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Zusammenfassung

Mit dem Large Hadron Collider (LHC) ist es zum ersten Mal moglich, die Teilchenphysik
im TeV Bereich zu erforschen. Ein essentieller Parameter ist hierbei die Luminositdt. Um
die Luminositdt - und damit die Wahrscheinlichkeit am LHC neue Physik jenseits des
Standardmodells der Teilchenphysik zu entdecken - weiter zu erhdhen, ist es vorgesehen
den LHC selbst und die LHC Injektoren - die Beschleunigerkette, die den Strahl fiir den
LHC vorbereitet - in 2020 teilweise zu erneuern und weiter auszubauen.

Einer der LHC Injektoren, der zweite in der Kette, ist der Proton Synchrotron (PS)
Booster. FEine der Hauptlimitationen des PS Booster sind Raumladungseffekte - die
Wirkung des elektromagnetischen Feldes des Strahls auf sich selbst, welche im Allgemeinen
mit steigender Strahlenergie abnehmen. Um im Fall des PS-Booster die Strahlparameter
weiter zu verbessern, ist daher eine Erhohung der Strahlenergie von 1.4 GeV auf 2 GeV
geplant. Anstatt jedoch den mittlerweile schon recht alten (Baujahr 1972) PS Booster
teilweise zu erneuern und auszubauen, wurde vorgeschlagen einen komplett neuen Beschle-
uniger, ein Rapid Cycling Synchrotron (RCS), zu bauen, welches dann in Zukunft den PS
Booster ersetzen wiirde. In dieser Arbeit werden mehrere Optionen fiir die Strahlfithrung
im RCS - die sogenannte Magnetstruktur und Optik - untersucht und verschiedene Mag-
netstrukturen und Optiken in Hinblick auf Raumladungseffekte verglichen. Die Studien
ergaben, dass ein dem PS Booster dhnliche Magnetstruktur und Optik einer dem RCS
dghnlichen in Hinblick auf die Unterdriickung von Raumladungseffekten iiberlegen ist.
Des Weiteren wurde vorgeschlagen das LHC Physikprogramm durch tiefinelastische Lepton-
Nukleon Kollisionen, dem Large Hadron Electron Collider (LHeC), zu ergénzen. In diesem
Fall wiirde der LHC Protonstrahl mit einem Elektron- bzw. Positronstrahl kollidieren,
welcher in einer separaten neuen Maschine beschleunigt werden wiirde. Als Elektronbeschle-
uniger werden zwei Optionen in Betracht gezogen: ein neuer “Energy Recovery” Linac - die
Linac-Ring Option - oder die Installation eines Elektronenringes im schon existierenden
LHC Tunnel - die Ring-Ring Option. Eine der Hauptherausforderungen der Ring-Ring
Option ist die Integration des Elektronringes in den existierenden LHC Tunnel. Im Rah-
men dieser Arbeit wurde ein Elektronringlayout, -magnetstruktur und -optik entwickelt,
welche mit den Hauptintegrationsbedingungen kompatibel ist und die die von seiten der
Teilchenphysikexperimente festgesetzten Designparameter erreicht. Ausserdem wurden
verschiedene strahldynamische Aspekte des Elektronenbeschleunigers untersucht, darunter
Korrekturen der chromatischen Aberration, Kopplungsschemata unter Beriicksichtigung
der Kollision des Elektronenstrahls mit dem LHC Protonstrahl und der Einfluss von Um-

fangsfehlern auf die Elektronenstrahldynamik, und Lésungen fiir den LHeC erarbeitet.
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Abstract

With the Large Hadron Collider (LHC) the exploration of particle physics at center of
mass energies at the TeV scale has begun. To extend the discovery potential of the LHC,
a major upgrade is foreseen around 2020 of the LHC itself and the LHC injectors - the
chain of accelerators preparing the beam for the LHC.

One of the injectors - the second one in the chain - is the Proton Synchrotron (PS) Booster.
Its performance is currently limited by the space-charge effect, which is the effect of the
electromagnetic field of the particle beam on itself. This effect becomes weaker with
higher energy, and therefore an energy upgrade of the PS Booster to 2 GeV maximum
beam energy is foreseen. As the PS Booster is with its 40 years already an old machine,
the construction of a new accelerator, a Rapid Cycling Synchrotron (RCS), to replace the
PS Booster has been proposed. In this thesis different options for the beam guidance
in the RCS - referred to as lattice and optics - are studied, followed by a more general
comparison of different lattices and optics and their performance under consideration of
the space-charge effect.

