lepton colliders held by CESR. The good understanding of the

linear dynamics, together with the excellent quality of linear optics corrections, paved the

way for study of the non-linear dynamics.

Chapter4 considered the non-linear dynamics of the LHC at injection optics. Initial

studies focused on measurement of the non-linear chromaticity. Measurements of second

and third order chromaticity at injection, with Landau octupoles powered off, revealed a

substantial non-linear chromaticity. This indicated significant discrepancies of the magnetic

model of the LHC with respect to the real machine. Through simulation it was determined

that hysteresis in octupolar spool piece correctors was a significant source of the discrepancy

between model and measurement. Limits were also placed on the allowed feed-down to sec-

ond order chromaticity from decapolar spool piece correctors in the arcs, which could make

at most a small contribution to the discrepancy. Hysteresisof the octupole spool pieces, to-

gether with feed-down from the decapole spool pieces, couldexplain the majority of the dif-

ference between the modelled and measured second order chromaticity in the vertical plane,

however a significant discrepancy remained in the horizontal. Correction of the second and

third order chromaticity was demonstrated in LHC Beam 2 at injection optics, with depow-

ered Landau octupoles. Correction significantly reduced both orders, and was observed to

compensate detuning with amplitude and reduce the decoherence of kicked beams.

Initial studies of the second and third order chromaticity were also performed at nomi-

nal injection optics, including the nominal powering of theLandau octupoles. The change

in second order chromaticity upon powering of the Landau octupoles indicated a correction

functioning of these elements. Detailed studies of the non-linear dynamics were later per-

formed at nominal injection optics using kicked beams. First and second order detuning

with amplitude and the dynamic aperture were measured. Comparison to simulations, in-

corporating the experience from previous non-linear dynamics studies, demonstrated a good

agreement between measurement and the model at nominal injection optics. In addition to

amplitude detuning and dynamic aperture, first observations of non-linear coupling in the
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LHC optics were made. Measurements were reproduced in the model. Observation of the

non-linear coupling opens a new avenue for study of the LHC beam dynamics, and further

studies of this aspect of the non-linear phenomenology havebeen launched as a result. The

ability of the LHC model to reproduce the non-linear phenomenology of the accelerator at

nominal injection optics allowed its use for examination ofoptical configurations which had

not been measured directly.

It was demonstrated, using corrections for non-linear chromaticity, determined in 2011,

that it was possible to increase the dynamic aperture of the LHC through the minimization of

readily observed properties of the non-linear beam dynamics. That corrections found in 2011

remained valid a year later is also a significant indication of the stability of the non-linear

dynamics in the LHC. The corrected configuration of the LHC wasnot modelled directly,

due both to the departure of corrector circuits from their nominal cycles and to the residual

discrepancy in the second order chromaticity, however by matching to measured values of

non-linear observables an effective model was developed. The effective model was observed

to reproduce the dynamic aperture of the LHC in the diagonal plane (horizontal and vertical

planes were limited by the physical aperture).

In Chapter5 observations of significant shifts to the first order chromaticity upon changes

in Landau octupole powering at top energy (4 TeV) in the LHC were reported. Variations

of the chromaticity were explained through feed-down due tosystematic misalignment er-

rors, and systematic closed orbit, in the Landau octupoles,together with a small contribution

from magnetic errors in these elements. Inclusion of these effects in the LHC model repro-

duced the observed changes in the first order chromaticity. An analytic expression for the

chromaticity shift due to Landau octupole feed-down was provided, to facilitate the rapid

analysis of large quantities of closed orbit data.

Substantial changes in the linear coupling measured by the LHC Band Based Tune (BBQ)

measurement system were also observed. These were not reproduced in the LHC model and

conflicting results were obtained from analysis of the linear coupling resonance driving terms

measured with kicked beams. Furthermore, the change in linear coupling reported by the

BBQ was independent of the Landau octupole polarity, excluding feed-down and magnetic

errors as the source. It was concluded that the shift in linear coupling upon changes in
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Landau octupole powering, reported by the BBQ, was an artifactof the measurement. The

reason for the differing observations between the BBQ and spectral analysis of kicked beams

are not understood.

