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Abstract

The non-linear beam dynamics of a circular acceleratoh ssahe Large Hadron Collider,
can have a significant impact on its operation. In order tadalimitations on the per-
formance reach of the accelerator, and ensure machinecpootgeit is vital that the beam
dynamics are well understood and controlled. This thessents the results of studies of
non-linear beam dynamics undertaken on the Large Hadromd€okt CERN, during the
2010 to 2013 period. It sets out to quantify the understandfrihe non-linear beam dynam-
ics through the comparison of beam-based measurementautasion, and where able and
appropriate seeks to explain deviations of measurememt fine model, and define correc-
tions for relevant aspects of the dynamics.

The analyses presented in this thesis represent condiel@dances in the understanding
of the LHC beam dynamics which should allow for an improvedragion of the machine in
the coming years.
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Introduction

Since its inception around the 1930s the particle accelehais come to infuse many aspects
of our society. As examples, accelerators in various fornesegther already utilized in,
or being developed for, the fields of medicine, industry,edeg, power generation, and
scientific researchlp, 13, 14, 15, 16].

High energy physics (HEP), the study of the fundamental titoiesits of matter, is one
such field, which has pushed the boundaries of acceleratcscthroughout the $0and
215 centuries. The European Organization for Nuclear Rese&@BIRN) currently hosts
the Large Hadron Collider (LHC), the highest energy and masirtelogically advanced
particle accelerator yet constructed, which provides tataxperiments at the forefront of
HEP research. In order to achieve an optimal performancheoftcelerator however, an
understanding of the dynamics of the particle beams as thegltthrough the machine is
essential.

The focus of this thesis is the single-particle transvesggathics of hadron colliders,
specifically of the Large Hadron Collider at CERN. Within thedief single-particle trans-
verse dynamicdransverseaefers to the plane of motion transverse to the directiomanfet
of the particle beam, whilsingle-particleindicates that interactions between particles in the
beams are neglected. Multi-particle effects are beyonddtbee of this thesis. In particular
the author has studied the modelling and correction of tmelime@ar dynamics in the Large
Hadron Collider, using beam-based measurements. The biyeamics has also been con-
sidered, both as a prerequisite to the non-linear studresaa an essential contribution to
the operation of the machine.

Chaptersl and?2 briefly introduce the field and provide on overview of the Leakpdron



Collider. Chapter3 presents results of beam-based correction of the lineacsbph the
accelerator. Attention then turns to the non-linear dyraand Chapter§ 5 and6 present
the results of three analyses of different aspects of thelinearity in the machine. Chap-
ter 4 describes the analysis of non-linear dynamics at injectiba state of the machine
at which beam is introduced into the accelerator), and ptegbe results of measurement
and correction of the non-linearities, together with congmms to simulation. Chaptér
discusses observations of unexpectedly large shifts tafspbeam properties which were
correlated with changes in the powering of non-linear el@syeand presents an explanation
for the effects. Chaptes is concerned with non-linear errors in specific elementshef t
machine which are significant sources of non-linearity itision (the state of the machine
where data is produced for the HEP experiments). First measnts and corrections of
these errors are presented.

The non-linear dynamics of particle accelerators is a fielicbh phenomenology, which
lies at the forefront of modern accelerator science. Thgé.afadron Collider is arguably the
largest, most complex accelerator built to date, and reptesa new and exciting dynamical
system for study. Furthermore, in order to achieve the besgtiple performance of the LHC
(and in doing so advance the research of the HEP commungyeam dynamics must be
well understood, in order that it can be effectively conegdl The analyses presented in this
thesis represent significant steps forwards in the undetstg and correction of the LHC
beam dynamics.

1A specific magnetic state of the machine is normally termedjatics due to the similarity of the beam
dynamics with the field of optics as it pertains to the tramspblight 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 foresigm opera-
tion, performance, and protection of an accelerator. In this sectionemiew is given of
the theories of beam dynamics which are relevant to the material preserited ihesis.
The chapter begins with a description of the linear dynamics, then pregressleal with
aspects of the non-linear dynamics, concluding with a discussion of the lsityino

1.1 Linear beam dynamics

The linear beam dynamics of an accelerator is, in the firsant®, concerned with the bend-
ing and focusing of the beams such that they remain withinagperture of the machine.
Bending forces are supplied by dipole magnetic fields, winitai§ing is typically performed
with the use of quadrupole magnets. Within the linear apprakon non-linear magnetic
fields are ignored and the beam dynamics is described by ldh#arential equations. Fig-
urel.lillustrates the Frenet-Serret coordinate system most @fpplied when dealing with
the linear beam dynamics.

Figure 1.1: Coordinate system for linear accelerator opticg [
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HADRON COLLIDER 4

The coordinate system travels with the particle, along eregfce trajectory defined by
an ‘ideal’ particle.s is the curvilinear coordinate. A local radius of curvatysgs), is also
defined, which depends on the magnetic field and thereforesvaround the ring. The trans-
verse phase space is defined(byz’, v, v'), wherex andy are the transverse displacements
of the particle relative to the reference trajectory. Therdmates:’ andy’ are the divergent
angles in ther andy planes, the prime denoting differentiation with respect.to

To first approximation, the dipoles in a circular acceleratefine an ideal orbit for a
particle having the reference momentusy, This orbit passes through the magnetic center
of all elements and closes in upon itself after a single rgiah. An orbit which closes in
upon itself is termed alosed orbit In practice dipolar errors around the ring, together with
a variety of other effects, will act to distort the real cldsebit from the ideal designed orbit.
Furthermore, particles within the beam are distributedmpl#ude (the beam occupies a
finite area in(z, 2’,y,y’) phase space). The closed orbit defines the path of a partitie w
zero amplitude within the beam, in practice the particlethivithe beam oscillate about the
closed orbit as a consequence of the focusing forces priesttre machine. In the LHC this
focusing is provided predominantly by quadrupole magnets.

Quadrupolar fields acting on charged particles displacewh fihe central axis provide
a restoring (focusing) force proportional to the displaeatrin one transverse plane, while
simultaneously providing a divergent (defocusing) foncehe other. A quadrupole which
is focusing in the horizontal plane but defocusing in theigal is referred to as #ocusing
guadrupole Likewise a quadrupole which is defocusing in the horizbpkane but focusing
in the vertical is referred to astefocusing quadrupolédJtilizing an alternating arrangement
of focusing and defocusing quadrupoles, referred to as a®@iftice, a net focusing is
obtained 18]. Figurel.2illustrates magnetic fields in an idealized dipole and qupdie,
together with the forces exerted on a positively chargetigiatravelling into the page.

In a circular accelerator such as the LHC the focusing du@daquadrupoles is peri-
odic in s, with a period of at most the accelerator circumference. idoin the transverse
plane is therefore described by Hill's equation, BEdL), wherek(s) is a periodic coefficient



CHAPTER 1. THEORIES OF BEAM DYNAMICS PERTAINING TO TRANSVERE SINGLE-PARTICLE MOTION IN THE LARGE
HADRON COLLIDER

e

7 N
1774 W N
AAA XX N
i1 W N
it (e i 7 ‘
L hy |
fn ® Ai b !
RN VRS //
\5\\ /7; A /
N A R
AN

- L et

dipole (b) Idealized quadrupole

~

D

N
[SHRRNSS
D o=
L

=

o)

Q =

Figure 1.2: Magnetic fields and forces in an idealized dipole (havingsé¢) current distribution
in the circular coil) and an idealized focusing quadrupole (havings&¢) current distribution
in the circular coil). Current in the dipole and quadrupole coils are indidatedlour. Forces
exerted by the magnet on a positive charge travelling into the page are tkastradapted

from [19].

describing the restoring force due to the distribution @iging fields around the ring.

' Fk(s)z=0 z=xy 2= % (1.2)
Solutions to Hill's equation take the form of Ed.p),
x =/ F(8)€s cos (¢ (8) + Puo) (1.2)
y =1/ By(s)ey cos (dy(s) + dyo)

wheree is the emittance of a particle, and is a constant of the meti@given energys(s) is
thebeta-functiorof the accelerator, which describes the variation of thdlason envelope
around the ring. In a collider such as the LHC, it is usual tootkethe beta-functions at the

Interaction Points (where the beams are made to collidehégymbols*.

Particles oscillate about the closed orbit within the eopeldefined by the beta function
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and emittance. The number of thdsetatron oscillationger revolution around the accel-
erator is known as thtung (), ,. The tune is defined in EQ.(3), whereA¢, , is the total
betatron phase advance undergone by a particle during anplete revolution around the
accelerator ring.

1 1 ds

T :_ALU = 5
Quy 2 Pry 2 ) Buy

(1.3)

Figurel.3shows a tracking simulation of a particle undergoing suetatron oscillations
inthe LHC Arc12. Dipole errors were added which have distbthe closed orbit away from
the ideal path.

20 Closed Orbit —— Particle trajectory .
15l Ideal orbit —— V(Bye) — i
10 r y
_05F
S
E 00 <
x
A ATAYARYAVAAAVAVAAAVAYAVAYAVAVAYA'AY
-1.0
-15 R
20 .
500 1000 1500 2000 2500

Longitudinal location (Arc12)

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

Analogously to the beta-function, tli;gamma-functiony(s), describes the envelope of
oscillations inz’ andy’. The beta and gamma functions are related byathka-function

1d
Oay = =57 Bea () = Yo () () — 1 (L4)

Within the linear approximation all particles follow eltipal trajectories inz, 2’ and
y,y' phase space. The equation of the ellipse, Ef.(is defined by thex(s), 5(s), and
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v(s) functions together with the emittance.

7.(8)2* + 2a.(s)22' + B.(s)2? =€ where z =x,y (1.5)

Figurel.4shows schematically the phase space ellipse.

Zl

—a/(ely) tan 29 = 20/(y-P)
V(gy)
——— oV(e/B)
V(e/B)
®
z
V(ely)
Area = TIE V(eB)

Figure 1.4: Phase space ellipse in the transverse plane. Where: represents either or y.

The emittance defines the area of phase space contained eWipise. Liouville’s the-
orem states that the phase space volume is conserved inea dgstem. As protons emit
little synchrotron radiationZ0] up to the TeV scale the emittance may usually be regarded
as a constant of the motion for a given energy (though at tHe-feV scale radiation emis-
sion may become significant). Accelerating the beam ina#gisl Liouville’s theorem, and
the physical emittancée) will shrink with increasing energy. It is possible, howeue con-
struct anormalized emittancé:,), which is invariant with the beam energy. This is defined
in Eq.(1.6), where(,.; and~,; are the relativistic beta and gamma functions.

E’y = (ﬁrelVrel)E (16)



CHAPTER 1. THEORIES OF BEAM DYNAMICS PERTAINING TO TRANSVERE SINGLE-PARTICLE MOTION IN THE LARGE
HADRON COLLIDER 8

The emittance of a specific particle is termed $iegle particle emittancé Different
particles may have differing single particle emittances) therefore will undergo betatron
oscillations of differing amplitude. Aeam emittancenay also be defined: definitions vary,
however typically it is defined as the emittance correspaogtd an amplitude at o of the
(assumed) Gaussian charge distribution.

Dependence of the phase space trajectory omils¢, 5(s), and~(s) functions can
be removed by transformation @ourant-Snyder coordinatg®21] (sometimes called the
normalized Courant-Snyder coordina}edefined in EqX.7),

. 1 ax(s)
(;Z,) = (\/ﬂz_(s) \/%) (Z,) where z =,y 1.7)
z O /5z(5) z

where the new coordinates are denoted byn the Courant-Snyder coordinate system par-
ticles follow circular trajectories in phase spéce.

So far all particles within the beam are assumed to have thigmsd momentump().
In reality particles within the beam have a distribution iomentum. The momentum of a
particle which differs fronp, is typically defined in terms of a relative momentum deviatio
9, defined in EqZ.8).

§=P"P (1.8)
Po

Such offsets in momenta introduceromaticerrors into the beam dynamics. One of the
most important of the chromatic aberrations in a particleebarator iddispersion

Magnetic rigidity relates the magnetic fluB) perpendicular to the motion of a charged
particle, with the local radius of curvature and the pagtitlomentumP). It is defined in
Eq.(L.9 [22].

P
Bol = ) (L.9)

1The termsingle particle emittanchas been used throughout this thesis to denote, the defined by Eql(5),
of a specific particle. This property is more technically aled as th€Courant-Snyder invariantf a particle.

2The terminologyCourant-Snydecoordintes has been used in this thesis for consistency{@ihhowever it
should be noted that these are Flequetcoordinates.
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Particles of differing momenta have different local radiicarvature in the dipoles of
an accelerator, and therefore follow differing orbits ardthe ring. The deviation of an off
momentum particle orbit from that of the synchronous pkxti defined by th®ispersion
function I)s) [23]. In a region of non-zero dispersion the contribution to dubit of a
particle is described by E4.(10.

AT gispersion = Dal5)0 (110)
P
Aydispersion = DJS)(S

The orbit of a particle is therefore defined by Bql(l).

Z = Zpetatronic T Zdispersion + Zclosed orbit|s_, (111)

where z =z, y

1.2 Non-linear magnetic multipoles

In the linear approximation only dipolar and quadrupolagmetic fields are considered.
Non-linear magnetic fields, those of sextupolar or highelegrare also introduced in an
accelerator both by design and through the presence of id@ble imperfections in the
lattice. In general the magnetic field of a multipole of ordefwheren = 1 is a dipole,
n = 2 is a quadrupoley = 3 a sextupole, and so forth) is given by EQ12.

By (,y,s) +iBu(s,y,8) = [Bu(s) +iAa(s)] (x +iy)"" (1.12)

B,(s) and A, (s) are the respectiveormal and skewmultipole coefficients, defined in
Eq.(L.13, where a skew multipole is a normal multipole rotated;by

1 o'B
B = Y 1.1
n(s) (n—1)! Jzn—1 (0.0.5) (1.13)
1 o'B
A, (s) = i
() (n—1)! gzn—1t (0.0.5)
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The Hamiltonian in the linear approximation can be writtatading to Eq.{.14),
whereK (s) describes the variation of focusing strength around thg rin

1 1 1 1
H, = §p§ + §p§ + 5K(s)g:? - §K(s)y2 (1.14)

The contribution to the Hamiltonian of a multipole of ordeis given by Eq.{.15 [24].

1
H, = %Re = [Bu(s) +iAu(s)] (2 + iy)" (1.15)
The momentum kick received by a particle in the field of a ¢enaagnetic multipole can

then be obtained from Hamilton’s equation

dp. __dH
ds  dz

where z =,y (1.16)

In thethin lens approximatiomagnetic elements are assumed to have zero length, the multi
pole coefficients in Eq1(.15 are replaced by their integrated strength (over the tremmeht
length), and the multipoles are assumed to provide an itsstanus momentum kick to the
beam. In this context EdL(15 is sometimes referred to aghan kick Hamiltonian.

The transverse coordinatesy{. wherez = z,y) may be re-expressed in the action-
angle coordinate systemJ,J. wherez = z,y), Eq.(L.17), used extensively in the study of
oscillatory systems.

T = +/2J. 0 cos ¢, y = +/2JyB, cos ¢, (1.17)

In the action angle coordinate system, the conjugate mamgmé¢action J, ) is an
invariant of linear betatron motion and describes the baeamplitude of a particle2(/ =
Esingle particie)- 1N the first order approximation the tune shift due to aartaagnetic multi-
pole is defined by Eql(18),

1 d(H)
2 dJg

AQqyy = (1.18)

where (H) indicates that the Hamiltonian has been averaged over tia¢rtve phase vari-
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ables. It should also be clear from the transformation teaangle coordinates that the
perturbation to the Hamiltonian due to a non-linear magneatiltipole scales with the beta-
function and the action. Denoting the Hamiltonian forréhorder normal multipole ag/,,,
and the Hamiltonian for an'" order skew multipole a$,,, this is seen in Eq1(19.

N o< Re(x +¢y)'] (1.19)
x Re kz:% (Z) Zkﬁ::%kﬁy% (\/ 2J, cos %)nk (\/QJy cos gby> k]

Sp o< Im [(x + iy)"]

o< Im [z”: <Z> i’ﬂgﬁﬂ? <\/Ecos gbx)nk <\/Ecos gby) k]

k=0

Non-linear magnetic multipoles introduced through the @omg of non-linear magnets,
or through magnetic errors, can substantially influencdé#sen dynamics. Geometric errors
in an accelerator lattice however, can also play a significale. Eq.(.195 assumes that a
particle is passing through the center of the generatinget, however in general a lattice
suffers from misalignment errors of its constituent eletagand the real closed orbit of
the beam may be distorted away from the ideal. These effestdtrin the beam passing
off axis through magnetic elements in the lattice. A transsedisplacement of the beam
from the magnetic axis of an element causes the beam to seenlyothe primary field
component, but also perturbations from all lower ord@g.[ Thus a beam passing off axis
through a sextupole will observe the sextupole, but als@emer quadrupole and dipole
perturbations. This is known deed-down It can be illustrated by considering the,«)
dependence aW; from Eq.(L.19 (V3  Re [(z + iy)g] = (z® — 3xy?)), under the change
of variablest — = + Ax (equivalent to introducing a misalignment of the relevdetreent).

A Taylor expansion yields EdL(20), which shows terms equivalent to quadrupole and dipole
fields.

N3(Az =~ 0) o (z° — 3z9°) + 3Ax(2? — y?) + 3A2% () (1.20)
o N3 + 3Ax Ny + +3A2% N, (1.21)
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Rotational misalignment is also a significant concern. Noém@na skew multipoles are
related though rotation. Rotational misalignment of a purglrmal or skew magnet there-
fore results in the beam seeing a mixture of normal and skddsfieRotational misalign-
ments of normal quadrupoles for example, can be an impostante of skew quadrupole
fields.

1.3 Formalism of non-linear beam dynamics

The dynamics of a circular accelerator may be defined in tefrisansfer maps, which
relate final to initial phase space coordinatg$ R4, 26]. Within the linear approximation
the transfer map is a matrix, and in the case of the normalLmdant-Snyder coordinates,
introduced in Sectiod.1, a pure rotation matrix. For consideration of the non-lmesam
dynamics it is usual to work in a frame where the linear dyranis described by a pure
rotation. The transfer map for an arbitrary segment of arlacator, for example thene
turn map(M) which relates a particle’s coordinates after a single tareir initial values,
is the product of the transfer maps for the constituent ehdsnef the relevant secto2]],

Xr = MXi with M = MWMW—l . Mng (122)

wherelV represents a specific element in the lattice. The transferforaa non-linear ele-
ment is not described by a matrix, but rather by the expoakkig operatore=:/*, defined,

g =g+ fg+ 5l Ul + (1.23)

B af dg B of Og
[ﬁ g] B Z 0q; Op; Op; 0g;

whereg; andp; are the canonical position and momentum coordinates] Andis termed
the Poisson brackebf f andg. The one turn map including non-linear sources therefore
takes the form,

M = e Twigmhwori | gmiwiemiRp (1.24)
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where R represents a matrix describing the linear beam dynamicsiarate the thin kick
Hamiltonians of the non-linear elements. The product ofoevgmtial Lie operators can be
expressed as another exponential Lie opetdf, 26, 27], giving the one turn map,

w w
M =e "R with h=Y hw+ Y [ hyl+... (1.25)

W=1 W,M<W

where from now on only terms to first order/fify, are retainedh may be expanded in terms
of the solutions of the unperturbed motion, Bgl(/), according to EqX.26) [24, 26, 27],

b= Z Rskim (2{]36)# <2Jy)l+Tm i G=R) (S2 =) +(1—m) (6y —dyy)] (1.26)

Jklm

whereh;,;,,, areHamiltonian coefficientsontaining contributions from all multipoles in the
ring of ordern = j + k 4+ 1+ m. As an example, a multipole of ordergives rise to terms in
the Hamiltoniarnx z7 %yt wheren = j + k + [ + m, thus a skew quadrupole contributes
t0 h1010, h10o1 @ndhoyio.

Non-linear sources in general create a system in which theebpace trajectory de-
pends on both particle amplitude and betatron phase, atidéfae invariant/, , is no longer
a constant of the motion. Transformation to normal form dowates P1] is the non-linear
generalization of transformation to Courant-Snyder cawtis in which linear betatron mo-
tion is described by a pure rotation. The principle is to perf a transformatior; %, from
a system with amplitude and phase dependence to one in wiectlyhamics is described
by only an amplitude dependent rotati@#] 26, 27]. This is illustrated in Figl1.5. Much of
the detail regarding the non-linear dynamics is then caethin the generating function of
the transformationf’, and a new non-linear invariant, ,,, can be introduced. Similar o,

F may be expanded in the normal form coordinates accordingid 27),

F = Z Fikim (gjx)# (2[y)l+7’” (G =R) (a—tbmg)+(1=m) (soy—tby, )] (1.27)
Jkim

3This is theCampbell-Baker-Hausdortheorm.
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Figure 1.5: Anillustration of transformation to normal form coordinat2d][ Normalized phase
space portraits are shown for initial action-angle coordinates (left)@aing transformation
to normal form coordinates (right). The units of the axes(aige/mm

where the coefficientg;,,., are related t@;x;,,, by Eq.(L.28 [24, 27].

fo = Pjkim
JRm = T C2n[(— k) Qut+ (—m)Qy]

(1.28)

From Eq.(.28 it is seen that at certain values of the tunes the transtoomaequired
to shift the phase space to an amplitude dependent rotatiergds. Specifically this corre-
sponds to cases where,

(J—k)Q:+(l—m)Q, =p where j,k, I,m,pe Z (1.29)

A divergence of the transformation to normal form generailyicates an unclosed phase
space trajectory due to a resonance in the beam motion. Tiditiom in Eq.(L.29 cor-
responds to situations where particles lie on resonanué&ecjes, in most cases leading to
their amplitudes growing unbounded (by the dynamick),,, are therefore known as the
resonance driving term®r RDTSs.

The resonance driving terms depend on local multipole gtheand vary around the ac-
celerator ring according to the distribution of contrilmgtisources47]. In particular the
firim Show abrupt jumps at the location of relevant sources. Aatheal form is by defini-
tion phase independent, it is possible to relate the turtubydata at a given location on the
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ring to the RDTs at that location, E4.B2 [28]. N represents the turn number and(*
are the original and normal form phase space coordinatessdtond equality of Ed.(31)
has been truncated to first order in the Poisson bracket.

hE = V2T (em0) = 4 ip, where z =,y (1.30)
F=1+/2 LeTilva—s)
ho(N) = e CHN) o CH(N) + [FIN), C(N)] (1.31)

hy(N) = /2L (20N =m0

2 S jfim(2L) 5 (2 1) 55 il a0 QN vy +m—) 2@, N—v)]  (1.32)

Jjkim

- (2 Qy N =)y,
h(N) = /20, (37N =vu) _
20 > Ufjram(21,) 3 (21,) 55 ) CrQeN v - A-Lm) (27Qu N =)

Jkim

Each term in these expansions corresponds with a certaie mdte beam motion, and
contributes to a specific frequency in the spectrum of theangf9]. The spectrum may be
determined from an FFT of the turn-by-turn betatron ostdladata. The contribution of an
RDT at a specific location on the ring to a given spectral lingeiscribed in Eq1(.33 [29],
where P(a, b) represents the amplitude of the spectral litg¢, + b(), in plane P. Terms
with j = [ = 0 do not contribute to the motion in either plane.

j+k—1 I+m
2 2

(21y)

l+m—1

itk

V(/{Z — j, 1-1 + m) =2l |fjklm| (2]1) 2 <2Iy>

In principle the| f;x,,,| may therefore be determined by a comparison of the ampétodle

various spectral line[7]. As an example théfig1| = %

In practice there are several additional concerns whicll nede taken into account.
Firstly the decoherence of a kicked beam leads to a reduictitne amplitude of the spectral
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lines observed in the turn-by-turn data, dependent on h&thite in question and the de-
tuning with amplitude 24]. Secondly, in order to reconstrukl from the turn-by-turn data
both the position and momentum are required. If only pasitiata is available then spectral
analysis will mix linesP(a, b) with X(—a, —b). Consequently the contributions of different
RDTs may not be distinct, for example without momentum dag¢afth,; and f19;0 RDTs
are not distinguishable. Finally situations may also awbkere multiple RDTs contribute
significantly to the same spectral line, which may make priation of the data more com-
plicated.

To summarize:

e Multipoles of ordern produce terms in the Hamiltoniarx z7+*y+™ where
j+k+l+m=n.

e These terms in the Hamiltonian drive resonani¢gs- k), (I — m)] and give rise to
resonance driving terms (RDTg)x;,.,.

e fium contribute to specific frequencies in the spectrum of thembeaotion:
Hl—j+1lm—1)andV(k —j,1—1+m).

e fium varies around the ring dependent on the distribution of ipikts of ordern,
showing abrupt jumps at the location of the relevant sources

e fium are determined from the spectrum of the beam motion, whicy Ipearecon-
structed from the turn-by-turn data in the BPMs, allowingltealization of the rele-
vant multipole sources.

The formalism of RDTs has been used in this thesis when camsifine linear betatron
coupling in the LHC. This is referred to specifically in Seati4.6
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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 deioa from the ideal momentum
(po). Under the influence of chromatic aberrations the tune neagdscribed as a Taylor
series about the unperturbed tune, ER4{).

Qz (%) = QZ0+Q/Z X (%> +
Po Do

. Ap > Ap 5 (1.34)
1 n
T (p—) HERG (p—) e
where
Q=g 2=y (1.35)
po

Q' is the first order variation of the tune with the relative martoen deviation, and is
normally referred to ashromaticity @Q”, ", and further higher order terms in the Tay-
lor expansion are referred to a®n-linear chromaticity Chromaticity is in the first in-
stance introduced into an accelerator via the momentumndiepé focusing generated by
quadrupoles (higher momentum patrticles are less stromglysied by quadrupolar fields),
thus all alternating gradient machines have substami@airal chromaticitiesvhich are neg-
ative. Momentum dependent focusing can be illustrated Imgidering the transverse mo-
mentum kick from a thin normal horizontally focusing4 > 0) quadrupole. From EdL(15
and Eq.(.16),

Apy=—— 9B 12— ) = - IB,La (1.36)
dx 2p D

demonstrating that the magnitude of the horizontal monmarfar a horizontally diverging

particle (a particle withp, > 0 andz > 0; or with p, < 0 andz < 0) is reduced more

for lower momentum particles upon passage through a fogugiradrupole. A detailed

discussion relating the momentum kick to the change in desgrangle can be found iB().
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Non-linear magnetic fields in dispersive regions also gaeechromatic perturbations,
thus sextupoles are commonly used to correct the naturatraticity. This can be illustrated
by considering the tune shift, Eq.(8), from a thin normal sextupole, EG.5, with z —

x + D,6. The chromaticity introduced by a normal sextupole is givgriq.(L.37).

;o 1 d 1q 3 9
AQW =5 <d6de SpBgL([x + D,d] 3[z + D,dly )>

+1
= —9B,LD,B,, (1.37)
2 p
Relevant sources for chromatic perturbations are sumnaanzéab.1.1.

Table 1.1: Sources of chromaticity2fl]. In this notationK- represents a quadrupol¢k,)®
represents th&" order contribution of multipolé,.

Order Source
Qo K
Q/ K2| K3
Q" Ky Ks, (K3)* K,y
Q" Ky, Ks, (K3)?, Ky, (K3)3, K3Ky4, K

1.4.2 Detuning with amplitude

Amplitude detuning is the variation of tune with single pele emittance. This detuning
may be described by a Taylor expansion about the unpertiuvined Eq.{.39.

_ Q- Q)
Qz(€x7 ﬁy) - QZO + an € + 8ey €y+ . 38
_1_1 82Qz ) +2 aQQz N aQQZ ) N ( . )
21\ 0¢€2 r 8ex86y€x€y Oe? v

€, 1S the physical single particle emittance. The single prphysical emittance is related
to the action {, ,) by Eq.(L.39.
2Jpy = €xy (1.39)
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For practical purposes some authors prefer to relate thieleagmittance to an amplitude in
terms of the number of beam sigma3 {n the discussion of amplitude detuning. Assuming
a Gaussian beam distribution this is given by EdLQ.

A (1.40)

€Beam

€Beam 1S the physical emittance of the beam, which may be deteriirten wire scanner
(BWS data B1]. The nominal physical emittance of the beamiab GeV is 0.0078 pm,
Tnominal 1S defined as the amplitude corresponding to this emittance.

Detuning with amplitude is generated by non-linear magrfetlds. As an example, the
tune shift due to a thin normal octupole can be calculateuh f&g).(1.18),

3
AQ, = 87%3@(63% ~26,0,J,) (1.41)
AQ, = g U BiL(BI, — 26,6,

which shows a linear dependence ), , on the action, demonstrating that normal oc-
tupoles generate first order detuning with amplitude. Tal?essummarizes relevant sources
for detuning with amplitude.

Table 1.2: Sources of detuning with amplitude]]. In this notation K, represents a
quadrupole.K,)® represents th&#" order contribution of multipoles,.

Order Source

Qo K

X (K3)? Ky

8327? (K3)*, (K3)° Ky, (K4)?, KsK5, Ke
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1.4.3 Decoherence

On exciting a beam with a single kick betatron oscillatioresiaduced, however amplitude
detuning and chromaticity lead to a tune spread in the beasra r®esult, oscillations of the
composite particles following a single kick rapidly becom# of phase, and the oscillation
of the beam is said to decohere. Beam position monitors (BP&eyd the center of charge
of the beam. Due to the decoherence of the betatron osaiigtihe oscillation amplitude
recorded by the BPM will decrease towards zero following glsikick, even though the os-
cillation amplitude of the individual particles is unchaalg Correction of non-linear sources
in the accelerator removes sources of tune spread and sethecdecoherence of the beam,
leading to a slower decay of the oscillation amplitude rdedrby the BPMs. In the par-
ticular case of decoherence due to first order chromatisitychrotron motion leads to a
periodic decoherence and recoherence of the beam motias.o€burs with a periodicity
equal to that of the synchrotron motion, in the LHC this4200 turns.

Decoherence may also occur as a consequence of collectastsef The LHC beams
utilized in the kicked-beam studies presented in this thesnsisted of a small number of
low intensity bunches. Decoherence due to collective tffe@s therefore not relevant to
the measurements presented in this thesis.

1.4.4 Resonances

It is normally desired to keep the accelerator tunes as fppasible from simple fractional
value$. This is done in order to avoid the frequency of the betatismillations approaching
resonant values. Resonances arise in the beam motion whiembadions (which may be
linear or non-linear) act in synchronism with the oscitbats of the beam in phase space,
that is: the frequency of the betatron oscillations caugesrticle to repeatedly encounter a
perturbation such that the effect of subsequent encouadieksoherently, which may lead to
a rapid growth in the oscillation amplitude of the partic36,[37, 39].

The general resonance condition is given by E4%). Theorder (n) of a resonance is

“Exceptions to this rule are, for example, slow extractiomgighe third order resonanc&7] or multiturn
extraction and injection of the beam using non-linear rasees 33, 34, 35]. In principle the examination of
beam losses on the crossing of resonances can also be usdihgsastic for non-linear correction qualities.
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n=lal+1b

, Wherea andb are as defined in EqL(42.

aQq +bQ, =p where a,b,p € Z (1.42)

Eq.(1.42 defines a series of resonance lines in(fQe, (), ) tune space, and is equivalent
to Eq.@.29. Figurel.6plots the resonance lines, initially for resonances of orde 5 and
lower (top), then for all resonances of< 10 (bottom). The coordinat&?,,, ,) at which
an accelerator operates is known aswheking point and should be chosen to avoid (as far
as possible) resonant values.

The resonant lines defined in Ei42) have a finite width i@, Q),) tune space. The
width of the resonance line is termed thpbandof a resonance. In most resonances
particles which enter inside the stopband undergo a raatbrin amplitude. Not all res-
onances, however, generate such instability in the beanomothe difference linear cou-
pling resonanceq), — @, ), for example, is inherently stable, and will be discussethir
in Sectionl.4.6

The approach of the tune to a resonance results in chasd@istortions of the phase
space trajectory3g]. The distortion features the same degree of symmetry awtie of the
resonance. In the absence of any amplitude dependent digtineire is no region of stability
in phase space when the beam lies on a resonant tune, hoivagtiring with amplitude is
present then solutions to the Hamiltonian show stable fixedtp at small amplitudes3p).
These fixed points define a central region of stability, adowhichislandsof stable beam
motion form, the number of islands equalling the order ofrdsonance. This is illustrated
for the fourth order resonance in Fiby.7.

1.4.5 Dynamic aperture and the chaotic boundary

The dynamic aperture (DA) defines the boundary in phase dga@nd which particle mo-
tion becomes unstabld(), 41]. Particles which pass beyond the DA grow rapidly in ampli-
tude, and are lost from the accelerator. The Dynamic Apeligitherefore of key concern
for the successful operation of an accelerator and proademportant benchmark for the
LHC non-linear model.
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Figure 1.6: Resonance lines defined (@, Q) tune space by EdL(42).
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Figure 1.7: Simulated phase space trajectories in the vicinity of the fourth order resenan
(Q = 0.2453) [39].

The dynamic aperture of a machine is closely related to tksetasf chaotic motion. The
long term dynamic aperture, sometimes denoteB aswhere thexo indicates the DA after
an infinite number of turns, is generally associated withitbendary between regular and
chaotic motion 41, 42]. Practically however, the property of interest is typigahe phase
space boundary inside of which particles will continue ta@uliate in the accelerator for a
specific time. Consequently the dynamic aperture at is yscatisidered to be the amplitude
beyond which particle motion becomes unstable, wherelgyaibtaken to refer to bounded
motion over a certain number of turns in the machine. The Bapnof stability is larger than
the chaotic boundary at finite times, but will vary dependamghe time period in question.
The DA is therefore a function of time (or equivalently numbéturns) with an asymptotic
value representing the region of long term stability whislgénerally associated with the
chaotic boundary. The DA is therefore normally quoted ad@evassociated with a number
of turns. Such a definition of the dynamic aperture has be&erad to in this thesis, and
unless explicitly stated the terms dynamic aperture or Ddukhbe taken as referring to the
stable boundary after a specific number of turns. The DA magdbermined in simulation
by examining the initial conditions of lost particles in adking study, using software such
as SIXTRACK B3].
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Chaotic motion is characterized by an exponential deviatigphase space of initially
close particles40, 41]. Formally this can be described by thgapunov exponer{t\), de-
fined: |A(t)| ~ e*|A(t = 0)|, whereA is the separation of two trajectories in phase space.
A positive Lyapunov exponent is an indication of chaotic imot Computationally efficient
alternatives to calculation of the Lyapunov exponent asous to detect the onset of chaos
in a tracking simulation are th@istanceand slopemethods 42]. The distance method is
based upon examination of the final separation of two itytebse particles. This may give
an overestimate of the chaotic boundary, as weakly chaatiicfes may not have time to
separate substantially in order to be picked 4@.[ The slope method is based upon exam-
ination of the evolution of the distance in phase space. Tdpesnethod may overestimate
the boundary in the case of weakly chaotic particles, bulsis @apable of underestimating
the chaotic boundary as a consequence of misidentifyimg Jdwut regular, oscillations near
resonancesiP]. Both methods are implemented in SIXTRACK.

It is also worth noting that, while not utilized in this thesthe field ofFrequency Map
Analysis(FMA) can have significant applications to the examinatibpanticle stability in
accelerators44, 45, 46).

1.4.6 Linear betatron coupling

In the LHC it is normally desired that the motion of the beanthie transversex(y) planes
are independent. Such a situation is referred taraoupledmotion, and the transverse
phase space can be separated into two 2D ellipses itrthé) and (y,y’) planes. Up to
this point coupled motion, wherein the and y phase spaces are not separable, has not
been explicitly considered. Numerous aspects of the bearardics may act to couple the
transverse motion. The main sources of linear transvensgliog are solenoidal and skew
guadrupole fields, the latter being of most interest for isidf the LHC optics. While
the transfer map for linearly coupled motion can take thenfof a4 x 4 transfer matrix,
and it might therefore be considered an aspect of the lingaardics, discussion of coupled
beam dynamics includes some consideration of resonandegsswnance driving terms, and
has therefore been included within the non-linear phenatogy section of this chapter.
Transverse betatron coupling can significantly impact genibdynamics and is over-viewed
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briefly in this section.

Parameterizations of linear coupling

The transverse linear dynamics may be describeddy da transfer matrix:

e P P
M = (q Q) (1.43)

whereP, p, g andQ are2 x 2 matrices. For uncoupled motion matrigegandq are0.

In the Edwards-Tengparameterization, described i47], the linear coupling may be
characterized by a symplectic rotation Nf into its normal modes forrM, in which the
motion is decoupled:

— o X O _ ~ -1
M — ( 0 Y) — RMR (1.44)

Edwards and Teng characterized the transformddoy the symplectic matrix:

(1.45)

Tcos@ —K 'sind
Ksinf Icos®

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

The transfer matrisV of the linear dynamics may therefore be described by:thed
y twiss parameters of the uncoupled motion, together withetbenents of matriX< and
Teng's angle of rotatiof. In total, six of the twiss parameters, three elementK pandd
will completely characterize the motion.

The Edwards-Teng parameterization forms the basis of th&MA 48] handling of
coupled motion. In MAD-X the relevant parameters ayg,a., y./ty 4, Yoy ANOT11,712,721,722,
where the quantities;; ,, correspond to the elements&fmultiplied bytan 6.

An alternative parameterization of linear coupling wasealeped by Mais and Ripken,
described in49].