To further complement the LHC physics program, also the possibility of deep inelastic
lepton-nucleon scattering at the LHC has been suggested, referred to as Large Hadron
Electron Collider (LHeC). In this case the proton beam of the LHC collides with the
electron beam, which is accelerated in a separate newly built machine. Two options are
considered as electron accelerator: a new energy recovery linac - the Linac-Ring option -
and the installation of an electron ring in the existing LHC tunnel - the Ring-Ring option.
One of the main challenges of the Ring-Ring option is the integration of the electron
ring in the current LHC tunnel. A layout, lattice and optics of the electron accelerator
is developed in this thesis, which meets the requirements with regard to integration and

reaches the beam parameters demanded by the particle physics experiments.
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Introduction

In 2008 the Large Hadron Collider (LHC) built at the European Organization for Nuclear
Research (CERN) in Geneva and its experiments started operation with the main aim
of finding or excluding the existence of a Higg’s particle. Only four years later, on the
4th July 2012, the two main experiments ATLAS and CMS announced the discovery of
a Higg’s like Boson with a mass of around 125 GeV which was then first published in [1]
and [2].

Even though the existence of a Higg’s like particle has been demonstrated, its nature is
still unknown and the studies of its properties are therefore one of the main objectives
of the following operational years of the LHC, in addition to the search for new physics

beside the standard model. As the cross section for the production of the Higg’s particle,

proton - (anti)proton cross sections
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Figure 1: Higg’s cross sections. Plot is taken from [3].
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illustrated in Fig. |1} as well as the cross section for the production of non-standard model
particles are in general very small at energies reachable with the LHC, an as high as
possible luminosity (rate of collisions) is desired in order to obtain enough statistics in a
still reasonable time frame. For this reason an increase in luminosity is foreseen around
2020 with the aim of producing a total luminosity of 3000 fb~! in 10-12 years in comparison
to 200 — 300 fb~! expected with the present LHC in 10-12 years of operation. In order to
achieve this goal not only the LHC needs to be upgraded - referred to as High Luminosity
LHC upgrade (HL-LHC upgrade) - but also the LHC injectors - summarized in the
LHC Injectors Upgrade (LIU) [5] - which are providing the beam for the LHC and also for
various other experiments at CERN. A schematic view of the CERN accelerator complex
is shown in Fig.

CERN's accelerator complex

CMS

ALICE i LHCb

@ European Organization for Nuclear Research | Organisation européenne pour la recherche nucléaire CERN 200¢

Figure 2: CERN accelerator complex. The protons for the LHC are obtained by generating
them in a proton source. The protons are then injected from the source into the
linear accelerator (LINAC2), then the Proton Synchrotron (PS) Booster, followed by
the Proton Synchrotron (PS) and the Super Proton Synchrotron (SPS), before finally
reaching the Large Hadron Collider (LHC), where after a consolidation program in
2013/2014 they will be accelerated to their final energy of nominal 7 TeV. Plot is taken
from [6].

One of the main limitations of the LHC injectors is currently the maximum achievable
beam brightness due to space-charge effects. The space-charge effect is in general weaker
for higher beam energies. The injector upgrade therefore foresees to replace the first
accelerator in the injector chain - LINAC2 - by a new linac - LINAC4 - which then ac-
celerates H_—ion to an energy of 160 MeV instead of previously 50 MeV. This increases

!'Many bunches from LINAC4 will be injected into the PS Booster and form one PS Booster bunch per
ring. In this injection process the H™ -ions pass a stripping foil converting them to protons. With this
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the injection energy, and thus mitigates space-charge effects in the following machine,
the PS Booster. To further mitigate space-charge effects in the LHC injector chain, the
protons will be accelerated in the PS Booster to 2 GeV, instead of 1.4 GeV, and then
transferred to the next accelerator, the PS. The increase of the injection and extraction
energy and the change from a proton injection to H™ injection involves a major upgrade
of the existing PS Booster [7]. The PS Booster is, with its 40 years, already quite an
old machine and it was therefore considered to build a new machine instead of upgrading
the old one. As an alternative, a Rapid Cycling Synchrotron (RCS) was proposed. The
following study of both options though revealed that considering cost, performance and
reliability, the upgrade of the current PS Booster still represented the better option (see
and [9] for further details). In the SPS, the beam energy is already high enough that
other effects become more relevant than space-charge. The performance limitations, ex-
pressed as reachable emittance and bunch intensity at transfer to the LHC, of all three
synchrotrons after the injector upgrade are illustrated in Fig. |3| and reveal the challenge
of providing the high brightness beams requested by the HL-LHC.