Finally, in Chapter6 a method to study the non-linear errors in the LHC experimental

insertions was demonstrated. The technique, based upon thestudy of feed down to uncon-

strained tune and unconstrained linear coupling under the influence of varying closed orbit

bumps, was demonstrated parasitically in IR2 atβ∗ = 1 m. A good agreement of the mag-

netic model to the real LHC was found, with the non-linear errors being dominated by the

b3 component of the D1 separation dipoles. Dedicated studies were then performed of the

non-linear errors in IR1 atβ∗ = 0.4 m which indicated the non-linear errors were partially

understood. Some refinement of the magnetic model should be possible from the feed-down

to linear coupling in this regime. First attempts at correction of the errors in IR1 were per-

formed atβ∗ = 0.6 m. These were successful for Beam 2, however compensation of the

normal octupole errors introduced a sizable feed-down in Beam 1. This demonstrated the

importance of commissioning these corrections on an order-by-order basis. Measurements

were also performed in IR5, however in this case substantial deviations of the measurements

from predictions of the magnetic model were observed. Potential sources relating to the re-

production of the relevant closed orbit bumps in the model were examined, and were ruled

out as significant sources of the discrepancy. Further studyof IR5 will be required before

correction may be attempted, however compensation of certain non-linear errors in IR1 and

IR2 should now be possible in future LHC operation.

Collectively, the studies presented in this thesis represent a significant improvement in

the understanding, simulation, and correction of the non-linear beam dynamics in the Large

Hadron Collider.
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R. Toḿas, G. Vanbavinckhove & W. Venturini Delsolaro. “Non-linear beam dynamics tests in
the LHC” (2011). CERN-ATS-Note-2011-052 MD.
http://cds.cern.ch/record/1366082?ln
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[111] R. Toḿas & R. Calaga. “Statistical analysis of RHIC beam position monitors performance”,
Phys. Rev. ST. AB,7, 042801.
http://journals.aps.org/prstab/abstract/10.1103/PhysRevSTAB.7.042801

[112] R. Bartolini & F. Schmidt. “SUSSIX: a computer code for frequencyanalysis of non-linear
betatron motion” (2010). CERN SL/Note 98-017 (AP).
https://cds.cern.ch/record/702438/files/
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P. Skowronski, R. Toḿas, E. Todesco & S. White. “MQY 1% calibration errors” (2013).
CERN-ATS-Note-2013-029 MD.
https://cds.cern.ch/record/1545888/files/?ln

http://prst-ab.aps.org/abstract/PRSTAB/v13/i12/e121004
https://cds.cern.ch/record/522049
http://cds.cern.ch/record/1058520?ln
https://cds.cern.ch/record/782076/
http://journals.aps.org/prstab/abstract/10.1103/PhysRevSTAB.7.042801
https://cds.cern.ch/record/702438/files/
https://cds.cern.ch/record/1595800?ln
http://cds.cern.ch/record/316609?ln
http://cds.cern.ch/record/972668?ln
http://mad.web.cern.ch/mad/
https://cds.cern.ch/record/1545888/files/?ln


BIBLIOGRAPHY

[118] D. Sagan, R. Meller, R. Littauer & D. Rubin. “Betatron phase and coupling measurements at
the Cornell Electron /Positron Storage Ring”, Phys. Rev. ST. AB,3, 092801.
http://journals.aps.org/prstab/abstract/10.1103/PhysRevSTAB.3.092801

[119] T.H.B. Persson, Y.I. Levinsen, R. Tomás & E.H. Maclean. “Chromatic Coupling Correction
in the Large Hadron Collider”, Phys. Rev. ST. AB,16, 081003.
http://prst-ab.aps.org/abstract/PRSTAB/v16/i8/e081003

[120] G. Vanbavinckhove, M. Aiba, R. Bartolini, R. Calaga, M. Giovannozzi, E.H. Maclean,
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Appendix A

Appendices pertaining to Chapter 3:
Modelling and correction of the linear optics

Chapter3 presented results from the highly successful 2012 linear optics commissioning.
Local and global corrections were applied to the LHC which reduced the beta-beat to record
levels. This appendix provides details of the specific corrections applied inorder to achieve
the performance described in Chapter3. AppendixA.1 shows the global corrections applied
at injection optics. AppendicesA.2 andA.3 show the respective local and global corrections
applied at4 TeV.
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A.1 Global correction trims at injection during 2012 commis-
sioning

Global correction of linear optics was described in Section3.2.2. FigureA.1 plots the correc-

tion trims around the LHC rings determined by this method at injection optics during 2012

commissioning.
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Figure A.1: Global correction for phase advance and normalized horizontal dispersion at injec-
tion. Correction was performed independently for Beam 1 and Beam 2 using trims of MQM and
MQT magnets.
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A.2 Local optics correction at 4 TeV during 2012 commissioning

The segment-by-segment method for local correction of the linear optics in the LHC was

described in Section3.2.2. The corrections obtained using this method at4 TeV during 2012

commissioning are shown in TableA.1. FiguresA.2 to A.5 show the corresponding error

reconstructions atβ∗ = 0.6 m in the relevant IRs.