When transverse coupling is non-negligible, particle timees are confined to toridal
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paths in 4Dz, 2/, y, /' phase space. Such a trajectory is described by four gemgragctors
and two phases:

Z(s) = v/er [21(s) cos ¢ — 22(s) sin ¢r] + /€11 [23(8) cos rr — za(s)singrr]  (1.46)

where

X

x

a=|, i=1,2,34 (1.47)

Yi
As in the uncoupled case, two modes of oscillation eXist (), however in the Mais-Ripken
parameterization these do not correspond to purely hartand vertical oscillation. Lattice
functions are introduced by projecting the motion of modeand /7 onto the transverse
planes, and defining the elements of vectgmss the product of a position envelope function
(6) with a position phase functiond), and an angle envelope functiof) (with an angle
phase functiond):

T VB cos @y Ty VBersin @,
- T _ Va1 €08 Py = xh _ Vel si.n D,.;
U1 Byr cos Oy Ya V/ Byr sin @,
y1 Vy1 €08 Dy Y4 V1 Sin @y
T3 v/ Ber1 cos Do T v/ Ber1 sin Dorr
o xh _ Vo1 €08 g _ xh _ VVerr S @ppp (1.48)
° Y3 \/@ coS ?yn * Yo m sin <~I>yH '
s ot €os Py Y4 Vi1 sin @y
VerBer COS(C:I?J;J + ¢21) + VerrBorr COS((?III + ¢a11)
s | Ve cos(Ppr + Gur) + /Er1Var1 OS(Purr + Gurr) (1.49)
\ E€rByr COS@yI + yr) + \/er1Byrr COS@)yH + ¢yr1) '
€17y1 CoS(Pyr + Gyr) + \ferrvyrr cos(Pyrr + Gyrr)
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Lagrange invariance requires that:

0 1 0 0
%1 38%4 = CONST  with S = _01 8 8 (1) (1.50)
0 0 -1 0

whereS is the unit symplectic matrix. In order to characterize tbkine of the tori by the
guantitiesc; ande;, z is normalized such that:

718% =1 728z, =1 (1.51)
which yields:
6&01(1);;[ + ﬂy[q);[ =1 Bxllq);[[ + ﬁy[[q);[[ =1 (1-52)

The areas of the ellipses in modeand /1 are then constants of the motion, however the
projected areas im, =’ andy, v’ are not conserved for coupled motion.

Analogously with the uncoupled case the position and anglelepe functions are re-
lated by:

zi(I),' 2 2
ryzi:(ﬁ Zé)'—i_a“ z=uwx,y and i =1,11 (1.53)

The coupled dynamics is therefore described by fofumctions, foury functions (or equiva-

lently four « functions) and two phase functions. Figdr&illustrates how the Mais-Ripken
lattice functions describe the projection of the 4D Taumi®dhez, 2’ or y, v’ plane.

The Mais-Ripken parameterization is the basis of the PolpimorTracking Code’s
(PTC [BQ)) handling of coupled dynamics. The relevant PTC twiss peaters ares;1,512,521,022
corresponding t®,;,5.11,0,1,0,11, and similarly for other twiss parameters.

In practice when measuring twiss parameters in the realexeter, it is the horizontal
and vertical functions which are observed. This correspamith the Edwards-Teng twiss

SConsidered here is the normalization under the influenckesf sjuadrupolar fields, solenoidal fields introduce
additional complications4[9].
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Figure 1.8: Projection of 4D taurus onto the 2’ plane (where: = z, 7).

functions. If it is desired to compare PTC simulations ofssvparameters under the in-
fluence of non-negligible transverse coupling to measunésné is therefore necessary to
transform the PTC results into the Edwards-Teng paranzetésn, or vice-versa. Lebedev-
Bogacz p1] and Alexahain et al.§2] have derived most of the necessary transformations.

Dynamics of coupled motion

Linear coupling is driven by skew quadrupole fields (thesg bgenerated by dedicated
skew quadrupoles in the lattice, and by magnetic and geaneetors in other elements) and
solenoids. In the LHC the contribution of the skew quadrapgmmponent dominates.

To first order linear coupling drives two resonancég., + @,) and (Q, — @,). To
higher order linear coupling may also give stationary teimrtie Hamiltonian (a tune shift)
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and drive the, and2@), resonances. The higher order effects are typically negfedthe
dynamics of the beam are significantly affected by the amroa the sum @, + @,) and
difference(@, — @, ) linear coupling resonances. This has been studied throagtiltdnian
perturbation theory, this is the approach followed by Gaigh53] and Wiedemani4], and
also through the normal form / resonance driving term forsnal[27]. The magnitude of
the transverse coupling is characterized by coefficiéhtsand C*, corresponding to the
difference and sum resonances respectively, which ardyspngportional to the hamiltonian
coefficients corresponding to these resonan2egd; and2h910) [53].

As the tunes approach the difference resonance the angigutescribed by a relation
in the form of Eq.(.54) [54].

€z + ¢, = CONST (1.54)

Consequently as the difference resonance is approachecedne imotion may not be-
come unstable (as neither emittance may grow unboundedheRidtere is a periodic ex-
change of emittance (equivalently energy) between thestese planes. This leads to a
characteristic ‘beating’ of betatron motion under the ieflae of difference coupling, which
may be observed with kicked beams. HpE [53] and Fig.1.9 show for a beam excited in
a single plane how the the periofl)(and amplitude ratio(f) associated with the beating of
betatron oscillations due to linear coupling relate to thepting parameters. The properties
defined in Eq.1.55 are indicated on FidL.9.

A = unperturbed tune split

|C'~| = magnitude of the linear difference coupling
G 1A
mazx A2 + ’07 ’2
T ¢ (1.55)

B ‘A| frevolution
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Figure 1.9: lllustration of the relation of linear difference coupling parameters to thértgeaf
betatron oscillations of a beam which is kicked in a single plane. This igne®shdrence. In
this plot the axes are labelled asbeing the plane of the kick, angthe plane into which the
kick is coupled, however this is simply for convenience and the axes magvieesed without
consequence.

Close to the linear difference coupling resonance it is abamd that while there are
two modes of oscillation, they are perturbed from the untedipunes of the accelerator as
described by Eq1(56).

A1

Q1= Qo — 5 + 5/ AT+ |0 (1.56)
A1 D

Q2 =Qy + 5 — 5\ A +|C7]

Thus if the motion is uncoupled or far from the resonankex |C'~|) the oscillation modes
are well correlated with the unperturbed tunes, howevdrareisonance is approached -

0) the perturbed tunes are forced apart by the coupling, aare gxists a minimum tune split
which is equal to the magnitude of th& (6Q i = |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 sght;, u
the influence of linear difference couplingd).

The beating of betatron oscillations and the existence ajrazero minimum tune ap-
proach are therefore the principle observable conseqgeearitke linear difference coupling

resonance.

In contrast with EqX.54), as the tunes approach the sum resonance the amplitude is
described by a relation in the form of E&.57).

€z — €, = CONST (2.57)

Unlike the relatively benign dynamics of difference counglitherefore, the sum reso-
nance allows for unstable motion as only the difference iittante is constrained. Re-
sultantly the LHC working point@,, = 0.28,0.31 for injection, and@,, = 0.31,0.32
for squeezed beams) is selected such that the linear cgupldominated by the difference

resonance.
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Resonance Driving Terms for linear betatron coupling

Linear coupling in the LHC is dominated by the contributioinskew quadrupole fields,
which generate terms xy in the Hamiltonian. As discussed in Sectibr3, this gives rise

to the resonance driving termfgy; and fy1o which correspond to th@, — @, resonance,
and thefi010 RDT which corresponds to th@, + (), resonance. In the LHC the working
pointis selected so as to be close to the stable differesomagce as opposed to the unstable
sum resonance, consequently tligo; | in the LHC dominates relative to thé oo/

The coupling RDTs can be measured in the LHC from spectrayaisabf the betatron
oscillations. Such oscillations may be induced with a kiakegnet or an AC-dipole5]
(which induces forced oscillations of the beam), howeveh@&AC-dipole case the calcula-
tion of the RDTs must take into account the effect of the AC-imm the Hamiltoniang7].
Spectral analysis of injection oscillations has also beeemtly applied to measure the cou-
pling RDTs in the LHC ¥]. fi001 @and fo110 describe the same dynamics, wifhy,, corre-
sponding to motion in the horizontal plane afigh, corresponding to motion in the vertical
plane. As standard therefore, when measuring the lineaslioguin the LHC the average
of f1001 @nd fo110 IS considered, but is generally labelledfag;. This convention has been
adhered to in this thesis.

f1001 IS @approximately related to the difference linear couptingfficient|C'~ | by Eq.(.58
[27], where| f1001] is the mean amplitude gfo; around the accelerator ring.

|C™ | = 4[(Qr — Q)| f1001] (1.58)

Correction of the linear coupling RDTs is implemented in thed td enable both global
and local correction of the linear couplingd, 58].

1.5 Luminosity

The LHC accelerator is operated for the production of datehvenables the study of High
Energy Physics (HEP) interactions. Counter-rotating bazfrhadrons are made to collide in
four Interaction Points (IP), around which various HEP ekpental apparatus are located.
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The constituent particles which together comprise thedralwithin the beam may interact
during these collisions via processes which are of intdoetste HEP community.

Many of the interactions studied at the LHC HEP experimergseatremely rare, and,
in order to differentiate signals of interest from backgrdyrocesses, a substantial volume
of statistics is required. The rate for a specific interacigogiven by,

R, = Lo, (1.59)

whereg, is the cross section for the interactiahis theLuminosityof the accelerator, mea-
sured in units ofnverse barns per secor®~'s~!) where[b] = [1072* cm™2]. Luminosity
is the key figure of merit for collider operation. The genduahinosity for colliding beams
is defined asg9, 60],

+oo
1
L:(frevncoll>KNlN22////pl ($,y,$,—80)02 (.flf,y,S,So)d.fUddedSQ (160)

wherez, y are the transverse dimensiordss the longitudinal dimension, ang is a time-
like variable 6, = ct) which defines the longitudinal separation of the bunch¥s, are
the numbers of particles per bunch in the two beagms,define the particle density,., is
the revolution frequency, and.,; is the number of colliding bunches per turn (in the LHC
this differs from the total number of bunches, may vary betveollision points, and will
depend on the specific filling scheméy.is the kinematic factor:

c2

K= \/(v1 — ) — M (1.61)

For typical operation in the LHC, with counter rotating reletic beams of equal magnitude
velocity, the kinematic factor is- 2¢ [61].

An analytical expression for the Luminosity may be obtaibgdssuming the bunches
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have uncorrelated Gaussian profiles in all planes, and &guah lengthsg9, 60]:

NINQ (frefncoll>

QW\/(U?M +02,) \/(05,1 +ay,)

whereo, ; is the size at the interaction point of be&nin transverse plane This is related

L= (1.62)

to the beam emittance and beta function at the Interactiant By,
Oup = ﬁ;‘ybezl, where z = z,y and b = 1,2 (1.63)

where the dispersion function is assumed to be negligiltleeainteraction point. In practice
an uncorrelated Gaussian beam profile may not accuratetyideshe charge distribution,
however it is a useful approximation which illustrates timportance of a well corrected
function at the interaction points.

In addition to the assumption of Gaussian distributionsladrge within the bunches,
Eq.(1.62 also ignores a number of complications to the calculationminosity. To avoid
parasitic collisions either side of the interaction poinkinecessary to separate the beams
by introducing a crossing angle into the LHC orbit at the fatéion Point. This reduces the
luminosity. Additional complications can arise due to ainsverse separation of the beams
at the IP, and also due to small variations of the beta funalong the length of the bunch
at the IP, both of which will reduce the luminosity. Ef§2 should be modified to:

I — N1N2 (frefncoll)

- 27r\/(a§71 + 03252) \/(0571 + 0572)

Details of the relevant factors may be found §9[60]. The value of the reduction factor

X (reduction factors) (1.64)

will depend on the specific state of the collider at a given rotpnhowever for the LHC a
value of the order of 0.8 is expected.

The luminosity described so far is thestantaneous luminosityhe luminosity of the
collider at a given moment in time. Also of practical concesriheintegrated luminosity
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([b~']) over a given period of time:

T

L — / L()ot

0
Number of events = Ljn0, (1.65)

The integrated luminosity is determined, for example, bwmttime throughout the run,
and by the ratio of preparation time to time in collisions. ribg operation for luminosity
production the instantaneous luminosity decays througtin@ufill as particles are lost from
the beamslk{eam lifetimg62]). Particle losses prior to bringing the beams into cadinswill
also adversely affect the initia¥; , reducing the obtained,,,,.

A well controlled linear optics is essential for effectivenlinosity production, both di-
rectly through the optics quality at a given moment, and ngergerally in the contribution to
the smooth operation of the accelerator. Departures frerirtbar approximation, however,
also play a substantial role in determining the performasfan accelerator. For example,
correction of the non-linearities in a collider may provadditional space in the resonance
diagram, allowing a larger beam-beam tune shift, and hemgteehintensity beams, to be
tolerated. Degradation of beam quality - for example emdgaincrease, beam loss, or the
reduction of beam lifetime - due to non-linear beam dynamidisalso reduce the delivered
luminosity. An understanding of the non-linear dynamics teerefore be important for the
effective operation of an accelerator such as the Largedte@ollider.



Chapter 2

The LHC accelerator

The Large Hadron Collider is a hadron accelerator constructed in tefdrarge Electron
Positron Collider tunnel at CERN. The work presented in this thesis wésrperd on the
LHC during its first phase of operation between July 2010 and July 201tBis section a
brief overview of the LHC will be given.

2.1 The LHC lattice

The Large Hadron Collider (LHC) is 26.66 km twin ring synchrotron collider operated by
the CERN laboratory. Two counter rotating hadron beams are ciredlat the accelerator,
and collide at four interaction points (IPs), to provideadtdr High Energy Physics (HEP)
experimental apparatus: ATLAS3, 64], LHCf [65, 66], Alice [67, 68, CMS [69, 70|,
TOTEM [71, 72|, LHCDb [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), ietdesl by eight insertion re-
gions (IRs). Naming conventions are defined such that theegarating IR1 and IR2 is
labelled Arc12, similarly for all other arcs. The octant betLHC with IR1 at its center,
and containing halves of Arc12 and Arc81, is labelled Octgrgimilarly for all other oc-
tants.Beam Irotates clockwise around the LHC ring as viewed from abBeam 2rotates
counter-clockwise as viewed from above. The beams occypyrate apertures, except for
those IRs where they are made to collide. The layout of the L$d@dicated in Figur@.1

The LHC machine is described in thélC design repor{76, 77, 7§].

1CERN theEuropean Organization for Nuclear Researtha High Energy Physics laboratory situated on the
Franco-Swiss border just outside of Geneva. CERN takesiterfrom the acronym of théonseil Eurogen
pour la Recherche Nughire the provisional council originally mandated to estabtish institute.

36
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Figure 2.1: Schematic of the LHC layoubp).

2.1.1 The LHC arcs

Each LHC arc is constructed from 23 approximately reguldis o 106.9 m. The layout of
an LHC arc cell is shown in Fig2.2

The cell utilizes an FBDB layout of alternating focusing ardatusing superconduct-
ing quadrupoles, inter-spaced with superconducting dipoagnets. These elements are
commonly labelled MQF, MQD, and MB. Each cell contains two Mipé€ focusing, one
defocusing), inter-spaced by three MB (six MB per cell). Tinenel in which the LHC re-
sides was originally constructed for an earlier electrosipon collider, the Large Electron
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MO: lattice octupole

MSCB: sextupole (skew sextupole) + orbit corrector

Figure 2.2: Schematic of an LHC arc celVf].

Positron Collider (LEP), which has since been decommissiombe transverse dimensions
of the LEP tunnel are too small to house two independent yithgsefore the MB magnets
in the LHC are of a dual bore design. Within each arc all MB avevgred in series. The
main quadrupoles are arranged in two families per arc: alR\dQthe two apertures being
powered in series, and all MQD of the two apertures being pesvie series. A cross section
of the LHC main dipole assembly is shown in Fiy3[80], together with a cross section of
the MB magnet with field lines indicate&1]]. A cross section of the LHC main quadrupole
assembly is shown in Fi@.4[82], together with a photo of an MQ magn&.

Inherent to the dual bore design and superconducting nafdine main arc magnets are
significant higher order field error$9]. Consequently superconductisgool piecanagnets
are installed throughout the arc for the local compensatidhe magnetic errors in the main
arc magnets7q9]. Sextupolar correctors, known as the sextupolar spockgier MCS 84],
are mounted on the ends of every main dipole. These elementstanded to correct the
bs errors of the MB. A feature of the superconducting nature ofjmess in the LHC is the
decay of field components during the injection plateau fedld by snap-back to their initial
values at the beginning of the ramgH]. In the LHC the decay and snap-backbgferrors in
the main dipoles is a significant concern. The settings oMB& therefore vary throughout
injection in order to track changes in thecontent of the MB $4]. Octupole and decapole
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Figure 2.3: Cross section of the LHC main dipole assemlt@g][ alongside a cross section of
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Figure 2.4: Cross section of the LHC main quadrupole assem®}, together with a photo of
an LHC MQ [83].
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spool pieces§4] are also used in the LHC for the compensatiorbpéndbs errors in the

main arc magnets. The octupole corrector magnets, MCO, atedwithin the decapole
corrector magnets, MCD, and together are referred to as the ™MD equivalently the
MCOD). Due to the nested configuration only the MCD magnets ezecycled. MCDO

are mounted on the ends of every second MB. Spool piece maigndss LHC are single
aperture, and are powered in series so as to define one faenirp per beam.

In addition to the spool piece correctors, linear and nogdrlattice correctorsare also
present in the arcs, mounted on the main arc quadrupoleslatiile correctors are pow-
ered independently between the two beams. Horizontal anidadeorbit correctors (MCBH
and MCBYV) are installed at each focusing and defocusing MQegmly. Normal trim
guadrupoles, MQT, are used primarily for correction of tineetin the LHC. Four MQT per
arc are rotated by5° to form skew quadrupoles, MQS, which are intended for coiwac
of linear coupling. Normal and skew lattice sextupoles, M8 BISS, are also mounted on
the MQ, and are intended for correction of the natural chitantgaand the chromatic cou-
pling respectively. Of most significance for this thesis bwer, Landau octupoles, MO, are
present to provide damping of coherent oscillations of tbanb due to collective instabili-
ties. The Landau octupoles are powered in series such tat dne two families (focusing
and defocusing) per arc per beam.

Figure 2.5 shows how the betatron phase (top), beta-function (ceatedf) horizontal
dispersion (bottom) vary through a single LHC arc cell. Aeadatic of the cell is also
shown, which indicates the locations of the MB, MQ and beanitiposmonitors (BPM).

2.1.2 The LHC insertion regions

The LHC features eight Insertion Regions, labelled IR1-IR8 phncipal functions of the
insertion regions are summarized in TaBl& Detailed descriptions of the layout of the IRs
may be found inT9].

Of primary interest to this thesis are the experimentalriises, of which the LHC has
four, located at IR1, IR2, IR5 and IR8. In the experimental IRs #ta{function is squeezed
to small values in order to achieve a high luminosity. Thigagticularly true of IR1 and IR5,
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Figure 2.5: Betatron phase (top), beta-function (center) and horizontal dispefisattom) in a

single LHC cell. A schematic of the cell is also shown which indicates the locabitihe main

dipoles (MB), main quadrupoles (MQ) and beam position monitors (BPM).



CHAPTER 2. THE LHC ACCELERATOR 42

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 sth(adh the exception of
specific‘'High ' runs). IR2, Alice, typically operates without tightly squed beams for
proton collisions, however during ion and proton-ion (Rb&nd p-Pb) collisions thg* is
reduced. During normal operation ti3 in Alice and LHCD is still squeezed, but only to
the order of several meter3i1h and8 m respectively in 2012). This contrasts withjain
ATLAS and CMS of0.6 m in 2012.

In order to achieve a small* at the interaction points, the beams are focused using
a ‘triplet’ arrangement of quadrupoles in the IRs. Such an arrangemeasswily has
a substantial beta function in triplets and neighbourirgm@nts. This is illustrated in
Fig. 2.6, which plots the nominal beta function through IR1, fofpain the ATLAS In-
teraction Point (IP) 00.6 m. A schematic of the LHC lattice in this region is shown along-
side. Label€Q1, Q2andQ3 indicate the triplet quadrupoles, abd, D2 indicate the sep-
aration/recombination dipoles responsible for bringing beams together in the common
region from their separate apertures in the arcs. QHe Q5, Q6and Q7 are matching
quadrupoles.

Due to the larges either side of the Interaction Points, magnetic errors end@lements
in the IRs can significantly influence the beam dynamics. Thlkernthe correction of errors
in the IRs, linear and non-linear corrector magnets are addé#tk insertions, distributed
symmetrically about the IP. Of particular concern to thiesis, combined; / bs correc-
tors, and combined; / b4 / a4 correctors are installed on the non-IP sides of @&riplet
guadrupoles. A schematic of the corrector layout in the LE@eemental insertions is
shown in Figure?.7.
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Figure 2.6: Beta function through IR1 (ATLAS), witlt* = 0.6 m. A schematic of the lattice
in this IR is shown (top). Label®1, Q2and Q3 indicate the triplet quadrupoles, abd., D2
indicate the separation/recombination dipoles responsible for bringing amediegether in the
common region from their separate apertures in the arcsQPh&5, Q6andQ7 are matching
guadrupoles.

During luminosity production the LHC operates with many tlues, and parasitic cross-
ing points exist on either side of the IPs. In order to prewsilisions at these locations,
closed orbit bumps are introduced in a single plane of eapkrarental insertion to gen-
erate a crossing angle at the IP. An example of the simulatessing angle in IP1 (for
£* = 0.6m at4 TeV) is shown in Figure.8.

Differing conventions exist to describe the LHC crossinglan Throughout the studies
described in this thesis the crossing angle is defined astjle emade by the beam with the
longitudinal axis in its direction of travel. Thus, congithg Figure2.8, the crossing angles
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of Beam 1 and Beam 2 are defined tothg andfg, respectively. Dedicated closed orbit
bumps may also be applied to separate the beams at the IPsellrtesn Thesseparation
bumpsare applied, for example, during injection, ramp, and sgede prevent collisions at
these stages in the LHC cycle.

2.1.3 Error estimates for the LHC lattice

During LHC construction, measurements were performed dividual magnet misalign-
ments within the cryostats and the alignment of the crysstéhin the LHC. The Windows
Interface to Simulation Errors (WISBT]) produces estimates of the geometric errors in the
LHC lattice [88] from these measurements.

Estimates of the magnetic errors in the LHC are also prodbgéISE, based on direct
magnetic measurements and on the associated uncertaihid®s current measurements
were performed at room temperature on all magnets at ind{istarm measurementg’
and‘cold’ measurements (under operational conditions) were peedrom a fraction of
the magnets once delivered to CERN. For magnets without cotdunements avarm-to-
cold’ correlation is introduced in the modelling of the field, heeethis has an associated
uncertainty. Typical uncertainties included in the WISE elbdg are the uncertainty on this
warm-to-cold correlation, measurement errors, hysterasid power-supply accuracy. Sixty
magnetic instances (known ssedyof the LHC are defined by WISE in order to encompass
the likely magnetic state of the accelerator. A descriptibthe production of the magnetic
error estimates may be found i89).

The geometric and magnetic error estimates generated by \WkSEbe 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 @f nmajority of the magnets in
the accelerator90]. No beam is present in the machine at this stage. In gerferalre-cycle
requires that the current in the magnets is ramped up to @ laige (in some cases it is then
also driven to large negative values), then back to the redisettings. The exact nature
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of the pre-cycle depends on the type of magnet in questioe. pfé-cycle ensures that the
LHC magnets lie on the correct hysteresis branch and, wresressary, have a reproducible
behaviour of decay and snap-back, or a small residual magtien.

Following the pre-cycle, beam is injected into the LHC frdsiinjector chain at an en-
ergy of450 GeV ands* ~ 11 m. Depending on the purpose of the fill the number, intensity,
and filling pattern of bunches may vary. For the beam dynastiadies presented in this the-
sis it was usual to operate with a small number of non-calgdiunches, typically between
one and three, of low intensity, 10! protons/bunch. During operation for luminosity
production a significantly larger number of bunches, of tlteenof 103, with high intensity,
> 10" protons/bunch, are used. This stage of the LHC's operational cycle is reftto as
Injection

Once beam is injected the energy of the LHC is increased tsionl energy, in a stage
referred to as th®amp During the period studied in this thesis the LHC operateth wi
collision energies 08.5 TeV and4 TeV. The current of the LHC magnets must track the
energy changes during the ramp. Having completed the raepHIC enters a mode known
asFlattop where the beams are at high energy buthéias not yet been squeezed in the
experimental insertions. Typically a number of optics d&seéor example tune measurement
and correction, are performed at Flattop. T#feis then reduced down to the value for
collisions (theSqueeze The beams may then be brought into collision. Stable dipera
with collisions is referred to aStable Beams

At the end of an LHC fill the beams are extracted from the acatde Beam Dumj In
the case of a requested beam dump the current in the magdetséased to the pre-injection
levels via a pre-cycling of the elements where necessatheicase of an emergency dump
an independent pre-cycle is required before returningjeiion.

Figure2.9plots thes* in IP1, and the current in the main dipoles and Landau ocasgpol
throughout an LHC fill. The operational mode is also showne Tarrents ang* should
be taken as indications only: the details of thfeand magnetic cycle varied throughout the
period examined in this thesis. Some LHC modes have not bisenssed in this section
as they are not relevant to the studies presented in thisthesomplete description of the
LHC’s various modes of operation may be found3d][



CHAPTER 2. THE LHC ACCELERATOR 47

MB.A12 current — ROF.A12 current — B*pr —

Flattop Beam dump
Pre-cycle Injection Ramp —\ | |- Squeeze + Adjust Stable Beams / +Rampdown
T T T T

T N\ T T T L
ﬂ {12
6000 |-
4 10
. 18
< —
= 4000 €
—
O A
2000 14
_ _} |,
0 =l\/\vv-\= 1 er
N 1 N | N | N | 0
14:00 16:00 18:00 20:00
Time

Figure 2.9: The operational cycle of the LHC, as characterized by thedPand the current in
the main dipoles and the Landau octupoles. Beam modes of particular egdwacthis thesis are
indicated.

2.3 Beam instrumentation in the LHC

Beam-based study of the LHC underpins the analysis of the Ly{@miics presented in this
thesis. This section provides an overview of the beam instniation used to perform such
measurements in the LHC.

2.3.1 Wirescanners for transverse profile measurement

Measurement of the transverse profile of low intensity besdah the LHC can be performed
with the use of dedicated linear wirescann&3 [ In the LHC design &6 pm carbon wire

is driven through the bunch in a single turn, generating avehof secondary particles. The
position of the wire is monitored using a high precision ptitaneter, while the shower is
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measured in a scintillator / photomultiplier detector. Tihensity of the secondary shower
is proportional to the charge density at the location of tivewallowing a determination of
the transverse profile of the bunch. Operational softwarthieLHC wirescanner provides a
calculation of the emittance via a single Gaussian fit to teesared bunch profile. The value
of the 5-function used in the calculation may be either the nomialle at the wirescanner,
or a value propagated from optics measurements in nearby BFHls

Four wirescanner8WW3§ are present in the LHC: two horizontal and two vertical, veher
the second pair of horizontal and vertical monitors are bpskn case of malfunction. The
BWS are installed in IR4 and IR5. Several further instrumentsaeadable for the study of
beam profile in the LHC76], however they are not relevant to the studies presenteusn t
thesis.

2.3.2 Beam position monitors

Transverse center-of-charge beam position in the LHC camd@tored on a turn-by-turn
(TbT) and bunch-by-bunch basis by around 500 dual-plane B&asition Monitors (BPM)
in each ring ¥6]. Two types of BPM are used in the LHC: stripline BPMs are uttize the
common apertures as they are capable of distinguishingeaetwounter rotating bunches,
while button BPMs are used throughout the rest of the LHC. EigutOshows schematics
for the two BPM types.

Both types of monitor work on the principle that passage of argéd particle bunch
induces a signal in the BPM electrodégl]. The beam position is then given by the ratio
between the difference and sum of the induced signal in dfgpelectrodes, multiplied by a
scaling factor. LHC BPMs consist of two pairs of opposing glades, 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 Fxgl. All arc BPMs are of the button variety. The
betatron phase advance between BPMs in the LHC areslis’, this is roughly optimal for
reconstruction of the linear optics, and allows phase spamanstruction 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 samtuemeEnlarged button BPMs
(relative to those in the arcs) are also used in the IRs. Thaitotof BPMs in an insertion
region is shown for IR1 in Fig2.6, where BPMs are indicated by vertical grey lines.

In the LHC corrections for geometric and electrical noreénty of the BPM responses
are performed automatically on turn-by-turn data priortsodielivery to users. Corrections
for the non-linearity applied during the LHC’s first operatioun (Run 1 2009-2013) are
known to be imprecise at large amplitud&s][ Significant issues also exist with the re-
sponses of the IR BPM®8§]. The correction of BPM non-linearity is reviewed i83, 95)].

2.3.3 BBQ system for tune and coupling measurement

Continuous, passive monitoring of tune and linear couplmthe LHC is provided by the
Base Band TunéBBQ) system 96, 97]. The BBQ measures the tune based on the principle
of performing spectral analysis on the difference signalvben opposing pickups of dedi-
cated BPMs located in IR4 (this is equivalent to spectral aisilyf the transverse position).

Incoming signals from the BPM pickups pass through a diod& getector, isolating the
low frequency (base band) betatron modulation of the beasitipo from the high frequency
periodic revolution signal. For this reason the measurémeehnique used in the LHC BBQ
is known as Direct Diode Detectio®§]. Filtering of the signal may then be performed for
the expected betatron frequency. Isolating the betatroitiaigon with a peak detector prior
to spectral analysis allows the BBQ to analyse very small (efaitder ofm) oscillations
of the beam. This enables monitoring of the betatron tunbowit the need for external
excitation, allowing the BBQ to operate continuously durirtgd operation.

In addition to measurement of the betatron tune, the BBQ alsaiges an estimate of
|C~| from the relative amplitude of the spectral lines corresjdog to linear coupling 96,
99]. As the BBQ measurement of linear coupling is based on betatsaillation data col-
lected at a single location no momentum information is a¥dd, and spectral analysis is
unable to distinguish between lines correspondingitg, and f1010. The BBQ therefore
measures a mixture ¢€'*| and|C~|. In practice difference linear coupling dominates in the
LHC and|Cgpg| ~ |C~|.
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While in general it is possible to measure tune and couplirtlg thie BBQ in the absence
of any external excitation, small transverse excitatiom loa performed by the LHChirp
in order to improve the quality of the BBQ dataq].

2.3.4 Experimental kickers

Experimental kickers are present in the LHC to facilitatedgtof the beam dynamics. These
elements apply transverse momentum kicks to the beaminghiftto a larger phase space
amplitude and inducing betatron oscillations which can bgeoved in the BPMs. Kicker
dipole magnets for Beam 1 and Beam 2 in the horizontal and eéglanes (four magnets
in total) are located in IR4. The kickers for each plane ant éaam function independently.
The kicker dipole coils are formed from a single turn of saapper, this allows for a very
fast response of the kicker but requires large currentshergge a significant deflection of
the beam. The experimental kickers in the LHC can operatereetpossible moded (qd,
referred to as th&une Kicker(MKQ), Aperture KickerfMKA), and theAC-dipole

The tune and aperture kickers(o, 101] operate as traditional kicker magnets, ramp-
ing up and down within one turn in order to apply a single tvanse kick then allow free
betatron oscillations. The MKQ and MKA are principally dguished by the achievable
kick amplitude. The MKQ can generate kicks upN@ o,,omina at450 GeV, and is intended
to induce betatron oscillations for the study of the lineaartn dynamics. The MKA pro-
duces large amplitude kicks for study of the non-linear dyiea. Prior to 2012 the MKA
was limited to provide Kicks< 6 0omina @t 450 GeV. This was upgraded tg 14 0,ominal
at 450 GeV for the 2012 run 102. The possible excitation is considerably reduced at top
energy compared to injection. Excitation with a single kick destructive measurement. In
practice this generally limits the applicability of the MK&pd MKA to studies of the LHC
at injection where it is possible to rapidly dump and re-thjeesh beam.

Rather than applying a single kick, as with the MKQ and MKA, i€-Alipole mode
the dipole kicker magnets are powered sinusoidally, geimgrariven oscillations of the
beam p6]. By exciting at frequencies at close to the natural tuneR®LHC (@, , X frev ~
3kHz) it is possible to generate forced oscillations of large kiongle with relatively little
power, even at top energy. The AC-dipole excitation can beeshup and down close to adi-
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abatically [L03, allowing beam dynamics measurements to be performedamitha small
increase in emittancelP4]. This allows multiple kicks to be applied to the same bursche
facilitating optics measurements at top energy. Furtheerttee driven oscillations generated
by the AC-dipole do not decohere, as is the case with a single kn the LHC measure-
ment with the AC-dipole is typically based en2000 turns of comparatively clean betatron
oscillation data. The downside to optics measurement WweghAC-dipole is that the driven
oscillations introduce additional perturbations into linear and non-linear beam dynamics
which must be correctly accounted for in any analySig L05. Where possible therefore,
beam dynamics measurement for the studies presented theiis were performed with the
use of single kicks generated by the MKQ and MKA.

Excitation of the LHC beams to large amplitude can represecbnsiderable risk to
the accelerator7[e]. Consequently the experimental kickers in the LHC may omdyubed
with a small number of low intensity bunches (of the ordet @f protons/bunch). This is
particularly true in the case of the MKA, which may only kiclsiagle low intensity bunch.
Following upgrade of the MKA for beam dynamics studies in2€@ie MKA was physically
disarmed in the LHC tunnel for regular operation, and resplidiedicated interventions to
enable and disable the MKA generator before and after beaandizs measurements(JZ].

To aid machine protection, and during AC-dipole studies av@nt degradation of the beam
quality, the amplitude of kicks applied during beam dynamrteasurements are typically
increased gradually to a sufficient magnitude while momtpthe beam losses. Beam loss
is usually observed with dedicat8gam Loss MonitorBLM): ionisation chambers located
around the LHC ring outside the magnet cryostats, whichatletecondary particles from
showers created by losses from the LHC beanak |

2.3.5 Beam current monitors

Measurement of individual bunch intensities in the LHC isvpded by theFast Beam Cur-
rent TransformergFBCT) [76]. FBCT measure the beam current by detecting the magnetic
field of the bunch which generates a current in the secondaging 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: whetheetrdkmaviour
of the LHC is replicated in the best available models, and the beam-basedtmorrof the
linear optics.

A well understood and controlled linear optics is important for efficientraten of an
accelerator. The understanding of the linear optics may assessed thooogparison

of simulation to measured data. Such a comparison was performed for the LHC in
collaboration with M.C. Alabau-Pons, F. Schmidt and R. &siCERN) L, 2].

Linear optics may be controlled through beam-based measurement arettioorr
Correction of the linear optics in LHC experimental insertions is essential ie\dang
the best possible luminosity in the HEP experimental apparatus, and to phavemosity
imbalance between the HEP experiments. Correction of linear optics emmrsdathe
LHC ring can also reduce thBRMS closed orbit, improving a wide range of machine
parameters and aiding in luminosity production. Furthermore the LHC hasesttisgfety
tolerances on the linear optics in order to ensure machine protection. THén@acust
be corrected within these tolerances before it can run with operationalsitytebeam.
The beam-based measurement and correction of the linear optics rejpottési chapter
represents an application of methodology pioneered by the CERN Opticsukésaent
and Correction (OMC) team during the first years of LHC commissioniitg 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. Resuitsdépo
this chapter reflect contributions from all the members of the te§mMeasurements are
performed collectively, typically two team members perform the excitationseof HC
beams while observing the losses and intensity to avoid unsafe beam Idss,farther
two team members process the incoming kick data. Once initial measurementseeave
performed the team attempts to find local or global corrections for the optiesse The
author played a leading role in the measurements and corrections preisethisathapter.

Due to the influence of the linear optics functions on the non-linear pheraoggnof a
particle accelerator, a well understood and corrected linear optics is amtanpprerequi-
site to the study of non-linear beam dynamics. The results presented in dpiechay a
foundation for analysis of the non-linear dynamics of the LHC which will bespnted in
Chapterst to 6.

53
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3.1 Introduction

The quality of the linear optics correction in the Large HadCollider contributes substan-
tially to the machine performance. As described in Chaptgrs*, the beta-functions at the
LHC Interaction Points (IP), determine the luminosity. dtimportant from the perspective
of the HEP experiments that the real beta-functions areas® @s possible to the intended
values, and hence that the linear optics in the IRs is wellrotlat. As the orbit feedback
routines in the LHC assume the nomihRHC model, correction of the linear optics func-
tions towards their nominal values also results in an imgdd®MS Closed Orbit around the
LHC ring [4]. Consequently the quality of the linear optics correctiohamly influences lu-
minosity production directly, but also impacts upon a widege of machine parameters and
operational aspects. Furthermore, in order to guarantedimeaprotection tight tolerances
on linear optics errors are imposed on the Large Hadron @ollithe linear optics must be
commissioned following any change to the LHC lattice in oriecheck whether the ma-
chine operates within these safety constraints. If the macis found to operate out-with
safe tolerances the linear optics must be corrected.

The linear optics quality is typically defined by the so-edlbeta-beatingf the acceler-
ator. The beta-beating is the relative deviation of the batation from the designed value.
Itis defined by Eq3.1).

Aﬁz(s) _ ﬁz(s)measured - Bz(s)nominal
62(8) ﬁz(s)nominal

where z = z,y (3.1)

To ensure machine protection, the tolerance on the maxinetazlieat in the LHC is set
at < 15% in the horizontal plane and 19% in the vertical L0§. As found in 2009-2011,
the LHC is out-with these tolerances if no optics correctiane appliedJ06 107. This
makes beam-based measurement and correction of the lipées an essential prerequisite
to luminosity production.

In addition to the measurement and correction of the betd-beenormalized horizontal
dispersion beatingdefined in Eq.2), may also be measured and corrected in the LHC.

Inominalrefers to the ideal designed machine.
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Normalized horizontal dispersion is considered rathem tha horizontal dispersion beat, as
it is a quantity independent of BPM calibratiob09.

DZ(S) o Dm(s)measured i Dx(s)nominal (32)

\/51(8) a \/61(S)measured ﬁm(s)nommal

Comparison can be made of beam-based measurements of twedptecs to simula-
tions which incorporate the known sources of optics errdhese comparisons allow for an
assessment of the understanding of the errors in the ma@ndean analysis of the relative
importance of the sources which may assist in directingréuédforts.

As seen in Chaptet, the linear optics functions impact upon the non-lineamameenol-
ogy of an accelerator. A well understood and corrected tinptcs is therefore an important
prerequisite to study of the non-linear dynamics. The s&idf linear LHC optics presented
in this chapter lay a foundation for study of the non-linegnaimics in the following chap-
ters.