40 71 40
[ SPS450 GeV25ns SPS450 GeV50ns
33 | Courtesy to B. Goddard 3.5 | Courtesy to B. Goddard
301 30 HL-LHC}
gz.ﬁ *— gz.s ) = .
E‘fo } i o4
220 f B P
P I 8 QD
2 ij_ E _Q‘:Jb &
S5 2151 A
H] I E
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0.0 - ol M i Bl AR s 0.0 Ty 5 g -]
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Bunch Intensity [el1] Bunch Intensity [el1]

Figure 3: Emittance versus bunch intensity at SPS extraction for 25 ns bunches (left) and 50 ns
bunches (right). The performance limitations due to space-charge effects are indicated
in blue and those performance limitations which are due to other collective effects as
well as hardware limitations in red, where the individual curves represent the limits
from the different injectors. Plots are taken from [5].

To further extend and complement the LHC physics program, a lepton-nucleon collider,
the Large Hadron Electron Collider (LHeC), has been proposed with the main motivation
to explore the world of lepton-nucleon scattering at the TeV scale. The diversity of physics
at the TeV scale which could be covered by a hadron-hadron, a future lepton-lepton and
in addition a lepton-hadron collider is illustrated schematically in Fig.

In the case of the LHeC the 7 TeV proton or heavy ion beam is provided by the already
existing LHC. As electron accelerator with a beam energy of 60 GeV two options have
been studied: a new electron synchrotron installed on top of the LHC in the existing tun-

nel (the "Ring-Ring” option) and a new energy recovery linac (the ”"Linac-Ring” option).

method it is possible to inject into the same phase space area several times and thus increase the maximum
number of particles to be injected into the PS Booster.
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The TeV Scale [2010-2035...]
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Figure 4: Physics at the TeV scale. The LHeC would extend and complement the physics program
covered by a hardron collider, the LHC, and a future lepton collider like the ILC or
CLIC. Plot is taken from [10].

Both options provide the possibility to operate in parallel with standard LHC proton-
proton, proton-ion or ion-ion operation. The luminosity and beam energy are in both
cases mainly constrained by the assumed wall-plug power limit of 100 MW, leading to
a maximum luminosity of more than 1033 cm™2s~!. The Ring-Ring option provides this
maximum luminosity in the case of electron-proton and positron-proton collisions whereas
the Linac-Ring option realistically has a significantly reduced luminosity in the case of
positron-proton collisions. On the other hand the Linac-Ring option may have a high
beam polarization in contrast to the Ring-Ring option where the polarization of the elec-
tron beam is very difficult due to the high beam energy. Further details on the physics
program and both accelerator options are documented in the Conceptional Design Re-
port (CDR) [10]. Following the publication of the CDR it has been decided in a recent
workshop to pursue the Linac-Ring option further [11], keeping the Ring-Ring option as
backup.
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Within this thesis the lattice and optics design of the LHeC Ring-Ring option with ex-
ception of the interaction region, and the lattice and optics design of the RCS, considered
as alternative to the LIU PS Booster energy upgrade in view of the HL-LHC, have been
studied. The thesis is divided according to the two different accelerators in two parts,
where the LHeC Ring-Ring option studies are presented in chapter|2|and the RCS studies
in chapter Both chapters are preceded by a short introduction to accelerator physics
(chapter 1) addressing topics relevant for the studies presented in this thesis.

The LHeC Ring-Ring option, chapter 2, addresses the following topics:

Section discusses and reviews the design parameters chosen for the CDR [10] and

gives possible options to further increase the performance of the LHeC.

Section presents the general layout and geometry of the electron ring and in particular
the layout of the bypasses around the LHC proton physics experiments.

Section shows the linear optics of the electron ring, explicitly the arc cell, insertion
and bypass optics.