Table A.1: Local correction trims for IR1, IR5, IR6 and IR8 determined during 2012optics
commissioning. This table has been adapted from that presented in [4].

Insertion Element ∆k
[10−5m−2] [%]

IR1 ktqx2.r1 −1.4 0.16
ktqx2.l1 1.0 0.11
ktqx1.r1 1.0 0.11
kq9.l1b1 1.5 0.23
kq4.l1b2 −0.5 0.13

IR5 ktqx2.r5 1.05 0.12
ktqx2.l5 0.70 0.08
kq4.l5b2 3.80 1.00

IR6 kq5.l6b1 −3.9 0.6
kq5.r6b1 0.9 0.1
kq5.l6b2 4.8 0.7
kq5.r6b2 1.0 0.1

IR8 kq4.l8b1 4.0 1.0
kq5.r8b1 8.0 2.7
kq6.l8b1 2.0 0.4
kq4.r8b2 −10.0 2.4
kq5.r8b2 −3.0 0.8
kq6.l8b2 −3.0 0.5



APPENDIX A. APPENDICES PERTAINING TO CHAPTER3:
MODELLING AND CORRECTION OF THE LINEAR OPTICS 239

-0.10

-0.05

0.00

 23200  23400  23600  23800  24000

∆φ
x 

 [2
π]

Measured phase error
Reconstructed phase error

-0.10

-0.05

0.00

 23200  23400  23600  23800  24000

∆φ
y 

[2
π]

s [m]

K
1L

IP1LHCB1

(a) Beam 1

-0.10

-0.05

0.00

 3000  3200  3400  3600

∆φ
x 

 [2
π]

Measured phase error
Reconstructed phase error

-0.10

-0.05

0.00

 3000  3200  3400  3600

∆φ
y 

 [2
π]

s [m]

K
1L

IP1LHCB2

(b) Beam 2

Figure A.2: Local optics correction in IR1 atβ∗ = 0.6 m
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Figure A.3: Local optics correction in IR5 atβ∗ = 0.6 m
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Figure A.4: Local optics correction in IR6 atβ∗ = 0.6 m
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Figure A.5: Local optics correction in IR8 atβ∗ = 0.6 m
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A.3 Global correction trims at 4 TeV during 2012 commissioning

Following the application of the local corrections described in the preceding section, global

corrections were applied at4 TeV to further reduce the beta-beat. FigureA.6 plots these

global correction trims around the LHC ring for both beams.
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Figure A.6: Global correction for phase advance and normalized horizontal dispersion at4 TeV.
Correction was performed independently for Beam 1 and Beam 2 using trimsof MQM and MQT
magnets, after local correction in IR1, IR5, IR6 and IR8.



Appendix B

Appendices pertaining to Chapter 4:
Measurement and correction of non-linear
observables in the LHC at injection

Chapter4considered the non-linear dynamics of the LHC at injection optics. This Appendix
includes tables of data and aspects of the analysis from the 2011 and 2012measurements
which may assist in future analysis, but were not included in the main chapter. AppendixB.1
provides details of the non-linear chromaticity correction knobs used in 2011. AppendixB.2
summarizes the three states of the machine examined in 2012. AppendixB.3 summarizes
the kicks performed throughout the 2012 experiment. AppendixB.4 presents the derivation
of Eq.(4.10) used in the determination of the dynamic aperture, together with its double
Gaussian equivalent.
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B.1 Correction knobs for Q′′ and Q′′′ at injection during 2011

For studies of non-linear chromaticity at injection in 2011, correction knobs forQ′′ andQ′′′

were determined from simulation. The knobs were applied to compensate the observed non-

linear chromaticity at injection optics with depowered Landau octupoles. The correction was

highly effective. The trims of the knobs applied in 2011 were+1200 and+160 units of the

Q′′ andQ′′′ knobs respectively. The 2011 knob definitions are provided in Tab.B.1. The

currents in the MCDO circuits before and after correction areshown in Tab.B.2.

Table B.1: Knob definitions for theQ′′ andQ′′′ determined simulation of MCO and MCD trims
in MAD-X and PTC. The knobs were defined against trims of∆Q′′

x = +1 and∆Q′′′
x = +10000

respectively.