Section3.2 begins by describing the methods used to measure and ctineetinear
optics. SectiorB.3then presents a comparison of predictions from the beslamaiLHC
models to measured data obtained during commissioninge&@fO0 collision optics ai* =
3.5m and an energy 08.5 TeV. Finally Section3.4 presents results of the LHC optics
commissioning att TeV, performed in 2012, where a record quality of the linear apti
correction was achieved.

3.2 Measurement and correction of the linear optics

In this section the methods used to measure and correctribar loptics in the LHC are
summarized. References are provided to more detailed gésos.

3.2.1 Linear optics measurement

Linear optics measurements in the LHC are performed by amajythe betatron oscillations
of excited beams. These excitations may be performed witlusie of a kicker magnet, or
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by using an AC-dipole to drive forced oscillations of the bg&®]. The AC dipole has the
advantage that it is non-destructive if ramped adiabdyi¢aD3, however the forced oscilla-
tions introduce additional perturbations which must be pensated for in the analysisT].

Tune and betatron phase are determined from spectral aalythe betatron oscilla-
tions of the excited beams. The betatron oscillations asemied in the LHC BPMs1[1(,
which record the turn-by-turn (TbT) center of charge of tleain. Prior to any spectral
analysis however, the turn-by-turn BPM data is cleaned vimgutar Value Decomposition
(SVD) [1117].

The SVD of anm x n matrix M is given by Eq.8.3).

M =UZV! =) w0 (3.3)

U andV arem x m andn x n unitary matrices, the: andn columns of which are the left
and right singular vectors @¥1 respectively.V T is the conjugate transpose Bf Matrix X
is am x n diagonal matrix of real positive elements which are the singular values d.
The magnitude of; reflects the dominance of a given mode.

To clean LHC BPM data, the matrixI may be constructed of the turn-by-turn data
of all BPMs (n) for a desired number of turng). This is decomposed intty andV,
describing the spatial and temporal modes respectivelydddavith small singular values
tend to be the result of uncorrelated noise between the LHC 8PBy truncatingX to
retain only large singular values (small valuesopfare replaced with), it is possible to
reconstruct a refined matri of the turn-by-turn BPM data with reduced noise. Following
the SVD procedure, spectral analysis is performed on treneld BPM data. The tune and
betatron phase at the LHC BPMs are determined by performimgterpolated FFT using a
modified version of the SUSSIX softwaré4, 112, 113 designed for the frequency analysis
of betatron oscillation data.

Once the betatron phase is determined the beta functioe &RMs may be calculated
using theThree BPM Method114]. Eq.(3.4) defines the beta-function at three BPMs in
terms of the phase advances and the elements of the transfieces between the BPMs.
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Figure3.2.1presents the quantities used in the calculation schentigtica

cot Ap1s — cot Agys

P = mi_ on
mi2 012
cot Aqblg + cot A¢23
P2 = max | nir
mi2 ni2
cot A¢23 — cot A(ﬁlg
By = 0BT (3.4)
ni2 012
2@, ;5
Ag,, AQ,5
—_—
Beam
Myap-x Nyap-x
BPM 1 BPM 3
BPM 2
OMAD*X

Figure 3.1: A schematic illustration of the 3-BPM method used to measure the beta-function
in the LHC BPMs. A¢ are the phase advances between the BPMs determined from spectral
analysis of the turn-by-turn betatron oscillation data in the BPMEy; ap_x, Nasap_x and

O ap-x represent the transfer matrices between the BPMs with elemgnts;; ando;;. To
enable the measurement the transfer matrices are taken from the nominalTinede quantities

may be used in conjunction with E§.@) to determine the’ function at the BPMs.

The phase advances between the BPMs are determined fromettteasjanalysis previ-
ously described. The elements of the transfer matrix angnaesg to be those of the nominal
model. The uncertainty in the beta function is determinedhgyuncertainty in the phase
measurement and the phase advance between the BRKsIh particular phase advances
of 0°, 90° or 180° lead to a divergence in the uncertainty on the calculationsd.(3.4).
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Consequently in the insertion regions, where the phase aduastween the BPMs is small,
or in situations where some of the BPMs malfunction, the uag@y on the measured beta-
beat may become large. For this reason, and because ofitcezbn the nominal model in

Eq.(3.4), corrections are normally calculated for the directlyetved betatron phase rather
than the beta-beat.

To measure the dispersion at the LHC BPMs the mean orbit islledéxl from the turn-
by-turn betatron oscillation data. Performing such a mesamsant at several RF frequencies
allows the dispersion to be calculated using Bd)( where Az is the shift in the mean
horizontal or vertical orbit, and\p/py is the relative shift in momentum due to the RF trim.

Az
Ap
po

D, = where z =z,y (3.5)

As previously mentioned, the normalized dispersiah/ {/5) is the preferred quantity
for study, as it is independent of BPM calibratidiDf.

3.2.2 Linear optics correction

Two methods are utilized in the LHC for the correction of time&r optics. Theegment-by-
segmenimethod b5, 107 corrects errors locally, and is focused towards the idieation
and compensation of strong, highly localized errors. Intiast the response matrix ap-
proach [L15 corrects the linear optics globally, and is better suitethe compensation of
widely distributed sources.

The segment-by-segment method was developed in orderta@pra method to identify
and locally correct optics errors in the LHBY). A section of the ring is treated as a beam
line. The measured optics parameters at the start of thiesece taken as initial conditions
at entry into the beam line, and are propagated through tkagominal model in MAD-

X [116. The propagated optics parameters may be compared witbbtbervations. Any
deviation of the real machine from the nominal model showsasi@a difference between
the propagated optics functions and the observations thégpoint in the beam line where
the error is located. The error can then be reconstructegpplyiag magnet trims in the
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model which reproduce the observed discrepancy. Apphhegéeconstructed trims to the
machine in reverse compensates the optics errors. The sef@pyrsegment technique has
been developed for a wide range of linear optics parameteéos.correction of the beta-

beating in the LHC it is implemented by correcting the dipangcies in the betatron phase.
This has the same impact as correcting the beta-beat ¢ifédtt. This method was applied

to great effect in the first years of LHC operati&b]106, 107).

Following correction of strong local errors with the segitreyrsegment technique, re-
maining errors may be corrected globally. A response méRixof the linear optics func-
tions to the trims of the quadrupole circdits constructed using the nominal MAD-X model,

Eq.(3.6) [55].

(AZ%A&@,, Aﬁﬁ“f, Aﬁﬁm %,AQx,AQy> — RAK (3.6)

The correction is then determined by E3y4), whereR" is the pseudoinverse @& deter-
mined by SVD, and are weightings applied to the optics functions.
i ; . AB, A D,

V. <w1A¢m,w2A¢y,wgﬁ—f,mﬁ—’iy,mﬁ,wﬁAQz,wﬁAQQ (3.7)
Cuts are applied on the minimutxk to avoid making insignificant trims. If thAk obtained
from global correction are too large segment-by-segmemnecton 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 itigerregions which generate a
substantial beta-beat in thirgin® machine. These were first identified in 2009-2010¢
107]. These errors are well understoatil[], and may be corrected effectively with the
segment-by-segment techniqudg, 107]. Of primary interest therefore was whether the
residual beta-beating in the LHC, after local correctionha tinear optics errors in the

2circuit refers to a set of magnets powered in series.
Svirgin machine an optics of the machine with all beam-based correctiomoved.
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insertion regions, is compatible with the current knowkedfthe lattice errors. To assess the
understanding of the linear optics after local correctioange been performed, measurements
of the residual beta-beating in the LHC were compared to thdigtions of LHC models
including all known sourcedl] 2].

To examine the beta-beating in the LHC a model was constiunt®AD-X [48]. As
described in Sectio.1.3 the Window Interface to Simulation Error87] generates esti-
mates of geometric and magnetic errors in the LHC latticenfroeasurements performed
during construction. The measured alignment errors wepdeapto the lattice. Magnetic
errors (normal and skew) of order= 2 (quadrupole) up ta = 15 were then applied to the
main dipoles and quadrupoles in the LHC arcs, and the cawrecircuits in the arcs were
set to their nominal values. The closed orbit was matcheldgaé¢ro orbit, the coupling was
matched tdC'~| =~ 0, and tunes and chromaticities were matched to their nomaiaés. As
the model was to be compared to the measured beta-beatiogifaj local corrections (but
before global corrections had been applied) no errors wiskeal in the interaction regions.
The twiss functions in the model were determined using th€ Ribdule p0] in MAD-

X to allow the inclusion of higher-order errors in thick ia# elements. Consequently it
was necessary to transform the Mais-Ripken beta-functiatpub by PTCTWISS into the
Edwards-Teng parameterization for comparison with theswesl data (see Sectidn4.6
for a brief discussion of the Mais-Ripken and Edwards-Tengupaterizations of linearly
coupled motion).

The predictions of the model were compared to measuremétiie beta-beat obtained
during commissioning of the 2010 collision opti¢s (= 3.5 m at3.5 TeV) [1, 2]. Figure3.2
plots the simulated and measured beta-beat. Data for thdaged beta-beat are thecan
andstandard deviation of the values obtained for the sixty WISE seeds.

At top energy, where local corrections have been perforriedagreement between the
simulated beta-beat and the measurements is good. While disorepancies are visible,
notably in the horizontal plane of Beam 2, they are clearlpeissed with steps in the beta-
beat located at the IRs (and in particular at IR8). These (ser@es may therefore be confi-
dently identified with slight imperfections in the local cections utilized in 2010. Between
the uncompensated errors in IRs the global scale of the lsstbebtained from simulation is
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Figure 3.2: Comparison of the modelled and measured beta-beating in the LBG &tV,
£* = 3.5m, following local correction of errors in the Insertion Regions. Measuaets were
performed on the September 2010 by R. Tdiaet al. Figure adapted frong]
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compatible with the measurement. The precise shape of thebleating around the ring is
not perfectly reproduced, however simulation and obsemwatgree within the uncertainty
defined by the measurement error and the variation betweeWISE seeds (of the order of
o(%) = 40.05, dependent on location, plane, and bean2]). This represents, therefore, a
respectable validation of the LHC model in the arcs withi lihear regime. The simulated
beta-beat was also studied at injecti@n]. In this case no local corrections were applied in
the IRs and a comparison of the measured and modelled bet& bess meaningful due to
discrepancies introduced by the insertion errors, howa\ta-beating of the correct order

of magnitude was obtained,[2].

The importance to the beta-beat of the various sourcesdadlin the model was as-
sessed], 2] by introducing the errors in a step-wise fashion, togethigr any corresponding
corrections. The simulated beta-beat in the complete mwdslof the order of0 %, de-
pending on the specific beam, plane, and location. Appraeipaalf of this was generated
by the quadrupolar errors in the arc dipoles. The quadrugotars in the arc quadrupoles
also generated a comparable beta-beat. While the effeat spiecific WISE seed was negli-
gible for the errors in the dipoles, in the arc quadrupolesdlis a non-negligible uncertainty
in the warm-to-cold correlatidrof the magnetic error measurements. The peak and global
scale of the beta-beat are minimally affected by this, h@wéve specific shape of the beta-
beat around the ring does vary dependent on the seed. Theaintyein the warm-to-cold
correlation of theh, errors in the arc quadrupoles represents, therefore, adimihe un-
derstanding of the linear optics. Higher order errors maudg a small contribution to the
beta-beating: up to a peak ef 1 %, but considerably lower at most locations. The effect of
the geometric errors was small but non-negligible, indrepthe beta-beat by betweéry;
and3 %. The role of the closed orbit was assessed by performingmmags to either the zero
orbit, or to a target produced from measured orbit data. Tifierence in the beta-beatings
for the two orbits was of the order @f%.

Significant errors exist in the LHC insertions which lead tdhhstantial beta-beatings,
however these errors are well understood and correctetheibdam-based commissioning
of the linear optics. At* = 3.5m, 3.5 TeV the scale of the residual beta-beating in the LHC,
after correction of local errors in the IRs, agrees well wixipectations from simulations

4The warm-to-cold correlation was introduced in Chagtér3
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which include the known lattice misalignments and the mégregrors in the arcsl] 2].

The residual beta-beat is dominated by the quadrupolarseimahe main arc dipoles and
guadrupoles, with small contributions from feed-downZ]. As the arc optics are not sig-
nificantly affected by changes of the conclusions of this section may be extrapolated to
other LHC optics. These results provide a good verificatiothe LHC model in the linear
regime.

3.4 Commissioning of linear LHC optics for proton operation at
6% =0.6m,4TeV

During the first years of LHC operation at TeV (circa 2009-2011) the methodology de-
scribed in Sectio.2was implemented in the LHC with great success. In partidhiabeta-
beat was corrected to the level-©f10% for operational states of the machirkb][106, 107).

As (* was reduced over this period however, a growing luminositydlance was observed
between the ATLAS and CMS experiments. Due to concern thabthalance could grow
to an intolerable level upon further reduction of fbfeto 0.6 m in 2012, special attention was
given to linear optics commissioning for tl¥ = 0.6 m, 4 TeV proton-proton run. This was
primarily characterized by an increase in the time avaddbf linear optics commissioning
compared to previous occasions.

During 5* = 0.6 m, 4 TeV commissioning for proton-proton operation the methods de-
scribed in Sectior3.2 were applied to the LHC, however with more time available for t
linear optics commissioning than in preceding years a nurobelifferences in strategy
were possible. In 2012 measurements were performed on th@ WiHC over its entire
magnetic cycle. This contrasted with previous methodqledyerein corrections were ap-
plied incrementally at every change in optics. Larger atagé betatron oscillations were
excited compared with previous commissioning studiesciviissisted in the reduction of
measurement uncertainties. Finally, local correctiorth@ninsertions were found by exam-
ining measurements throughout the betatron squeeze, abal gbrrections were performed
on the betatron phase and dispersion simultaneously. Faésef 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 betaihgdtefore correction was ob-
served to be in th&0 — 40 % range, with a normalized horizontal dispersion beat up to

0.4m™2
of the correction predicted that simultaneous correctionth@ phase advance and normal-

. Independent global corrections were found for Beam 1 and BEa®imulations

ized horizontal dispersion gave the best quality correctlbwas corrections found by this
method which were implemented. FiguredaandA.1bin AppendixA.1 show the Beam 1
and Beam 2 correction trims applied to the machine.

Figures3.3and3.4 show the Beam 1 and Beam 2 beta-beating and normalized horizon-
tal dispersion before and after correction. In both bearashtta-beat has been consider-
ably reduced (to< 10 %) and the horizontal normalized dispersion beat improvexiv(d
to ~ 0.01 m%). In Beam 1 the vertical dispersion was unaffected, while iarB& it was
marginally worse after application of the optics correatio The slight worsening of the
Beam 2D,(s) is not relevant to LHC operation. The correction was higlfgaive.

3.4.2 Top Energy (4TeV)

Following measurement and correction of the linear opticmjaction, studies were per-
formed at the new top energy dfleV. Measurements on the virgin machine were per-
formed throughout the betatron squeeze. Asih&as reduced the beta-beating was seen
to increase dramatically, showing clear jumps in the bet-bt the experimental IRs. This
was the result of errors in the IRs having a more significantichps the beta-function was
increased in the elements surrounding the IP. Figubseshows the beta-beating at several
points in the squeeze. As dispersion measurements requdies on and off the reference
momentum, and hence additional beam time, dispersion wasraasured at the end of the
betatron squeeze. Given the 100% beta-beat observed & = 0.6 m corrections to the
optics were vital.

SMQM and MQT type magnets were used for the correction. Thieseents are on separate circuits for the two
beams, which allowed independent correction of Beam 1 aadnB2
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Figure 3.3: Beta-beat and normalized horizontal dispersion beat in LHC Beam 1 ationje
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 ationje
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 of4f&V betatron squeeze for
proton-proton operation3* = 11 m corresponds to the optics at Flattop.
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Local corrections

Significant optics errors were identified in IR1, IR5, IR6 and IE&ors in the IRs are best
corrected locally with the use of the Segment-by-segmehtiigue described in Secti@i2

In contrast with previous optics commissioning, the stpa@dopted was to find trims which
would simultaneously correct multiple optics throughdwg betatron squeeze (as the triplet
magnets are common to both beams it was also necessaryhgsrewutous years, that these
trims simultaneously correct both beams). Unique solgtiorthe error distribution through
the IR do not necessarily exist, and such a method assisesrioving some of the possi-
ble degeneracy in sources of the phase errors in thelJRThe simultaneous correction
of multiple optics is illustrated in Fig3.6, which shows for three optics and both beams
the measured deviations of the betatron phase from the mbmmadel, together with the
reconstructed phase errors on applying the inverse camneeims in the nominal model.

IP5 LHCB1 IP5 LHCB2
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T
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Figure 3.6: Simultaneous local correction of multiple optics in IR5. This plot has beentadap
from that shown in4j.

The measured deviations of the betatron phase from the @bmiodel at?* = 0.6 m
through IR1, IR5, IR6 and IR8 are shown in Fig2 to A.5 in AppendixA.2. Reconstructed
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phase errors corresponding to the local corrections appi¢hese IRs are also shown. The
local corrections are summarized in TaBld in AppendixA.2.

The local corrections were implemented in the LHC as congtans from Flattop to
£* = 0.6 m, and led to a significant reduction in the beta-beating amthabzed horizontal
dispersion beat. Figurés7 and3.8 plot the beta-beating and normalized horizontal disper-
sion beat at* = 0.6 m, before and after the application of the local correctioniRil, IR5,
IR6 and IR8.

Global corrections

The local corrections alone brought the linear optics witthie tolerances defined for safe
operation, however as small a beta-beat as possible wazdésiorder to optimize the
operation of the machine. Errors in the LHC arcs and resgduain the segment-by-segment
technique may be corrected using the global method. As ircéise of injection, global
optics corrections were calculated for the measured loetattase and normalized horizontal
dispersion after local correction. The applied trims agtpt in Fig.A.6 in AppendixA.3,
and the resulting improvement in the beta-beating and niaretBhorizontal dispersion beat
are shown in Fig3.9and3.10for LHC Beam 1 and Beam 2 respectively.

Record beta-beat

Following local and global corrections, a peak beta-beat achieved in the LHC of7 +

4) %. This is a record for hadron colliders, and equals the retaréepton colliders, held
by CESR [L18. Notably the CESR performance has been matched in spiteedf HC'’s
larger circumference and greater number of insertions. Rk beta-beat achieved was
~ 2%, approaching a scale normally only seen in light sourcegs&esults represent an
unprecedented quality of the LHC linear optics correctidable 3.1 presents the peak and
RMS beta-beat and normalized horizontal dispersion beat i@ following each stage
of correction.
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Figure 3.7: Beta-beat and normalized horizontal dispersion beat in LHC Beany1at0.6 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 Beany2at0.6 m,
before and after local optics correction in IR1, IR5, IR6 and IR8.



CHAPTER 3. MODELLING AND CORRECTION OF THE LINEAR OPTICS

72

Local corrections
jfobal corrections -

Longitudinal location [km]

Figure 3.9: Beta-beat and normalized horizontal dispersion beat in LHC Beany1at0.6 m,

before and after global correction.
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Figure 3.10: Beta-beat and normalized horizontal dispersion beat in LHC Beam2-at0.6 m,
before and after global correction.
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Table 3.1: RMS and peak beta-beat and normalized horizontal dispersion bgatat).6 m in
the virgin LHC, and following local and global corrections. Adapted fi@in

(@) Beam 1
S Sl S [ova

RMS peak RMS peak RMS peak

Before corr.| 20 4442 34 93t5 1.8 5.8:0.2
Local corr. 6.2 152 79 192 1.2 3.20.1
Global corr.| 2.2 =+4 1.8 6+-2 0.3 1.5-0.7

(b) Beam 2
S S A oty

RMS peak RMS peak RMS peak

Before corr.| 33 99+5 23 62 2.1 9.2:0.4
Local corr. 41 106k2 3.9 122 0.7 2.6:0.2
Global corr.| 1.8 6t2 1.5 “3 04 2.4-0.2

3.5 Conclusions

The linear optics of the LHC, as characterized by the betéisigeand normalized horizontal
dispersion beat, is well understood and controlled. Ptesdn this chapter was a compar-
ison of the simulated LHC beta-beat @t = 3.5m, 3.5 TeV to measurements performed
after local correction of the linear optics, and resultshef#* = 0.6 m, 4 TeV linear optics
commissioning for proton operation.

At §* = 3.5m, 3.5 TeV it was found that following local corrections of the errongie
LHC insertions, the scale of the remaining beta-beat agnesidwith simulations incorpo-
rating the known errors in the arcs. It was determined fromugation that the beta-beat
(after compensation of the errors in the insertions) wasidated by the quadrupolar errors
in the arc dipoles and quadrupoles. The uncertainty in threwta-cold correlation of thé,
errors in the arc quadrupoles was non-negligible and detimedmit on the understanding
of the observed beta-beat. While this uncertainty affedieddcal shape of the beat-beat
around the ring, the variation was within the measuremessanulation uncertainties. The
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peak and global scale of the beta-beat was in general utedfegnd agreed well with the
observations, providing a good validation of the LHC modehie linear regime. As the arc
optics are not significantly affected by changes inghéhis conclusion may be extrapolated
to other LHC optics.

Significant optics errors exist in the LHC insertions. As a@astrated during commis-
sioning of thes* = 0.6 m, 4 TeV optics for proton operation however, these errors can be
identified and corrected locally within the IRs. During fffe= 0.6 m, 4 TeV commissioning
local corrections alone reduced the peak LHC beta-beat o0 % to within operational
tolerances. Following local corrections in the insertiagisbal corrections were applied to
compensate for errors in the arcs and any residuals fronotfa torrection. Upon imple-
menting these corrections a peak beta-bedtaf 4) % was achieved in the LHC (with a
considerably lower beta-beat around most of the ring). Ehasrecord for hadron colliders
which also matches the record for lepton colliders held by RES

The good understanding of the linear optics and the supeabtyjof the linear optics
corrections which are typified by these results represealiifoundation in the study of the
LHC dynamics. Efforts continue during the LHC'’s first long &fawn towards the improve-
ment of linear optics correction quality, however furthdvancements in LHC optimization
may also now be sought through an improved understandirgeaidn-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 Largeohi&bllider can
significantly impact upon its performance. As the LHC progresses to maienhing
regimes of operation it is to be expected that the non-linear single particlendys
in the transverse planes will play an increasing role in limiting the performahteeo
accelerator. As such it is important that the non-linear sources are weérstood
and controlled. Beam-based studies of non-linear observables suble aggher order
chromaticity, detuning with amplitude, and dynamic aperture provide the meauoandify
the non-linear dynamics of an accelerator.

Degradation of beam quality due to the non-linear dynamics at injectish(eV) will
adversely affect luminosity production throughout an entire LHC fill. Tbe-tinear dy-
namics also play a significant role in the growth or damping of instabilities at infectio
Detailed studies of the non-linear dynamics in the Large Hadron Collider atimjewere
performed in two experimental sessions during the LHC’s first operdtianalnitial stud-
ies, performed in 2011, focused primarily on the non-linear chromaticitycrBpgncies
with the LHC models were identified, and partially explained. Corrections ®mtim-
linear dynamics were obtained through the minimization of second and third cinde-
maticities. During the second non-linear dynamics experiment, performed i) 2tudies
focused on the measurement of non-linear observables using kickatsb&leasurement
of first and second order amplitude detuning were performed, togettieawetermination
of the dynamic aperture. First observations of non-linear coupling in H@ aptics were
made. Simultaneous correction of the non-linear chromaticity, detuning with adhglitu
and dynamic aperture was demonstrated. It was shown that at nominaioinjeptics,
with Landau octupoles powered, the LHC model agreed well with the obdetynamics.

76
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4.1 Introduction

Since commissioning of the LHC began in 2009 great prograssbeen achieved in the
measurement, correction and modelling of the linear opfic®, 4, 106 107]. It has also
been demonstrated that the chromatic beta-beating andhtbmatic coupling are well un-
derstood 4, 119. In order to optimize the future performance of the maclasat moves
into more challenging operational regimes however, furtimelerstanding of non-linearities
in the LHC will be essential.

Non-linearities in the machine contribute to the Dynamice&Apre (DA), lead to the
development of resonances in the motion, and may drivegestiowards such resonant
frequencies. These effects are detrimental to beam lieeind luminosity production. On
the other hand the introduction of well understood and adliett non-linearity can be im-
portant for the damping of dangerous instabilities in beaation. To effectively control
and correct the non-linearity in operation it is necessheydfore, to quantify the machine
non-linearity through beam-based measurements of piepatétermined by higher order
fields. Such studies allow for verification or invalidatiohtbe magnetic model, and may
also be significant for the study of upgrade scenarios.

Beam based studies of non-linearities in the LHC were firsfopeied at injection
(450 GeV) in 2011 P, 6, 120Q, focused primarily on the study of non-linear chromatest
with depowered Landau octupoles (MO). Further studies wermrmed on Beam 2 in 2012,
with a focus on measurements utilizing kicked beams at th&mal magnetic configuration
for injection. This included Landau octupoles powered airtbperational settings

In this chapter results of analysis of the non-linear beamadyics at injection are pre-
sented. Sectiod.2 summarises the methods used to measure non-linear beaerimEsn
the LHC. Sectiort.3 presents the results of studies of the non-linear dynaniitsed HC
at injection with depowered Landau octupoles. Measuresnemd correction of the second
and third order chromaticities are presented, followed bgraparison of the measurements
to simulation and a discussion of possible sources of diserey. Sectiod.4 presents stud-
ies of the non-linear dynamics performed in the LHC at nomimaction optics, including

lOperational settingd this context refers to the settings present in the madtimiag operation for luminosity
production in June 2012. During the second half of 2012 thepdfarity in operation was reversed.
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Landau octupoles at their nominal settings. Measuremdmemlinear chromaticity are
presented. A revised model of the LHC at injection, buildorgexperience from the non-
linear chromaticity analyses, is introduced. Results oflistiof the non-linear dynamics
at nominal injection optics, from the perspective of kickezhm experiments, are then pre-
sented, together with a comparison to simulation. Sectiérdiscusses the application of
the LHC model to machine configurations at injection whictiehaot 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 deioa from the ideal momentum
(po). As described in Chapter.4.1, under the influence of chromatic aberrations the tune
may be described as a Taylor series about the unperturbedsqré.1).

Po

Po
(4.1)
1, (Ap\? 1, (Ap)°
+5Qz(p0) e (po) e
where
o"Q,
@@= a-wy (4.2

Po
The non-linear chromaticity are the teri®$ and higher in Eq4.1).

The coefficients in Eg4(1) may be measured directly by observing the tune shift while
varying the momentum of the Beam, higher orders in generalirieg a larger momen-
tum excursion. A change in momentum of the beam is generaged ghange in the fre-
guency of the RF-cavities. The relative momentum offsetlated to the frequency shift by
Eq.@.3) [121], wherea( is the momentum compaction factor.

Ap 1 Afer 1 Afrr
p ac =Yg fre ac frr

(4.3)
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The variation of the momentum compaction factor with moraenin the LHC is negligible
and the non-linear chromaticity is in general calculatesuasng a constant momentum
compaction factor. The LHC tunes may be monitored througlascan of the relative
momentum offset using the BBQ syste7].

The second order chromaticitg)() and third order chromaticityc}’’) may be corrected
using octupole and decapole magnets respectively, as éh@sents have an impact linear
in their strength and will not affect the lower orders exdipbugh feed-down (Tal..1).

4.2.2 Amplitude detuning

Amplitude detuning is the variation of tune with single paé emittance, and was intro-
duced in Chaptet.4.2 This detuning may be described by a Taylor expansion alheut t
unperturbed tune, EdL(4),

Q. Q.
Qz(exa Ey) = QZO + a_exex + 8_€y€y+ »
+l 02Qze2 +2 82Q2 ce aQQzez N ( . )
20\ 0e2 * TOedey TV Ol Y

wheree, , is the physical single particle emittance.

The detuning with amplitude can be measured by exciting #aarbto large amplitudes
using a kicker magnet. The LHC Aperture Kicker (MKA)(O, 101, 127 used in these
studies is capable of providing single kicks of upltbo,omina- ON applying such a kick
betatron oscillations of the beam are excited. Spectrdysisaof the turn-by-turn (TbT)
data in the Beam Position Monitors (BPM) then yields the tumethese studies spectral
analysis was performed using tHRUSSIX'code for frequency analysis of non-linear be-
tatron motion 117. Performing such an analysis for a range of kick strengtiusva for
a measurement of the variation of tune with betatron osicieamplitude. The mean and
standard deviation obtained by performing this analysi@fioBPMs (there are- 500 dual
plane BPMs per Beam in the LHC) are taken as the value and umtgrta the tune.
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The action of the kick may be determined from the TbT BPM datagugq.4.5)

1 peak—to—Peak 2
_ ZBPMS (2 B,y )

N

25y (4.5)

wherePeak — to — Peak is the peak-to-peak amplitude of the turn-by-turn oscdlatiata

in the relevant plane of the BPM ard is the number of BPMs. The procedure of averaging
over the available BPMs automatically cancels the effectsif éirder focusing errors around
the ring. The effect of the measured beta-beat on the acttrmined with Eq4.5) has
been examined for the studies presented in this Chapter,camdl to be negligible123.
This reflects the high quality of the linear optics correctio the LHC.

Eqg.@.5 makes the implicit assumption of an elliptical phase sgegjectory: it is valid
in the linear regime where the phase space has not beeneisbyrhigher order resonances.
The application of Eg4.5) to the real LHC is therefore an approximation, the validify
which will depend on the degree to which the phase space tigrid. If detuning with
amplitude drives the tunes towards resonant frequenc@sdistortions could impact upon
the determination of the detuning. The validity of Eg5) under the conditions relevant to
the studies presented in this Chapter is discussed brieflgrtsathe end of Sectiofh.4.4
This method of determining the action of the kicks also assitnat any emittance exchange
due to coupling is negligible.

In the LHC corrections for various geometric and electrioah-linearities are automat-
ically performed on the turn-by-turn BPM data at its point efigery to users, however
there are known to be small imperfections in the compensatishe BPM non-linearity at
very large amplitudes. The correction of the BPM non-lingas reviewed in §3, 95]. As
described in Chapte3.2.], prior to analysis of the turn-by-turn BPM data Singular \éalu
Decomposition (SVD) cleaning is performed on a matrix cargged from the TbT data of
all available BPMs111]. This assists in the removal of uncorrelated noise.

Ideally, detuning terms in E@l(4) are reconstructed by kicking at a range of amplitudes
along several angles in theJ,,2.J,) plane. A fit may then be performed to the surface
defined by these measurements. In practice such a procestjrieas a significant amount
of dedicated beam time in the LHC. Consequently measuremaydeperformed only in
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the horizontal and vertical planes. Under such conditiswtgen the excitation of a single
plane dominates, the 2D Taylor expansion of Ed( may be approximated to 1D Taylor
series, Eq4.6).

Qz(€z, 0 (4.6)

(€,0)
Q2(0,¢)
(€,0)
(0, ¢)

Qy 0: €y

Typically it is required to perform a small excitation in tbpposite plane from the dominant
kick. This ensures the amplitude of the spectral line cpoading to the tune of the unkicked
plane is sufficiently above the noise level to allow for aakle determination of both tunes.
So long as any variation in the excitation amplitude of thdgliaonal kick is small with
respect to the amplitude range being examined, determmmafithe detuning is unaffected
(though the effect may show up as changes in@hgof fits to the measured data). Keeping
all kicks in the sub-dominant plane at constant amplitudeughout the study should help
ensure this condition is satisfied, however any substaotiapling of the kicks into the
opposite plane will introduce complications if a 1D anadyisiattempted.

Diagonal terms in the 2D Taylor expansions @y and(), cannot be measured directly
if only horizontal or vertical kicks are performed. Some bése missing terms may be
determined from the well known identities relating the diagl terms of(), to the on axis
terms of(), and vice-versa. Egd(7) is the well known equivalence of first order amplitude
detuning cross terms. E4.Q) are the equivalent identities for the second order detynin
which relate the diagonal detuning @f; , to the on axis detuning @, .

0Q.  9Qy

de, ey 4.7
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Q. _ 0°Q,
Oe0e,  O€2 (4.8)
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Oe,0¢, N e’

If the data is available such identities relating the detgsiof(, and (), can provide a
qualitative test of the measurement quality and the fits ¢oddta. Identities4(7) relating
the first order detuning cross terms allow for such a testhoth 1D and 2D methods. While
poor agreement of these terms in the detuning expansion eadlcative of a poor quality
fit or bad data, a good agreement does not necessarily imphetierse.

Recent theoretical advances, verified experimentally il &, now allow for the study
of amplitude detuning using an AC dipole kicker magri€td. As opposed to measurements
with a single kick this has the advantage of being non-deswe; however the analysis is
substantially complicated with respect to the single kioktlmod and data quality may be
lower. At injection energy in the LHC the single kick methadmost 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 me&sam loss following large
amplitude kicks. The principle behind such a measuremahussrated in Fig.4.1 A kick
shifts the beam to large amplitude i (the angle amplitude in the plane of the kick,
denotes the position amplitude in the plane of the kickylte®) in particles passing beyond
the dynamic aperture and being lost. The distance of theezkbieam from the dynamic
aperture may then be determined from the measured beans ladiesving the kick, while
the kick amplitude itself is determined from the turn-byrl8PM data.

The fractional beam loss is given by the integral of the chahgtribution, normalized
to its total charge, over the region of phase space outweghDA. It is assumed that the
charge distribution is small with respect to the dynamicape, such that the integral may
be taken between the limit§ = +oo (where N represents the amplitude i in units of
[0beam]).- ASSUmIng a circularly symmetric single Gaussian chaig#ilution the integral
is then reduced to E@i(9), where N’ represents the amplitude i, in units of [4eam)-
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Figure 4.1: lllustration of the method used to measure the dynamic aperture. The value of
(DA — Nyk1cK) is determined from the beam loss over many turns.

Equation 4.9) can be expressed in terms of the error function, and regedato give an
expression for the DA in terms of the measured beam loss aikchknplitude, Eq4.10. A
more detailed derivation of these relations is provided pp@ndixB.4.

AI o

1 / 71N/2 /
f— R e 2 dN (49)
1 V2T JDA-Nyxicx

(4.10)

DA — N,grox _1{ AI}
=erf 7

1—2—
V2

In the LHC the beams are rouné, (= ¢,) to a close approximation and the beam size is
small compared to the possible DA of the nominal machine,dvewthere is known to be
an overpopulation of the transverse tails with respect toglesGaussian charge distribution
for the bunch types used for DA measurement in the LHZA]. To limit the impact of any
overpopulation of the tails on the estimate of the DA, thenbsaould be kicked as close to
the aperture as allowed by beam losses. Alternatively thiysis of the beam losses may be



CHAPTER 4. MEASUREMENT AND CORRECTION OF NON-LINEAR OBSERBLES IN THE LHC AT INJECTION 84

extended to a more realistic charge distribution, this scdbed in AppendidB.4.

Losses at the dynamic and physical apertures may in genedisbnguished by a con-
sideration of the timescale over which the losses take plaosses on a physical aperture
usually occur on a timescale of a few turns, while losses upemynamic aperture are gen-
erally slower and occur over many turns. It is in principatkgible to study the losses on
a turn by turn basis using the sum signal of the BPMs, howevsrdéita was in practice
unavailable. Losses during the measurements presentbi iGhapter were studied using
the LHC Beam Current Monitors, BCT. The BCT data used have a resolofi0.5 Hz,
approximatelyp50 turns. While this is insufficient to allow for a completely concluside-
termination of whether losses occurred on the physicaltapgerit may provide a strong
indication. To definitively verify that losses are occugiat the dynamic aperture however,
it is desirable to perform a second measurement with naatities reduced as far as pos-
sible, while the physical aperture is unchanged. The retradvaon-linear sources may be
expected to increase the DA. If a corresponding increaseeinass aperture is seen in the
measurement then the dynamic aperture is the source of fesvaal 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 greenked at injection optics in
2011. Substantial second and third order chromaticitiesevedserved during an initial
study with Landau octupoles set to zero, which led to a firstembion of the higher order
chromaticity shortly after. Corrections for non-linear @maticity presented in this section
will also be relevant to an analysis of kicked beam obseespiesented 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 theCl kheasurements of the
higher order chromaticity were performed at injection egtiwith Landau octupoles set to
zero. Measurements were performed by varying the relatomemtum offsety = ’%,
within the ranget2 x 1073, The RF frequency trim was varied in regular steps, pausing fo
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~ 105 following each trim. Two scans were performed, one over émgej = +1 x 1073,
another over the ful=2 x 10~3 range. The non-linear chromaticities were determined from
fits of third order polynomials to tune data logged by the LHC BBAgasurements at= 0
were compared at the start, middle, and end of the RF scan @n twderify that the unper-
turbed tunes remained steady throughout the measurematsd.irbthe horizontal plane of
Beam 2 for they = 1 x 10~3 scan was rejected due to a drift of the unperturbed tune.

Figure4.2presents the results of non-linear chromaticity measunésneith depowered
Landau octupoles for Beam 1 (top) and Beam 2 (bottom). Resulteafl x 103 scan are
displayed in blue, and results of the2 x 102 scan in red. Tabld.1summarizes the second
and third order chromaticities determined from third ordetynomial fits to the measured
data.

Table 4.1: Results of second and third order chromaticity measurements on the LHCcionje
with Landau octupoles set to zero.

Qr[10°]  Qy[10°] QY [10°] @y [10°]

§==+1x1073
Beaml1l —-1.8£008 1.0£01 -—=3.7+0.5 0.3£0.5
Beam 2 — 0.82£0.09 — 0.5+0.5
§=+2x1073

Beam1l —-1.8£0.03 086£0.02 —-224+0.1 0.73£0.07
Beam2 —-1.7+0.05 0.82+0.02 —-1.1+0.2 0.9040.06

Similar results were obtained for both LHC beams, with theegtion of()”’, for which
the Beam 2 value was approximately half that observed for Bedrhd(” is in general very
consistent between thel x 1072 and+2 x 1073 scans, however th@” value shows sig-
nificant variations, indicating the larger rangeiis important for an accurate determination
of the third order chromaticity. This is relevant for futureeasurements of the higher order
chromaticity, as accessing larger trims of the RF frequeaquires the masking of specific
elements of the machine protection architecture, whichlgvautomatically the dump the
beams.