Section addresses different aspects of beam dynamics considered to be particularly
relevant for the LHeC: the correction of chromatic aberrations and off-momentum
beta-beating (Sec. , linear coupling and the matching of the electron beam
size to the proton beam size at the interaction point (Sec. and the effect of
circumference errors on the damping partition (Sec. .

All studies of the LHeC Ring-Ring option performed in the framework of this thesis are
then summarized in Sec.

The chapter about the RCS studies, chapter 3| is divided in two parts:

Sec. and Sec. give a short overview of the PS Booster upgrade and the proposal
of a RCS and summarize the studies performed in view of the technical report of a
RCS [9].

Sec.[3.3]to[3.6] focus on more general studies of space-charge dominated lattices motivated
by the design study of the RCS.

Sec. [3.3]to [3.5] present the preparatory work for the space-charge simulations, start-
ing with a summary of the general beam and lattice parameters assumed for the

simulations (Sec. and a description of the space-charge simulation methods and
settings used in this thesis (Sec. [3.4)), i.e. the lattice description in PTC (Sec. [3.4.1)

and a convergence study (Sec.[3.4.2).
Sec. summarizes the space-charge simulation results for different lattice types.

In particular the impact of variations of the beam size, the lattice symmetry and
periodicity and the dispersion suppressor scheme on the emittance blow-up have
been studied.

The RCS studies are then concluded by Sec. which tries to answer the initial question,
based on the results obtained in this thesis, whether or not a better performance is to be
expected of the RCS or PS Booster.
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1. Concepts of Accelerator Physics

In this chapter a short introduction to the basics of accelerator physics and topics relevant

for this thesis is given. For further details it is referred to e.g. [12] and [13].

1.1 Layout and Components of Accelerators
In general, magnetic fields are used for the guidance and focusing of high energy charged
particle beam The beam guidance is provided by dipole magnets, where the radius of

curvature p for a particle of charge e and momentum p in a dipole of magnetic field B is

given by
1
Z= BB‘ . (1.1)
p p
The parameter
Bp="2 (1.2)
e

is also referred to as beam rigidity and often used for the normalization of magnetic fields
in beam dynamics.
For the focusing of the beam quadrupole magnets are used. The transverse field compo-
nents of a quadrupole increase linearly with the distance from the center and vanish in the
center of the magnet

Be(y) =gy, By(x) =gx. (1.3)
This linear dependence and the same sign of the magnetic field in both planes leads to
a focusing effect in one plane and a defocusing effect in the other plane. To focus the
beam in both transverse planes, horizontally and vertically focusing elements have to be
alternated. One of the most basic structures often used in the arcs of circular accelerators is
the FODO cell shown in Fig. where F stands for focusing quadrupole, D for defocusing
quadrupole and O for drift space. More information about the optical properties of this
cell type can be found in Appendix

LFor low energy particle beams electrostatic elements are also used. As it is much easier to generate high
magnetic fields than electric fields, electric beam guidance elements are not feasible anymore for higher

energies.
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Figure 1.1: FODO cell: Focusing structure often used in circular accelerator arcs.

1.2 Frenet-Serret Coordinate System

In a circular accelerator the path taken by a particle of central design momentum pq
through the arrangement of dipoles is referred to as reference orbit. It has proven to
be beneficial to use a coordinate system with the reference orbit as reference called the
Frenet-Serret coordinate system which is illustrated in Fig.

Reference Orbit

Figure 1.2: The Frenet-Serret coordinate system used for circular accelerators. ro(s) is the ref-
erence orbit. Z, ¢ and § form the basis of the coordinate system. Any transverse
position of the beam particles can then be expressed by r = ro + & + yy, where =

and y are the betatron coordinates.

As the transverse coordinates x and y are usually small compared to the bending radius

p, one can expand the magnetic field along the reference orbit

BzO 1 aBz 8BZ
B = —
In optics the magnetic fields are usually normalized in respect to the beam rigidity Bp
defined in Eqn.[1.2] The Taylor expansion of Eqn. can then be expressed as

yl+-, z==2x,v9. (1.4)
y=0

Bipng(a:,y) = ky + sTyY +--

B%}By(fv,y) = p% + kx + Im(z?—y?) +-- (1.5)

= dipole + quadrupole +  sextupole +---
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where only horizontal bending magnets have been included. As mentioned before, dipoles
are used for the bending of the beam, quadrupoles for the focusing and sextupole mag-
nets for the chromaticity correction which is discussed in further detail in Sec. and

Appendix

1.3 Linear Transverse Motion

In this section the transverse motion including the effect of dipoles and quadrupoles is

discussed.