Q′′ knob Q′′′ knob
Circuit ∆K [m−4] Circuit ∆K [m−5]

RCO.A12B2 +0.00189 RCD.A12B2 +8.3525
RCO.A23B2 +0.00189 RCD.A32B2 +8.3525
RCO.A34B2 +0.00189 RCD.A43B2 +8.3525
RCO.A45B2 +0.00189 RCD.A54B2 +8.3525
RCO.A56B2 +0.00189 RCD.A65B2 +8.3525
RCO.A67B2 +0.00189 RCD.A76B2 +8.3525
RCO.A78B2 0 RCD.A87B2 +8.3525
RCO.A81B2 0 RCD.A81B2 +8.3525

Table B.2: Octupole (MCO) and decapole (MCD) spool piece settings in LHC Beam 2 before
and afterQ′′ andQ′′′ correction.

MCO MCD
Ibefore [A] Iafter [A] Ibefore [A] Iafter [A]

Arc 12 3.00 9.41 -120.10 -85.41
Arc 23 -3.00 3.41 -120.10 -85.41
Arc 34 -3.00 3.41 -128.83 -94.14
Arc 45 -3.00 3.41 -122.75 -88.05
Arc 56 3.00 9.41 -110.29 -75.6
Arc 67 3.00 9.41 -134.91 -100.22
Arc 78 0 0 -184.54 -149.85
Arc 81 0 0 -145.57 -110.88



APPENDIX B. APPENDICES PERTAINING TO CHAPTER4:
MEASUREMENT AND CORRECTION OF NON-LINEAR OBSERVABLES IN THE LHC AT INJECTION 246

B.2 Currents in the Landau octupoles and b4, 5 correctors for
optics studied during 2012 measurements of non-linear ob-
servables with kicked beams

Table B.3: Measured currents in the Landau octupole (MOF and MOD), and the octupolar and
decapolar spool pieces (arc correctors: MCO and MCD), for the machine states measured during
the experiment. State 1 is nominal injection optics. State 2 is as state 1 but with Landau octupoles
powered to zero and the residual field of the MCO zeroed. In State 3 corrections to State 2 have
been applied for the second and third order chromaticities using the MCO andMCD.

Power converter circuit State 1:Imeas[A] State 2:Imeas[A] State 3:Imeas[A]
Nominal injection MO off, MCO Non-linear

residual field zeroed chromaticity corrected

ROF A12 -6.5 0 0
ROF A23 -6.5 0 0
ROF A34 -6.5 0 0
ROF A45 -6.5 0 0
ROF A56 -6.5 0 0
ROF A67 -6.5 0 0
ROF A78 -6.5 0 0
ROF A81 -6.5 0 0

ROD A12 +6.5 0 0
ROD A23 +6.5 0 0
ROD A34 +6.5 0 0
ROD A45 +6.5 0 0
ROD A56 +6.5 0 0
ROD A67 +6.5 0 0
ROD A78 +6.5 0 0
ROD A81 +6.5 0 0

RCO A12 0 0 0
RCO A23 3.417 -3 4.692
RCO A34 3.375 -3 4.692
RCO A45 2.957 -3 4.692
RCO A56 -3.473 3 10.693
RCO A67 -4.752 3 10.693
RCO A78 0 0 0
RCO A81 - - -

RCD A12 -112.73 -112.73 -85.41
RCD A23 -127.74 -127.74 -100.43
RCD A34 -121.45 -121.45 -94.14
RCD A45 -115.37 -115.37 -88.05
RCD A56 -102.92 -102.92 -75.60
RCD A67 -127.54 -127.54 -100.22
RCD A78 -177.17 -177.17 -149.85
RCD A81 -138.20 -138.20 -110.88
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B.3 Measured amplitudes of MKA excitations performed during
the MD

The actions (2Jx,y) of kicks performed during measurements of non-linear observables in

2012 were calculated from Turn-by-Turn BPM data as describedin Section4.2.2. For

the estimates of the kick amplitude in[σnominal], a normalized emittance of3.75µm [145]

at 450 GeV is assumed. This gives a nominal physical emittance ofǫnominal (physical) =

ǫ∗nominal/(βγ) = 0.0078, whereβ ∼ 1 andγ ∼ 479.6. Estimates of the excitation in beam

sigmas were calculated using the physical emittance measured by the LHC wirescanners.

Where no wirescan was performed the most recent profile data was used. Expected kick

amplitudes in[σnominal] were calculated from MKA settings in the control room assuming

a calibration factor of(+1σx, +1σy) ≈ (+7%, +6%). Errors on the kick amplitude in units

of [σbeam] were calculated using Eq.(B.1), where∆ǫx,y is the standard deviation of the emit-

tances determined from theIN andOUT wirescans. For calculation in units of[σnominal],

∆ǫx,y is zero by definition.