With depowered Landau octupoles the second order chratyaticthe LHC was ex-
pected to be small. The measur€d 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 momeamges;+1 x 1073
(blue) and+=2 x 1073 (red).
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discussed in Sectiof.3.3significantly in excess of expectations from the known mégne
and alignment errors.

4.3.2 Correction of the non-linear chromaticity

Observation of substantial non-linear chromaticity agation, with Landau octupoles set to
zero, prompted a first attempt at correction of the secondlaindl order terms shortly af-
ter the initial measurement. The non-linear chromaticitgrection study was performed on
LHC Beam 2, in parallel with a separate non-linear dynamiedysperformed on Beam 5J.
The LHC was pre-cycled, Landau octupoles were poweredmdfflae octupolar spool pieces
(MCO) were driven from their nominal settings to their zerddigettings £3 A, dependent
on the Arc). Two families of LHC Beam 2 MCO, those in Arc 78 and 81¢ were malfunc-
tioning and remained depowered throughout the study.

Correction of the)” was performed by applying a global trim to the operationai-fa
ilies of MCO. Similarly, correction of th&)” was performed by applying a global trim to
all families of decapole spool pieces (MCD), which were ail§i at their nominal settings.
Independent knoBgor " andQ" were determined prior to the experiment based on simu-
lation of MCO and MCD trims in MAD-X i8] and PTC p(]. Following an initial measure-
ment of the non-linear chromaticity, settings of these lenebre adjusted to compensate the
observed second and third order chromaticities. Detailseoknob definitions and corrector
circuit powering are provided in Appendi 1. Figure4.3and Tab4.2 show results of the
Q" andQ" correction. Application of the corrections caused a sutigtbreduction in both
the second and third order chromaticities of both beamstin planes.

Table 4.2: Second and third order chromaticity of LHC Beam 2 before and afteection with
MCO and MCD respectively.

Qy[10°] Qy[10°] Q}/[10°] Q;/[10°]
Before correction —2.14 4+ 0.02 0.74+0.03 —1.90+0.06 0.80 £+ 0.09
After correction —0.724+£0.02 —-0.194£0.02 —-0.37£0.05 —-0.15+£0.04

2knol in the context of LHC operations a knob is a collection of meigtrims which may be applied to the
machine in order to produce a desired shift in the beam ptieger
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Figure 4.3: Measurement of LHC non-linear chromaticities, before and after dorrewith
octupolar and decapolar correctors.
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Before and after correction of the non-linear chromaticity CERN Optics Measure-
ment and Correction (OMC) team applied a series of kicks wighltHC aperture kicker.
The beams were excited in either the horizontal or vertizi@with single kicks. The kick
amplitude was limited te< 6 o,omina DY the maximum strength of the aperture kicker (at
the time), and by beam loss on a collimator (due to a malfanatihich prevented its with-
drawal). It was possible however to measure first order degumith amplitude and examine
decoherence of the kicks. These observations of first orekeinthg and decoherence have
previously been reported i®%, 120.

Upon correction of the non-linear chromaticity the first@rdetuning with amplitude
was observed to decrease. Large reductions were seen ietilnard) terms%?—; and %.
The first order detunings ap, both elicited a change of sign, wit%%y showing a small
reduction in magnitude an\@af—;\ remaining constant within the measurement uncertainty.
This isillustrated in Fig4.4and Tab4.3. It was also observed that on application of the non-
linear chromaticity correction the decoherence of thetbmteoscillations was significantly
reduced, this is illustrated in Fig.5.

Table 4.3: Measurement of first order amplitude detuning in the LHC in 2011 at inject®sn o
tics with Landau octupoles powered to zero. Measurements were peddrefere and after
correction of the non-linear chromaticity. Adapted froh2().

x - 9 - « - 0 —
G 0°m™] GRE0PmY] G210 mY] G [10°m Y]

Before correction —12.2+0.2 8.440.5 9441.3 —254+1.5
After correction —-294+0.6 —2.7+1.7 0.6 +0.5 24+0.8

The observed reduction in the decoherence of kicked beadsfatetuning with ampli-
tude, upon correction of non-linear chromaticity, reflebis fact that the corrector magnets
used for the compensation are mounted directly on everynsegwin dipole in the LHC
arcs, and the main dipoles are the dominant sources of texearglnon-linearities at injec-
tion when the Landau octupoles are unpowered. This locakreaif the correction allows
for the simultaneous correction of non-linear chromatittigether with amplitude detun-
ing and decoherence. It should also be noted that the redustidecoherence due to the
non-linear chromaticity correction had practical bendbttsthe OMC studies, as it allowed
spectral analysis of the betatron motion to be performedromereased number of turns



CHAPTER 4. MEASUREMENT AND CORRECTION OF NON-LINEAR OBSERBLES IN THE LHC AT INJECTION 90

0.318 T T T T 0.318 T T T T
0.316 R 0.316 B
0.314 1 0314 W
> >
(07 (@3
0.312 1 0.312 ‘M\
0.310 R 0.310 R
0.308 L L L L 0.308 L L . .
0.0 0.1 0.2 0.3 0.4 0.0 0.1 0.2 0.3 0.4
2J, [um] 2\]y [um]
0.284 T T T T 0.286 T T T T
0.282 0.284 b
0.280 0282+ E
X X
(0] o
0.278 0.280 R
0.276 0.278 R
0.274 L L L L 0.276 L L L L
0.0 0.1 0.2 0.3 0.4 0.0 0.1 0.2 0.3 0.4
2J, [um] 2\]y [um]

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 skedove tblue) and after
(red) correction of th€)” andQ”’. Adapted from 120.
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Figure 4.5: Turn-by-turn BPM data, recorded followird}8 oominal Kicks in the horizontal
plane, before (red) and after (blue) correction of the non-lineasrohticity. The decoherence
was substantially reduced by the applied corrections. Adapted ftaoh.

which improved the quality of the optics measuremeh®). The corrections of non-linear
chromaticity presented in this section were not includecegular LHC operation, but will
be of relevance to the analysis of non-linear observabléis kitked beams presented in
Sectiord.4.

First corrections of the non-linear dynamics in the LHC ag¢dtion (with depowered
Landau octupoles) were highly successful. The second arttidider chromaticities were
significantly reduced, with corresponding reductions olese in both the first order ampli-
tude detuning and the decoherence of kicked beams. Thiesemis an important demon-
stration of the ability to effectively control the non-lieedynamics of the LHC.

4.3.3 Comparison to simulation

The Q" and@” measured at injection, with Landau octupoles set to zerce wgbstantial.

To assess the understanding of the relevant sources, tteireggents outlined in the previ-
ous sections were compared to simulation. Simulations werrmed using the MAD-X
model introduced in Chapt&:3, which had previously proved successful in reproducing the
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magnitude of the beat-beating in the LHC following localreation of the errors in the IRs.
These simulations incorporated estimates of geometricraaghetic errors (based on mea-
surements performed during LHC construction) from the Wimsl Interface to Simulation
Errors (WISE) [87, 89, 8§], which represented the best available knowledge of thererr
in the LHC lattice. Tunes and first order chromaticities waigched in the MAD-X model
to their values during the non-linear chromaticity measwets. Closed orbit and linear
coupling were matched towards zero. Malfunctioning MCO faasiin LHC Beam 2 were
set to zero in the model. The non-linear chromaticity in theglel was determined using the
PTC.NORMAL module in MAD-X [116, 50].

The Q" determined from these simulations were significantly senahhan observed in
the machine. For injection optics with depowered Landaupaes,” of approximately
—100 £+ 100 and200 + 100 (where the uncertainty is associated with variation betwbe
WISE seeds) were predicted in the horizontal and verticalgdaespectively. This repre-
sented roughly an order of magnitude discrepancy with tlseied?’. Predicted values
for the Q" also showed a considerable discrepancy with respect tQ fhe@easured in both
beams, and with th@’” in Beam 1. The measurement@f’ for Beam 2 is ambiguous due to
inconsistencies between the value obtained during thialinibn-linear chromaticity studies
and the value obtained prior to the non-linear chromatioitgrection. The discrepancies of
the model with respect to the observations are summarizéaldit.4; Q" of Beam 2 is not
considered, due to the aforementioned inconsistencies.

Comparable discrepancies were also observed in the sirddiegeorder amplitude de-
tuning (determined with PTGIORMAL). It was observed in the model that trims of the
MCO chosen to reproduce the measut®dlso reproduced observed values of the detuning
with amplitude.

While the absolute values of the non-linear chromaticityreoewell reproduced by the
known magnetic and geometric errors, the shift§)ihand@Q” upon applying trims of the
MCO and MCD to correct the non-linear chromaticity agree veejl Wetween simulation
and observation. This is illustrated in Tab5, which compares the modelled and measured
AQ" andAQ" upon applying the non-linear chromaticity correction.

SWISE, the Windows Interface to Simulation Errors, was intreetl in Chapte?.1.3
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Table 4.4: Discrepancies of the simulateé®f’ and Q" in the LHC at injection (with Landau

octupoles depowered) with respect to observations at injection opties@)Thof Beam 2 has

not been considered due to inconsistencies between the initial measuram®nigasurements
performed immediately prior to the non-linear chromaticity correction.

AQy 10°] AQy 107 AQy [10°] AQy [107

Beam 1
measured — modelled —1.7+£0.1 0.7+0.1 -—-12=+0.1 0.6 +0.1
measqg:j;;:idelled ~ 94% ~ T0% ~ 55% ~ 86%
Beam 2
measured — modelled —1.7+£0.1 0.6+0.1 — 0.84+0.1
measured—modelled ~ 94% ~ 73% _ ~ 89%

measured

Table 4.5: Measured and simulated shifts in the second and third order chromaticite$o du
trims applied to the MCO and MCD during non-linear chromaticity correction.

Horizontal AQ” [10°] AQ" [10°] Vertical AQ” [10]] AQ" [109]

Measured 1.440.03 1.540.08 Measured —0.93+0.04 —-0.97+£0.1
Modelled 1.3 1.6 Modelled —0.90 —0.91

The poor agreement @@ may be a contributed to by discrepancies in fHesources,
therefore the first consideration for the model is invesiiogeaof the the second order chro-
maticity discrepancy. There are a number of potential ewgilans for the)” observations.
Chromatic coupling driven bys errors in the dipoles have the potential to generate a sig-
nificant@” in the LHC [125. Measurements of the linear coupling resonance drivingse
as a function of the relative momentum offset demonstratediever, that the simulated
chromatic coupling is in excellent agreement with that enésn the machinel[1l9. Con-
sequently chromatic coupling may be excluded as a signifisamrce of the observe@”
discrepancy.

Another possible explanation for tlig’ discrepancy could be feed down resulting from
a systematic misalignment of the MCD with respect to the meirdgoles (which are the
dominant source ob5 errors at injection). Using the aforementioned shifts(it upon
simultaneous correction of the second and third order chtiaity (Tab.4.5), it is possible
to place constraints on the allowed systematic misaligrioiethe MCD. Assuming that the
discrepancy between the modelled and meastw@d in Tab.4.5is entirely the result of a
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systematic misalignment of the MCD, the allowed magnitud&is= —0.055 + 0.04 mm.
Applying this misalignment in the model it was determinedtth systematic misalignment
of the MCD with respect to the main dipoles could generate up’to= —200 + 150 and
@, = 150 £110. Systematic misalignment of the MCD is not therefore the eami source
of the discrepancy between the model and measurementgltht does potentially remain
as a small but non-negligible contribution to the secon@octiromaticity at injection optics
with depowered Landau octupoles.

The hysteresis of the octupolar spool pieces representsenpotential source of the
discrepancy. The MCO in the LHC are nested within the M@H].[In such an arrangement
only one of the magnets may be pre-cycled, in this case the MORIih addition to which
the MCO are weakly powered at injection. Consequently the 6éltie MCO at injection
may be highly dependent on the magnetic history. Followirgdbservations of substan-
tially higher Q” than predicted from the known magnetic and geometric grthesFiDel?
group at CERN calculated the MCO fields following a nominal LH@-pycle, including
the effects of hysteresis. The estimates of the actual freddlaown in Tab4.6 and differ
substantially from the previously implemented valu&g€. It should be noted however,
that the estimate becomes imprecise at small fields, sudioas present in the machine at
injection.

The discrepancies in the MCO fields due to hysteresis weréegkiplthe MAD-X model.
The resulting changes in chromaticity are shown in flab. The previously discussed effect
of a0.055 £+ 0.04 mm systematic misalignment of the MCD with respect to the mam ar
dipoles (which gives the closest agreement to the obsetv@d on correction of the non-
linear chromaticity with the MCO and MCD) is also shown.

The MCO hysteresis, as characterized by Zabh.explains approximatelg0 % of the
observed)” discrepancy in the horizontal plane, asid’% in the vertical. It represents an
important contribution to the non-linear dynamics at itige and should be incorporated
into the model. MCO hysteresis together with a systematgnatient of the MCD could
explain the majority of th&)” discrepancy in the vertical plane, however there remains a

4FiDeL: the Field Description of the LHCThe FiDeL group at CERN is responsible for matters conogrni
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 tteeéerator.
Calculation was performed by the FiDeL group at CERRE], for nominal injection settings. It
is known that these calculations become imprecise at low MCO fiéRi.[

(a)Beam 1

Family Expected field Actual field Discrepancy

[Tm] [Tm] 2]
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 O (depends on previous cycling) unknown
Arc 81 O (depends on previous cycling) unknown
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Table 4.7: Simulated impact of the MCO field discrepancies due to hysteresis on the mam-lin
chromaticity. The effect of adding®055 + 0.04 mm systematic misalignment of the MCD with
respect to the main arc dipoles is also shown.

AQY 10 AQy [10°]  AQY [10°] AQ) [10°]

measurementmodel —-1.7+0.1 0.6=+0.1 —-1.0+0.1 0.70=£0.1
(model+ MCO hysteresisymodel —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 pladey” ~ 1000, which is presently unaccounted
for.

There may be other sources relevant to@fediscrepancy, for example the local quality
of b3 correction in the main dipoles, however no data is availabéssess such contributions.
The @ discrepancy remains unexplained, however untilfi@bservations are adequately
understood the focus remains the lower order.

Studies of non-linear chromaticity performed at injectiaith Landau octupoles set to
zero, identified substantial discrepancies in the noratimeodelling of the LHC. The MCO
hysteresis was identified as a prominent source of the ghaony, whereas systematic mis-
alignments of the MCD were constrained by the data such tegtabuld only make a small
contribution to the)”. A substantial discrepancy remains in the second ordemnadtioity
in the horizontal plane. First corrections of the non-lindgnamics were performed suc-
cessfully via beam based correction of the second and thaler @hromaticities, with corre-
sponding reductions observed in the first order detuninly antplitude 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 bétLandau octupoles. The
Landau octupoles introduce substantial amplitude detuaid second order chromaticity.
Study of the LHC at injection with depowered Landau octupateuseful for identifying

discrepancies in the behaviour of the weaker sources, fimple the MCO hysteresis dis-
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cussed in the preceding section, however it is the nominatgpincluding the nominal
settings of the MO, which are of interest operationally.

Measurements of the non-linear chromaticity at nomin&dtipn optics were performed
in 2011. This was followed in 2012 by detailed examinatioitsam-linear observables using
kicked beams. In particular upgrades to the LHC apertutkeekgcand favourable collimation
settings allowed examination of a large amplitude rangés fHtilitated the measurement of
amplitude detuning terms higher than first order, a first nlag®n 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 injectigtias in 2011 were performed
during the same experimental period as the initial measaingsnwith depowered Landau
octupoles discussed in Sectidr8.1 The same procedure was utilized for measurements at
the nominal optics as for studies with MO depowered. Thetivelanomentum offset was
scanned in several steps over two ranges,£1 x 1072 andd = £2 x 102, and the second
and third order chromaticity were determined from polynanfits to tune data logged by
the LHC BBQ. Tablet.8and Fig.4.6 show results of non-linear chromaticity measurements
at nominal injection optics.

Table 4.8: Results of second and third order chromaticity measurements of the LH@dalo
injection optics.

Q0] @y Q[0 Qy 0]
§=4+1x10"3

Beaml1l —-594+40.1 28401 —-454+06 0.24+0.6
Beam2 —-5840.1 254+0.1 —-3.6+0.7 08+0.6

§=+2x1073

Beaml —-6.1£02 26+01 —-19+07 1.1+£0.2
Beam2 —6.1+04 21+£0.06 —-27£0.7 11402
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Figure 4.6: Measurement of non-linear chromaticity in the LHC at nominal injection optics.
Measurements were performed over momentum rangés 10~3 (blue) and+2 x 1073 (red).
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Compared to measurements with Landau octupoles powere@’6fiyas substantially
increased. The measured changé)ihupon inclusion of the MO agreed well with simu-
lation, indicating the MO circuits functioned as expectdthe largeQ” introduced by the
Landau octupoles defines the momentum offset of the LHC beamhbich the)’ becomes
negative, which may influence the growth of instabilitietha beam motion. At the nominal
on-momentum first order chromaticity & 0, Q' = 2), and for the MO settings considered
in 2011, this occurs at > 3 x 10~* in the horizontal plane antl< —8 x 10~ in the vertical
plane. These tolerances are dependent upon the on-momérgtiorder chromaticity, for
example if the on-momentui®’, was to drop tay’, ~ 0.5 the momentum offset at which
the horizontal chromaticity became negative would de@d¢as ~ 1 x 10~%, which may
then become comparable with tR&1S momentum deviations of the LHC bunch&s]|

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 atjen were performed in 2011,
and focused on measurements of the non-linear chromaticiB012 detailed measurements
were performed of the non-linear observables in the LHCjattion, using kicked beams,
which allowed measurement of detuning with amplitude, dyicaaperture, and a first ob-
servation of non-linear coupling. This section descrilbesexperimental procedure applied
during 2012 studies of the non-linear dynamics using kidkeaims.

Measurements of the non-linear observables such as dgtwiih amplitude and dy-
namic aperture require large amplitude excitation of thenine The LHC aperture kicker,
capable in 2012 of providing kicks up t0 14 opomina (Whereo,omina 1S defined as cor-
responding to a normalized emittance30f5 ym) was used to provide the excitation for
these studies. Single probe bunches were used for the nee@eutr which had intensities
(~ 1 x 10'° protons) below the damage threshold of the LHC. The collimators intHE
were retracted from their operational settings in ordeflotmemeasurements out to large am-
plitudes. The horizontal and vertical primary collimatersre left atl1.6 o,omina IN Order
to shield the LHC triplets, all other collimators were retesd beyond this aperture.

An initial series of measurements were performed on LHC Beatr@minal injection
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optics, with kicks applied in either the horizontal or vedi planes. Multiple kicks were
performed, with amplitude increasing incrementally uphe limit defined by beam losses.
A distinct experiment]27] was performed on LHC Beam 1 in parallel with these studies, as
such all results presented in the following sections pettmeasurement of LHC Beam 2.

Following a successful series of measurements at nomijeaition settings, the Landau
octupoles were powered to zero, and the MCO were driven to zkeo field settings. The
corrections for the second and third order chromaticiteesél during the 2011 non-linear
measurement program were then applied. A second seriesks Wiere then performed on
this ‘corrected’ machine in the horizontal, vertical, and diagonal planes.ifthe case of
the nominal measurement series, the kick amplitudes wereased incrementally out to the
maximum defined by beam losses.

Unperturbed tunes, first order chromaticities, and lineapting were very stable through-
out the measurement. The val@éwas~ 2 (the nominal value for the LHC) in both planes
throughout the experimental period. The tunes also rerdaifese to their nominal val-
ues (.28 and0.31 in the horizontal and vertical planes respectively). Thly sabstantial
change was observed @, following a beam-protection dump during measurements®f th
corrected machine. After recovery, the vertical tune waseobed to a value.0027 smaller
than had previously been present in the machine. A correbts been applied to the detun-
ing data to compensate for this shift. Emittance measurevaérihe unkicked beams were
performed regularly throughout the experiment, this tos Yaand to be extremely stable.
Details of the settings of the relevant corrector circuaisg of the kicks applied during the
measurement are provided in Appen@ix2 andB.3 respectively.

4.4.3 An updated model of the LHC at injection

Studies of the non-linear chromaticity performed on the Lat@njection in 2011 provided
valuable information in regard to the non-linear dynamiasguantify the understanding of
the non-linear dynamics in analysis of the non-linear dyisarasing kicked beams, it was
desired to incorporate the experience of the earlier séudte an updated model of the LHC
at injection, which could then be compared to results of thkdd-beam measurements. The
details of this model are described in this section.
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Estimates of the geometric errors in the LHC latti&8][generated by the Windows
Interface to Simulation Errors[] from measurements performed during LHC construction
were applied to the model lattice in MAD-X. Magnetic errofoader (3,a3) up to (15,a15),
also generated by WISE from magnetic measurements, wegnaddso the main dipoles and
guadrupoles in the LHC arcs and in the IRs. Given the excetjeality of the linear optics
correction in 20124, described in Chaptes.4, it was assumed that ttbg errors had been
well corrected during commissioning and were not includethe model. Incorporating a
~ 10% beta-beating in the model had a negligible impact on the indel detuning and
dynamic aperture at nominal injection settings, validatime application of this assumption.

The Landau octupoles and non-linear correctors in the LHf2wet in the model to the
settings present in the machine during the measuremerit (et exception of the normal
sextupole correctors in the arcs, the sextupolar spooépiecMCS, which will be discussed
shortly). Notably this included three families of arc oatigocorrectors (MCO), out of a total
of eight, which were malfunctioning throughout 2012 and herb field. It should be noted
that in 2012, compared to 2011, an additional family of the M@&@c 12) were malfunc-
tioning, therefore non-linear dynamics studies perforindtie two years cannot be directly
compared. Adjustments were then applied to the settingseoMCO to reproduce a best
estimate of their substantial hysteresis effects, whialdies of the non-linear chromatic-
ity, presented in the preceding sections, determined wefenportant contribution to the

Q" [6, 126

The settings of the sextupolar spool pieces present in tlolimawere not applied di-
rectly to the model. Corrections for dynanticare included in the machine settings of the
MCS, but the dynamic components are not included in the WISk=applied to the model.
The compensation of the dynandicwas therefore assumed to be perfect, and corrections for
the statich; defined in the WISE seeds applied to the MCS in the model. A sydtemis-
alignment of the MCD, corresponding to the limit determine&ectior4.3.3 was included
in the updated model. The contribution to the detuning frbeadditional MCD alignment
(of the orderl x 10° m~') was small at nominal injection settings.

Tunes and chromaticities were matched to the measuredsvaltlee closed orbit was
matched towards a zero reference orbit, but retained astiedliMS in the arcs. Crossing and
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separation bumps through the LHC insertions, which weregmeduring the experiment,
were reproduced in the model.

It was observed in simulations of detuning with amplitudeiriop energy in the LHC
that the linear coupling could significantly influence thendimear phenomenology of the
machine 105. The quality of the linear coupling model is therefore a@am for study of
the non-linear dynamics, which had not been addressedwopiestudies of the non-linear
dynamics. Linear coupling is characterized by the magseiwidhe f,,,; resonance driving
term (RDT), which drives th¢@, — @,) resonance, and varies around the LHC ring. The
global quantityC~ | is related to the mean amplitude of the RDT around the acctetaiag

(|f1001]) by EQ.@.10), [27].

O = 4(Qr — Qy)[ | fro01]| (4.11)

The value off;qo; in the LHC BPMs was determined from spectral analysis of tyn-
turn data obtained following small amplitude @ o) kicks, performed in the course of the
study of non-linear kicked-beam observables. A small kials wsed for the determination of
f1001 In order to avoid any amplitude dependent contribution. ig&an amplitude of;go;
was extremely stable throughout the kicked-beam measuntsrdescribed in the following
sections, however there were significant local variatidng @y | around the ring. The local
fluctuations in the amplitude of the RDT corresponded to arnvatgnt range 0f).002 <
|C~] < 0.004 (it should be emphasised that the rang@(in| quoted is an equivalent to the
f1001 fluctuation, intended to give a sense of the scale of the i@@tion of the RDT, rather
than an actual change @f'~| which is a global quantity).

The best procedure would be to reproduce the linear coupliige model by locally
matching to the measurefiy,; around the ring. This is not currently implemented for the
LHC model and applying the measuregderrors does not guarantee the correct lgGg}, .

In the MAD-X model thereforeq, errors were not included, which gave a relatively flat
| fi001| @around the ring. The linear coupling was then matched usiag HC global coupling
knobs [L28 in order to produce a given phase and amplitud¢; gf; in the center of Arc12.

In order to assess the uncertainty in the non-linear obbksalue to the linear coupling
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~ 2000 random realisations of the LHC were then defined. Tfig,| was defined on an
even distribution within the band defined by the observedllfiactuations of the RDT. The
phase off;qo; at the matching location was varied randomly with a uniforstrcbution. The
sixty seeds defined by the WISE magnetic model were also veaietbmly with a uniform
distribution. Evidently this is a somewhat artificial canst, in reality the|fi00:| and its
phase vary around the ring according to the distributiomyafources, however the purpose
is to assess the uncertainty arising in the non-linear ebhbérs due to the variation gfqo;
around the ring, not to directly reproduce this effect inriadel.

The non-linear observables measured with kicked beamsesgided in Sectiod.2,
were simulated in this model by tracking particles inigiadisplaced from the closed orbit.
Both the Polymorphic Tracking Code (PT&()) module within MAD-X, and SIXTRACK
[43], were used for such simulations. The PTC Normal module inDMA also provided a
convenient way to determine the detuning with amplitude tednon-linear chromaticity.
A thin lattice model of the LHC was utilized for these studias opposed to the thick lattice
used considered in Chapteand Sectiod.3.3 This was necessary to allow simulation of the
dynamic aperture with SIXTRACK, and to allow matching of theigling to be performed
in MAD-X (the relevant procedures in PTC being too time consw). Differences between
the thin and thick lattice predictions for the non-lineararhaticity were negligible for the
optics considered in the preceding Section.

For the model of the nominal injection optics no matchingha hon-linear parameters
is performed. The model therefore represents the curresiérstanding of the non-linear
sources. All comparisons between measured and simulatetinear observables at nomi-
nal injection optics presented in the following sectiornBag this model.

Non-linear parameters of the model, in particular the noear chromaticity and detun-
ing with amplitude, may be matched to produce a so-callddcafe model’, which repro-
duces observed properties of the machine. As will be destrib Sectiomd.4.4 this has
been performed for the state of the machine in the latterdfdlitfe kicked-beam experiment,
where departures from the nominal magnetic cycles of thepatar correctors in the arcs
made estimates of the hysteresis errors in these elememtadtical. Such matchings were
performed in MAD-X using macros which call the PTC normal mied
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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 Sectiofi.4.2 following amplitude detuning and DA measurements at nom-
inal injection settings Landau octupoles were powered to aead@” and@" corrections,
found in 2011, were applied. A check of the effectivenesief2011 non-linear chromatic-
ity corrections was required before proceeding with theaieater of the study, however, due
to a parallel experiment running on Beam 1, direct verificatid the correction via mea-
surement ofy with % was not possible. To perform a brief check of the correctioality
therefore, small20,, 20,) kicks were performed at nominal injection settings, foliogvthe
depowering of the MO to zero and the zeroing of MCO field, andraficlusion of the 2011
non-linear chromaticity corrections. The decoherencenhefthree kicks were compared.
This is shown in Fig4.7.
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Figure 4.7: Decoherence of2p,, 20,) kicks at injection. The decoherence of kicks at the three
different optics studied are shown: nominal injection settings settings (netih),Landau oc-
tupoles powered to zero and the MCO residual field zeroed (greeththaricorrected’ 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 rddogéhe depowering of
the MO to zero together with the zeroing of MCO residual fields] again on the applica-
tion of the 2011 non-linear chromaticity corrections. Thuglitatively indicated the 2011
corrections were still valid, and the experiment proceadsdg this new configuration. It is
also interesting to observe that upon correction of thepmdtir and decapolar non-linearities
(blue data) a periodic beating of the decoherence patteevealed, corresponding to the
decoherence due to first order chromaticity together wighsinchrotron motion.

Amplitude detuning

As described in Sectiof.4.2amplitude detuning measurements were performed at nominal
injection settings, and at the corrected optics. Duringribeninal measurement only hori-
zontal or vertical kicks were applied (together with smatiigtions in the opposite plane to
ensure successful tune measurements), however coupling kicks into the opposite plane
did occur. Attempting to fit the 2D Taylor expansion up to setorder, Eq4.4), fails in
this case due to a lack of data in the diagonal plane. As destin Sectiord.2.2the quality
of the fit can be checked qualitatively by comparing detunergs in the expansion @j,
and @, which are by definition identical. These values differechgigantly in the 2D fit,
implying the detunings calculated by this method were uspa. This is not unexpected.
The second order diagonal term does not influence pure malzor vertical detuning, and
was only weakly constrained by the data due to the couplingrgé kicks into the opposite
plane. Under such conditions its inclusion in the regressidel is inappropriate and can
be expected to reduce the fit quality. A regression withoetdiagonal term, equivalent to
the 1D analysis of EG4(6), is more suitable to the available data.

Making the approximation to 1D Taylor expansions, Ed), requires that some data is
excluded from the fit due to a substantial coupling of the égglamplitude vertical kick into
the horizontal plane (this coupling is discussed in moraitet the following section). The
calculated detunings are given in Tal9a First order cross terms of th@, and@), fits,
Eq.@.7), agree well.
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Table 4.9: Results of fits to measured amplitude detuning.

(a) Nominal injection settings. 1D polynomial (b) MO off, and Q”, Q""" corrections applied.
fits Fits to 2D Taylor expansions.

Anharmonicity [unit] Fit+ Fiterror  Anharmonicity [unit] Fit + Fit error
Qu GomJ,fiy  [tune units] 0.2821 20 x 107 Qx [tune units] 0.28061 6 x 1075
Qy (from 1, fit 0.3124 10 x 1075 Qy 0.31151 2x 1075
Q2 (from J, fit 0.28035 9 x 107° -

Qy (from J,, fit 0.31409 1 x107° -
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When measuring the detuning with amplitude of the correctediguration the beam
was kicked horizontally, vertically, and diagonally. Indrcase fitting to the 2D Taylor
expansion, Eg4.4), is feasible. Tab4.9bpresents the results of the fits to measured data for
this configuration. The measured detunings are consistémBe.(4.7) and Eq.4.9).

Fig. 4.8 plots Q) , (€., const) andQ, ,(const, €,) as determined from the fits described
above. Results from the nominal injection setting measun¢are shown in red, and results
from the corrected configuration measurement are showrna bIncertainties on the fit are
indicated in grey. The measured tunes for the horizontalhaniical kicks are also shown,
plotted against the measuree- 2.J of the kick in the dominant plane. The highest amplitude
vertical kick during the nominal measurement is plotted leck, this is to indicate it was
excluded from the fit due to a significant coupling into the agife 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 correction®foandQ”” applied (blue). The tune
is plotted against the horizontal and vertical single particle emittance of the. Kizknts shown
in black represent kicks where there was substantial coupling of thérkickhe opposite plane.

The amplitude detuning in the nominal case is substantials{dering the tune shift with
e, (Fig. 4.8 left), by a kick amplitude of- 8.3 0, nomina @ aNdQ),, are driven towards the
fourth and third order resonances respectively. This isMedtrated by Fig4.9which plots
the turn-by-turn position and phase-space at an LHC arc BRbffimg the 8.3 0., 0.6 o)

kick. The three and four island structures correspondinthése resonances are evident.

Regarding the approach of the tune to these resonancesngugicient to consider only

the first order amplitude detuning. Higher order detuninghgeare large, and are observed

to impact significantly the detuning over the amplitude mstudied, including within the
5.7 0nominal @perture defined in operation by the collimators.
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Figure 4.9: Turn-by-turn (TbT) and phase space data foB&d,,0.60,) kick with nominal
LHC injection settings in the vertical plane at BPM.31L1.B2 (top), and the boté plane at
BPM.26L1.B2 (bottom).

Regarding the tune shift with, in the nominal case (Figt.8, right, red data), the first
order detuning is again substantial, but drives the tungsth@r. Second order detunings
with ¢, are not so substantial as with, however, as will be discussed in the following
section, amplitude dependent coupling plays an importalet at large amplitudes in the
vertical plane.

Following the depowering of the Landau octupoles to zerd, the application of cor-
rections for the non-linear chromaticities, detuning veithplitude was significantly smaller.
Magnitudes of the first order terms were reduced by factongden10 and30, and second
order detunings witl, were reduced by factosand5. Second order detuning ¢f, with
€y (0%Q. /863) was unaffected by the depowering of the Landau octupoldssabsequent
non-linear chromaticity correction, but had been smafiaity. Second order detuning ¢f,
with e, (0*Q, /862) increased by~ 50%, but had a post-correction magnitude comparable
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with that of 9?Q.. /0¢2, which had been reduced considerably. Losses upon kickinbgam
were reduced and it was possible to perform kicks out to migheplitudes than at nominal
optics. No important resonances were approached withiavagable aperture.

Figure4.10displays histograms of the simulated first order detuningbe 2000 real-
isations of the LHC considered. The mean and standard dmwadf the distribution are
indicated. The f1001| and the phase at the matching point substantially influettoedin-
certainty in the detuning with amplitude. Uncertaintiesha magnetic model accounted for
< 30 % of the quoted uncertainty. In light of the significant imptw /14y, resonance driv-
ing term has on the detuning, it may be important in future-lo@ar studies to investigate
the feasibility of matching locally to a measurédo; .
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Figure 4.10: Histogram showing the distribution of first order detuning with amplitude-of
2000 random instances of the LHC, witlfi o1 | defined on an even distribution within the band
defined by measurements of local fluctuations of the RDT around the LHCaird a uniform
distribution in the phase ofigp; 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 detuningsod\agreement
is observed between the modelled and measured first orddit@epdetuning, which may
be expected given that the first order detuning at nominattign settings is dominated by
the Landau octupoles. None the less this is an importarficagion 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+t error Model + error
%= [10°m~1]  —29 7 270 0.7
%?j 19 3 22 15
= 24 4 2 15
T 328 04 —306 08
29 [W0°m™] 60 30 14 3
a;QQ 34 10 17 8
%3 11 34 —10 9
29 13 3 -3 4

2
Oez

In contrast to the first order terms there are more substatifiarences in the second
order detunings. While the modelled values show a qualé@htisimilar behaviour to the ob-
servations, there are still considerable discrepancisr@spect to the measurements. Over
the amplitude range examined the discrepancies betweemddel and the measurement
have a relevant effect, and in particular resuljp reaching the third order resonance at
a horizontal amplitud®.7 4 0.6 o,..mina1 larger than was measured (as calculated from the
mean and standard deviation values of the first and secomd deduning). Likewise there
is a similar effect in the approach &, to the fourth order resonance. This may indicate that
second order perturbations of the octupoles in the LHC argghenderestimated in present
models.

An attempt was not made to model the corrected configuratiagheoLHC only from
knowledge of the machine state. Deviations from the stahdgsteresis cycle of the MCO
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meant their field was uncertain, and there are still unifiedtisources of detuning art@’
which could have become significant when the Landau octspedge less strongly powered
(studies of the influence of linear coupling on amplitudeudetg and non-linear chromatic-
ity with depowered MO indicated it could not explain the nmgsAQ”). The corrected op-
tics was instead simulated in MAD-X by reproducing, on-tbghe nominal model, the trims
applied to the MO, MCO, and MCD; and then matching settings@bittupolar elements to
reproduce the measured amplitude detuning. This model s& to simulate the dynamic
aperture of the corrected machine configuration, as willésedbed in Section.4.4

As discussed in Sectioa.2.2 the use of Eq4.5 to determine the action of applied
kicks is an approximation if the phase space trajectory ssodied away from an ellipse.
At the corrected configuration the small detuning with atoplé resulted in the tunes not
approaching any important resonances within the amplitadge examined, and the phase
space was not significantly distorted away from an ellipséis Tvas further verified by
observing an excellent agreement of the detuning with d@og#iin the matched model of
the corrected configuration as determined frommmemal (which correctly handles non-
linear distortion of phase space) and from tracking sinmat using Eq4.5). The use of
Eq.(4.5 was therefore deemed justified for study of the correctedigoration.

Having determined that Ed.(5) was valid for the corrected configuration, the validity to
the nominal LHC optics was assessed by comparing the actitre@pplied MKA kicks,
determined using Eq4(5), measured at both the nominal and corrected configuratitmes
MKA is known to have good magnetic reproducibilty, discnegias between the action mea-
sured at the two configurations would therefore indicaté Bwp(@.5) is no longer reliable.
In the horizontal plane a discrepancy was observed for tloehighest amplitude kicks at
the nominal optics, corresponding to the approach of thedtal and vertical tunes to the
fourth and third order resonances, however the discrepaasywell within the uncertainty
on the measured action. In the vertical plane no significestrelpancy was observed, with
the exception of the highest amplitude kick at nominal aptithis discrepancy was within
the measurement uncertainty, and as has been previouslysde this kick had already
been excluded from the determination of the detuning witpldande due to the significant
coupling of the vertical kick into the horizontal plane. Time of Eq.4.5) for the studies of
the nominal LHC optics described in this Chapter was theesdi@emed justified.
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The results presented here represent a partial, but inmgpstarification of the non-
linear model in respect of the amplitude detuning. The &tescy between model and
measurement is good for the first order terms, while the mighager contributions show
a qualitatively similar behaviour. Amplitude ranges releivto operation are smaller than
those considered in the non-linear study presented hellex(ators in operation define an
aperture ot~ 5.7 0pominal)-

Non-linear coupling

The linear coupling measured by the LHC BB@¥] 99 during these studies was stable at
|C*| =~ 0.002 throughout the experimen€(" indicates the BBQ measures a mixture(of
andC~, which in the LHC is dominated by th&~). This value is consistent, via E4.(1),
with the | fi001| at BPMs close to the BBQ position on the LHC ring. In parallel vitle
non-linear dynamics experiment, the regular injections{€ Beam 2 required during these
studies were used to demonstrate the measurement of lioeplirgy (as determined from
f1001) Using injection oscillations7]. The linear coupling RDT measurements, which were
obtained by this method for every injection during the expent, were consistent with the
BBQ and kicked beam values, and showed fhg; to be very stable. Linear coupling was
therefore small (in the randge002 to 0.004) and stable throughout these measurements.

Difference linear coupling~, driven by thef;y; resonance driving term) defines a
closest approach of the normal mode tunes,£4J.