1.3.1 Equation of motion

Under the assumption of the existence of a closed-orbit and periodic magnet strengths
k(s) = k(s + L) with L being the length of one period, the transverse particle motion can
be described by the Hill’s equation

2+ K, (s)2=0, z=x,y (1.6)
with )
Ky(s) = k(s),

where k(s) is the normalized quadrupole strength and p the bending radius of the dipoles.
As most accelerators include mainly horizontal dipoles, the effect of the vertical dipoles
has been neglected. The linear independent periodic solutions of the Hill’s equation are

given according to the Floquet theorem as
2(s) = aw(s)e' PV 2 (5) = aw(s)e P TY0) (1.8)

with a constant and w and v the amplitude and phase function, respectively. The index
z, indicating either the horizontal or vertical plane, has been and will be omitted in the

following if the distinction is obvious.

1.3.2 Matrix formalism, Courant-Snyder invariant, emittance and phase
space
Like the solution of any linear differential equation the solution of Hill’'s equation can be

expressed in matrix form

2(s) = M(slso)z(s0), () = (2(s), #(5))" , (1.9)

where M (s|sp) is the transfer matrix form sp to s. Explicit expressions for the transfer
matrices of different elements can be found in e.g. [12]. The transfer matrix of a section
reaching from sy to s and consisting of different subsections is given by the product of the

transfer matrices of the subsections

M(s|so) = M(s|sn—1) ... M(s1]s0) - (1.10)
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Thus, the transfer matrix of a section or the complete accelerator can be obtained by
concatenating the transfer matrices of the individual elements.
Moreover, an accelerator is usually constructed of different periodic sections. E.g. the
PS Booster consists of 16 equivalent sections. Let L be the length of one such section,
then one can define

M(s) = M(s+ Lls) . (1.11)

It can be shown that det(IM) = 1 and under this condition M can be parametrized as

MZ(COS¢+asin¢ Bsin ¢ ) 7

) ) (1.12)
—sin ¢ cos ¢ — asin ¢

where a, 8 and v = (1 + «?)/8 are the Courant-Snyder parameters or Twiss parameters
and ¢ the phase advanc The amplitude function w(s) of the solution of Hill’s equation
(Eqn. is related to this parametrization of M in the following way

!/

w? = B, a:—ww/:—g. (1.13)

Thus, the amplitude is proportional to the square of the Courant-Snyder parameter j3,
referred to as beta-function and the parameter « is proportional to the slope of the beta-

function. Furthermore, one defines the phase-advance ¢ as

L
ds
) ':0/5(8)' (1.14)

With this definition the phase function ¥ of the solution of Hill’s equation is equal to the
phase advance ¢ in the sense that ¢ = ¢ (s = L) — ¢(s = 0). The phase advance over the

complete accelerator with a circumference C' divided by 27 is referred to as tune )

s+C'

1 ds
Q: = / 5.05) (1.15)

S

which is in other words just the number of betatron oscillations per turn.
Using the relation between the amplitude and phase of the solution of Hill’s equation and
the Courant-Snyder parameterization, the cosine like solution of Hill’s equation is given
by

z(s) = ay/B(s)cos (¢= + ¢o),

#(s) = _a\/ﬁljs) (sin (¢, + ¢o) + az cos (P, + ¢o)) (1.16)

and defines an ellipse in the (z, 2’)-phase-space illustrated in Fig. The area enclosed by
this ellipse is equal to ma? and a constant of the motion in the absence of non-conservative

forces like e.g. synchrotron radiation. The ellipse equation can be written as
2% 4 2022 + B2 =: C(2,2') = 2J = const . (1.17)

The constant C(z,z") is also referred to as the Courant-Snyder invariant. The Courant-

Snyder invariant is equal to twice the action J, where J is the action variable of the

2The convention for the sign of ¢ is that B is positive for |trace(M)| < 2 and Im(sing) > 0 if
[trace(M)| > 2.
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Figure 1.3: Phase-space ellipse.