∆Nσ =
Nσ

2

√
(

∆(2Jx,y)

2Jx,y

)2

+

(
∆ǫx,y

ǫx,y

)2

(B.1)

Table B.4: Amplitudes of MKA excitations performed during the MD, as calculated from
BPM and wirescanner data.

Time MKA (H) Nσx Expected 2Jx Nσx=
r

2Jx

ǫx phys (meas)
Nσx=

r

2Jx

ǫx phys (nominal)

MKA (V) Nσy Expected 2Jy Nσy=
r

2Jy

ǫy phys (meas)
Nσy=

r

2Jy

ǫy phys (nominal)

[%] [σnom] [µm] [σbeam] [σnominal]

LHC at nominal injection settings.
00:36:59 56 8 0.42 ± 0.04 11.0 ± 0.9 7.3 ± 0.4

6 1 0.007 ± 0.002 1.3 ± 0.2 1.0 ± 0.1

01:03:25 7 1 0.04 ± 0.006 3.4 ± 0.4 2.3 ± 0.2
48 8 0.31 ± 0.03 8.8 ± 0.4 6.3 ± 0.3

01:12:51 63 9 0.52 ± 0.06 12.2 ± 1.1 8.2 ± 0.5
6 1 0.003 ± 0.001 0.9 ± 0.2 0.6 ± 0.1

01:17:56 7 1 0.12 ± 0.01 5.9 ± 0.5 3.9 ± 0.2
54 9 0.37 ± 0.04 9.6 ± 0.5 6.9 ± 0.4

01:24:12 unknown − 0.33 ± 0.03 9.7 ± 0.8 6.5 ± 0.3
unknown − 0.21 ± 0.02 7.2 ± 0.3 5.2 ± 0.2

...continued on next page.
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σkick of MKA excitations ...continued from previous page.

Time MKA (H) Nσx Expected 2Jx Nσx=
r

2Jx

ǫx phys (meas)
Nσx=

r

2Jx

ǫx phys (nominal)

MKA (V) Nσy Expected 2Jy Nσy=
r

2Jy

ǫy phys (meas)
Nσy=

r

2Jy

ǫy phys (nominal)

[%] [σnom] [µm] [σbeam] [σnominal]

01:29:34 49 7 0.33 ± 0.03 9.7 ± 0.8 6.5 ± 0.3
6 1 0.044 ± 0.005 3.3 ± 0.2 2.4 ± 0.2

01:39:06 7 1 0.014 ± 0.003 2.0 ± 0.3 1.3 ± 0.1
42 7 0.24 ± 0.02 7.7 ± 0.3 5.5 ± 0.2

01:43:00 28 4 0.107 ± 0.008 5.5 ± 0.4 3.7 ± 0.1
6 1 0.033 ± 0.004 2.9 ± 0.2 2.1 ± 0.1

01:47:00 7 1 0.021 ± 0.002 2.4 ± 0.2 1.6 ± 0.1
24 4 0.074 ± 0.007 4.3 ± 0.2 3.1 ± 0.1

01:51:11 14 2 0.027 ± 0.002 2.8 ± 0.2 1.9 ± 0.1
6 1 0.039 ± 0.004 3.1 ± 0.2 2.2 ± 0.1

01:55:26 7 1 0.019 ± 0.002 2.3 ± 0.2 1.6 ± 0.1
12 2 0.017 ± 0.002 2.1 ± 0.1 1.5 ± 0.1

MO powered to zero & zeroing of MCO residual field.

02:22:15
14 2 0.026 ± 0.002 2.7 ± 0.2 1.8 ± 0.1
12 2 0.017 ± 0.002 2.1 ± 0.1 1.5 ± 0.1

NL chroma correction applied.