6Qmin| = |C7| (4.12)

On applying vertical kicks to the beam at nominal injectigtics, the detuning with
amplitude forced the horizontal and vertical tunes togethgure4.11plots the measured
(green) and the modelled (blue) tune sgfig,, — @, |, against the action of applied vertical
kicks. The modelled tune split was examined by tracking éecparticles in the non-linear
model described in Sectigh4.3 The linear coupling in the model was matcheddp,,;,, =
0.006, to avoid any underestimation of the role played by lineamptimg. In both modelled
and measured cases the separation of the tunes appearaacpprminimum, however the
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observed valuej@,,.;, ~ 0.015 (Model : ~ 0.02), is significantly larger than possible due
to linear coupling.

| ' |
Measured tune split +
Model tune split +e-
0.04 - .
J— *+
G [,
I>< }-0-{
2 0.02 + |_H:_| o —e—oA ]
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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 periodgitaace transfer, and hence
the familiar beating of the betatron oscillations. Assugnamy external excitation is kept
constant in one plane, coupling may be identified by a grovith, @, in the unkicked (or
minimally kicked) plane with increasing excitation in themdinant plane. When the trans-
verse planes are fully coupledy = 0 — |Q, — Q| = Qmin = |C~| (WhereA is the
unperturbed tune split and),, — @, | is the separation of the normal mode tunes which are
measured in the machine), the emittances are completetgdbade, ., . = €mazy. ThiS
does not violate conservation of phase space volume as #ke pé one plane corresponds
with the minimume of the other.

Eq.@.5 calculates,, .., which in the absence of coupling defines the action of thie. kic
Figures4.12aand4.12bplot ¢,,,,, calculated using EGi(5), in the(e,, €,) plane for the hor-
izontal and vertical kicks applied during the amplitudeutértg measurements. Figutel2a
plots the results for measurements at nominal injectioitepEig.4.12bplots the results for
measurements at the corrected optics with MO depoweredrto aed)” and@" correc-
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tions applied.
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Figure 4.12: ¢,,,, calculated using Eg(5) for the horizontal and vertical kicks applied during
amplitude detuning measurements.

Considering the vertical kicks applied at nominal injectaptics, Fig.4.123 as vertical
kick amplitude is increased there is substantial growth,of,.. At the largest amplitudes
examined, ,,,, becomes comparable with the action of the vertical kick.sTiia strong
indication that the transverse planes are significantlyplam) which should not be the case
when the tune split is so much greater than the linéar|. Equivalent behaviour is not
observed at the corrected optics. This rules out any sysierifect of the MKA as the
source of this growth.

A similar behaviour to that observed in Fig.12ais also seen in simulation. This is
shown in Fig.4.13which compares the measured,. (green) with the modelled,,.. of
tracked particles (red, blue). Examining the simulatedkirsg data it was seen that the
growth of¢,,,. in the unkicked plane was the result of beating of the betabsxillations
between the transverse planes, and was therefore driveansyerse coupling.

Due to the rapid decoherence of large amplitude kicks at nahmjection optics, any
clear beating of the measured betatron oscillations iswkdgdor the kicks of interest. Con-
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Figure 4.13: Comparison of the modelled and measueggy x 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 déiained at
a BPM following a large amplitude vertical kick, some impaitgualitative features are
observable. The amplitude of the small horizontal kick idlwaderstood, measurements
at the corrected optics showing an excellent agreementthatbretical predictions at small
amplitudes T]. The amplitude of the horizontal and vertical kicks areigaded in Fig4.14
Following the application of the kicks the betatron ostitia amplitude in the horizontal
plane shows a rounded growth then decay up to a value coabigien excess of the initial
horizontal excitation. Such an observation is charadterad emittance exchange due to
coupling.

The earlier described growth ef ,,,,, with vertical kick amplitude is a convincing signal
of coupled motion. The qualitative features of Fgl4are additional indications. That the
0Qmin In the model corresponds with the transverse planes begocompled is clear from
the growth ofe, ,,,.,, With vertical kick amplitude and an associated beating eflibtatron
oscillations of tracked particles. This can also be denmratedd in simulation by showing that
adQ..in 1S NOt approached if the initial tune split is increased.sTlikishown in Fig4.15

As has been described in this section, the linear couplingin@dependently measured
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Figure 4.14: Measured ThT data from a large amplitude vertical kick at nominal injectitin®p
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Figure 4.15: Variation of the simulated tune split,, — Q. |) with the action of vertical kicks at
nominal injection optics. This is shown for the nominal tune split with unkickeshize and for
an increased initial separation of the tunes.
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by the LHC BBQ and by spectral analysis of low amplitude betatrscillation data. The
two measurements were consistent, and the li€af was determined to be in the range
0.002 to 0.005. On kicking the beam to large vertical amplitudesi@,,;, = 0.015 was
approached. ThisQ,,;, is significantly in excess of the line&r'~|. An observed increase
of the peak emittance in the horizontal plane with verticeklamplitude, together with the
qualitative features of the raw turn-by-turn data, indéctitis was a&@),,;, driven by cou-
pling. Itis concluded therefore, that an amplitude depan®on-linear) coupling between
the transverse planes of the LHC, giving rise to an amplitiefeeddence of th&d),,.;., has
been observed.

Similar non-linear coupling effects are reproduced in th#CLmodel, namely the ap-
proach to &@,,.;, (comparable with measurement) which is significantly inesscof the
known linear|C~|. Growth of the peak emittance in the unkicked plane was stersi with
measurements, and the beating of the betatron oscillabiinacked particles clearly iden-
tified coupling as the source of this growth. It was shown traincreasing the initial tune
separation no saturation of the tune split was observedtbeesame amplitude range.

In light of these observations a new avenue has been opermehthwhich the LHC
dynamics may be studied. The respectable agreement betineeimulated and measured
non-linear coupling now allows for the use of the non-lineldC model in the determination
of the dominant sources, and further studies are underwdy tiwe aim of studying the
reported effect in more detail. In the mean time howeversthdies presented here represent
a further validation of the understanding of the LHC noreénities.

Dynamic aperture

As described in SectioA.2.3it is possible to determine the distance of the beam from an
aperture by examining the beam losses. If the beam is exsitlda kick it is possible to
obtain the amplitude of excitation using Eg40 and Eq.4.5). Together such measurements
allow a determination of the aperture. Figurd 6 plots the surviving beam intensip s
after the application of a kick with the LHC MKA, as a functioh the kick amplitude in
units of opominal-
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Figure 4.16: Surviving beam intensity versus kick amplitude in nominal sigBtss (~ 3 x
10° turns) after the kick was applied.
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It is clear from the increasing losses with increasing kiokpatude that in all cases
considered the beam is being driven towards an apertureawiog correction of octupolar
and decapolar non-linearities (blue data in Bid.6) the aperture was substantially increased.
Consequently the aperture observed before correction ainabmjection optics (red data
in Fig. 4.16 may confidently be identified with the dynamic aperture, aatlthe physical
aperture defined by the collimators.

At the largest amplitudes considered by the DA measurenmepgrfect correction of the
BPM non-linearity, as implemented in the LHC during 2012 s&alia slight underestimate of
the kick amplitude 95]. An improved correction method for BPM non-linearity in thelC
has been developed for operation of the in 2095.[ To determine the dynamic aperture
therefore, the BPM non-linearity corrections applied oalat the time of the measurement
were inverted in thecak — to — peak data used to determine the kick amplitude (closed
orbit was also taken into account), and the improved caomestapplied. This increased the
calculated kick amplitudes by 0.3 0,,,mina fOr the highest amplitude horizontal and vertical
kicks, and by0.5 o,ominal fOr the highest amplitude diagonal kick.

The distance between the bunch center and the aperture Wastesl in two ways.
In the approximation of a Gaussian charge distribution(£80 was applied to the beam
losses following those kicks which showed loszeg0 %. In most cases this was only the
highest amplitude kick, however where more than one kick ugesl the results were very
consistent (withird.1 o,omina). The beam loss due to a double Gaussian charge distribution
as measured by scraping the beams with collimators at iofeat 2012 [L124], was then
compared with the measured loss curves of &ifja The predicted loss curve fit well to the
observations, both at nominal injection settings and ajterection of non-linear sources,
and agreed well with the single Gaussian method (withirr o miqal)-

The amplitudes of the apertures corresponding to theseuresaents are given in
Tab.4.11 The aperture was observed to increase following corneatiooctupolar and
decapolar non-linearities. The values before correcti@neffore, represent a measurement
of the dynamic aperture of the LHC. The values after correctiboctupolar and decap-
olar non-linearities are harder to interpret. In the hamtab and vertical planes the aper-
ture after correction increased to within 1.1 o,,mina Of the applied collimator aperture
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(11.6 onominat)- Furthermore the collimator aperture is itself subjecincertainties in rela-
tion to both the beta-beat and distortion of the closed drbih the reference used to center
the collimators about the beam. Losses on the collimatogstheaefore 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 ¢isciltiata.

Angle measurement error

arctan (Noy/Noy) nominal optics corrected optics

40 8.8 £ 0.7 0nominal 10.8 & 0.6 0riominal
40° — 11.1 £0.6 Onominal
80° 8.8 £ 0.6 Gnominar 10-5 £ 0.6 0nominal

Figure4.17plots the intensity of the LHC beams recorded by the beanentimonitor
(BCT) following the largest amplitude kicks in the horizontartical, and diagonal planes
at the corrected optics configuration. As described in 8eéti2.3losses against a physical
aperture usually occur over a few turns. While theéb50 turn resolution of the BCT does
not allow for an absolutely conclusive determination of $berce of the observed losses as
the physical aperture, the abrupt drop in intensity obskfge the horizontal and vertical
kicks, followed by relatively flat losses is a very strongigadion that for these kicks losses
occurred on a physical limitation. In contrast the losseseoled for the highest amplitude
diagonal kick are characteristic of loss on the dynamictaper

The dynamic aperture in the model of nominal injection sgiidescribed in Sectigh4.4
has been determined using SIXTRACKJI] for 3.3 x 10° turns. The simulation examined
50 angles in théo,, o,) plane, tracking sets @) particles distributed i@ o steps. Matching
of the coupling was performed as described in Sectidnd Simulations withC'—| = 0.002
and|C~| = 0.004 were considered, corresponding to the uncertainty arfsorg local vari-
ations of| fipo1|. Four phasesO(0, 0.5, 1.07 and1.57) of fig1 at the matching point
were considered for each amplitude examined. The WISE sdadagnetic errors are in-
cluded automatically by SIXTRACK. A comparison of the SIXTRACHKnsllation to the
measured dynamic aperture is shown in Big.8 The phase and amplitude 6f,; 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 thkésgy
amplitude kicks in the horizontal, vertical, and diagonal planes at the tedreptics 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 withC'~| = 0.002 and|C~| = 0.004 have been considered

in order to characterize the uncertainty in the DA arising from the reptaduof | figp1| in

the model. Similarly, four phase8.(, 0.5, 1.0 and1.5 ) of fi1901 at the matching point
were considered for each amplitude examined. The area shown for thtsichamplitudes
corresponds to the maximum and minimum DA defined by the four phases.
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The agreement between model and measurement is good. Tiseine@dDA in both
planes agrees well inside the factor of two margin of saf&W{.signea/ D Adesirea = 2)
which was specified during the LHC design phase. It is cleatrtthsome degree the mod-
elling of linear coupling is limiting the simulation of then-linear dynamics, up to the level
of ~ 1.5 0uominal @t certain angles. An improved method of local matching &r#al f19;
in the machine may assist in this regard.

As described in SectioA.4.4 a MAD-X model of the corrected optics was created by
matching to the measured first order detuning. Followingrttaéching of the first order
terms, the second order detuning showed a similar quaktaghaviour to the observations,
but showed a~ 50 % deficit compared to the measured values. Dynamic apertudéest
were performed on this model using SIXTRACK, the results avshin Fig.4.19 In
Fig. 4.19the settings of the collimators in the horizontal and veitglanes are indicated
by solid orange lines. The aperture defined by the collinsaitorunits ofo,,mina €an be
influenced by beta-beating at their location. An estimaté @B o,,,mina1 IS Obtained for the
uncertainty collimator aperture, assuming a maximum bet-of5 %. This is indicated in
Fig.4.19by a patterned orange area about the collimator setting.distgrtion of the closed
orbit from the reference used to center the collimators &b reduce the aperture. It has
not been possible to quantify this effect, and no attemptaderio account for it in Figt.19
however some departure from the reference should be expdateto the low intensity of
the beams used for the DA measurement.

The simulated DA of the effective model showed an increasgive to that of the nomi-
nal machine, reflecting the observed increase in the redtimacThe influence of the linear
coupling on the dynamic aperture also appeared to be redymad reduction of the non-
linearities. At~ 11 o, the simulated dynamic aperture agrees well with the medsualue
for the diagonal kicks. In the horizontal plane it is difficdb draw meaningful conclusions:
the measured aperture, simulated DA, and collimator apgefivhich it should be noted does
not include reduction due to closed orbit distortion awayrrthe reference orbit) are all ap-
proximately consistent. In the vertical plane detailedatesions regarding the validity of
the matched model cannot be drawn beyond the fact that thiealedynamic aperture is
outside the aperture of the collimators, as appeared toebeatbe in the real machine.
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Figure 4.19: Comparison of the modelled and measured dynamic aperture, following depow
ing of the MO and the application of corrections @ and@"’. Simulations withC'~| = 0.002
and|C~| = 0.004 have been considered in order to characterize the uncertainty in theiPA ar
ing from the reproduction dffio0:1| in the model. Similarly, four phase8.( 7, 0.5, 1.0 7 and
1.57) of fip01 at the matching point were considered for each amplitude examined. The are
shown for the simulated amplitudes corresponds to the maximum and minimum DAdibfin

the four phases. Collimator settings are indicated by orange lines, whepatteened orange

area indicates the uncertainty in collimator aperture defined by an assumedumaketa-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 nominatinga settings present in the LHC
during the first half of 2012. In light of this the LHC non-limemodel may be extrapolated
to new regimes which have not been studied directly.

During the latter half of 2012 the Landau octupole polaritythe LHC was reversed
(K4 = +3m~*) with respect to the settings studied in preceding secfiéins= —3m™*).
Figure4.20plots the detuning due to first and second order terms forriganal and reversed
polarities. Predictions for the reversed polarity wereaotg#d by applying the shifts in first
and second order terms obtained from simulation to the safneasured at the original
polarity. Evidently the effects of coupling and higher ardetuning are ignored in these
predictions: they are intended to provide an indicatiorhefeffect MO polarity has on the
first and second order detuning, rather than detailed predgof the machine behaviour.

0.02 : T : T 0.02 : T

0.00 .

AQy
AQy

40 60 80

-0.02 L 1 L 1
0.0 0.2 0.4 0.6

2], [um]
0.02

- T - T -
1st + 2nd order detuning at original MO polarity —
1st + 2nd order detuning at reversed MO polarity —
1st order detuning only —

AQy

8Q,

40 60 80

0.0 0.2 0.4 0.6
2], [um] 23, [um]

Figure 4.20: Effect of Landau octupole polarity on first and second order detunitigampli-
tude at injection.
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At the original MO polarity present in the LHC, the detuninghgeated by the Landau
octupoles acted in the same direction as the substantiahidgt of the machine in the ab-
sence of the MOs. Perhaps more significantly the first andskaaer detunings also acted
in the same direction. After reversal of the Landau octupolarity the first order detuning
generated by the MO acted in opposition to that of the bardnmacThe first order detuning
was also partially compensated by the second order terms cdmsequence the detuning
with amplitude predicted for the Landau octupole polaritjized in the latter half of 2012
operation is considerably reduced compared to that medsoréhe original settings.

When the LHC restarts following its first Long Shutdown (2QA@t4), it is desired to
shift from luminosity production wittb0 ns bunch spacing t@5ns. The reduced bunch
spacing may lead to the development of collective instiddslin the beam motion, and it may
be necessary to increase the powering of the MO to providgéiada damping. For tests
of the 25 ns configuration, performed during the first operational rine, MO powering was
increased by a factor of four, t&, = 12m~*. This is considerably in excess of previously
envisioned powering scenarios for the Landau octupoleguréi.21 plots the (first and
second order only) amplitude detuning obtained from BN@RMAL for simulations with
Landau octupoles set to the polarity of late 2012, but withr ttmes higher strength.

The detuning is substantial, with both first and second aeelens being increased con-
siderably. In particular the third order resonance coulddaehed by~ 5 0, nomina1), iNside
the operational aperture defined by the collimators. It mapdcessary to consider whether
having the third order resonance within the collimator percould present machine safety
concerns. Also relevant is the dynamic aperture of such aiesopThe DA determined
for 3.3 x 10° turns (~ 30s) in SIXTRACK is plotted in Fig.4.22 A coupling range of
0.5 x 1072 < |C~| < 6 x 1072 was considered, representing a realistic range of possible
values at injection.

The modelled DA is considerably reduced from that obtaimediimulations of the early
2012 optics. A3.3 x 10° turns the predicted dynamic aperture at injection is comparable
with the operational aperture-(5.8 o,omina1) Of the collimators for most angles. Also of con-
cern is that the chaotic boundary identified by SIXTRACK wagipalarly small: generally
betweenl o,omina @aNd4 oomina 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 Landapale

settings proposed f&5 ns operation of the LHC.
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Figure 4.22: Simulated dynamic aperture afteB x 10° turns (~ 30s) for the Landau octupole
powering applied during tests of operation withns bunch spacingf, = 12m~%). A coupling
range of0.5 x 1072 < |C~| < 6 x 10~% was considered.
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however, SIXTRACK identified the smallest amplitude trackedtiples (corresponding to
~ 0.1 opominal) @s following chaotic orbits. Over long periods of time itpsssible that the
dynamic aperture will decrease towards the chaotic boyriddr 42]. Given the results of
these simulations this could indicate the potential fombéass 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 exéormped in the LHC at in-
jection. The results have been compared to simulation allpior an assessment of the
understanding of the non-linear transverse dynamics antehine.

Initial investigations were made of the non-linear dynasrlorough study of higher or-
der chromaticity. Measurements revealed large secondhamtdrder chromaticities at in-
jection optics with depowered Landau octupoles. Substhaiicrepancies were seen in the
simulated non-linear chromaticity with respect to thesgeotations. It was determined that
hysteresis of the octupolar spool piece magnets was a sigmiftontribution to this discrep-
ancy. Constraints were placed on any systematic misalighaié¢ine decapolar spool pieces
with respect to the main arc dipoles. A notable discrepaanyained in the)” of the LHC
model compared to the measured values. Beam-based canretsecond and third order
chromaticity was demonstrated, and was observed to redstefder detuning with am-
plitude and the decoherence of kicked beams. Measuremannelinear chromaticity with
Landau octupoles powered to their nominal settings indatéte MO behaved as expected.

Detailed measurements of the non-linear observables weef@med using kicked beams
at nominal injection optics in 2012. It was found that first@r amplitude detuning was
large, but agreed well with the modelled values. Secondrauhplitude detuning was also
measured in the LHC for the first time. While the simulated sdoarder detunings showed
a qualitatively similar behaviour to the measurementggtinere significant deficits. At the
highest amplitudes examined this resulted in a delayedapprof the model to the third and
fourth order resonances. These discrepancies are sniaftestill relevant, within the aper-
ture defined by the collimators in operation. Further staighé@dl be required to improve the
understanding of these higher order effects. Followingsussments at nominal injection
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optics, Landau octupoles were depowered and correctigrthémnon-linear chromaticities
(found in 2011) were applied. Significant reductions in thephtude detuning were ob-
served, which led to improved decoherence of kicked beatsholuld be highlighted that
the validity a year later of non-linear dynamics correcsidaund in 2011 is a significant
demonstration of the stability of the non-linear dynamicghie LHC.

During measurements of the detuning with vertical ampétpdrformed at nominal in-
jection optics, a substantial coupling of the large amphtwertical kicks into the horizontal
plane was observed. This corresponded with the tune sglibaphing a@),,.;,, which was
considerably in excess of the lingéart—|. It has been concluded that an amplitude dependent
non-linear coupling was observed. The approach ta&g;, and the coupling of vertical
kicks into the horizontal plane are reproduced in the ma@glkesenting a further verifica-
tion of the understanding of the non-linear dynamics in th&CL The non-linear coupling
in the LHC optics is now an area of growing interest. As a cquseace of the observations
presented in this Chapter, further theoretical and simariadiudies are being performed in
order to better understand the effect, and identify the dantisources in the LHC.

The dynamic aperture at nominal injection optics was megsuAgreement with the
model was good in both planes, particularly in the horizbrithe measured and simulated
dynamic aperture agreed well within the safety margin sgetin the LHC design phase.
It was shown that through a minimization of readily observea-linear parameters it is
possible to increase the dynamic aperture in the LHC.

These observations validate many aspects of the LHC neaslimodel at nominal injec-
tion optics, in particular: the first order detuning, the dimrear coupling, and the dynamic
aperture. Some areas have been highlighted as requiritigefuistudy however, notably the
higher order terms in the amplitude detuning, and the requént for a better linear cou-
pling model. Observation of the non-linear coupling, asdéproduction in the model, have
opened the door to more detailed studies of this phenomdrnability to control the non-
linear transverse dynamics has been well established byaingulations performed during
this experiment. Most notably the demonstration of dynampierture correction in the LHC
is an important step forwards. These are promising resoitthée 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 strongleea and play a
significant role in the damping of instabilities in the beam motion. It is important filkere
that the dynamics introduced by the Landau octupoles are well undersfomdng the
2012 LHC run however, several observations were made at topyenti@V, which
demonstrated a dependence of the tune, linear coupling and first émdenaticity upon
Landau octupole powering. The observed shifts in these propertieschoges in Landau
octupole powering were larger than might reasonably have been edpacie were not
reproduced in the best LHC models.

Understanding the dependence of first order chromaticity was of particoportance, as
it can significantly influence the growth of instabilities in the beam motion. The akility
reproduce and predict these features of the beam dynamics in simulagamvilmportant
goal in improving the accuracy of the LHC model, and in expanding its apjilityaln this
chapter the observations of the relationship betw@e®’, |C~| and the Landau octupole
powering are analysed, leading to an understanding of the effect.

131
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5.1 Introduction

Over the course of the 2012 LHC run observations were madepaenergy 4 TeV) of
significant shifts in the tun&/ , ), linear coupling (C'~|), and first order chromaticity[;, , ),
which appeared to be correlated to changes in the Landapalet(MO) powering.

Understanding the source of these apparent dependench® growering is important
for anticipating shifts in the fundamental beam properties correction of the effect, and
for the identification of artifacts in the measurements. iHoerporation of these features of
the dynamics into the LHC model is significant both for itswecy and its applicability.

The influence of the Landau octupoles on first order chrorntyaig of particular impor-
tance. The Landau octupoles in the LHC are intended for thgpd®y of instabilities in the
beam motion through the introduction of amplitude depehdetuning, however first order
chromaticity also plays a significant role in the supprassitthe head-tail instability. If the
powering of the Landau octupoles, intended for the dampfrigstability, causes the first
order chromaticity to become either negative, or large agitipe, then the beam may be-
come unstable. An analysis of the first order chromaticifyeshelence on Landau octupole
powering was therefore an important complement to studyefamplitude detuning. In
contrast the tune dependence is too small to be of seriouseoofor operation. Together
with the first order chromaticity shifts and the peculiaretations of the coupling however,
they represent an unanticipated behaviour of the LHC whiatranted further investigation.

This chapter is concerned with understanding the influehtamdau octupole powering
on the tune, linear coupling and first order chromaticitycti®m 5.2 begins by presenting
observations of shifts to these properties which were tied with changes in the Landau
octupole powering. Sectiob.3 then discusses analysis of the available data together with
the effort to reproduce the effect in the LHC model, finallyhang at an understanding of
the influence of the Landau octupoles on these beam propefeetiorb.4 details a simple
analytical description of the chromaticity variation whimay be useful in circumstances
where simulation is impractical.

Throughout this chapter the use ‘ohromaticity’ may be taken as referring to the first
order chromaticity()’. 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 obsamsatiade during four beam
dynamics experiments which are described briefly in sesto®.1t0 5.2.4 The measured
shifts to tune, chromaticity, and coupling, which were etated with changes in Landau
octupole powering, are summarized in secto?.5

Measurements of tune, chromaticity, and coupling weregoeréd using the LHC BBQ
system. During all measurements the focusing (MOF) andadsfag (MOD) Landau oc-
tupoles in all arcs were trimmed simultaneously. In ordecdasistently characterize the
Landau octupole powering, the currentin the Arc12 MGR{p..12) has been used through-
out this chapter. With the exception of observations prieseim Sectiorb.2.3the data pre-
sented was not the result of dedicated measurements, butbtaieed 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 ootegpowering were first observed
parasitically during measurements of the LHC aperture. rgepowering the MO from
Inviop-a12 = 450 A to 50 A shifts to the coupling (Figs.1) and tune (Fig5.2) were noticed
in data obtained from the LHC BBQ.

A clear decrease in the coupling measured by the BBQ was olis&wdoth beams.
The change inC~| was significant ¢ 2 x 10~%) on the scale relevant to typical LHC oper-
ation, and well outside the amplitude of noise on the measen¢. The change ifC~| was
clearly associated with the depowering of the Landau odagy@nd demonstrated plateaus
coinciding with breaks in the ramping of the MO current. Thias indicative of an influ-
ence of the Landau octupole powering on the LHC linear cogplas measured by the BBQ
system) which could potentially be relevant for operation.

The raw tune signal was extremely noisy, but improved as ti@e pdwering was de-
creased. Small positive tune shifts were seen in both plmdsoth beams, with the shift
becoming more apparent in the final MO trim (frdmop..12 ~ 200 A to 50 A) as the noise
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decreased. It should also be highlighted that in the hot&giane of Beam 2 (Figh.2h
dark blue data) the BBQ regularly misidentified the tune witkeakpat around.306 in the
horizontal spectrum while the octupoles were powered, diece of which is unknown.

Towards the end of the aperture measurement the Landauotesupwere re-powered
to their nominal currents and corresponding shifts in thepiog and tunes from the BBQ
were observed. The changes in coupling and tune were appaitedy equivalent to those
observed upon the depowering of the MO, and are shown irbBagnd Fig.5.4respectively.
It should be noted that on re-powering of the MO, the Bea@,2vas again misidentified
with the spectral line ai.306.

The tune and coupling shifts corresponding to these twogdsonf MO powering have
been combined and are presented in Tabin 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 couplingeledence on MO powering, old
optics commissioning datd 29 was re-analysed in an attempt to verify the results.

Optics measurements of the LHC are usually performed bytiegotoherent betatron
oscillations using the LHC AC-dipoles. By performing spelcamalysis on the betatron os-
cillations during the AC-dipole flattop it is possible to deténe resonance driving terms
(RDTs) of the motion $7]. The RDT corresponding to linea€'~| is fip01, and was in-
troduced in Sectiod.4.6 The coupling coefficient and RDT are approximately relatgd b
Eq.5.1) [27], where| f100, | is the mean amplitude df,o,; around the LHC ring.

|C™| =~ 4|(Qr — Qy)| fr001 (5.1)

Initial observations (presented in the preceding sectdm shift in linear coupling de-
pendent on Landau octupole powering were based on chandies |ifi—| recorded by the
LHC BBQ. The fip0; iS @ more robust quantity for study th&f—| as determined by the
BBQ (which only describes the coupling at a single locatiolP4 - and must utilize only
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the real part of the turn-by-turn signal, as opposed to timeptex signal used to find; g1 ).
Conversely, the necessity of using the AC-dipole to excitgdamplitude betatron oscilla-
tions limits the applicability of such an analysis to detichstudies. Typically during optics
measurement and correction (OMC) studies with the AC-digméelLiandau octupoles are
powered at zero or low current.

During a single session of thi# = 0.6 m commissioning however, optics measurements
with the AC-dipole were performed with MO at nominal settir{gsthe timel,;op.q12 =
250 A), prior to their depowering for the main series of opticslg#s. This enabled a mea-
surement of how thef o, | varied with the MO powering, and a comparison to measuresnent
of the coupling made using the LHC BBQ system.

Figures5.5and5.6 show the coupling and tune data logged by the BBQ while the Lan-
dau octupoles were trimmed to zero. As in Sectdh 1the tune data of both planes in both
beams demonstrated a small positive shift, coinciding withdepowering of the Landau
octupoles. Regarding the coupling measured by the BBQ, the Bea@aRurement is so
noisy prior to the MO being depowered that it is difficult tokeany definitive statement re-
garding a change ifC~|. In Beam 1 however, there is again a correlation observeddsstw
the Landau octupole depowering and a reductiofCin| as measured by the BBQ. The re-
duction was significantly smaller than seen in Fidl and Fig.5.3, going from~ 1 x 1073
to ~ 0.5 x 1073, but still visible (it should be noted that the change in M@vpdng was also
much smaller than that considered in the previous sectidmgse observations would appear
to validate the observation of coupling and tune shiftsgmésd in the previous section, and
imply the shifts directly relate to the MO powering ratheahany coincidental shift during
in the initial observation.

An analysis of the coupling RDTs however, raises some pugatsues. FigureS.7
and5.8 show the| fi001| and| fi010| obtained from spectral analysis of turn-by-turn (TbT)
BPM data for AC dipole kicks performed before (blue) and afted) the depowering of the
MO. Plots on the left of Fig5.7 and Fig.5.8 show the coupling RDTs measured around the
LHC ring, while plots on the right are histograms of the valneeasured in the BPMs. It is
apparent from the histograms for Beam 1 (Fag/ right) that there has been no significant
change to the linear coupling RDTs. A change to the linear loogipf the magnitude seen
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in the BBQ datat 2 x 10~%) 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 sealbrsduction in

the | f1001|, though this includes a non-negligible contribution frame thange in the tune
split. Given the poor quality of the Beam 2 BBQ data, a definiteest@nt cannot be made

regarding the agreement of Beam 2 resonance driving term andrB&3urements of the

linear coupling. RDT and BBQ measurements for the coupling imB&aowever, are in

contradiction.

0.10

0.08

[f1001l

0.06 [

AC-dipole setting + measured actions (um) MO On: [x%,y%] = [05,05],[09,09]
MO Off: [x%,y%] = [05,05],[09,09]

MO On: [ (2J,,
MO Off: Hsziﬂz

12

(23,)
(@3)

LHCBL1 4TeV B*=0.6m

1;2 ]=[0.014,0.009],[0.026,0.023]
Y21 = [0.014,0.010],[0.024,0.024]

0.04 g

0.02

0.00
0.10
0.08

0.06

If1010l

0.02 {}

0.00

0.04 [

Longitudinal location [km]

[fiml

L MO on
40 MO off
30
20
10 B
N value distribution [f1o,|
0
40
30
20 -
10 - 1
5 value distribution |f.
L : o i If1o10l
0 5 10 15 20 25 0.00 0.02 0.04 0.06 0.08

0.10

Figure 5.7: Comparison of Beam (If1001| and| fi010| before/after MOs depowered durifigh m
optics commissioning studies.

AC-dipole setting + measured actions (um) MO On: [x%,y%] = [05,05]

MO On: [ (23,)72,(23,)

LHCB2 4TeV #*=0.6m
21 = [0.014,0.009]

MO Off: [x%,y%] = [09,09],[12,12] MO Off: [ (23,)"%(2,)*] = [0.014,0.010],[0.024,0.024]
0.10 | - R - . [ MO on
40 MO off
B 0.08 ) ) ) - 0l
g oot - R - -1
= - Fa o L A e " o :; 20
= 000 K, nae i AT IR LR BNERR
0.04 £3 ‘»k.“g%‘%gy R S SRR
L = - ] 10 + 1
0.02 —
value distribution [f;g,|
000 [Rg—RT Rz _1R3__R4_IRG R6_IR7 0
= ; — ; ;
0.10 | - 20+
B 0.08 . . 30 b
S 0.06 - =
S - - - N i 20
= o004l - -~ : . - .
002f .3 hemewm.dia i . -z .= 10f 1
et "@%ﬂm s Saki sy . value distribution [f;q10!
0.00 lE e SRS i Sl il atlsiadhivioc catiied 0 s ==
0 5 10 15 20 25 0.00 0.02 0.04 0.06 0.08

Longitudinal location [km]

[l

0.10

Figure 5.8: Comparison of Beam Pf1001| and| f1010| before/after MOs depowered durifig m
optics commissioning studies.
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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 Lanoietupole powering presented
in the preceding sections were obtained parasitically. ¥\talta regarding the tune ajd™ |
may be obtained in this way, observations of the chromgtg#nerally require dedicated
studies. Such dedicated measurements of the variatiQhwith Landau octupole powering
were performed during studies of the instability thresHoldbctupole powering130, 131].
Both beams were studied at Flattop. Data was also obtaineBdam 1 atG* = 0.6 m.
During the Flattop measurement both beams became verwhuiggtable, most noticeably
in the vertical plane, when the Landau octupoles were trichfr@m /;0p.q12 ~ 80 [A] to
zero, but recovered when the Landau octupoles were re-power

A substantial first order chromaticity change, of the ordesi® units in the horizontal
plane and two units in the vertical, was observed upon depowthe MO from/y;0p..12 =
450 A to 0 A. This is shown at Flattop for Beam 1 and Beam 2 in Bd and Fig.5.10
respectively, and for Beam 1 @&t = 0.6m in Fig. 5.11 The shifts inQQ" were clearly
associated with trims of the MO, and substantial enough toflggnificant concern for
LHC operation.

Coupling shifts correlated to the change in MO powering weareeomore observed in
the BBQ data. These are shown in Figl2 (Flattop) and Fig5.13(6* = 0.6m). The
coupling shifts were several times larger than the noiséeBBQ measurement. Tune data
(Fig.5.14and5.15 recorded by the BBQ also showed small positive shifts in bahgs 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 obdt&inehe same polarity of the
Landau octupoles. The low quality of the coupling measurémebtained during.6 m
commissioning, and presented in Sect®@.2 also made a comparison of the BBQ and
RDT measurements difficult. In this section observation$ wéversed Landau octupole
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Figure 5.9: Chromaticities logged by the LHC BBQ system for Beam 1 at Flattop during studie
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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 powerialgasdisplayed.



CHAPTER 5. THE TUNE, LINEAR COUPLING AND FIRST ORDER CHROMATITY DEPENDENCE OF THE LHC ON LANDAU

OCTUPOLE POWERING

8-0 T T T , T 500
Beam 1: MO current —  Beam 1: Q', e s
400
1 300
- X
o
1 200
1 100
_2.0 1 L 1 L 1 L 1 0
03:12 03:14 03:16 03:18 03:20
Time [MO instability threshold study 20/6/12]
8.0 T T T T 500
Beam 1: MO current —  Beam 1: Q')
6.0 1 400
4.0 4 300
o>
(04
2.0 1 200
N\
0.0 \ 1 100
2.0 1 1 1 |\ 0
03:12 03:14 03:16 03:18 03:20
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Figure 5.12: Coupling logged by the LHC BBQ system at Flattop during studies of the oletupo
threshold for instability. Landau octupole powering is also displayed.
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Figure 5.13: Coupling logged by the LHC BBQ system gt = 0.6 m during studies of the
octupole threshold for instability. Landau octupole powering is also displaye
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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#t= 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 measureraaitboth the coupling determined
by the BBQ and the linear coupling RDTSs.

During linear optics studies of new M@Xsettings 117], optics measurements with the
AC-dipole were performed with and without Landau octupolewgred, allowing a com-
parison of the coupling measured by the BBQ to tlig,;|. These measurements were
performed at Flattop on a virgin optics (beta-beating airmas removed), with new MQY
calibrations under investigation applied. At this stagehe LHC operation the polarity
of the Landau octupoles had been reversed with respect to¢lasurements considered in
sectionsb.2.1, 5.2.2and5.2.3 The magnitude of the current in the MO had also been in-
creased td;op..12 = —500 A. Before performing AC-dipole measurements with the MO
off, corrections to the tunes were applied for the drifts ahhoccurred on depowering the
MO. Changes to th&fig | resulting from variation of the tune split are thereforeliggile.

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 isronoe observed, with the
opposite sign to previous measurements (recall the piesuof the MO were reversed with
respect to the previous measurements). In Beam 2 the veicalis consistent with the
Beam 1 measurement. In the horizontal plane however the asieléntified by the BBQ)
jumps to a new spectral line as the MO powering approaches aed prior to this no trend
in the observed line is apparent. Conclusions with respettteadeam 2, are therefore
not possible. Regarding the coupling, as with the measurenpeesented in the preceding
sections a clear shift in thig€'~ | recorded by the BBQ is observed on depowering the MO
towards) A. Significantly however, in spite of the reversal of MO pdiathe|C~| recorded
by the BBQ is still observed to decrease. Upon reversal of thepdfrity it would be
expected for most sources that the sigf\€'~ | would have changed.

Measurements dffi001| @and|fi010| are plotted in Fig5.18and5.19 The measurement
of | fi001| @nd| f1010| before and after MO depowering on Beam 1 is of excellent gyalitd
no shift compatible with the BBQ measurement is observed. OmBethe measurement
is of slightly lower quality, but is still in contradiction ith the BBQ. While shifts in the
|C~| measured by the BBQ are consistently observed upon changesnital octupole

IMQY are large bore matching quadrupoles in the LHC insentégions (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
studies. Landau octupole powering is also displayed.
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powering, it seems that where data is available these shitilao consistently contradicted
by measurements of the linear coupling resonance drivimgste
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Figure 5.18: Comparison of Beam 1fi01| and|fi010| 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. Aghastoof the BBQ data
was considered, and cuts on the accepted values appliegirterhoved much of the outlying
noise. An illustration of the cleaning procedure is showrrig. 5.20 In the case shown
manual cleaning also removed data corresponding to a spdioe the BBQ repeatedly
misidentified with the tune. Similar cleaning was perfornoeddata with and without the
Landau octupoles powered, and the mean of the retained dathta calculate the shifts
to tune, coupling and chromaticity. Standard deviationthefdistributions were added in
quadrature to give the error on the shift.