Hamiltonian leading to the Hill’s equation. Correctly, the term action should be used
for the amplitude of a single particle. For an ensemble of particles one defines the rms-
emittance of the ensemble

2,2

— 2
€rms,z = \/ 020, — 0 .1

(1.18)

where o; are the beam moments. The first moments o, and o,/ are the beam size and

beam divergence given by

0z = \/B:€zrms; O = \/Vz€zrms - (1.19)

However, the term “emittance” is often loosely used for the single particle emittance defined
as twice the action € := 2J. The betatron oscillation of a particle with single particle

emittance € can then be expressed by

2= /B.e.cos (¢.), 2'(s) = —\/7a6s cos (), (1.20)

where ¢, = ¢, — arctan (a;1). The phase ¢g present in Eqn. has been set to zero.

An important beam characteristic is also the brightness of the beam defined as [14]

F

= 42
4m €z, rms€y,rms

Bo , (1.21)

where F' is the particle flux or longitudinal particle density and €; s the transverse emit-

tances.

1.3.3 Linear coupling

Linear coupling can be generated by either skew quadrupoles, which are quadrupoles
rotated by 45° (see Fig. , or solenoids, which are part of most high energy physics
detectors installed at the low-beta insertions. In addition, a deviation of the closed-orbit
in magnets with higher order magnetic fields gives rise to skew components and thus
coupling. In general, coupling is an unwanted effect as the behavior of the beam is more

difficult to understand and the machine operation becomes more complicated. The LHeC
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presents a special case in this respect, as linear coupling is desired in order to match the
flat electron beam to the round proton beam at the interaction point (IP) and thus avoid
harmful beam-beam effects.

The magnetic field of a skew quadrupole is given by

Ba:(l') = —%gﬂf,

By(y) = 39y (1.22)

with g = (% — ‘96%) eyt The field and the effect of a skew quadrupole compared to

a “normal” quadrupole on the beam is shown schematically in Fig. The particles in

the center of the beam are moving away from the center without experiencing any kick.
The particles at the left and right exterior of the beam get kicked down or upward and
particles at intermediate positions receive a kick in the horizontal and vertical direction

resulting in a coupling of the transverse planes.

Figure 1.4: Cross section of a “normal” quadrupole (left) and a skew quadrupole (right) with

magnetic field lines and forces.

In order to describe the optics of a lattice with skew elements or solenoids, the Twiss
parameters and emittances introduced in Sec. have to be generalized. In analogy to
Eqn. and following the approach taken in [15] the two independent solutions of the

equation of motion can be expressed by:
z1(s) = \/Evl(s)ei(%(s”%f), z17(s) = /?HVHB—Z'(TZJH(S)-F%H)_ (1.23)

The parameters €; and €7 replace the horizontal and vertical emittance in the uncoupled
case and are the new constants of the motion. The vectors vy ;; are the eigenvectors of
the one-turn transfer matrix taken at the position s in the lattice and are equivalent to the
amplitude function w(s) in Eqn. The trajectory z(s) of a particle with single particle

emittance e€; and €77 is then given by in Frenet-Serret coordinates:

V/Brr€r €os Gur + N/ Brir€rr cos guir

L | VI 08 bur + \AalTEIT €08 Gt (1.24)
/Byr€r cos dyr + /Byrrerrcos dyrr |
/VyI€T COS éf;yl + \/WyII€IT COS ngn
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where aur 77, Bergrs Yergr and ayrrr, Byrir, 71,11 are the projections of the Twiss
parameters of the two modes onto the horizontal and vertical plane. The phases ¢;, and

(;;iz are equivalent to the horizontal and vertical tunes in the uncoupled case with

¢a¢[(5 + C) - ¢xl(5) = ¢y[(5 + C) - ¢y1(5) = le

(1.25)
G211(8 + C) = bur1(8) = yr1(s + C) — dyr1(s) = Qrr »

where Q7 77 are the tunes of the two modes.

1.4 Off-Momentum Motion

Until now only the motion of particles with nominal beam momentum pg has been studied.
In this section the effect of the different deflection of particles with a momentum deviation

0 =Ap/p=(p—po)/po in a magnetic field is summarized.