03:07:03
14 2 0.027 ± 0.002 2.8 ± 0.2 1.86 ± 0.07
12 2 0.017 ± 0.002 2.1 ± 0.1 1.48 ± 0.09

03:13:11
56 8 0.44 ± 0.03 11.2 ± 0.9 7.5 ± 0.3
6 1 0.005 ± 0.002 1.1 ± 0.2 0.8 ± 0.2

03:19:31
63 9 0.55 ± 0.04 12.5 ± 1.0 8.4 ± 0.3
6 1 0.0014 ± 0.0008 0.6 ± 0.2 0.4 ± 0.1

03:54:37
42 6 0.25 ± 0.02 7.9 ± 0.3 5.7 ± 0.2
6 1 0.003 ± 0.001 0.9 ± 0.1 0.6 ± 0.1

03:59:05
7 1 0.13 ± 0.01 6.6 ± 0.3 4.1 ± 0.2

36 6 0.18 ± 0.02 6.3 ± 0.5 4.8 ± 0.3

04:06:06
29 4.14 0.13 ± 0.02 6.6 ± 0.5 4.4 ± 0.3
25 4.16 0.083 ± 0.009 4.6 ± 0.2 3.3 ± 0.2

04:09:38
28 4 0.11 ± 0.01 6.1 ± 0.3 3.8 ± 0.2
6 1 0.0033 ± 0.0009 1.0 ± 0.1 0.65 ± 0.09

04:12:58
7 1 0.008 ± 0.001 1.6 ± 0.1 1.01 ± 0.06

24 4 0.078 ± 0.006 4.4 ± 0.2 3.2 ± 0.1

04:16:17
20 2.86 0.058 ± 0.005 4.4 ± 0.2 2.7 ± 0.1
17 2.83 0.037 ± 0.004 2.7 ± 0.1 2.2 ± 0.1

04:19:27
14 2 0.026 ± 0.003 2.9 ± 0.2 1.8 ± 0.1
6 1 0.0051 ± 0.0007 1.13 ± 0.08 0.81 ± 0.06

04:23:09
7 1 0.007 ± 0.006 1.5 ± 0.7 0.9 ± 0.4

12 2 0.018 ± 0.001 2.12 ± 0.06 1.52 ± 0.04

04:25:56
10 1.43 0.013 ± 0.001 2.08 ± 0.08 1.29 ± 0.05
8 1.33 0.007 ± 0.0008 1.32 ± 0.08 0.95 ± 0.05

...continued on next page.
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σkick of MKA excitations ...continued from previous page.

Time MKA (H) Nσx Expected 2Jx Nσx=
r

2Jx

ǫx phys (meas)
Nσx=

r

2Jx

ǫx phys (nominal)

MKA (V) Nσy Expected 2Jy Nσy=
r

2Jy

ǫy phys (meas)
Nσy=

r

2Jy

ǫy phys (nominal)

[%] [σnom] [µm] [σbeam] [σnominal]

04:29:36
56 8 0.44 ± 0.03 12.1 ± 0.4 7.5 ± 0.3
6 1 0.003 ± 0.002 0.9 ± 0.3 0.6 ± 0.2

04:40:36
7 1 0.061 ± 0.007 4.5 ± 0.3 2.8 ± 0.2

48 8 0.32 ± 0.07 8.0 ± 0.9 6.4 ± 0.7

04:46:25
7 1 0.013 ± 0.003 2.1 ± 0.2 1.3 ± 0.1

54 9 0.41 ± 0.04 10.1 ± 0.5 7.3 ± 0.4

04:53:44
7 1 0.015 ± 0.004 2.2 ± 0.3 1.4 ± 0.2

60 10 0.5 ± 0.05 10.5 ± 0.8 8.0 ± 0.4

04:59:06
7 1 0.016 ± 0.004 2.1 ± 0.3 1.4 ± 0.2

63 10.5 0.55 ± 0.05 10.5 ± 0.5 8.4 ± 0.4

05:02:48
7 1 0.017 ± 0.005 2.4 ± 0.4 1.5 ± 0.2

66 11 0.6 ± 0.05 12.2 ± 0.5 8.8 ± 0.4

05:11:33
7 1 0.019 ± 0.005 2.5 ± 0.3 1.6 ± 0.2

69 11.5 0.65 ± 0.05 13.6 ± 1.1 9.1 ± 0.4

05:19:43
7 1 0.02 ± 0.005 2.6 ± 0.3 1.6 ± 0.2

72 12 0.7 ± 0.06 13.2 ± 0.6 9.5 ± 0.4

05:25:13
39 5.57 0.24 ± 0.04 8.9 ± 0.7 5.5 ± 0.5
34 5.67 0.2 ± 0.02 6.3 ± 0.3 5.1 ± 0.3

05:30:55
44 6.29 0.3 ± 0.02 11.0 ± 1.2 6.2 ± 0.2
38 6.33 0.19 ± 0.02 7.4 ± 0.7 4.9 ± 0.3

05:36:40
49 7 0.37 ± 0.03 11.1 ± 0.5 6.9 ± 0.3
42 7 0.23 ± 0.03 7.1 ± 0.6 5.4 ± 0.5