120 T T T T T T
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80 | | .
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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 theusbwoise or
misidentified peaks in the spectra.
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Table 5.1 summarizes the observations described in the precedinigprs&c The tune,
chromaticity, and coupling shifts have been calculatechftd1C BBQ data.
Table 5.1: Summary of tune, chromaticity and coupling shiftsAMC~| equivalent to the change

in | f1001| at the closest available BPM to the BBQ has been calculated using equatipragd
is quoted in the table in order to characterize fing, 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— O[A]

A=off—on G*=06m [*=0.6m [*=0.6m Flattop Flattop
AQ, (x107%) 2+1 542 7+t4 5+4 —10+1
4 AQ, (x107%) 3+t1 5+2 4+1 8+1 —1043
= AQ), - - 6.6+0.3 6.3t0.8 -
T AQ, - - -214+06 -2.3-04 -
0 A|C™ |romeee(x107%)  —0.6£0.1 —-3.2£0.2 -0.9+0.1 -25+0.5 —-4.5£0.3
A|C™ | rom 1001 (x1073) —0.02 - - - -0.2
AQ, (x107%) 4+1 6+3 - 20+6 -
~ AQ, (x107) 7+1 13+6 - 8+2 —19+4
= AQ), - - - 4.7+0.7 -
T AQ, - - - —=2.2+0.6 -
0 A|C™|omese(x107%)  —0.4+0.3 —3.5+0.8 - —-35:£02 -47+04
A|O_|fromf1001(><].073) -0.1 - = = +02

In general the Beam 1 data (including tfigy; measurement) is of a higher quality than
Beam 2, however tune, chromaticity and (BBQ) coupling shifesagparent for both beams.
The tune shifts of both the horizontal and vertical planescansistently driven in the same
direction, though their magnitude is small. The couplingresisured by the LHC BBQ was
observed to decrease on the depowering of the Landau oetupithis decrease is observed
for both polarities of the MO, and has been shown to be inst&isi with measurements of
the coupling RDTSs.

The observed chromaticity variation with Landau octupasevering is substantial and
of concern for the operation of the LHC. The remainder of thiafitar endevours to explain
the tune, chromaticity, and coupling dependence on MO piager
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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: MQ#¢l @defocusing: MOD) per
arc per beam. As designed both beams had 84 MOF and 84 MODwhad the incident
in September 2009 tWBIODgeam 1 and tWOMOF gean 2 in Sector 3-4 were lost An expla-
nation of the observed dependencies of the tune, chroityaticid (BBQ) coupling on the
powering of these elements is desired.

One likely cause of a variation in the fundamental beam patara with octupole pow-
ering is feed-down from misalignments and closed orbit. tAeois the field quality of the
Landau octupoles. In this section the role of these effeetassessed with reference to the
observations. In this analysis a perfect reliability of tuerent-field transfer function of the
Landau octupoles is assumed. During 2012 the transferiibmatas well verified at lower
currents (up te~ 80 A), however no data is available at the higher currents agpli¢hese
studies.

5.3.1 Matching systematic misalignments of MOF and MOD to
observations

As an initial step towards understanding the dependentibg oelevant parameters on Lan-
dau octupole powering, an attempt was made to match systetratsverse and rotational
misalignments of the MOF and MOD to reproduce the observéd andA(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 anasharized in Tab5.2

Initially only the chromaticity shifts in the horizontal dwertical plane were constrained.
Being dominated by horizontal misalignment, only they,or 10p Were varied in this case.
Systematic misalignments (f.36| mm in the MOF and0.1| mm in the MOD were found to
be necessary to reproduce the observations. While pureomdal misalignment succeeded
in reproducing the chromaticity shifts, it failed to repune the observed behaviour of the
tune. To satisfy constraints on chromaticity and tune shigether, it was necessary to

2When considering simulation in MAD-X therefore, we use th@2@s-built’ sequencel37.
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Table 5.2: Results for Beam 1 of attempts to match systematic misalignments of the MOF and
MOD to measured\@, AR and (BBQ)A|C~| on depowering the Landau octupoles. Similar
results were obtained for Beam 2. Attempts to match the coupling shift eithed @ailebtained
unrealistic misalignments.

Matching: Q’ only Q+Q’ Q+Q'+Coupling
Vary: 6, MOF & MOD  §,, MOF & MOD  §,, , MOF & MOD
E MOF : 6, [mm] —0.36 —0.36 FAILED
5 MOF : §,[mm] 0 —0.008 FAILED
S MOF : §y[prad] 0 0 FAILED
§ MOD : §,[mm] -0.1 -0.1 FAILED
g MOD : 6,[mn] 0 0.39 FAILED
@& MOD : 6,prad] 0 0 FAILED

introduce sizable vertical misalignment (comparable ignitaide to the horizontal).

The systematic misalignments required to reproduce theedad chromaticity shifts are
large but not unrealistic, implying that Landau octupoleda&lown does have the capacity
to explain the observations. These results also set a statamparison for the measured
Landau octupole misalignments and the measured orbit ifotlosving sections.

Attempts were made to match systematic horizontal, veytasad rotational misalign-
ments of the MOF and MOD with constrained shifts to tune, ofaticity, and coupling. In
all cases considered the matching either failed or produnegasonable results. The failure
to find a reasonable solution for the coupling shifts may ssgjg@ source other than feed-
down is responsible for the observations{” | 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 geeerély the Windows Interface
to Simulation Errors (WISE{7]) from measurements of the alignment erra88]] WISE
was introduced in Chapté?.1.3 Table 5.3 shows the mean misalignments of the MOF
and MOD for each Beam, determined from the WISE estimates. Cangpaith Tab.5.2

it is apparent from the experience of attempting to matchesyatic misalignments to the
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measured\ ()’ that the systematic horizontal misalignments are subiathnsmaller than
required to explain all of the chromaticity shift.

Table 5.3: Mean measured misalignments of the MOF and MOD

Sy[mm] §,[mm] §,[urad]

< MOF -0.0633 -0.146 —7.97
@ MOD -0.0588 —0.185 —0.476
o 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 reprodd the conditions of
the measurement at Flattop during the dedicated chrontyati@asurements (Sectiém.3.
The misalignments of the individual Landau octupoles atgdifrom WISE were applied
to the MO in MAD, then with the MO at their nominal settings tilume, chromaticity and
coupling were matched to their values immediately preaethie measurement. All crossing
and separation bumps in the IRs are removed from the MAD-X friad®der to minimise
the closed orbit in the simulation. This ensured that onéyefiect of the applied misalign-
ments was seen. The shifts@y @)’ and|C~| on depowering the MO to zero in the model
are presented in Tab.4.

Table 5.4: @, Q" and|C~| shifts on depowering the MOI{;0p.q12 = 450 — 0[A]) in the
MAD-X model (at Flattop) with measured misalignments applied to the MO. The sitifisrved
during dedicated chromaticity measurements (Sed&i@rf are quoted for comparison.

Beam 1 Beam 2
model measured model measured
AQ, (x107Y) -6 5+4 -9 20+6
AQ, (x107%) 7 8+1 16 82
AQ), 0.96 6.3:0.8 1.36 4.40.7
AQ; —-0.53 —-2.3t04 -1.12 —-2.2+0.6

A|C7|(x107%)  0.40 —-3.5+0.5 0.58 —3.5+-0.2

The sign of theA(Q' is correct. As expected the magnitude is smaller than obderv
however it represents a non-negligible contribution todm@maticity dependence (between
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15 % and50 % of observations dependent on plane and beam). The tune and @BQling
shifts were not reproduced.

5.3.3 Systematic closed orbit at the Landau octupoles

In addition to misalignment of the Landau octupoles anofimential source of feed-down
is the closed orbit of the beams. During the dedicated chtioityastudy (Sectiorb.2.3 the
orbit at the LHC BPMs was logged by the LHC steering softwé#&P[133. All Landau
octupoles in the LHC are located next to a BPMW{o — sgpa| = 0.751 m), this may be
seen in Chapte?, 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 horizopine of
Beam 1, during the dedicated chromaticity study. FunctigiB®Ms logged by YASP are
plotted in green. Malfunctioning BPMs are plotted in red.

The lower plot in Fig.5.21 shows the orbit logged for all BPMs around the ring. The
orbit was not substantially dispersive: the relative momemnoffset corresponding to this
orbit was% = 0.057 x 10~3. Considering the upper plot of Fi§.21however, which only
displays the orbit at BPMs neighbouring an MO, there is a suitisti systematic orbit at
these BPMs. Indeed at two locations (BPM.29R7.B1 and BPM.33R7tlpgged orbit is
in excess o mm (this issue will be returned to in Sectién3.5.

To assess the systematic closed orbit at the Landau octugoieng the dedicated chro-
maticity measurements (given the assumption the orbitreiamu does not change substan-
tially in the 0.751 m between the MO and corresponding BPM), the orbit was averaged
all functioning BPMs next to an MOF or MOD at each time intemeadorded by YASP. The
mean horizontal and vertical orbits at the MOF and MOD aré&@ibagainst time in Figh.22
(Beam 1) and Fig5.23(Beam 2). The3* and measured MO current are also shown. Note
that Beam 2 was dumped before measuremeni$ at 0.6 m could be performed.

A substantial systematic closed orbit is observed in thézbotal 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. Therlglot shows the
measured orbit at all BPMs. The upper plot shows the orbit measuB&Ms immediately
preceding the Beam 1 MOF.



CHAPTER 5. THE TUNE, LINEAR COUPLING AND FIRST ORDER CHROMATITY DEPENDENCE OF THE LHC ON LANDAU
OCTUPOLE POWERING 156

*

B [m]

B1 + B2 measurements at flattop) ——— = e

Beam 1 —

Beam 2 - (no B2 measurement at 60cm)

MO current [A]
N
a1
o

04T -3':"...’.."_
= i o“"’_, --, %”-“v -ﬁ‘ " e 1..--“ !‘-" \‘ f""‘_""
= ":r i PR ""'c} ‘ \? 5 ’J; - ..'s‘c
é 02 | < ‘\‘n' "'"’\ .,..,, .w':,.,’_, ./.lo_“;? {.\,f:‘",,f_‘\.- .\:.1-’,, |
o .
=
—
[an]
2 o0}
©
5
)
§ -0.2 E
s BEAM 1
MOF: H
MOF:.V -
04 'MOD:H - T
MOD:\V : Il Il Il Il Il
02:20 02:30 02:40 02:50 03:00 03:10 03:20

Time [MO instability MD on 20/6/12]

Figure 5.22: YASP orbit data for Beam 1, averaged over functioning BPMs locat&titnean
MOF or MOD, during the dedicated chromaticity measurements (Sestibg.
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Significantly this misalignment is comparable in magnittoehat expected from experi-
ence of matching systematic misalignments to the obsenati The systematic orbit of
Beam 1 increased between the Flattop and post-squeeze er@asis, which can explain
the slightly larger chromaticity shifts seen following thgueeze.

The orbit logged by YASP does not take into account any ngeatient of the BPMs,
however alignment data was available for the BPMs with resfgethe main quadrupoles
(MQ). Combining these measurements with the MQ misaligneeam WISE, a correction
can be applied to the orbit data to account for this effecty. &i24 shows the effect of
including this correction into the previous analysis of thean horizontal and vertical closed
orbit at the Beam 1 MOF. The effect in the horizontal plane isialsreduction, however the
vertical plane shows a significant increase in the mean,anbich may be relevant for the
tune dependence. This effect has been quantified for the M@MOD of both beams and
is summarized in the following section.

The MQ and MO alignment obtained from WISE, and the BPM alignnua, are
implicitly trusted in this analysis. One potential complion may arise in the form of any
systematic difference between the mechanical and magaedie in the LHC. This is not
accounted for in this analysis, however the uncertaintyha hodel due to this effect is
expected to be small when compared with the uncertaintyanstfstematic orbit and the
vertical offset of the BPMs with respect to the MO obtainedlig 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 misaligntogether with both horizontal
and vertical closed orbits appear to be relevant sources<ofédd-down. Tablé.5presents
the systematic misalignments and the closed orbit at the si@HAVIOD of both beams.

Considering Tab5.5, the mean horizontal alignment of the beam with respect ¢o th
MO axis is comparable with that found when attempting to imatcstematic misalignments
in Section5.3.1 In the vertical plane the mean displacements are of thesigpsign to
those seen when matching, and there is a large mean disgatairthe MOF which again
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Figure 5.24: YASP data, averaged over functioning BPMs located next to Beam 1 M@k
the dedicated chromaticity measurements (Seé&i@rg. Corrections for the BPM alignment are
incorporated. Horizontal and vertical orbits are shown in the top andrgitots respectively.
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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 (S&@i@n The tilt error on

the BPMs were negligible and have not been included in this table. Thes em®the standard
deviations on the mean orbit at functioning BPMs when averaged betv2e2® énd 03:00. The

total mean misalignment is quoted without error as the error on the MO misalignmassot
available.

MO MQ BPM BPM  YASP orbit YASP orbit MO
wrt MQ & BPM align’ & YASP orbit
& BPM align’
w ;[mm] -0.06 -0.07 0.04 -0.024 0.20.04 0.25:0.04 0.31
- g oy[mm] | -0.15 -0.13 0.39 0.26 -0.029.001 0.2320.001  0.389
£ dplprad] | -7.97 -7.97 - - - - -
o) -
@ » Og[mm] | -0.06 -0.07 0.07 0.002 0.610.02 0.010.02 0.07
g oy[mm] | -0.19 -0.23 0.42 0.18 0.0#0.001 0.1820.001  0.379
dylprad] | -4.88 -4.88 - - - - -
w 5; [mm] | -0.05 -0.07 0.07 -0.027 0.10.03 0.1#0.03 0.22
[ g oy[mm] | -0.24 -0.22 0.46 0.25 -0.0320.001 0.2140.001 0.454
% Oylurad] | -4.88 -4.88 - - - - -
3] -
@ » Og[mm] | -0.07 -0.07 0.03 -0.034 0.84€.02 0.06:0.02 0.07
g oy[mm] | -0.21 -0.14 0.43 0.29 0.024.002 0.308:0.002 0.518
Oylprad] | -7.98 -7.98 - - - - -

disagrees with the matching results.

In Fig. 5.22 Fig.5.23and Tab5.5there are non-negligible standard deviations (of be-
tween0.02mm and0.04 mm) in the horizontal closed orbit at the MO. This is the result
of RF frequency trims, used to measure the chromaticityctifg the orbit via the disper-
sion. As the RF trims are symmetric (correspondin%}@ON +1 x 107%) it is appropriate
to consider the mean systematic orbit, calculated from tleeage of the systematic orbit
in the MO logged by YASP throughout the dedicated chromatitieasurement. The stan-
dard deviation on the mean systematic orbit shown in Baiwill not therefore define any
meaningful uncertainty on the chromaticity shifts due @ ¢losed orbit.

To simulate the effect of the closed orbit at the MO, syste&naisalignments were
added to these elements in the MAD-X model of Sectidh2 The resulting shifts te),
and|C~| on depowering the MO in this model are presented in Bab.

The majority of the measured discrepancy in the chromwgtstiift can be explained by
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Table 5.6: @, Q' and|C~| shifts on depowering the Landau octupoles in a MAD-X simulation
at Flattop {a/op.a12 = 450 — 0[A]), with measured MO misalignments applied, and addi-
tional systematic misalignments of the MOF and MOD incorporated to model thet eff¢the
systematic closed orbit.

MO alignment MO alignment MO alignment Measured
+ orbit from YASP + orbit from YASP  20/6/12
+ BPM alignments FLATTOP

AQ.(x107%) -6 -2 -9 5+4
AQy(x107%) 7 7 12 81

B AQ, 0.96 5.7 5.3 6.30.8

AQ, -0.53 -1.5 -1.5 -2.30.4

A|C~|(x1073) 0.40 0.7 0.6 -2.50.5
AQ,(x107%) -9 -6 -15 20:6
AQy(x107%) 16 15 27 82

8 AQ, 1.36 4.3 4.1 4.20.7

AQ’y -1.12 -2.0 -1.6 -2.20.6

A|C~|(x1073) 0.58 0.9 0.8 -3.50.2

feed-down from the systematic orbit in the MO. The observwegtshift is not explained
by the systematic orbit, the model failing to show a cohesdnft in both planes. The
A|C~| observed by the BBQ is also not explained by feed-down from tisalignments
and systematic orbit.

A shift in the closed orbit due to the change in Landau octepawering would result
in shifts to the feed-down from all elements in the ring, notyahe MO. TheRMS orbit as
recorded by all BPMs however, was not observed to vary wittM@epowering. Examining
the effect of the MO on the closed orbit in the MAD-X model, luding misalignments,
orbit, and MO field errors (which will be discussed in Secttof.6 there was a negligible
change in th& MS orbit around the ring. It is not possible to be absolutelyaiarthat there
were no small variations in the feed-down of other elemdnisgiven that no shifts to the
RMS closed orbit are seen in the data or found in simulation, amh £ontributions are
expected to be insignificant when compared with the feedrdiomm 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 Hrelau octupole axis arising
from the closed orbit has been considered. Figgrg5and5.26show the orbit logged by
YASP (incorporating the correction for BPM misalignmentjpagpecific instant during the
dedicated chromaticity measurements (Seci@n3 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 ch
maticity measurements (Sectibr2.3. 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 ch
maticity measurements (Sectibr2.3. Corrections for the BPM alignments are applied.
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The systematic misalignment is clear as discussed in $e6t83 however in several
circumstances there are also considerable contributioam@ from individual MO. The
most prominent of these are a pair of logged orbits seen2tkm in the Beam 1 horizontal
orbit at the MOF. Corresponding to BPM.29R7.B1 and BPM.33R7.B1h badbits are in
excess o2 mm: a dramatic excursion for the LHC arcs. From simulation itasicluded
that the orbit at these two MO alone accounts£080% of the total Beam JAQ’. Consul-
tation with the LHC operations group (OP) revealed that ffa@dhtic misalignment in these
Landau octupoles is the result of a broken orbit correctdinénarc right of point 7.

To first order in the octupole strength it is expected thatfdewn of the MO tob,
should influence the tune split. Tkig'" generated by the Landau octupoles could generate
a tune shift with MO powering due to a momentum offset of therbghowever this would
also drive the tunes in separate directions. First ordemieg with amplitude, due to any
residual oscillation of the beam centroid, could give ris@tcoherent tune shift with MO
powering, however the amplitude required to generate tiserobdA(Q), , is prohibitively
large. The coherent nature of the tune shift in both plangsthexefore suggest as a source,
perturbations higher than first order in the multipole sgtén For such higher order pertur-
bations the local distribution of sources around the riny @ relevant. To examine this,
misalignments of the MOF and MOD, corresponding to the dasbit at neighbouring
BPMs, were individually applied to each MO. Corrections wepplied for the individual
BPM alignments. The alignment errors of the Landau octupeta® also applied. In this
way the closed orbit was modelled locally rather than syaterally. The closed orbit logged
at a specific instant during the dedicated chromaticity mmesmsents was considered. This
orbit was shown in Figs.25and5.26

Table5.7 presents the shifts to tune, chromaticity and coupling godering the MO in
the local model. Simulated shifts obtained using the cpording systematic closed orbit
are also shown. Note that as the systematic and local otlatsecific instance have been
considered, some differences are observed with respdut hifts obtained from the mean
systematic orbit (as calculated from the average of the YA&R for the entire chromaticity
measurement) presented in T&bs. Table5.7 is intended to illustrate differences in the
simulation due to local and systematic modelling of the M@seld orbit, not to provide
detailed quantitative predictions for direct comparisoolbservation.
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Table 5.7: Q, Q" and|C~| shifts on depowering the Landau octupoles in a MAD-X model at
Flattop (a0p:a12 = 450 — 0 [A]), with measured MO misalignments applied, and additional
misalignments of the individual MO applied individually in order to simulate thecei®é the
local closed orbit. The local orbit data used to generate this model waeddgg YASP at

a specific instance during the dedicated chromaticity measurements (Se&idn 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 chromshitityare detailed

for comparison.

BEAM 1 ‘ Instantaneous systematic orbit Instantaneous local orbit
AQ,(x107%) —-10 1
AQ,(x107%) 12 3

AQ), 4.4 4.6
AQ; —-1.0 -1.3
A|C™|(x1073) 0.5 -04
Instantaneous systematic closed orbit from YASP + BPM alignt.

0y MOF [mm] 0.20

(S_y MOF [mm] 0.236

6z MOD [mm] —0.02

0y MOD [mm] 0.188

BEAM 2 ‘ Instantaneous systematic orbit Instantaneous local orbit
AQ,(x107%) —-16 -11
AQ,(x 107%4) 27 18

AQ), 3.2 2.8
AQ; -1.3 -0.9
A|C™|(x1073) 0.7 -0.2
Instantaneous systematic closed orbit from YASP + BPM aiigmt.

(5; MOF [mm] 0.12

0y MOF [mm] 0.213

8; MOD [mm] —0.02
0y MOD [mm] 0.306
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Small variations of the chromaticity shift were observetilszn the local and system-
atic techniques, up to the level 6fAQ’, ) ~ 0.4. Variations on this scale may define an
uncertainty on the chromaticity shift obtained from the megstematic orbit. The coupling
variation, while also significantly influenced by the locabit, is inconsistent with the BBQ
based observations.

The tune shifts in Beam 1 changed substantially. In contagteé systematic model,
applying the closed-orbit locally generated a coherenitigegune shift in both planes with
the expected order of magnitude. Reversing the polarityeof indau octupoles in the model
reversed the sign of the tune shift in the Beam 1 simulationsistent with the observations.
Modelling the closed orbit locally did not, however, sulbgially alter the tune shifts of
Beam 2. This is not necessarily surprising: a simplified modlghe LHC has been utilized
for these studies, the local orbit at only one instant haa beasidered which may have been
distorted by the RF trims used to measure chromaticity, atiteitune shifts are the result
of perturbations higher than first order in the multipoleesgth the distribution of various
sources around the ring may be relevant. For example, upadircing a closed orbit into
the Beam 2 systematic model, which did not significantly inipgon the systematic closed
orbit at the MO, a positive tune shift was obtained in botmpk& Similarly, varying the
momentum offset (within the level defined by the chromatinieasurement trims) was seen
to influence the tune shift of the local model on the relevaates

Local simulation of the closed orbit in the Landau octupalés$ produce tune shifts
qualitatively similar to the observations. The LHC Beam Zalomodel did not differ sig-
nificantly from the systematic case, but inclusion of a albgbit into the systematic model
was seen to generate a positive shift in both planes. It dimeiemphasised however, that
these results do not constitute a true understanding oftibereed tune shifts, or the ability
to predict or replicate them in simulation. They should besidered a demonstration that
uncertainty in the simulation can encompass the obsenieavimur of the machine. It is not
necessarily required therefore, to try and seek furthelaggpion of the tune observations
through additional sources or artifacts in the measurent@en the very small tune shifts
under examination, for practical purposes this may be seiffic
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5.3.6 Magnetic errors

Another potential source of the dependence of tune, chioityaand coupling on Landau
octupole powering are magnetic errors in the MO. From magnetasurements performed
during LHC construction WISE generates 60 instanseed} of the likely LHC magnetic
model, including normal and skew errors up to th& béder. To assess the impact of the
magnetic errors in the Landau octupoles on the tune, chroityatind coupling dependence,
the WISE magnetic errors (excluding thé andb1 multipoles) in the MO were applied
to a MAD-X model, which also included the geometric errorsttid MO and the mean
systematic orbit obtained from all YASP data during the dattid chromaticity measurement
(Section5.2.3.

Table 5.8 details the shifts t@), " and |C~| on depowering the Landau octupoles in
this model. Measurements quoted in TalB are for studies performed at Flattop during
the dedicated chromaticity measurements, this being theameasion for which there are
chromaticity measurements of both beams. Tune, chroryagiod coupling shifts generated
in a MAD-X model including only the geometric errors and megstematic closed orbit
(equivalent to the results presented in SectoB4 Tab.5.6) are shown for comparison.
The values and errors quoted for simulation including the EViagnetic errors are the
mean and standard deviation of the 60 WISE seeds.

Applying the magnetic errors to the Landau octupoles diyghtproved the modelling
of the Q' dependence, however the dominant source of the chromyathift remains feed-
down due to closed orbit. Including the geometric errorsgmedic errors and systematic
closed orbit of the MO in MAD-X generates a chromaticity degence on Landau octupole
powering which agrees within the measurement uncertairttya horizontal plane of Beam 1
and both transverse planes of Beam 2. The agreement in theavgtane of Beam 1 is
within twice the measurement uncertainty. As highlightedection5.3.5 differences in
predictions for the local and systematic closed orbits iegpan uncertainty of arountt0.4
units of chromaticity in the modelled shifts. Taking thiscentainty into account the the
modelled and measureli(); in Beam 1 agree within overlapping errors.

Inclusion ofb, errors in the Landau octupoles significantly enhanced ttieisthe 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 (axr0p-a12 = 450 — 0[A]). Magnetic and alignment errors generated from measure-
ments by WISE are applied to the MO, and additional misalignments are appliedsygally

to simulate the the closed orbit. The mean systematic closed orbit, from the examgall
YASP data collected during the dedicated chromaticity measurements (S8&ignhas been
considered. The values and errors quoted are the mean and staenatibd of simulations with
the 60 seeds of the LHC generated by WISE. Measurements quoted atedies performed at
Flattop during the dedicated chromaticity measurements, this being the onlyooctswvhich
there are chromaticity measurements of both beams. Predictions from simulatwpdrat-

ing only alignment errors and the systematic closed orbit (correspondidgtéopresented in
Tab.5.6) are shown for comparison.

Beam 1 Model Model Measurement
misalignments misalignments
& mean systematic orbit & mean systematic orbit
& field errors

AQL(x107%) -9 —-32.0+£0.3 5+4

AQ, (X 1074) 12 33.0+ 0.3 8+1

AQ), 53 5.575+ 0.006 6.3+ 0.8

AQ; -1.5 —1.487+ 0.004 -2.3+04

A|C|(% 1073) 0.6 0.5734+ 0.0006 —-25+05

Beam 2 Model Model Measurement
misalignments misalignments

& mean systematic orbit & mean systematic orbit
& field errors

AQ,(x1074) -15 ~35.3+ 0.3 20+ 6
AQ,(x1074%) 27 50.4+ 0.3 8+ 2
AQ' 4.1 4.246+ 0.006 4.7+ 0.7
AQ 1.6 —1.7414 0.004 ~22+0.6

A|CT|(x1073) 0.8 0.7558+ 0.0009 —-3.5£0.2
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split upon changes in MO powering, further departing the ehdéidm the observations. In-
clusion of the Landau octupole’s magnetic errors in thellBeam 1 simulation considered
in Section5.3.5was also seen to remove the coherent tune shifts of Beam 1.slbnee
more observed however, that inclusion of some local variat the systematic model could
generate tune shifts qualitatively consistent with theeokstions. The conclusions of Sec-
tion 5.3.5appear therefore to remain valid in-spite of the additiothef magnetic errors in
the MO.

The modelled coupling shifts are inconsistent with measerds performed by the BBQ,
and more closely reflect the observations of the resonamgdeglterms.

5.3.7 Linear coupling

Observations made by the LHC BBQ of shifts to linear couplingcivhivere correlated with
changes in Landau octupole powering are as yet unexplairtezlsimulations described in
the preceding sections however, demonstrated couplirits shore compatible with mea-
surements of the resonance driving terms.

When the Landau octupoles are trimmed to towardsa reduction in the coupling mea-
sured by the LHC BBQ is consistently observed. A reduction &|@7 | recorded by the
BBQ occurs independent of the polarity of the Landau octup@essidering the full body
of data collected no clear trend is seen in thig'~| dependent on the size of the Landau
octupole trim. This is shown in Fid.27.

The independence of the|C'~| on MO polarity excludes the common sources of a linear
coupling dependence on octupolar elements, namely feed-dod the field quality. As ex-
pected therefore, and in spite of successes with other nyagndical properties of the LHC,
the modelling of these sources has failed to reproduce the BB@reation. Measurements
of the linear coupling resonance driving ternmfg; and fi010), from analysis of betatron
oscillations induced with the LHC AC-dipole, were perfornmdtwo occasions when cou-
pling drifts were seen by the BBQ. No corresponding shifts m RDTs were observed.
The quality of the RDT data and the size of the shift@o
MQY calibration studies (Sectioh.2.4), are such that a shift in the driving terms should

, particularly in the case of the
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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 thidrad by theAl,,o of

the Arc12 MOD). The coupling shift appears to be independent of theripoof the Landau
octupoles.

have been clearly visible. The RDT approach to studying thuplaog has been extremely
well verified during the commissioning of the LHC. In regardthese measurements it is
concluded therefore, that the linear coupling is not chaggippreciably due to the Landau
octupole powering. While the change|ifi—| observed by the BBQ system on depowering
the Landau octupoles is confidently identified as an artifathe measurement, the mech-
anism which leads to such differing observations betweeBBQ and spectral analysis of
betatron oscillations is not understood.

Throughout 2012, BBQ and RDT based measurements of the cowplinghe Landau
octupoles off have generally been found to be consistegureb.28shows the shifts to the
|C~|, as calculated fromfigo:|, on depowering the MO during the MQY calibration studies
(Section5.2.4), together with the corresponding BBQ data. Significantly|tfie| measured
by the BBQ agrees well with thé'~| calculated from th¢;qy; when the MO are depowered.
This is particularly true in the case of the higher quality Behdata. The discrepancy be-
tween the BBQ and RDT observations&fC~| on depowering the MO appears, therefore,
to arise from a discrepancy in the measured value with the E\@eped.
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Figure 5.28: The value distribution of Beam 1 and Beanj@2~|, as calculated fronffigo; |
data around the LHC ring (top and center), and the corresponding B loottom). TheC |
measured by the BBQ agrees well with tli¢~| calculated from thefigo; when the MO are
depowered.
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In light of these conclusions with respect to the RDT data/¢hd with MO depowered
may be regarded as theal’ coupling present in the LHC. Figue29plots the|C~| with
Landau octupoles powered (as recorded by the LHC BBQ) vergug’th| with Landau
octupoles depowered (as recorded by the LHC BBQ), for all nreasents considered in this
analysis. Considering this data it may be inferred that vhthltandau octupoles powered
the linear coupling in the LHC is in reality both better cated, 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 &f®very strongly powered.

In Chapter4 at injection (where at that time the MO were poweredifp = —3m~* as
opposed tak, = —23.4m~* at top energy) the BBQ anfl,,; 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 théC'~| 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 anam@nt effect in the machine.
While simulation in MAD-X is a viable solution to examine tiig generated by octupole
feed-down for specific instances, such as the analysisiexbe the preceding sections, it
may be impractical to rapidly examine large amounts of dasbit data using this approach.
It was desired therefore to derive an analytical expredsiothe ()’ generated by an offset of
the beam from the magnetic center of the Landau octupoles.ighot a significantly new
result, and the linear variation @}’ with octupole misalignment is of course well known.
In a quick review of the literature however, it was not pokstio find an explicit equation
for the AQ’ in terms of the octupole powering and the offset of the beam fthe magnetic
center. The purpose of this section therefore, is to artizeralation for theA Q' in terms of
the known parameters of the lattice and octupoles, and trotite correct constant factors
in the expression. The relation is then verified by compartscsimulation.

From Eq.(.19, the Hamiltonian for a normal octupole (= 4) is given by Eq.$.2),
whereB, is defined by Eq¥.13.

1
N, = g—B4 (x4 — 62y + y4) (5.2)

p4

Following the approach in Wiedemag], the transformation: — = — Ax is made, where
Ax represents the misalignment of the octupole from the ofbitaylor expansion is then
performed about\x = 0, the Hamiltonian is modified to:

1
Nys 3. (Ax) = %1B4 [(z* — 62y + y*) — 4Ax(2® — 3zy®) + O(Az?)] (5.3)
which may be expressed:

Nyaa, (Ax) =Ny + %334 [—4Az Re [(z +iy)°]] + O(Az?) (5.4)

From Eq.(.19 it is found thatN3 oc Re [(x + z‘y)3], and it is clear that the first order hor-
izontal feed-down of the normal octupole gives a normaligadte-like term in the Hamil-
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tonian. The higher order terms give quadrupole and dipkéeterms before the Taylor
expansion terminates. The first order feed-down due to acaéuffset feeds down to a
skew sextupole like perturbation.

Chromaticity is given by EgH.5), where() represents an average over the phase vari-
ables, and = % is the relative momentum offset.

0Q 1 / 0°H
I Ty -
v =" o <aJx,y85> (-5)

Chromaticity is generated by normal sextupoles in a regionooi-zero horizontal disper-
sion, and skew sextupoles in a region of non-zero verticgatision. By contrast normal
sextupoles with vertical dispersion and skew sextupoldis merizontal dispersion generate
chromatic coupling. In the LHC the vertical dispersion igligible. Consequently it is
the first order horizontal feed-down of normal octupoles;ggions of non-zero horizontal
dispersion which is of relevance to tligg. The chromaticity shift due to this term in the
Hamiltonian is now derived.

Q/ :%ds i 8—2 ng [_4Ax(x3—3:l: 2)] (5.6)
ry or \0J,,00 pd !/ '

In a region of non-zero horizontal dispersion— = + D,.0.

, 1 d? q 3 9
Q,, = ]{ds o <de7yd5 — Ax2—934 [(z + Dz0)* = 3(z + Dyd)y }>
o 1 d - g 2 2
Q., = ]f ds o <dJ$7y 3DmA:ch4 [(z+ D,0)* —y }> (5.7)

Expressing: andy in action angle coordinates & /2,3, cos ¢, andy = +/2.J, 3, cos ¢,),
and taking the differential with respect to the action pdea expressions f@p;, andq,.

1 1
Q. = j{ds o < —3DxAx%B425z(C032 ¢z + \/TT@CDw coS ¢x)>

1
Q’y = j{ds o < +3DxAx%B42ﬁy cos? gz5y> (5.8)



CHAPTER 5. THE TUNE, LINEAR COUPLING AND FIRST ORDER CHROMATITY DEPENDENCE OF THE LHC ON LANDAU
OCTUPOLE POWERING 174

Averaging over the phase variables yields

Q. = —23 ]{ ds B, DAz LB, Q=2 ]{ ds B,D,A21B,  (5.9)
s p 2 p

™

It is desired to convert from an expression in term#3gto the octupole strengtli,. For a
normal multipolek,, is related toB,, by Eq.6.10 [134.3

K, =2 —1)B, (5.10)
p
Making this substitution yields:
/ 1 , 1
Q= —— ¢ds 8, D, KAz Q, = — ¢ds 5,D, KyAx (5.11)
4 Yo A4r

Az in these equations represents the offset of the Landau aetiqom the ideal orbit. If
an expression is desired for the)’ caused by the closed orbit in an octupate; should
be replaced with-CO, the closed orbit in the octupole with the sign reversed. sTisi
equivalent with the procedure used in the preceding sextiormodel the closed orbit as
effective misalignments of the Landau octupoles in MAD-X.

Integrating around the entire ring, making use of the faat the lattice functions are
approximately identical in all the MOF and in all the MOD, gs/an expression for the chro-
maticity shift due to the systematic misalignment and aosebit of the Landau octupoles
in the LHC,

1 - —
Q; = +E (NMOF (/Bme)‘MOF K4LMO(COMOF - A'TMOF)
+NMOD (ﬁxDac)|MOD K4Lmo(mmoo - EMOD)) (5-12)

/ 1 CO Az,
Qy - T A (NMOF (ﬁyDiU)’MOF K4 Lo (COwor — Auor)

41
+NMOD (ﬁme)|MOD K4LMO<@MOD - A_*TMOD)) (5-13)

3In the notation used here = 4 indicates an octupole, it should be noted that in MAD-X theides of the
multipoles are one lower, thus the octupole strength in MAB-labelled asks, but is identical with thek
as defined here.
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where N, and N, are the number of operational focusing and defocusing Lamda
tupoles 84 or 82 depending on the beam and familg)Q is the systematic closed orbit in
the MOF or MOD, and\z is the systematic misalignment of the MOF or MOD. It has been
assumed thak’, is the same in all MO, as is normal for LHC operatidny, o is the length

of the Landau octupoles, and is the same for all magmei n). As the MOF are located
at larges, and small3, they predominantly influence th@’,. This situation is reversed for
the MOD. The nominal values ¢f andD,, in the LHC are:3, = 176 m, 8, = 33.5m and

D, = 2m inthe MOF; and3, = 30m, 8, = 179m andD, = 1 m in the MOD.

The validity of this expression may be assessed by competissimulation in MAD-X.
Figure5.30aand5.30bcompare the predictions of the analytical expression taikition
in MAD-X, for the horizontal misalignment of a single octdppand for the systematic
horizontal misalignment of all MOF (all MOF were misalignetith the same displacement
in the simulation) respectively. The agreement betweenlsition and theory is good.

5.5 Implications for LHC operation

The analysis detailed in this chapter has a number of infpdica. The influence of Lan-
dau octupole powering on BBQ based measuremefit'of means caution will have to be
exercised when utilizing the BBQ for studies of the linear dmgpwhen Landau octupoles
are strongly powered. The most far reaching aspect of thysasdowever, is the iden-
tification of a large influence on the LHQ’ of the systematic closed orbit in the Landau
octupoles. The disruption 1@’ caused by a single malfunctioning orbit corrector also came
as somewhat of a surprise, and demonstrates that even smingé/ innocuous features of
the machine may need to be accounted for in the LHC mod&K.|

The analysis of these effects is still ongoing. Softwardst¢b36 were recently devel-
oped to determine the systematic closed orbits in the MORMQ® from BPM orbit data
extracted from the LHC logging databade}], and calculate the corresponding chromatic-
ity shifts using the analytical expression derived in SBth.4. These tools have facilitated
analysis of the chromaticity shifts induced by the closdatdahroughout the 2012 LHC run
(given the large volumes of data this entails simulation kMAX would have been compu-
tationally unfeasible, hence the use of the analyticalesgion). First results from the 2012
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Figure 5.30: Comparison to MAD-X simulation of the theoretical shift@i caused by Landau
octupole misalignment in LHC Beam 1. Note that the horizontal axis plots the MO&igris
ment, not the closed orbit.



CHAPTER 5. THE TUNE, LINEAR COUPLING AND FIRST ORDER CHROMATITY DEPENDENCE OF THE LHC ON LANDAU
OCTUPOLE POWERING 177

run seemed to show large variations in the mean closed oriitet MOF and MOD, both
between fills and within single fills. An example is shown ig.F5.31which plots the mean
closed orbit from Flattop to the end of Stable Beams in the MOEHC Beam 2 during
several fills.