1.4.1 Dispersion function

Including terms until first order in § the transverse motion of a particle with momen-
tum deviation § is given by an inhomogenous differential equation whose solution can
be expressed as a linear superposition of the particular solution and the solution of the

(homogeneous) Hill’s equation:
x =z3(s)+ D(s)d, (1.26)

where 23(s) and D(s) satisfy the differential equations

oy + (Ku(s) + AKy) x5 =0, (1.27)
D" 4 (Kau(s) + AK,) D = ; +0() (1.28)
with
k)4t (2 :
K, (s) = —kz(s) + e AK, ( e + ko ( )) d+0(67). (1.29)

To first order the dispersion function D(s) satisfies the inhomogenous equation

1
D"+ K, (s)D = -, (1.30)
p
and as K,(s) and p(s) are periodic functions of s, the dispersion function must satisfy the

closed-orbit condition:

D(s+C) = D(s). (1.31)

Thus, a momentum deviation results in first order in a displacement of the closed-orbit and

the parameter z(s) then describes the betatron motion along the new closed-orbit D(s)d.
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1.4.2 Momentum compaction factor and transition energy

A particle with a momentum deviation § travels on a different closed-orbit than the ref-
erence particle given by D(s)d in linear approximation. The deviation of the total path

length of an off-momentum particle from that of the on-momentum one is then

AC = f D(;)éds, (1.32)

and is usually expressed by the momentum compaction factor «. defined by:

_ 1 D),
a ._ij s, (1.33)

where C is the ring circumference.
The difference in path length between particles of different momenta in turn results in a

difference in revolution time T'= C/v with v being the particle velocity

AT AC  Av 1 11
—_— ,———_—— c— —& = _— = . ]. 4
Iy ¢ w <a 72> ’ (7% WQ) " 130

The parameter vy := 1/1/a. is called the transition-y with ypmc? being the transition

energy and the parameter 7 is the phase-slip factor defined by n := (ac — ,Y%)

1.4.3 Chromatic aberrations

The effective focusing strength seen by a particle depends on its momentum rigidity, where
a higher energy particle with a momentum deviation 6 = (p—pg)/po > 0 from the reference
momentum pgy experiences a smaller deflection than a lower energy particle with ¢ < 0.
This dependence of the effective focusing strength on the particle momentum is called

chromatic aberration.

1.4.3.1 Linear chromaticity
Neglecting higher orders and dispersive effects the gradient error Ak, of a quadrupole
or quadrupolar component of normalized strength %, seen by an off-momentum particle is
given by Eqn. [1.29]

Ak, = —k,0, z=ux,y. (1.35)

This results in a tune-shift according to Eqn. [1.80]

1
AQ, = — (477 fﬁzkzds) 0, z=ux9. (1.36)

The (linear) chromaticity is now defined as the derivative of the betatron tune versus the
momentum deviation
d(AQ-:)

b= (1.37)

The chromaticity arising only from quadrupoles is called the natural chromaticity with

1
{zmat = —— j{ﬁzkzds. (1.38)
4
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1.4.3.2 Linear chromaticity correction with sextupoles

As a particle beam has usually a certain momentum spread, a non-vanishing chromaticity
leads to a tune-spread in the beam. If the tune-spread becomes too large, the beam crosses
dangerous resonance lines leading to an instability or even total loss of the beam. In the
case of a FODO lattice the natural chromaticity is approximately equal to minus the tune
of the machine (Eqn. and can thus become quite large for big machines like LEP,
LHC and LHeC with tunes in the range of 100 or even larger. Also for machines with
a large momentum spread like the RCS presented in this thesis, even a relatively small
chromaticity can lead to a large tune-spread. Furthermore, a negative chromaticity can
lead to the head-tail instability and eventual beam loss [16].

A correction of the linear chromaticity can be achieved with sextupole magnets. The

equation of motion including quadrupole and sextupole magnets reads

" +k(1—8)z+im(2?—y?) = 0,

1.39
y' = k(1 -9y —may = 0, (1:39)

where k£ and m are the normalized quadrupole and sextupole strength. Substituting the
transverse displacement x and y by the position of an off-momentum particle with mo-

mentum deviation § under the assumption of zero vertical dispersion
r=xg+ Dy, y=uyg, (1.40)

and keeping only terms linear in d, x3 and yg and ignoring higher order derivatives of the

dispersion, one obtains:

" _ _
zg+kxg = (k—mDg)zgd, (1.41)
ys —kys = —(k—mDyz)yso.

The perturbation terms are now linear in xg and yg and can be seen as a quadrupole error

Ak = (k —mD,)0 leading to the following expression for the chromaticity

& = —4 ¢ Bo(k—mDy)ds,
&y = ﬁfﬁy(k‘—me)ds.