05:44:50
51 7.29 0.4 ± 0.03 11.5 ± 0.4 7.2 ± 0.3
44 7.33 0.25 ± 0.02 7.5 ± 0.5 5.7 ± 0.2

05:49:40
54 7.71 0.45 ± 0.03 12.2 ± 0.4 7.6 ± 0.3
46 7.67 0.29 ± 0.03 8.5 ± 0.4 6.1 ± 0.3

05:55:09
56 8 0.48 ± 0.04 12.6 ± 0.5 7.8 ± 0.3
48 8 0.3 ± 0.03 8.7 ± 0.4 6.2 ± 0.3

06:00:22
59 8.43 0.53 ± 0.04 13.3 ± 0.5 8.2 ± 0.3
51 8.5 0.33 ± 0.03 8.1 ± 0.4 6.5 ± 0.3

06:03:04
56 8 0.45 ± 0.04 12.2 ± 0.5 7.6 ± 0.3
6 1 0.017 ± 0.004 1.8 ± 0.2 1.5 ± 0.2

06:08:16
60 8.57 0.51 ± 0.04 12.1 ± 1.0 8.1 ± 0.3
6 1 0.002 ± 0.001 0.6 ± 0.2 0.5 ± 0.1

06:12:38
70 10 0.68 ± 0.05 15.4 ± 0.6 9.3 ± 0.3
6 1 0.003 ± 0.002 0.8 ± 0.3 0.6 ± 0.2

06:16:38
77 11 0.81 ± 0.06 15.2 ± 1.2 10.2 ± 0.4
6 1 0.004 ± 0.002 0.9 ± 0.2 0.7 ± 0.2

06:20:38
74 10.57 0.76 ± 0.06 15.9 ± 0.6 9.9 ± 0.4
6 1 0.003 ± 0.002 0.9 ± 0.3 0.6 ± 0.2
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B.4 Calculation of DA − KICK from measured beam loss

During the LHC non-linear MD in summer 2012, the beam was excited by large amplitude
kicks with the MKA. In order to determine the dynamic aperture from these measurements,
it is necessary to determine both the kick amplitude and the distance of the kick from the
DA. As described in Section4.2.2, the kick amplitude was determined from the turn-by-
turn betatron oscillation data. The distance between the kick amplitude and the dynamic
aperture was determined using the measured beam losses following the kicks. This section
summarizes the derivation of the relation used to determinethe distance of the DA from the
kick amplitude.

B.4.1 Derivation for a Gaussian charge distribution

It was assumed that losses only occurred in the plane of the kick. Effectively this is makes
the assumption that the beam is small in comparison to the DA,such that the eventual inte-
grations over phase space may be performed between±∞ in the plane perpendicular to the
kick (which will considerably simplify the derivation). Ifthe amplitude of the kick (KICK)
was equal to the dynamic aperture after a specific number of turns (DA) it could be expected
that about half the beam would have been lost. All kicks showed less than50% losses so it
is reasonable to assume that the DA must be greater than about8 σnominal, or 11 σmeasured. It
aught to be reasonable therefore to ignore losses from the plane perpendicular to the kick.

Let z represent the position amplitude in the plane of the kick, let z′ represent the angle
amplitude in the plane of the kick. Assume a Gaussian charge distribution, then express in
terms ofσbeam.

ρ(z, z′) = e
− 1

2

„

z2

σ2
z
+ z′2

σ2

z′

«

(B.2)

ρ(N,N ′) = e−
1

2(N2+N ′2) where N =
z

σz

and N ′ =
z′

σz′
(B.3)

N have the units of[σbeam]. ρ is then normalized to the total charge,I.

I =

∫ +∞

−∞

∫ +∞

−∞
e−

1

2(N2+N ′2) dNdN ′ = 2π (B.4)

ρ(N,N ′) =
1

2π
e−

1

2(N2+N ′2) (B.5)

The MKA kick shifts the beam to large amplitudez′. The proportion of the beam which
lies outside the DA for this kick amplitude is lost. This was illustrated schematically in
Fig. 4.1.Having normalizedρ to the total charge, the fractional beam loss is given by the
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integral over the charge distribution outwith the DA. To simplify the integration it is assumed
that the beam size is small compared with the DA, and the boundary for the integration may
be taken as the tangent to the arc of the DA atz = 0. The integration may then be performed
overN from−∞ to +∞, and overN ′ from DA − KICK to ∞.