LHCB2: MOF -
whA
025 | Fill 2609 #’
I
g /
Rl i
;
L
Fill 2608
= Fill 2606 ' :!v"l /
S :
0.15 | \.f.\ ¥
A

0.10 L L L
10-05-2012 06:00 10-05-2012 12:00 10-05-2012 18:00 11-05-2012 00:00  11-05-2012 06:00
Time

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. Considehad-ill 2609 in Fig.5.31,
the change in systematic closed orbit in the B2 MOF is predittehave led to a shift in
chromaticity of AQ!, = —1.6 (shifts in the MOD were negligible in comparison). This is a
substantial variation of the chromaticity, and dependinghe initial Q" may have led to the
chromaticity becoming negative. Large drifts in the chrapity could result in instabilities
developing in the beam motion. During 2012 most difficultigth instabilities developed
during the squeeze, where the orbit is in general stabletladnalysis presented in this
chapter allowed chromaticity shifts due to changes in thanr@osed orbit at the Landau
octupoles to be ruled out as a significant source of instedsilin the squeeze. The effect of
the closed orbit during the remainder of the fill remains tctuelied in detail.

Shifts to the chromaticity, either due to changes in theedosrbit or due to changes
in the Landau octupole powering, also pose challenges tipea#ly. The understanding
of the chromaticity dependence on the MO gained througteteaslies should assist LHC
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operations in regard to anticipating and correcting suctatrans in the)’. At present there
is a project underway at CERN to develop an online model of th€ [£8§. These studies
will allow for the first order chromaticity dependence on Han octupole powering to be
included accurately in the LHC online modél3g. In a broader sense the applicability of
the LHC model has also been expanded to include circumstamicere the closed orbit or
Landau octupole powering are not constant.

5.6 Conclusions

The chromaticity dependence of the LHC on Landau octupoleepag is well understood.
The dominant source is feed-down due to a systematic clod®tdio Landau octupoles,
with an additional contribution from feed-down due to migaiments. Within the feed-down
due to the closed orbit there are substantial contributiimm a minority of octupoles with
particularly substantial excursions, notably right offiRal where two octupoles contribute
approximately30% of the Beam 1 chromaticity dependence. This is the result odiléumc-
tioning orbit corrector. The magnetic errors in the MO plagraall role in the observed
chromaticity shifts. The identification of the closed orhigtortion as a significant source of
chromaticity is significant. The closed orbit may vary sabsglly, both between and within
LHC fills, and the resulting chromaticity shifts could leadthe growth of instabilities in
the beam motion. The variation of chromaticity with Landatupole powering can now be
well reproduced in the LHC model.

The variation of tune with Landau octupole powering is srealbugh that its impact on
LHC operation should be negligible. While the tune shiftsraoedefinitively reproduced in
the model, it has been shown that a qualitatively similaravedur can be generated in the
model when considering the local feed-down from the MO. Tingeutainty in the simulation
appears to encompass the observed behaviour, suggestiegighno clear requirement to
search for additional sources of tune variation beyondetaseady included in the LHC
model.

Coupling shifts dependent on the MO powering were observealdéiyHC BBQ. This is
in contradiction with measurements of the linear coupliegpnance driving terms (RDTSs)
which showed no compatible shifts. Attempts to model the room sources of a linear
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coupling dependence on octupolar elements (feed-downeiddjfiality) failed to reproduce
the BBQ observations, but were approximately consistent thighstudy of the RDTs. On
the basis of the RDT measurements it has been concluded #natisno real change to the
linear coupling dependent on the Landau octupole powettrag caution should be exercised
in trusting the BBQC~| measurement when MO are strongly powered, and that the linea
coupling in the LHC with Landau octupoles powered is in fanaer and more stable than
previously appreciated. The reason for the differing oletésns between the BBQ and
spectral analysis of kicked beams is unknown.

An analytical expression for th@ was obtained, and verified against simulation. This
may be used to facilitate rapid analysis of LHC closed oratador 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-insertions can contribute significantly to the detuning
with amplitude, the linear and non-linear chromaticity, and to the degradatiore afyth
namic aperture and beam lifetime of a particle collider. Through the applicaticiosed
orbit bumps it is possible to examine the non-linearities in such insertions viaféeelf
down to readily observed beam properties. Such beam-based studiedaaltbe verifi-
cation and refinement of the magnetic model of the accelerator, and in ctinjurvith
magnetic measurements allow for the commissioning of local corrections. Inhijrer
the application of such a method to the experimental insertions of the Largetd@dllider

is demonstrated, and results of the first measurements and correctignesaeted.

180
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6.1 Introduction

Non-linear errors at locations of largecan significantly influence the non-linear beam dy-
namics of an accelerator, contributing to detuning with Eonge, linear and non-linear
chromaticity, and to the degradation of dynamic aperture lagam lifetime. The triplet
arrangement of quadrupoles used to achieve a sth@lind hence a high luminosity) in the
ATLAS, ALICE, CMS, and LHCb experiments (IR1, IR2, IR5, and IR8 regpely) neces-
sitates a substantial beta function in the triplet quadegand neighbouring elements. This
was illustrated in Sectiod.1.2 Fig. 2.6, which plots the nominal beta function through IR1,
for ag* at the ATLAS interaction point (IP) df.6 m (the value for normal operation during
2012).

During its first operational run the contribution of magoegrrors in the lows inser-
tions to such non-linear phenomenology did not limit the Lsl@erformance. As more
challenging regimes of operation are confronted howewerection of the IR non-linearity
in the nominal LHC may become important for an optimized genfance of the machine,
and correction of the non-linear errors in the experimens&rtions is expected to be essen-
tial [139 for operation after the High-Luminosity (HL) LHC upgrad&4d. Correction of
non-linear errors in lows insertions may also be relevant for potential future celitd

As discussed in Sectidh 1.2 to enable the correction of errors in the LHC IRs linear and
non-linear corrector magnets are present in the insertaisgibuted symmetrically about
the Interaction Point (IP). Combineéd / b5 correctors, and combined / b, / a4 correctors
are installed on the non-IP sides of Q8 triplet quadrupoles. A schematic of the corrector
layout in the LHC experimental insertions was shown in Fegr.

Two strategies have been proposed for the local correctiorow-linear errors in the
LHC experimental IRs. The first method compensates for thenetagerrors in IR elements
via the local minimization of selected resonance drivingnte between th®1 separation
dipoles left and right of the IP8p]. The second method is based upon a compensation
of the multipoles locally either side of the IR41]. Both strategies require an accurate
magnetic model of the LHC insertion regions from which tacoédte corrections. Magnetic
measurements performed on the LHC magnets during consimymiovide a foundation for
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such a model, but must be verified and refined though beantisaseéies of the non-linear
dynamics. Any corrections determined using these methags aiso be commissioned
with beam-based measurements at safe intensities pritvetoibclusion in operation for
luminosity production.

This chapter is concerned with the beam-based study of ineafl errors in the LHC
experimental insertions, and the resulting effort to sateiland correct the observed er-
rors. Section6.2 introduces the method used to perform the beam-based neeasuis,
Section6.3then provides details of the model to which these measurenaeae compared.
Section6.4 presents the results of parasitic studies performed on IR&hademonstrated
the validity of this method in the LHC, and Secti6érb presents the results of the first ded-
icated studies of the IR non-linearity performed in IR1 and,lRRBluding 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 psgtbby examining feed-down
[29] to easily observed beam properties. Such a strategy wakgaapwith some success
at RHIC, where an attempt was made to correct non-linear arrdhe RHIC IRs by mini-
mizing tune shifts under the influence of selected closed bumps [L47. Linear coupling
was held constant in the RHIC method.

The non-linear errors in the LHC experimental insertiongehaso been studied though
their feed-down, however the goal of the beam-based studibs case is not, as attempted
at RHIC, a direct compensation of the relevant shifts in beawpeaties, but rather the val-
idation and refinement of the LHC magnetic model in the ingest It is from this model
that eventual corrections may be calculated. This is cens@tlto be a safer technique, as
the risk of incorrectly compensating a shift to the beam progs with the wrong multipole
(and so inadvertently increasing the non-linearity, whiipearing to correct the machine) is
reduced.

In contrast to the method employed at RHIC, in the LHC non-limaaltipoles in the
IRs have been examined through their feed-down to both utreamed (free’) tune @, )
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and unconstrainedffee’) linear coupling [C~|). This method has a number of advantages
with respect to the examination of feed-down to tune withtcled coupling: all multipoles
may be examined simultaneously and the studies may be pextbparasitically; however it
also introduces complications: notably the possibilitylewge changes in linear coupling to
drive shifts in the observed tune split, and the introductbadditional complexities in the
simulation effort.

Table6.1 summarizes the feed-down of normal and skew non-linearipaldts, due to
horizontal or vertical displacement from the magnetic agenerating shifts in tuneNQ)
and linear coupling4&|C~1). The variation of the tune and coupling is dependent onttiero
of the feed-down: a first order feed-dowfy{ = 1: for example a normal sextupole,= 3,
feeding down to a normal quadrupote,= 2, resulting in a tune shift) will exhibit a linear
variation with the amplitude of the displacement, a secanigofeed-down An = 2: for
example a normal octupole, = 4, feeding down to a normal quadrupote= 2, resulting
in a tune shift) will exhibit a quadratic variation with thenalitude of displacement, and so
forth. In principle this allows for the identification of a mtipole from the observed change
in tune and coupling upon the application of varying ampléwlosed orbit bumps through
the IR.

Table 6.1: Feed-down to tuneXQ) and coupling {|C~|) from non-linear multipoles, due
to horizontal or vertical displacement from the magnetic axis. In this notaiags a normal
sextupole,as a skew sextupole, similarly for higher orders. The order of the fesdhdo
tune/coupling is indicated.

15t order 249 order 34 order 40 order

A A A

Feed-down order
Multipole bs as by au bs as bg
Horizontal displacement AQ  A|C™| AQ A|CT| AQ A|ICT| AQ
Vertical displacement  A|C™| AQ AR AICT| AICT| AQ AQ

For the closed orbit bumps considered in these studies,dlue wf the crossing angle
at the interaction point (defined in Secti@rl.2 may be taken as an appropriate figure of
merit to characterize the amplitude of the bump throughnberition region. Indeed, during
many of the studies presented in this chapter it was the atticrossing 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 Baset Tune (BBQ)
system §7]. As described in ChapteX.3, the BBQ provides passive, continuous monitoring
of the beam spectra from turn-by-turn beam position datayroced by a single BPM located
in IR4. Values for the tune and linear coupling are logged.irs intervals. As the BBQ
system utilizes only a single BPM it cannot distinguish thensand difference coupling
in the beam spectra, and in fact measures a mixtu€oaindC~. In practice the linear
coupling in the LHC is dominated by the difference resonaamdCz 5| ~ |C~|.

To study the feed-down from non-linear errors, closed dybihps through the IR were
varied in a series of steps, pausing after each trim to dal@ from the BBQ. Typically the
length of such trim plateaus was of the ordeBofto 60 seconds. An example of raw tune
and coupling data measured by the LHC BBQ during a parasitdyst@ithe feed-down is
shown in Fig6.1as a function of time. Where necessary a manual cleaning &Bii@data
was performed, in order to assist with the removal of noigkspectral lines misidentified
by the BBQ. In this manual cleaning procedure cuts were appi¢ide data within a given
plateau, the mean and standard deviation of the retained BBQndae taken as the value
and uncertainty on the tune and coupling measurements. &nge of the cleaning process
is shown in Fig6.2

Small transverse excitation may be applied to the LHC beammprove the quality
of the BBQ data ‘Chirping’). When possible, such a chirp was applied during the studies
presented in this chapter, however during parasitic studigzas not always possible to
maintain the chirp. The significant reduction in data gyalliserved aroun®il:45 in Fig.6.1
corresponded to the deactivation of the chirp midway thihaihg measurement. In this case
manual cleaning was essential in order to retrieve wortlendata from the BBQ.

The tunes and linear coupling determined by this method eaenined for dependence
on the applied crossing angle trim at an IP, the observeatians 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 theBBIQ
and plotted versus time.
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Figure 6.2: An example demonstrating the manual cleaning of BBQ data within a trim plateau.



CHAPTER 6. MEASUREMENT AND CORRECTION OF NON-LINEAR ERRORN THE LHC EXPERIMENTAL INSERTIONS 186

6.3 Simulation of the IR non-linearity

As described in the preceding section, the goal of the beasedmeasurements is the val-
idation and refinement of the LHC magnetic model in the IRs.hl® ¢nd it was necessary

to compare the observed dependence of tune and linear sgugplicrossing angle with the

predictions of the LHC model.

Estimates of magnetic errors generated by WIEE, 89 (based on magnetic mea-
surements performed on the LHC during construction) frodeo(bs, as) to (b5, a15) were
applied to the triplet quadrupole§){ . 3), the separation dipoled) ,), and the matching
quadrupoles®, 5 ¢ 7) in experimental insertions in a thin lattice MAD-X§] model of the
LHC. Closed orbit bumps, equivalent in terms of the applied me#ig trims to those im-
plemented in the real machine, were applied to this modeddiBtions of the variation in
tune and linear coupling with crossing angle, as determfrad these simulations, were
then compared with observations. The coupling in the MAD-¥del was examined by
determining the minimum tune split in the model at each trlatgau. This determines the
magnitude of the difference coupling coefficient which doates the linear coupling in the
LHC: [0Q.min| = |C~|. The tunes and linear coupling at the start of the simulatesising
angle scan were matched in MAD-X to reproduce the initialdittons of the beam-based
study. The necessity of both matching the coupling and deténg the|5 Q... | in the model
made the use of a thick lattice model with PT8D] impractical for these simulations, as the
relevant procedures were too time consuming, forcing tleeafighe thin lattice model in
MAD-X.

The matching of the simulated linear coupling to the inidahditions of the measure-
ment is not necessarily straightforward. Linear couplggriven by two resonance driving
terms (RDTS): f1001 driving the difference coupling resonance, afigh, driving the sum
coupling resonance. Of relevance to the LHC is thg, RDT, related to the difference cou-
pling coefficient though Egg(1) [27], where| f1001 | is the mean amplitude of thgg,, RDT
around the ring.

|C™| =~ 4|Qs — Qyl | fr001] (6.1)

WISE, the Windows Interface to Simulation Errors, was intreed in Chapte.1.3
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Resonance driving terms are complex quantities. The caypfieasurement obtained
from the LHC BBQ providesC |, but does not provide details of the phase@f;. Feed-
down to a skew-quadrupole in the IR introduce& Ay, which is summed with the initial
f1001 Of the machine. The observed changedit | depends therefore on the relative phase
of A fig01 to the initial f100;. While the magnitude of the initiaf,oo; may be known, this
ambiguity in the phase may result in an ambiguity of the sated evolution of C~| with
changing crossing angle. This may be overcome in two way® arhplitude and phase
of the f1001 may be measured around the LHC ring by performing a speatialysis of
betatron oscillations excited by an AC-dipo&/]. Preferably, if the initial coupling is small
the question of the RDT phase is rendered moot, and the sidutaupling can be matched
to zero at the crossing angle corresponding to the obserug@thom. It is in any case worth
ensuring the linear coupling is well corrected prior to meaments as this also reduces the
chance of a growth inC'~| affecting the measured tunes.

6.4 Parasitic demonstration in IR2

IR2 houses the Alice experiment, which during normal operafor proton-proton (-p)
collisions does not run with tightly squeezed beams at the5tP= 3 m during 2012p-p
luminosity production). During operation for heavy ionlegbns (Pb-Pb or p-Pb) however,
the beta function at the IP is significantly reducgd £ 0.8 m during 2013p-Pb luminosity
production). As a consequence, correction of the non4ieears in IR2 is of particular
interest for heavy ion operation.

To demonstrate, as described in Secti6r&and6.3, that the non-linear beam dynamics
of the LHC experimental insertions could be examined vialfdewn under the influence
of varying closed orbit bumps through the IRs, parasitic isigvere performed in IR2 at
Bipy = 1m. Two opportunities arose to perform these studies durieg2hill commis-
sioning of the LHC for heavy ion collisions: firstly during est for the reversal of the Alice
dipole-spectrometer polarity, and then during local meaments of the mechanical aperture
in IR2.
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6.4.1 Parasitic study during Alice dipole-spectrometer polarity
reversal at 37p, = 1m

In IR2 the Alice detector’s dipole-spectrometer generates-ealledinternal’ crossing an-
gle of +140 urad in the vertical plane, dependent on the spectrometer pyldie internal
crossing angle is partially compensated through the agupdic of a vertical closed orbit
bump through the IR, generating a so-callexternal’ crossing angle of-80 urad. Colli-
sion data is collected for both polarities of the dipoleetpmmeter, the reversal of the polar-
ity requiring a reversal of the sign of the external crossingle. As the pre-collision LHC
optics are optimized for the 80 urad configuration, the reversal of the external crossing an-
gle is performed following the squeezing of thé to their operation values. Figu@3
shows the simulated orbit through IR2 with internal1¢0 urad) and internal-external
(+140 — 80 purad) crossing angle bumps applied.

40 Beam1l — i
| Beam 2 — |
2.0 .
'g‘ L
£ 00 <><>
- L
-2.0 .
-4.0 - -

y [mm]

4.0 | .

-300 -200 -100 0 100 200 300
Longitudinal location w.r.t. IP2 (Alice) [m]

Figure 6.3: Simulated orbit in IR2 with internal 4140 urad) and internal-external
(+140 — 80 urad) crossing angle bumps applied.
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The procedure for reversal of the external crossing angeceemissioned with proton
beams during an end-of-fill study, prior to the 2R-Pb run [143. The external crossing
angle was varied from-80 urad to +80 urad in a series of small steps, allowing a pause
following each change in the crossing angle. Consequehd#ytune and coupling data mea-
sured by the BBQ during the reversal of the crossing angle dmildsed to study feed-down
from non-linear errors in the IR2 magnets. As the study wapaed at end-of-fill, a large
number of high intensity bunches (compared to typical gptieasurement conditions) were
present in the machine. The raw BBQ data was therefore of a vughyduality and no
manual cleaning was performed. The chirp was depoweredgloost of the scan.

Figures6.4and6.5show the simulated and measured tunes and coupling duerggtn
of the IR2 external crossing angle in LHC Beam 1 and Beam 2 rasphctLinear cou-
pling has been matched to zero at the crossing angle comésypto its projected minima
(—80 purad in Beam 1 and-30 urad in Beam 2).

Shifts to the tune and coupling are dominated by a lineaatiar of the|C~

, corre-
sponding to feed down frory. The simulated variation of the coupling shows an excellent
agreement with the observations, with the exception of&f lwmp between-40 urad and
—20 prad. This departure and return of the measured data to the diomlzorresponded to
the powering, then depowering, of the chirp excitation. ISaic influence of the chirp upon
the BBQ measurement is not generally observed in the LHC, amgbjisarance in this data
is not understood. Nonetheless the observed discrepartbg #iree affected data points
is not believed to significantly impact upon the conclusioat the measured and simulated
coupling are in good agreement.

Variations of the tunes are significantly smaller than ofdbepling (by a factor ot 3).
In the horizontal plane the tune is roughly consistent whith predictions of the magnetic
model. In the vertical plane the general trend of the tuni ishtonsistent with expectations
from the model, however the measured value appears toaiedbout the prediction from
simulation with an amplitude- 3 x 10~*. Such a variation is deemed to be negligible.

During reversal of the external crossing angle no measurewofef;,; was possible
for reasons of machine protection. This was not significantha initial |C'~| was small
compared to that generated by the feed-down, and it waslpedsimatch the coupling of
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Figure 6.4: Modelled and measured tunes and coupling of LHC Beam 1, plotted versus th
external crossing angle. The model has been matched to produceonglng at the crossing
angles corresponding with the projected minima of the obsd/edvariation.
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Figure 6.5: Modelled and measured tunes and coupling of LHC Beam 2, plotted versus th
external crossing angle. The model has been matched to produceonglng at the crossing
angles corresponding with the projected minima of the obsd/edvariation.
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the model to zero. Figuré.6 however, illustrates that given an appropriate phasgé gof

the model reproduces the observed variation irrespectitteeamatching point. In Fig6.6

the f1001 Of both beams was matched to reproduce the meas@rddat the beginning of the
scan (80 urad), the phase of th¢;y,; was then selected to reproduce the observed variation
of |C~|. This demonstrates that if the initial phase of thg; is known it is possible to make

an accurate prediction of the variation |6f~|, even if the magnitude of the initiaC'~ | is

not negligible compared to that generated through feedadow

Variations in the simulation between the sixty instancabfefLHC defined by the WISE
seeds were negligible for this configuration of the optickRA.

6.4.2 Parasitic study during local aperture measurements in IR2
at f7p, =1m

In preparation for the 201Rb-Pb run it was necessary to commission a new optics of the
LHC, with the5* in IP2 squeezed tbm (during the preceding-p run IP2 operated at* =
10m). Local measurements of the physical aperture in IR2 wereeassary component of
the commissioning effort, allowing determination of thaitable parameter space/ti and
crossing angle. Measurements of the local aperture weferperd on the; ., = 1 m optics

with depowered Landau octupoles, using a method based aptilieation of closed orbit
bumps through the IR144]. The measurements were performed with proton beams. The
variation of the closed orbit bumps during these measur&vaiowed for parasitic studies

of the feed-down from non-linear errors to free tune and lirezar coupling.

During the aperture study several different closed orhmps were applied. The initial
state of the machine was defined by the (vertical) internadldispectrometer bump and the
(vertical) external crossing angle, together with the igaortal) separation bump. Through-
out the measurement the external crossing angle and sepalainp were held constant
at —80 urad and0.7 mm respectively. The IR2 luminosity optimization kndq&nown as
Lumiscanor Anglescarknobs) were then used to apply additional closed orbit buamps
top of the nominal crossing and separation. The Lumiscab&tecked sufficient strength
to reach the aperture, and in the vertical plane two furtinebk: APERTandAPERSCAN

2A ‘knob’ is a set of magnet trims designed to generate a specific slifeibeam properties.
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Figure 6.6: Modelled and measured coupling plotted versus the external crossiteg gfig: |

in the model was matched to reproduce the measured amplityde ¢fat the beginning of the
scan (80 urad). The phase off19p1 was selected to give agreement with the observed data.
Data is shown for Beam 1 (top) and Beam 2 (bottom).
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were used to reach higher excursions. Figewgshows MAD-X simulations of how the
final closed orbit bump in the vertical plane was built up friisrcomponent knobs. Initially
only the effect of the spectrometer bump is shown (Bigg. Figure6.7bshows the effect
of adding the crossing and separation bumps on top of thargtsd by the spectrometer.
Figures6.7¢ 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 Sectiof.3, simulations of the feed-down to tune and coupling have
been performed using a thin lattice model in MAD-X . In theeca$ the LHC knobs used
to generate the external crossing angle and the separatiop ke-matched versions exist
which reproduce the applied crossing angle in the thincettNo such re-matched versions
of the Lumiscan, APERSCAN, and APERT knobs exist, and the kedinitions applied in
simulation are identical to those applied in the real maghifo assess the size of the error
introduced into the model due to the use of the thin lattigetoer with the real knob defi-
nitions, the total crossing angle in the model was comparée theoretical expectation for
the trims applied during the aperture measurement. Fig@plots the difference between
the simulated crossing angle (defined by the ratio of thestrenrse momenta to the references
momenta) and the expected value. The discrepancy in a diitkd MAD-X model is also
shown for comparison. The error introduced by using theldtiice model is deemed to be
small, and may be neglected.

During the aperture measurements tune and coupling datanialy of a high qual-
ity. As the aperture was approached however it was necesagynove the chirp from the
beam to avoid interference with the loss measurements,henguality of the data dropped
correspondingly. The BBQ data shown previously in ld.correspond to these measure-
ments. Manual cleaning of the BBQ data was therefore essémtistudy of the feed-down.
Figure6.9demonstrates the improvement in data quality achievedHs Beam 2. Similar
improvements were gained in the Beam 1 data.

The manual cleaning was highly effective. Most noise in the B&@a arose from a mi-
nority of misidentified spectral lines which were straigintfard to exclude, though some of
the data at large crossing angles had to be excluded as #®passed outwith the frequency
search window applied by the BBQ. Cleaning revealed a smadirdiffce in the Beam |2/ |
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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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Figure 6.8: Comparison of the modelled and expected crossing angles in IP2, for trithe of
Lumiscan, APERT, and APERSCAN knobs used during local IR2 amermegasurements in
2011. Results are shown for both thick and thin lattice models. Both modelshesbdsic LHC
lattice with no magnetic errors applied.

data between the APERT and APERSCAN knobs where the measusavenlap. A cor-
responding shift was not observed in Beam 1. It is possiblddiffarent types of orbit bump
may reveal differing aspects of the non-linear errors, h@wsignificant conclusions cannot
be reached from this data, as the raw measurement was of ailditygand there was a delay
in the implementation of the APERSCAN knob upon completiorhef APERT knob scan,
therefore the discrepancy may just reflect a drift in the tiagp

Unlike the measurements presented in Sediignlthe initial coupling of LHC during
the aperture measurements was not small in comparison toth@ing generated through
feed-down, and the simulated coupling could not be matahedro. As part of the commis-
sioning procedure however, linear optics measurementd&end performed on the; ., =
1 m configuration during the LHC fill immediately prior to thatadsfor study of the aper-
ture. The phase df;yy; in BPMs adjacent to the IR2 separation dipoles, measuredgitimen
linear optics studies, was therefore used as a constraitiidanatching to initial conditions
in the MAD-X simulation of the aperture measurement. Fig@&0and6.11present com-
parisons of cleaned BBQ data to the MAD-X simulation in Beam 1B&am 2 respectively.
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Figure 6.9: Manual cleaning of Beam 2 BBQ data obtained during local aperture mezasats
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 verstedhe
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 theéwapeneasurement. In par-
ticular feed-down to coupling was observed from multipaésrder higher thai;, which
it had not been possible to observe during the study of argsaingle reversal. The rela-
tively poor quality of the linear coupling correction at tsart of the study complicates the
interpretation of the available tune data, asdtg,;, defined by the growingC'~| appears
to have perturbed the tunes. A good agreement is seen betive@iservations and the
predictions of the magnetic model for the coupling data. &sfl in Sectiorb.4.1the feed-
down is dominated by thi, component of the separation dipoles. The agreement in tige tu
data is less precise, though the general trends appeastanisand as previously mentioned
the situation is complicated by the impact of the couplingtmatune split. Discrepancies
between the modelled and measured tunes are particulgpéyeqt in LHC Beam 2 at very
large crossing angles, potentially indicating a discregamth the model in the higher order
multipoles. Limitations from the aperture prevented Bearadching amplitudes where the
Beam 2 discrepancy became significant. Variations betweeWIHSE 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 demaesltrthat it was possible to
examine non-linear errors in low-nsertions of the LHC, using a method based upon the
feed-down to both free tune and free linear coupling undeiirtiuence of varying closed
orbit bumps. Feed-down from high order multipoles was oles#in both the coupling and
the tune. Magnetic measurements of the dominant non-lieears in IR2, namely thé;
component of th®1 separation dipoles, were verified with beam based studies.

In light of the excellent agreement of the observgabrrors with the magnetic model,
correction of these errors should be possible. T&hkpresents corrections fég errors,
calculated from the magnetic model@t,, = 1 m and3.5 TeV, using the method of local
compensation of the dominant normal sextupole RDTs witheotors either side of the IP.
The required trims were well within the capacity of the cotoes. Figures.12illustrates the
predicted effect of the correction on the feed-down to freedr coupling. Unfortunately,
during the LHC's first operational runRun 1’) several non-linear correctors on one side of
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IP2 were out of commission, including those tgr Local correction of thés errors on one
side of the IR is still feasible, however due to the unavalilgiof the correctors, and a lack
of beam time, no attempt was made to perform correctionsh®nobn-linear errors in IR2
during Run 1.

Table 6.2: Corrections for thes errors in IR2. Corrections were calculated in MAD-X using

magnetic measurement data verified with beam-based studies. Theseimuwsraecre deter-
mined forg7p, = 1m at3.5 TeV.

Corrector ~ Strength [m—3] Strength%,..]

KCSX.L2 —0.00482 —57.41
KCSX.R2  0.00085 10.15

A number of discrepancies with the magnetic model were aentified during the par-
asitic studies of IR2. These effects were either small or belyame apparent at large am-
plitudes, however further study may be of interest once tireidant 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 leddicated studies of the feed-
down from the non-linear errors in IR1 and IR5, which house theAS and CMS experi-
ments respectively. First dedicated measurements of tbesen IR1 were undertaken at the
end of a linear optics study, performed on a new machine aamaigpn with5* = 0.4m in

IP1 and IP5. This was followed shortly after by dedicated sneement of the errors in IR5
at the nominal opticsg* = 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 errorsin IRl at  §;p; = 0.4m

In 2012 an exploratory study of the linear optics was pertafran the LHC ap* = 0.4m
in IP1 and IP5. At the end of the optics measurements a scapevasgmed 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 thg multipole errors in the IR.
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crossing angle in IR1 (time was only available to study a sipdhne of one IP). Feed-down
to tune and linear coupling was observed in order to exantisenbn-linear errors in the
insertion. The raw BBQ data obtained throughout the crossingjeascan was of a low
quality. Beam 1 data was unusable, however a respectabligyoqpfadata was obtained for
Beam 2 following manual removal of a number of regularly nesitified spectral lines.

As with the parasitic studies performed for IR2, the feed-ddwtune and free coupling
were simulated in MAD-X allowing for comparison between titeservations and predic-
tions from the magnetic measurements. Initial conditiamsttie simulation were matched
at0 urad. Tunes andC~| were matched to the values obtained from the BBQ, while the
phase of thef;yo; was matched to measurements, obtained immediately pribetorossing
angle scan, at BPMs adjacent to IP1. FigbrE3plots the measured and simulated tune and
coupling shifts for the scan of the vertical crossing angléAl atg* = 0.4m. All sixty
WISE seeds are plotted individually. Unlike the studies & H23* = 1 m, the variation
between seeds is not negligible.

Substantial feed-down is observed to the linear couplinge Measurements and sim-
ulation agree, and appear to indicate that the errors in #rehime lie towards the extrema
of the uncertainty in the magnetic measurements. This dradldw for a refinement of the
non-linear model of IR1. The feed-down to coupling shows ifigamnt contributions from
bothb; anda, multipoles. Figurés.14demonstrates the effect in simulation of removing the
bs and thebs + a4 errors. WISE seed 4 was utilized for this simulation as it stda good
agreement with the measured coupling.

Correction ofb; alone still leaves a very substantial coupling variatiothverossing an-
gle in the machine dt.4 m, however during Run 1 the skew octupolar corrector left ohpoi
one was out of commission. It is unclear at what point the umaifioninga, corrector may
become available, however if it remains out of use localestiron ofa, right of IP1 may be a
worthwhile consideration during the LHC’s second operatloan. The simulation shown in
Fig. 6.14demonstrates that perfect correctiorbptinda, errors should significantly reduce
the feed-down to coupling, though some does remain.

As regards the tune, variation @f, with the crossing angle shows a good agreement
with the observations, though a small discrepancy does se@ppear in the higher order
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Figure 6.13: Measured and modelled variation of free tune and coupling in LHC Beanriagl

a scan of the (vertical) crossing angle in IR15at= 0.4 m.
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Figure 6.14: Simulated effect in Beam 2 of removithg andbs + a4 errors in IR1 af3* = 0.4 m.
The simulation was performed for WISE Seed 4, which showed goodragrdevith measured
coupling shifts.

terms at crossing angles 200 urad. The difference between the feed-down to tune of the
WISE seeds is significantly smaller for the tune than for thedr coupling, therefore no
refinement of the model is possible from tli)g data.

In the horizontal plane a sizable discrepancy is observéadass the measured feed-
down and the predictions of the magnetic model. The discrepbetween model and mea-
surement shows both a linear (corresponding to a discrgpartbe a3 errors) and higher
order variation with crossing angle. Polynomial fits to thigedence between the modelled
and measured changedh. with crossing angle were unable to convincingly distingue-
tween polynomials witlf1! 4-274), (151 4- 374 4-4'"), and (15" + 2" + 3" + 4*") order terms.
The challenge in understanding the errors in IR1 therefoeenseto lie firstly in reducing
the number of possible combinations of multipoles which miang rise to the observed dis-
crepancy inQ,. Studies of the feed-down in the horizontal plane may assitis regard
by exchanging sources of odd order variations of tune angloau(as seen in Tal6.1).
Studies of the feed-down at different optics or over differeanges of amplitudes should
also assist in distinguishing sources of lower and higheeior

With respect to location of the error, that the discreparnmyears only in the horizontal
plane suggests it may lie at a location of significantly largiethan 3, (though the possibility
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of cancellation between different sources/®f), cannot be ruled out). If the data were
available analysis of the Beam 1 tune shifts may assist indbalization of the source,

however further studies using different types of orbit butmmugh the IR may also aid in

localization.

During construction measurements were performed of magliggtments within the
LHC. In addition to generating estimates of magnetic errdfsSE may also produce esti-
mates of the geometric errors in the LHC lattice from thesasusezments3g]. In response
to the observed discrepancydh., geometric errors were incorporated into the MAD-X sim-
ulation. As expected the effect of the alignment errors@lBwwas negligible, several orders
of magnitude below the observed discrepancy, and offerxplaeation for the difference
between model and measurement.

6.5.2 Correction of non-linear errors inIRL at ~ 3;p; = 0.6m

Shortly after the dedicated study of the non-linear ermoi®L at5* = 0.4 m, an opportunity
arose to perform a second set of dedicated measuremefits-at).6 m. Due to the brief
interlude between the measurements the data obtainedydhign.4 m study had not been
analysed, however it was considered important to make aafitstnpt at correction of the
non-linear errors, prior to the LHC's first long shutdown foaimtenance and upgrades, in
order to gain experience in preparation for its second a@joera run. Two scans were there-
fore performed of the vertical crossing angle in IR1, firstighacorrections for thei; + b3
errors applied, then with corrections for the+ b5 + b4 errors implemented. The corrections
were calculated from the magnetic model, using WISE séed\Iscan of the virgin LHC
(the LHC with no corrections applied for the IR non-linegyitvas not performed, as data
had been collected for the virgin machinet, = 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. @Qugiplata was
unusable and the quality of thig correction may not be assessed, however after manual
cleaning it was possible to examine the feed-down to tunetsf bHC beams. Figuré.15

3Seed 1 was chosen arbitrarily, as detailed analysis offpe = 0.4 m measurement had not been performed
at the time of the3; ,; = 0.6 m measurement.
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plots the measured tune of LHC Beam 2 as a function of the akirossing angle trim for
the scans. The predictions of the MAD-X modelatm are shown for all sixty WISE seeds.
The upper plot compares the scan witf b5 corrections implemented, and the lower plot
with as + bs + by corrections.

Results for LHC Beam 2 show a good agreement between the mddeacedown and
the predictions from simulations. Considering primarilg th, data both the:; andb, cor-
rections appear to have functioned roughly as expectedupper plot does seem to indicate
there may have been a slight overcompensation of:$herrors which could be addressed
in future corrections. With regard Q.. it is interesting to observe that the substantial dis-
crepancy between the model and measurement obsery&d-at0.4 m is not apparent. A
discrepancy does exist, but it is not so pronounced. Moalddtanalysis of this feature may
help shed light on the relevant sources. In spite of the éomcies however, the application
of a3 andb, corrections calculated from the magnetic model did managehsiderably
reduce the feed-down to tune. The first attempt at correctidhe non-linear errors in the
LHC insertions seems to have been broadly successful in LHnB2

Figure6.16shows the result of the crossing angle scans for LHC Beam 1.iths\MC
Beam 2 theu; correction (Fig.6.16 top) appears to have functioned roughly as expected,
though the overcompensation @f appears to be slightly more pronounced in Beam 1. Of
much greater concern however, is that upon applicationetthrections fob, (Fig. 6.16
bottom) a sizable linear feed-down to tune appears to hase inéroducedb, errors should
generate a quadratic variation of the tune, therefore #ms ot be due to a simple mispow-
ering of the corrector. Rather the linear variation of theetywhich may be expected to
correspond with ams-like perturbation), introduced on powering thecircuits, implies a
vertical misalignment of thé, correctors with respect to thig sources. The relevant mag-
nets in the IR are common to both beams; that the linear v@miatas introduced only for
LHC Beam 1 implies that the feed-down frobn to a3 is not the result of physical mis-
alignments within the IR, but rather due to a deviation of thamel orbit through the IR.

It was determined from simulation (taking into account thear discrepancy identified
in the first scan) that 2.5 mm misalignment of the the octupolar corrector left of IP1 wbul



CHAPTER 6. MEASUREMENT AND CORRECTION OF NON-LINEAR ERRORN THE LHC EXPERIMENTAL INSERTIONS 208

T T T T T T
0.320 | — " ——
>
X -
& 0315
0.310 | et . s e =
| L | | | L | |
-300 -200 -100 0 100 200 300
T T T T T T
0.320 | = - -
>
ka3 -
& 0315
0.310 | ‘ .. == .
- = £ 3
1 1 1 1 1 1
-300 -200 -100 0 100 200 300

Vertical crossing angle in IP1 [urad]

Model (no correction)

ag+bs RDT correction:

Q, model
Qy model

Q, measured
Qy measured -

Model (no correction)

_|as+bz*b, RDT correction:

Q, model
Qy model

Q, measured
Qy measured -

Figure 6.15: Measured and simulated variation of tune with (vertical) IP1 crossing angld@
Beam 2 at3* = 0.6 m. Two scans were performed: witlhy andbs corrections implemented in
IR1 (top) and then on addition &f corrections (bottom).
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Figure 6.16: Measured and simulated variation of tune with (vertical) IP1 crossing angld@
Beam 1 at3* = 0.6 m. Two scans were performed: witlhy andbs corrections implemented in
IR1 (top) and then on addition &f corrections (bottom).
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reproduce the additional linear variation of the tune folloy powering of the, corrector.
This serves to characterize the scale of the feed-down lemddnot be taken as an assertion
that the particular corrector examined is the source ofitleal variation. It should also be
clear that in the simulation this misalignment representassumed orbit discrepancy. An
offset of the beam in thé&, corrector with respect to thig sources to the order of several
millimeters is large but not unfeasible. This is particlydrue if the alignment is distributed
between both corrector and source, possibly on both sidigedP.