∆I

I
=

1

2π

∫ +∞

−∞
e−

1

2
N2

dN

∫ +∞

DA−KICK

e−
1

2
N ′2

dN ′ (B.6)

Making use of the well known Gaussian integral:
∫ +∞

−∞
ae−bx dx = a

√
π

b
(B.7)

the integral overN is removed.

∆I

I
=

1

2π

√
2π

∫ +∞

DA−KICK

e−
1

2
N ′2

dN ′ (B.8)

(B.9)

∆I

I
=

1√
2π

∫ +∞

DA−KICK

e−
1

2
N ′2

dN ′

In the special case thatKICK = DA, Eq.(B.10) has a particularly simple solution,
which is consistent with expected beam loss given the assumptions made.

∆I

I
=

1√
2π

∫ +∞

0

e−
1

2
N ′2

dN ′ (B.10)

=
1√
2π

1

2

∫ +∞

−∞
e−

1

2
N ′2

dN ′ (B.11)

=
1

2
(B.12)

To determine the dynamic aperture it was desired re-expressEq.(B.10) for the DA, in
terms of the beam loss. The integral in Eq.(B.10) takes a similar from to the complementary
error function,[1 − erf ], defined in Eq.(B.13).

∫ ∞

p

e−t2 dt =

√
π

2
[1 − erf(p)] (B.13)

Making the change of variablest2 = 1
2
N ′2, dt = 1√

2
dN ′, the integral in Eq.(B.10) may

be put in the form of Eq.(B.13).
∫ ∞

N ′=DA−KICK

e−
1

2
N ′2

dN ′ =
√

2

∫ ∞

t=DA−KICK√
2

e−t2 dt (B.14)
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The distance of the MKA excitation from the dynamic aperturemay therefore be ex-
pressed in terms of the beam loss, where it should be noted that the expression is still in
terms ofσbeam

∆I

I
=

1

2

(

1 − erf

[
DA − KICK√

2

])

(B.15)

(B.16)

DA − KICK√
2

= erf−1

[

1 − 2
∆I

I

]

The error function and its inverse may be obtained using a wide variety of software. It
should be noted that in the approximation that the beam size is small in comparison to the
DA, that the DA does not fluctuate wildly with angle, and that the horizontal and vertical
emittances are equal, the above relation still holds for kicks at all angles in the(x′, y′) plane.

B.4.2 Double Gaussian distribution

The probe beams used in the non-linear dynamics measurements in the LHC do not undergo
scraping in the SPS to remove transverse tails in the charge distribution. Measurements of
unscraped beams in 2012, based on incremental scraping withthe LHC collimators, showed a
charge distribution with substantially overpopulated transverse tails relative to a single Gaus-
sian. A double Gaussian was determined to better describe the scraping measurements [124].
The derivation of the previous section may be applied to a double Gaussianρ.

ρ(N,N ′, N2, N
′
2) = A1e

− 1

2(N2+N ′2) + A2e
− 1

2(N2
2
+N ′2

2 ) (B.17)

ρ(N,N ′) = A1e
− 1

2(N2+N ′2) + A2e
− 1

2

σ2
1

σ2
2

(N2+N ′2)
(B.18)

I = 2πA1 + 2π
σ2

2

σ2
1

A2 (B.19)

Following the method of the previous section the fractionalbeam loss may be related to
the dynamic aperture.

∆I

I
=

1

2πA1 + 2π
σ2
2

σ2
1

A2

1

2

[

2πA1

(

1 − erf

(
DA − KICK√

2

))

+2π
σ2

2

σ2
1

A2

(

1 − erf

(
DA − KICK√

2

σ1

σ2

))]

(B.20)

Eq.(B.20) cannot be simply re-expressed for the dynamic aperture. Using the ratios of
A1 to A2, andσ1 to σ2 determined during the LHC transverse beam tails studies, itis possible
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to check the value of the DA determined in the single Gaussianapproximation from only the
highest amplitude kicks (only the highest amplitude kicks were used with the single Gaussian
equation in order to limit the impact of the overpopulated transverse tails on the calculation)
against all the measured losses. This is shown in Fig.B.1 for the horizontal kicks before and
after correction of the non-linearities in the LHC at injection.
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Figure B.1: Measured beam losses following horizontal excitations with the MKA, compared to
expectations for the double Gaussian charge distribution determined from scraping studies, for
the DA calculated using the highest amplitude kicks in the single Gaussian approximation.

The agreement between measurement and the predictions is good, though the best fit of
the double Gaussianρ predicts a slightly higherDA (∼ 0.1 σnominal) than was obtained in
the single Gaussian approximation.
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