As regards correction of thi, this effect will need to be carefully considered. The
non-linear corrector circuits in the IRs are common to botanke, and it may be difficult
to correct theas error introduced in Beam 1 by thig correction, without detrimentally
affecting the quality of the correction in Beam 2. A first calesiation may be to determine
if this is a permanent feature of the IR, or if it varies betwé#s. Significantly however,
this demonstrates the importance of commissioning theecbans order-by-order. Had the
az andb, corrections been applied simultaneously, without firstfygrg the quality of the
sextupolar compensation, the most obvious conclusion dvbave been failure of the;
correction, which may have resulted in an incorrect stsateing adopted.

6.5.3 Measurement of non-linear errorsin IR5Sat ~ §;p; = 0.6 m

A study of the non-linear errors in IR5 gt = 0.6 m was performed by scanning the hor-
izontal crossing angle at IP5. No corrections for the naedr errors in the insertion were
applied. As with the5* = 0.6 m studies performed on IR1 the BBQ data was of a low qual-
ity, and the coupling measurement unusable. After maneahihg however, tune data was
obtained for both LHC Beams. Figurésl7aand6.17bplot the observed variation of the
tune in Beam 1 and Beam 2 respectively, together with the gredgfrom simulation.

Considerable discrepancies are observed between sinmueattbmeasurement, well out-
with the uncertainty in the magnetic model. The effect ajatnent errors in the IR was ver-
ified to be negligible by incorporating WISE estimates of getim errors into the simula-
tion, however a possible explanation does lie with the dagplAs no data was available for
|C'~| during these scans the coupling in the simulation was heidteat ajC'~| ~ 0.0015.
Predictions of the model therefore reflect the variatiorheftune in the absence of any per-
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turbation from|C'~|. If the coupling increased substantially during the scha,growth of
0Qmin May have forced the observed tunes apart, contributingetstimaller tune split in
the model. The tune split (particularly at large positivessing angle trims) was substantial
however, and the coupling would need to be large to explanothservations. Upon ex-
amining the simulated feed-down to coupling no comparabénge is predicted, therefore
even if coupling was the source of the tune discrepancy itidvsiill indicate a considerable
difference of the real machine with respect to the magnetideh Without measured data
however, it is only possible to speculate on any influencethgpling may have exerted.

Another potential cause of the discrepancy was orbit leakaip the LHC arcs, due to
incomplete closure of the crossing angle bumps. A systenmatiizontal closed orbit at
normal multipoles in the arcs generates feed-down to the. tiigure6.18 shows how the
Beam 1 orbit in the arcs varied during the IP5 scan. Changesim¢hn andRMS orbit
were comparable for Beam 2.

Changes in th&MS orbit in the LHC arcs become apparent as the crossing angliés s
to the side opposite from that used in regular operation gvewshifts to thenean closed
orbit are small. To eliminate orbit leakage as a source ofltberepancy, the observed orbit
at the end of the IP5 scan (the worst case in regard tR¥i& orbit) was reproduced in
MAD-X. The simulation included non-linear errors and matgria the arcs. Orbit leakage
was generated in the model by matching small trims of a hot&®rbit corrector in IR5 to
replicate the closed orbit wave around the ring. Settinghefcrossing angle knob in the
model were adjusted to keep the crossing angle at the IPardnsto errors were included in
the IRs to avoid changes in the IR orbit generating feed-dowielncould be misinterpreted
as coming from the arcs. Figuéel9shows the closed orbit in the Beam 1 arcs measured at
the end of the IP5 scan, together with the simulated orbie dumlity of the matched orbit
is respectable, erring on the side of an overestimation.

The tune shifts generated in this model on the introductigdheclosed orbit wave were
of order10~* and 10~° in the horizontal and vertical planes respectively. Thiatiseast
an order of magnitude less than the observed discrepandyjt I@akage into the arcs has
therefore been discounted as a possible explanation fattberved difference between the
measured and modelled feed-down to tune during the IP5 scan.



CHAPTER 6. MEASUREMENT AND CORRECTION OF NON-LINEAR ERRORN THE LHC EXPERIMENTAL INSERTIONS

213

MEAN CO in ARC BPMs [mm] Crossing angle trim (prad)

RMS CO in ARC BPMs [mm]

300
200
100

-100
-200
-300

13:

0.15

0.10

13:

0.45

0.40

—
Horizontal —

Vertical —

14:30

14:30

/
]

13:40

13:50
Time

14:00 14:10 14:20

[IR non-linearity MD on 12/10/12]

14:30
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A further possibility considered was that the real IR5 closdalt bump may have dif-
fered from the nominal expectation present in the modaetijiggto the observed discrepancy.
Several BPMs are present in the LHC IRs (their location may ba seFig.2.7 as vertical
grey lines), however there are known to be significant disties in the measured beam posi-
tion due to an incomplete compensation of the non-linegrarses of the IR BPM®9[3, 95,
in addition to questions over their alignment. Use of the snead beam position data in the
IR for comparison to the model is therefore hesitant at laest these uncertainties should be
born strongly in mind in the following discussion. Figui€0compares the orbit measured
in several pairs of BPMs in IR5, to the expectation from the MXBimulation.

Fig. 6.20 (top) compares the measured crossing angle in Beam 1 and Bearnth@ t
applied crossing angle trim present in the machine. Thesgsrggngle was determined from
BPM data, using the measured orbits in BPMs immediately leftraght of the IP together
with their known separation. Discrepancies are observedgetler it is emphasised again
that the orbit in the BPMs, and hence the crossing angle etalifrom these quantities,
suffers from known issues with regard to uncompensatedineaf responses of the BPMs.

Figure 6.21 re-plots the measured variation of the tune as a functiorh@fcrossing
angle, accounting for the measured discrepancies observeid. 6.20 (top). The initial
conditions of the simulation were re-matched to the newasland are shown alongside.
Use of the measured crossing angle does not significantictaffie agreement between
model and measurement of LHC Beam 1. In LHC Beam 2 the agreerseméén model
and measurement shows some improvement on one side (g@ssyes< 0 urad), and
becomes more akin to that of Beam 1. Clearly however, a digpaeitween the expected
and measured crossing angles does not explain the bulk dighgreement between model
and measurement.

To consider possible discrepancies in the closed orbit Isfomgher from the IP, the orbit
logged at BPMs adjacent to the D1 separation dipoles was atapared to the expectations
from the model. The results of this comparison are shown gn &20for LHC Beam 1
(center) and Beam 2 (bottom). Discrepancies are observdeiorbit at these BPMs for
negative, but not for positive, crossing angles. Thesatiaris of the orbit cannot, therefore,
explain the observed discrepancies in the tune. Alignmeitise D1 dipoles, arranged to
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Figure 6.21: Measured and simulated variation of the tune in LHC Beam 1 (top) and Beam 2
(bottom) as a function of the horizontal crossing angle in IP§jjat = 0.6 m. Adjustments
were applied to the measured tune data to reflect the crossing angle detefrimemeasured
orbit data, rather than the applied crossing angle trim. The simulation wastceeddo initial
conditions using the measured crossing angles.
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reproduce the observed offset of the beam through thesertsepwere applied in the MAD-
X model, and the impact on the tune found to be negligife)(, ~ 1 x 10~%).

In the LHC’s second operational run it is hoped that improvatgensation of the BPM
non-linearity will allow the use of measured orbit data wgtieater confidence than the dis-
cussion presented here; however, in light of the compasisgmiween the measured and
expected crossing angles, and of the orbit at the sepawdipofes, it is concluded that while
deviation of the real machine orbit from its nominal tragegthas the potential to explain
some of the observed tune discrepancy (namely that of LHC Beamnegative crossing
angles), it does not seem able to explain the majority of ifierdnce between the observed
and simulated tune variations. It seems increasing likedyefore that the substantial dif-
ferences between the observed and predicted feed-dowméoinuR5 are the result of a
discrepancy of the magnetic model of the LHC with the realmree Further studies of the
non-linear feed-down in IR5 will therefore be essential befmrrection can be attempted.

6.6 Conclusions

As the LHC progresses to more demanding regimes of operat@nection of non-linear
errors in the lows insertions will become important for an optimized perfonoa of the
accelerator. In the HL-LHC, correction of the non-lineapesrin the experimental insertions
will be essential for operation of the machine. A method talgtthese errors, based on
examination of feed-down to unconstrained tune and uncaingd linear coupling, has been
demonstrated to be effective in the LHC. First results froegtudy of the non-linear errors
have been obtained.

The method was initially demonstrated parasitically in IRZ&, = 1 m. It was shown
that it was possible to study feed-down to both unconstthinee and unconstrained linear
coupling from non-linear errors of sextupole and higherardrom the observations made
it was possible to determine that the non-linear errors in #R2 well understood in the
Bipy = 1m regime, and are dominated by component of the D1 separation dipoles. A
number of the non-linear correctors in IR2 were out of comimigsand no correction was
attempted. Given the good understanding of the domihamtrrors, local correction on
the functional side should still be feasible in future opieraof the LHC. Several small
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discrepancies were identified between the beam-based agiettameasurements which
may warrant further examination.

Following on from the success of parasitic studies in IR2jcdd measurements were
performed on IR1 and IR5. Non-linear errors in IR1 appear to béglst understood.
Studies of feed-down to linear coupling agy in LHC Beam 2 at3* = 0.4m showed
a good agreement between measurement and simulation, afidenment of the magnetic
model should be possible from the obtained coupling dateedf®wn to), showed a
sizable discrepancy with the predictions of the magnetidehaand will need to be studied
further. Nonetheless, first corrections of the non-lineaors in IR1, performed at* =
0.6 m, appear to have been broadly successful. The discreparg@y was not apparent at
the largers*, and correction ofi; behaved roughly as expected (a slight overcompensation
was observed). Correction 6f was successful in Beam 2, but introduced a sizaklkke
perturbation in Beam 1. Given the success of the Beam 2 canatBeems likely this is the
result of feed-down due to deviation of the Beam 1 orbit frosmnibminal trajectory. This
represents a clear demonstration of the need for commisgiart the non-linear errors to
progress on an order-by-order basis.

In IR5 sizable discrepancies were observed between the beaad studies and the pre-
dictions of the magnetic model. Leakage of the closed onbatthe LHC arcs and deviation
of the real orbit in the IR from its nominal path have beenduwet as significant sources of
the discrepancy. Shifts in the linear coupling could offierexplanation, but would need to
be exceptionally large. Further study of the non-lineaorsrin 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 carap#d and advanced
particle accelerator constructed to date. It represenesweamd exciting dynamical system,
in which study of the non-linear beam dynamics lies on thatfes of accelerator science.
This thesis set out to quantify for the first time the nondindynamics of the Large Hadron
Collider through direct beam-based measurement, and thefudevelop the understand-
ing of, and ability to correct, the non-linear phenomenglofjthe accelerator. Highlights
of the research presented in this thesis have included: addreaking quality of linear
optics correction; the simultaneous correction of noedinchromaticity, detuning with am-
plitude, and dynamic aperture; first observations of naedr coupling, a new feature in the
phenomenology of the LHC optics; detailed analysis, legqdanan understanding, of the
influence of the LHC Landau octupoles on first order chrontgtiand the demonstration of
a method to study and correct non-linear errors in the LHGerpental insertion regions.
More detailed summaries of the results from the four analysesented in this thesis are
given below.

In Chapter3 the linear dynamics of the LHC was addressed, firstly as aottapt pre-
requisite to study of the non-linear beam dynamics, but assa significant issue in its own
right. Measurements of the beta-beating around the LHCatr3gs TeV, §* = 3.5m, af-
ter correction of local errors in the insertion regions, eveompared to predictions of LHC
models including the best available knowledge of geomatn magnetic errors in the arcs.
The global scale of the simulated beta-beat agreed well @bgervation. Local variation
of the beta-beat was significantly influenced by the unaastan theb, errors of the Main
Quadrupoles in the arcs, which limits the understanding®finear dynamics. Results from
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the 2012 commissioning of the LHC optics for proton-protpei@tion at3* = 0.6 m, 4 TeV
(including commissioning of the injection optics) wereriresented. An excellent quality
of linear optics correction was achieved, wittak andRMS beta beats of +4 % and2 % at

4* = 0.6 m, and comparable results at injection. This set a new reasrdgdron colliders,
and equalled the record for lepton colliders held by CESR. Tdwginderstanding of the
linear dynamics, together with the excellent quality okhn optics corrections, paved the
way for study of the non-linear dynamics.

Chapter4 considered the non-linear dynamics of the LHC at injectiptios. Initial
studies focused on measurement of the non-linear chroiyatdeasurements of second
and third order chromaticity at injection, with Landau quiiles powered off, revealed a
substantial non-linear chromaticity. This indicated #igant discrepancies of the magnetic
model of the LHC with respect to the real machine. Throughugation it was determined
that hysteresis in octupolar spool piece correctors wagrafigiant source of the discrepancy
between model and measurement. Limits were also placecealltwed feed-down to sec-
ond order chromaticity from decapolar spool piece cormsatothe arcs, which could make
at most a small contribution to the discrepancy. Hysterafsike octupole spool pieces, to-
gether with feed-down from the decapole spool pieces, cexjitain the majority of the dif-
ference between the modelled and measured second orderatioity in the vertical plane,
however a significant discrepancy remained in the horizo@tarrection of the second and
third order chromaticity was demonstrated in LHC Beam 2 a&atipn optics, with depow-
ered Landau octupoles. Correction significantly reducetl baders, and was observed to
compensate detuning with amplitude and reduce the deaoteod kicked beams.

Initial studies of the second and third order chromaticigrevalso performed at nomi-
nal injection optics, including the nominal powering of thendau octupoles. The change
in second order chromaticity upon powering of the Landaupales indicated a correction
functioning of these elements. Detailed studies of the Im@ar dynamics were later per-
formed at nominal injection optics using kicked beams. tFarsd second order detuning
with amplitude and the dynamic aperture were measured. Qudsopao simulations, in-
corporating the experience from previous non-linear dyinamstudies, demonstrated a good
agreement between measurement and the model at nominalanjeptics. In addition to
amplitude detuning and dynamic aperture, first observat@mon-linear coupling in the



CHAPTER 7. CONCLUSIONS 221

LHC optics were made. Measurements were reproduced in thielm@bservation of the
non-linear coupling opens a new avenue for study of the LH&rbdynamics, and further
studies of this aspect of the non-linear phenomenology haea launched as a result. The
ability of the LHC model to reproduce the non-linear phenoalegy of the accelerator at
nominal injection optics allowed its use for examinatioropfical configurations which had
not been measured directly.

It was demonstrated, using corrections for non-linear taticity, determined in 2011,
that it was possible to increase the dynamic aperture of i@ through the minimization of
readily observed properties of the non-linear beam dynanfibat corrections found in 2011
remained valid a year later is also a significant indicatibthe stability of the non-linear
dynamics in the LHC. The corrected configuration of the LHC wasmodelled directly,
due both to the departure of corrector circuits from themmal cycles and to the residual
discrepancy in the second order chromaticity, however bichieg to measured values of
non-linear observables an effective model was developlked effective model was observed
to reproduce the dynamic aperture of the LHC in the diagol@adep(horizontal and vertical
planes were limited by the physical aperture).

In Chaptel5 observations of significant shifts to the first order chraaigtupon changes
in Landau octupole powering at top energyl¢V) in the LHC were reported. Variations
of the chromaticity were explained through feed-down dusystematic misalignment er-
rors, and systematic closed orbit, in the Landau octuptdgether with a small contribution
from magnetic errors in these elements. Inclusion of théfsets in the LHC model repro-
duced the observed changes in the first order chromaticityamalytic expression for the
chromaticity shift due to Landau octupole feed-down wasyioled, to facilitate the rapid
analysis of large quantities of closed orbit data.

Substantial changes in the linear coupling measured byiHt&Rand Based Tune (BBQ)
measurement system were also observed. These were natuepdon the LHC model and
conflicting results were obtained from analysis of the lir@aupling resonance driving terms
measured with kicked beams. Furthermore, the change iarlic@upling reported by the
BBQ was independent of the Landau octupole polarity, excyéded-down and magnetic
errors as the source. It was concluded that the shift in dieeapling upon changes in
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Landau octupole powering, reported by the BBQ, was an artifbtite measurement. The
reason for the differing observations between the BBQ andigd@mnalysis of kicked beams
are not understood.

Finally, in Chapter6 a method to study the non-linear errors in the LHC experiadent
insertions was demonstrated. The technique, based upatutie of feed down to uncon-
strained tune and unconstrained linear coupling undemthgeince of varying closed orbit
bumps, was demonstrated parasitically in IRZ'at= 1 m. A good agreement of the mag-
netic model to the real LHC was found, with the non-lineabesibeing dominated by the
bs component of the D1 separation dipoles. Dedicated studes then performed of the
non-linear errors in IR1 at* = 0.4 m which indicated the non-linear errors were partially
understood. Some refinement of the magnetic model shouldssippe from the feed-down
to linear coupling in this regime. First attempts at cori@cof the errors in IR1 were per-
formed at3* = 0.6m. These were successful for Beam 2, however compensatioreof th
normal octupole errors introduced a sizable feed-down imB#&a This demonstrated the
importance of commissioning these corrections on an drgledrder basis. Measurements
were also performed in IR5, however in this case substargiahtions of the measurements
from predictions of the magnetic model were observed. Rialesources relating to the re-
production of the relevant closed orbit bumps in the modekvexamined, and were ruled
out as significant sources of the discrepancy. Further stidiRS will be required before
correction may be attempted, however compensation ofinerta-linear errors in IR1 and
IR2 should now be possible in future LHC operation.

Collectively, the studies presented in this thesis reptesemngnificant improvement in
the understanding, simulation, and correction of the mo@ar beam dynamics in the Large
Hadron Collider.
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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 comniiggion
Local and global corrections were applied to the LHC which reduceddteeliieat to record
levels. This appendix provides details of the specific corrections appl@dier to achieve
the performance described in ChaeAppendixA.1 shows the global corrections applied
at injection optics. Appendicés 2 andA.3 show the respective local and global corrections
applied atd TeV.
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A.1 Global correction trims at injection during 2012 commis-
sioning

Global correction of linear optics was described in SecB@n2 FigureA.1 plots the correc-
tion trims around the LHC rings determined by this methodpgdtion optics during 2012

commissioning.

0.4 T T T T T
LHCBL1 global correction trims (MQM and MQT) ——
0.2 ]
""E | ‘ ‘ |
5 oof N“MHII WH”M“ <
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Figure A.1: Global correction for phase advance and normalized horizontal dispeat injec-
tion. Correction was performed independently for Beam 1 and Beam g ugims of MQM and

MQT magnets.
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A.2 Local optics correctionat 4 TeV during 2012 commissioning

The segment-by-segment method for local correction of itreat optics in the LHC was
described in SectioB.2.2 The corrections obtained using this method &tV during 2012
commissioning are shown in Tabkel. FiguresA.2 to A.5 show the corresponding error
reconstructions at* = 0.6 m in the relevant IRs.

Table A.1: Local correction trims for IR1, IR5, IR6 and IR8 determined during 20pHcs
commissioning. This table has been adapted from that presentéd in [

Insertion Element Ak
[107°m~]  [%]
IR1 ktgx2.r1 —1.4 0.16
ktgx2.11 1.0 0.11
ktgx1.rl 1.0 0.11
kg9.11b1 1.5 0.23
kg4.11b2 —-0.5 0.13
IR5 ktgx2.r5 1.05 0.12
ktgx2.15 0.70 0.08
kg4.15b2 3.80 1.00
IR6 kg5.16b1 -39 06
kg5.r6bl 0.9 0.1
kg5.16b2 4.8 0.7
kg5.réb2 1.0 0.1
IR8 kg4.18b1 4.0 1.0
kg5.r8b1 80 27
kg6.18b1 20 04
kg4.r8b2 —10.0 24
kg5.r8b2 -3.0 08

kq6.18b2 —30 0.5
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Figure A.2: Local optics correction in IR1 at* = 0.6 m



APPENDIX A. APPENDICES PERTAINING TO CHAPTER:
MODELLING AND CORRECTION OF THE LINEAR OPTICS

240

KyL

0.00

-0.05

Ag, [21]

-0.10

0.00

-0.05

ag, [2r]

-0.10

IP5

. Reconstructed phase error — g

Measured phase error

9800 10000

10200 10400 10600

* *

¢ ¥ F 3% § ¢ % % L

9800 10000 10200 10400 10600
s[m]
(a)Beam 1
LHCB2 IP5

T T T
Measured phase error -
Reconstructed phase error —

- 3

I |l \i/r*}iiii’ik Il Il Il
16200 16400 16600 16800
- [ —3 —— = = 3 = B
16200 16400 16600 16800
s [m]
(b) Beam 2

Figure A.3: Local optics correction in IR5 at* = 0.6 m

17000



APPENDIX A. APPENDICES PERTAINING TO CHAPTER:
MODELLING AND CORRECTION OF THE LINEAR OPTICS

241

LHCB1 IR6
=< L H H H
x [ ! “ H LI
0.00
=
N,
& -0.05
5|
Measured phase error
-0.10 Reconstructed phase error — . .
13200 13400 13600 13800 14000
0.00 et
=
N,
S -0.05
<
-0.10 1 1 1 1 1
13200 13400 13600 13800 14000
s [m]
(a)Beam 1
LHCB2 IR6
= L | |
—
x | H I : i
000 | =————"3=—>s=
=
o
& -0.05
5
Measured phase error -
-0.10 Rleconstruclted phaselerror — . .
19400 19600 19800 20000 20200 20400
0.00 | +F———F+—=
E
o
< -0.05 +
5
-010 L 1 1 1 1 1 1

19400 19600 19800 20000
s [m]
(b) Beam 2

20200

20400

Figure A.4: Local optics correction in IR6 at* = 0.6 m
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A.3 Global correctiontrimsat 4 TeV during 2012 commissioning

Following the application of the local corrections desedhbn the preceding section, global
corrections were applied dtTeV to further reduce the beta-beat. Figue plots these
global correction trims around the LHC ring for both beams.

LHCB1 global‘correction trims (MQM and MQT) —
0.1 - R
&
b | |
8 0.0 N‘r - r_ ,..“-'" [T e A
X
<
-0.1 +
IR2 IR3 , IR4 IRS IR6 , IR7 IR8 IR1 |
0 5 10 15 20 25
s [km]
(a)Beam 1
LHCB2 global‘correction trims (MQM and MQT) —
0.1
&
£ .{
g oof o | ‘17|\' |
X
<
-0.1 +
IR8 IR1 | IR2 IR3 IR4 | IR5 IR6 IR7 |
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s [km]

(b) Beam 2

Figure A.6: Global correction for phase advance and normalized horizontal dispeat4 TeV.
Correction was performed independently for Beam 1 and Beam 2 usingdfid@M 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

Chaptert considered the non-linear dynamics of the LHC at injection optics. Thiség¢ige
includes tables of data and aspects of the analysis from the 2011 andr2@E2rements
which may assist in future analysis, but were notincluded in the main ch&peendixB.1
provides details of the non-linear chromaticity correction knobs used ih. 28dpendixB.2
summarizes the three states of the machine examined in 2012. Apg&Bdinmmarizes

the kicks performed throughout the 2012 experiment. AppeBdbpresents 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 " and Q" at injection during 2011

For studies of non-linear chromaticity at injection in 20&arrection knobs fo)” andQ"”’
were determined from simulation. The knobs were appliedtopensate the observed non-
linear chromaticity at injection optics with depowered Han octupoles. The correction was
highly effective. The trims of the knobs applied in 2011 werE00 and-+160 units of the
Q" and Q" knobs respectively. The 2011 knob definitions are provisedab.B.1. The
currents in the MCDO circuits before and after correctionsir@wn in TabB.2.

Table B.1: Knob definitions for th&)” and@’”’ determined simulation of MCO and MCD trims

in MAD-X and PTC. The knobs were defined against timag)” = +1 andAQ”’ = +10000
respectively.

Q" knob Q" knob
Circuit AK [m~] Circuit AK [m™]

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 @éef
and afterQ” andQ"’ correction.

MCO MCD

[before [A] [after [A} Ibefore [A] Iafter [A]
Arc12 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
Arc45 -3.00 3.41 -122.75 -88.05
Arc 56 3.00 9.41 -110.29 -75.6
Arc67 3.00 9.41 -134.91 -100.22
Arc78 O 0 -184.54 -149.85

Arc81 O 0 -145.57 -110.88
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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 aatugnd
decapolar spool pieces (arc correctors: MCO and MCD), for the imashates measured during
the experiment. State 1 is nominal injection optics. State 2 is as state 1 but withil@etdpoles
powered to zero and the residual field of the MCO zeroed. In State 8atimms to State 2 have
been applied for the second and third order chromaticities using the MC@®I@id

Power converter circuit ~ State I;,.q[A] State 2:1,,c45[A] State 3:1,ncas[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 4J,,) of kicks performed during measurements of non-linear nladdes in
2012 were calculated from Turn-by-Turn BPM data as describe8ection4.2.2 For
the estimates of the kick amplitude ?,ominai], @ Normalized emittance Gf75um [145

at 450 GeV is assumed. This gives a nominal physical emittance,Qfina (physica) =

€ ominat/ (B7) = 0.0078, where ~ 1 andy ~ 479.6. Estimates of the excitation in beam
sigmas were calculated using the physical emittance meadwy the LHC wirescanners.
Where no wirescan was performed the most recent profile dadaused. Expected kick
amplitudes ino,,mina] Were calculated from MKA settings in the control room assugni
a calibration factor of+10,, +10,) ~ (+7%, +6%). Errors on the kick amplitude in units
of [oeam] Were calculated using E@(1), whereAe,, , is the standard deviation of the emit-
tances determined from tHBl andOUT wirescans. For calculation in units 6f,,,inal,
Ae,,, Is zero by definition.

No [ (AQT)\° [ Aery\’
ANo = Y T B.1
y 2 \/( 2Jx,y ) +< €x,y ) ( )

Table B.4: Amplitudes of MKA excitations performed during the MD, asazdated from
BPM and wirescanner data.

" _/ 2J, Y
Time MKA(H)  Now Eepected 2Je T2 e, phys (meas) Now €3 phys (nominal)
[ 20, [ 2g,

MKA (V) NO'y Ezxpected 2Jy €y phys (meas) €y phys (nominal)
[%] [O'nom] [Hm] [Ubeam] [Unomznal]

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 1.34+0.2 1.0+0.1
01:03:25 7 1 0.04 £ 0.006 34+04 23+£0.2
48 8 0.31 +£0.03 8.8+£04 6.3£0.3
01:12:51 63 9 0.52 £0.06 122+1.1 82+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+04
01:24:12 | unknown — 0.33 £0.03 9.7£0.8 6.5+£0.3
unknown — 0.21 £0.02 7.24+0.3 5.24+0.2

...continued on next page.
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okick Of MKA excitations ...continued from previous page.

] _ 2J, _ 2J,
Time MKA (H) Now Eapected 2Je Nog= €z phys (meas) Nog= €z phys (nominal)

-/ 2J, _ 2J,
MKA (V) Na'y Ezpected 2‘]?4 €y phys (meas) NO'y €y phys (nominal)
[%] [onom] [m] [obeam] [onominall
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 24+0.2
01:39:06 7 1 0.014 + 0.003 2.0+£0.3 1.34+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 5.54+0.4 3.7+0.1
6 1 0.033 + 0.004 29+0.2 21+0.1
01:47:00 7 1 0.021 4+ 0.002 24+0.2 1.6 +£0.1
24 4 0.074 + 0.007 4.34+0.2 3.1+£0.1
01:51:11 14 2 0.027 4+ 0.002 2.8+0.2 1.94+0.1
6 1 0.039 + 0.004 3.1£+0.2 2.2+0.1
01:55:26 7 1 0.019 4+ 0.002 2.3+0.2 1.6 +0.1
12 2 0.017 4+ 0.002 2.1+£0.1 1.54+0.1

MO powered to zero & zeroing of MCO residual field.

02:22:15 14 2 0.026 + 0.002 2.7+0.2 1.84+0.1

" 12 2 0.017 4+ 0.002 2.1+£0.1 1.54+0.1
NL chroma correction applied.

03:07:03 14 2 0.027 + 0.002 2.8 +0.2 1.86 +0.07
T 12 2 0.017 4+ 0.002 2.1+0.1 1.48 +£0.09
1o 56 8 0.44 + 0.03 11.24+0.9 7.5+0.3

03:13:11 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 84+0.3
- 6 1 0.0014 £ 0.0008 0.6 £0.2 0.4+0.1
oA, 42 6 0.25 + 0.02 7.9+£0.3 5.7+ 0.2

03:54:37 6 1 0.003 + 0.001 0.9+0.1 0.6 £0.1
Ea. 7 1 0.13£0.01 6.6 £0.3 4.14+0.2

03:59:05 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 44+0.3
e 25 4.16 0.083 + 0.009 4.6 £0.2 3.3£0.2
A 28 4 0.11 +0.01 6.1+0.3 3.8+£0.2

04:09:38 6 1 | 0.0033 4+ 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 4.44+0.2 3.2+£0.1

04:16:17 20 2.86 0.058 + 0.005 4.44+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 29+0.2 1.84+0.1
- 6 1 | 0.0051 4+ 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+04
= 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
T 8 1.33 0.007 4 0.0008 1.32 £0.08 0.95 + 0.05

...continued on next page.
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okick Of MKA excitations ...continued from previous page.

) — 2J, - 2Jy
Time MKA (H) Now Eapected 2Je Nog= \/ €z phys (meas) Nog= €z phys (nominal)

MKA (V) No 2J, Noy=/—2v — Ng,= 2Ty
y Exzpected Y ¥ €y phys (meas) v €y phys (nominal)
[%] [onom] [um] [obeam] [onominall
~o. 56 8 0.44 +0.03 12.1+0.4 7.5+0.3
04:29:36 6 1 0.003 + 0.002 0.9+0.3 0.6 £0.2
. 7 1 0.061 £ 0.007 4.5+0.3 2.8+0.2
04:40:36 48 8 0.32 +0.07 8.0+0.9 6.4+0.7
. 7 1 0.013 £ 0.003 2.1+0.2 1.34+0.1
04:46:25 54 9 0.41 +0.04 10.1£+0.5 7.3+0.4
o 7 1 0.015 £ 0.004 2.2+0.3 1.44+0.2
04:53:44 60 10 0.5+ 0.05 10.5+0.8 8.0+04
co. 7 1 0.016 £ 0.004 2.1+0.3 1.44+0.2
04:59:06 63 10.5 0.55 +0.05 10.5 + 0.5 8.4+04
. 7 1 0.017 4+ 0.005 24+04 1.54+0.2
05:02:48 66 11 0.6 £ 0.05 12.2+0.5 8.8+04
A 7 1 0.019 + 0.005 2.5+0.3 1.6 +0.2
05:11:33 69 11.5 0.65 +0.05 13.6 + 1.1 9.1+04
o 7 1 0.02 4+ 0.005 2.6 +0.3 1.6 £0.2
05:19:43 72 12 0.7 £ 0.06 13.2+0.6 9.5+04
05:25:13 39 5.57 0.24 +0.04 89+0.7 5.5+0.5
o 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
T 38 6.33 0.19 +0.02 7.4+0.7 4.9+0.3
. 49 7 0.37 +0.03 11.1+ 0.5 6.9+0.3
05:36:40 42 7 0.23 +£0.03 7.1+0.6 5.4+0.5
. 51 7.29 0.4 £+ 0.03 11.5+ 0.4 7.24+0.3
05:44:50 44 7.33 0.25 +0.02 7.5+0.5 5.7+0.2
. 54 7.71 0.45 +0.03 12.2+0.4 7.6 +0.3
05:49:40 46 7.67 0.29 +0.03 8.5+0.4 6.1 +0.3
— 56 8 0.48 +0.04 12.6 + 0.5 7.8+ 0.3
05:55:09 48 8 0.3 +£0.03 8.7+04 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+04 6.5+0.3
. 56 8 0.45 +0.04 12.2+0.5 7.6 +0.3
06:03:04 6 1 0.017 £+ 0.004 1.84+0.2 1.54+0.2
o 60 8.57 0.51 +£0.04 12.1+1.0 8.1+0.3
06:08:16 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
T 6 1 0.003 £ 0.002 0.8+0.3 0.6 +£0.2
. 7 11 0.81 + 0.06 15.2+1.2 10.24+04
06:16:38 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+04
T 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 wasterdby large amplitude
kicks with the MKA. In order to determine the dynamic apegtinom these measurements,
it is necessary to determine both the kick amplitude and istamce of the kick from the
DA. As described in Sectiord.2.2 the kick amplitude was determined from the turn-by-
turn betatron oscillation data. The distance between tbke &mplitude and the dynamic
aperture was determined using the measured beam lossesifglthe kicks. This section
summarizes the derivation of the relation used to deterthi@elistance 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 tke Kffectively this is makes
the assumption that the beam is small in comparison to thesDéh) that the eventual inte-
grations over phase space may be performed betaeenn the plane perpendicular to the
kick (which will considerably simplify the derivation). the amplitude of the kick K IC K)
was equal to the dynamic aperture after a specific numberms {0 A) it could be expected
that about half the beam would have been lost. All kicks shiblees tharb0% losses so it
is reasonable to assume that the DA must be greater than &bQuti,.1, OF 11 0 neasured- It
aught to be reasonable therefore to ignore losses from éme glerpendicular to the kick.

Let = represent the position amplitude in the plane of the kidk;/leepresent the angle
amplitude in the plane of the kick. Assume a Gaussian chasgebdition, then express in
terms ofoyeam,.

p(z,2') = e_%(éJrj%) (B.2)

p(N,N') = e (V) where N =2 and N = 2= (B.3)

Oz (o

N have the units ofo...,]- p is then normalized to the total charde,

+oo +oo
I = / / e 2 (VHN2) NAN' = o (B.4)

p(N, N') = e (N2487) (B.5)

21

The MKA kick shifts the beam to large amplitudé The proportion of the beam which
lies outside the DA for this kick amplitude is lost. This wélsistrated schematically in
Fig. 4.1LHaving normalizec 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 plify the integration it is assumed
that the beam size is small compared with the DA, and the banyrfdr the integration may
be taken as the tangent to the arc of the DA at 0. The integration may then be performed
over N from —oo to +o0, and overN’ from DA — KICK to oc.
+oo +oo
al_ 1 eV AN e~ 2N AN’ (B.6)
I 21 J DA-KICK

Making use of the well known Gaussian integral:

+o00
/ ae " dr = a\/g (B.7)

the integral overV is removed.

AI 1 oo 1 12
— =2 e 2N qN (B.8)
I 27 DA-KICK

(B.9)
Al too

12
e 2V AN’

=),
I 2« DA-KICK

In the special case thdt ICK = DA, Eq.B.10) has a particularly simple solution,
which is consistent with expected beam loss given the astsomggmade.

AT 1 +oo 1 A7/2
T = \/_2_7-(/ €7§N dN/ (BlO)
0
1 1 oo 1N/2
= e 2N AN’ (B.11)
\Y 27T 2 /;oo
1
= _ B.12
: B.12)

To determine the dynamic aperture it was desired re-exjtggB.10) for the DA, in
terms of the beam loss. The integral in ByX0) takes a similar from to the complementary
error function,[1 — erf], defined in EqB.13).

/00 e dt = \/T% [1— erf(p)] (B.13)

Making the change of variableé$ = 1N, dt = \/%dN’, the integral in EqE.10) may
be put in the form of EqR.13).

/ e 2N AN = V2 / e dt (B.14)
N'=DA-KICK t:DA—#
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The distance of the MKA excitation from the dynamic apertoray therefore be ex-
pressed in terms of the beam loss, where it should be notédhiaxpression is still in
terms ofopeam,

Al 1 DA - KICK
(B.16)
DA — KICK . AT
T = erf |:1 — 27:|

The error function and its inverse may be obtained using & watiety of software. It
should be noted that in the approximation that the beam sizenall in comparison to the
DA, that the DA does not fluctuate wildly with angle, and tha¢ torizontal and vertical
emittances are equal, the above relation still holds fdikat all angles in théz’, i) plane.

B.4.2 Double Gaussian distribution

The probe beams used in the non-linear dynamics measuremehe LHC do not undergo
scraping in the SPS to remove transverse tails in the chastrébdtion. Measurements of
unscraped beams in 2012, based on incremental scrapintheith1C collimators, showed a
charge distribution with substantially overpopulated#eerse tails relative to a single Gaus-
sian. A double Gaussian was determined to better descetsethping measuremenif].
The derivation of the previous section may be applied to doGaussiap.

p(N, N, Ny, N}}) = Aje 2 (N HN2) 4 g, o3 (N3+N7) (B.17)
1( a2 2 _19liae 2
(N, N') = Ageb(VN2) 4 4, 2 b (NN (B.18)
2
[ =27A, + 27%/12 (B.19)

1

Following the method of the previous section the fractidredm loss may be related to
the dynamic aperture.

AT 1 1 DA - KICK
AL ! [ml (1 _ f(—c)>
] 27TA1 + 271'%142 2 \/§

o2 DA - KICK o,
422 A, (1 —erf| ——————— = B.20
o (1-et(P5E2))| @20

Eq.®.20) cannot be simply re-expressed for the dynamic aperturégUbe ratios of
Aj 1o Ay, ando to o5 determined during the LHC transverse beam tails studisspdssible
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to check the value of the DA determined in the single Gausggmoximation from only the
highest amplitude kicks (only the highest amplitude kicksewsed with the single Gaussian
equation in order to limit the impact of the overpopulatethgverse tails on the calculation)
against all the measured losses. This is shown inB:igfor the horizontal kicks before and
after correction of the non-linearities in the LHC at injeat

100 o

S,
S
™2 80 —— T
Jai
T
——
8 60+ .
(9p]
P
‘n
[
L 40 + i
k=
(@]
£
= . . .
S 20 Pred|gted loss: nominal machme .
(,3) Predicted loss: afte_r corrections —
Measured loss: nominal machine ~
0 Mea}sured Ios|5: after cqrrecnons e .

0 2 4 6 8 10 12 14

Oy [onominal]

Figure B.1: Measured beam losses following horizontal excitations with the MKA, coetptar
expectations for the double Gaussian charge distribution determined ¢rapirsy studies, for
the DA calculated using the highest amplitude kicks in the single Gaussiarnxapption.

The agreement between measurement and the predictionsds though the best fit of
the double Gaussian predicts a slightly highePD A (~ 0.1 0pomina) than was obtained in
the single Gaussian approximation.
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