Hence, sextupole magnets located at positions with nonzero dispersion can be used to cor-

(1.42)

rect the chromaticity. Further details concerning the placement and number of sextupole

families are given in Appendix

1.5 Longitudinal Motion

The longitudinal motion is dominated by the effect of energy gain and loss of the beam
particles, where the energy gain is obtained in the RF cavities while the energy loss can
be caused by collective effects like e.g. synchrotron radiation or decelerating RF cavities.
In this chapter only the most common case, which applies for the studies performed in
this thesis, of an accelerating RF cavity and energy loss due to synchrotron radiation is
described.
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1.5.1 Longitudinal equation of motion and phase stability
In the following treatment the simplification of only one RF cavity in the ring is made,
which stands representatively for a sequence of RF cavities installed at one or several
locations in the ring. For the beam to be accelerated in the RF cavity, a reference particle
with AE = 0 must experience the same voltage at each passage of the RF cavity either
to obtain the wanted acceleration or to compensate for the energy loss experienced during
one turn. Consequently, the RF frequency frr must be a multiple of the revolution
frequency frey

fre = hfeor (1.43)

where the parameter h is called the harmonic number of the RF system. In general the

RF voltage V is approximately sinusoidal
V(g) = Vosing, (1.44)

where VO is the peak voltage and ¢ the RF phase. Particles with energies differing from the
beam energy thus see a different RF voltage due to their different revolution frequencies
(Eqn. and, consequently, arrive later or earlier at the RF cavity. The longitudinal
motion can then only be stable, if particles with a smaller energy will experience a larger
energy gain and vice versa. This is illustrated in Fig. and expressed by the simple
condition

ncos¢s < 0 and sings > 0. (1.45)

The parameter ¢ is the synchronous phase at which the reference particle with AE = 0

arrives and 7 the phase slip factor defined in Eqn. [1.34] For storage rings with non-

Note: A
¢ = T _orh X Acceleration
Trev VWT E
V =Vysing < Eo
‘( E =Ej

A
4
A
A

n>0 n<0 E > Ey !
i Tail

i ¢
Head —7/2 05 /2 T Z \

A
Y

A

Deceleration

Figure 1.5: RF phase stability.

negligible synchrotron radiation losses, like the LHeC electron ring, the synchronous phase
¢s is such that the RF cavity exactly restores the energy loss per turn Uy of the reference
particle

Uy = Vi sin ¢ . (1.46)
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In the case of negligible synchrotron radiation losses and acceleration, which is the case
for the CERN RCS, the synchronous phase ¢ depends on the maximum RF voltage, the
ramping time and the bunch length. All three parameters are connected by the maximum

energy-phase acceptance which is referred to as RF-bucket illustrated in Fig.

Below transition Above transition
14 %4
A
- .
s ¢s ¢
AFE AE

,/’/’// ‘\‘\‘\‘ﬂ-*(bs
7 ~ Yo

Figure 1.6: RF-voltage and bucket in the case of acceleration with a synchronous phase ¢5. The

[l
<

bucket with ¢s = 0 is shown in dot-dashed red. For ¢4 # 0 the energy and phase
acceptance is reduced. For small phase and energy deviations the RF-voltage is
approximately linear and the synchrotron motion can be described by an ellipse in the
AE-¢-space, where the motion is clockwise below transition (left) and anticlockwise

above transition (right).

The synchronous phase ¢s usually lies in the almost linear part of the sinusoidal RF-
voltage. With this approximation and for small deviations ¥ := ¢ — ¢5 the synchrotron

motion is described by the equation of motion of a damped harmonic oscillator

Y+ 2051) +wip =0 (1.47)
with an oscillation frequency ws referred to as synchrotron frequency and a damping con-
stant ag. The parameter o is the damping decrement accounting for the damping effect

of the synchrotron radiation and is given by:

1 dU
L 1.4
“ 2T dE |, (1.48)

where Tj is the revolution time, U the energy loss per turn and Ejy the energy of the

reference particle. For a sinusoidal RF voltage the synchrotron frequency is given by

hne% cos ¢
2 2 5
Wg = —Wrey 27TB2E0 ) (149)
where wyey is the revolution frequency, S the relativistic beta and FEy the energy of the

reference particle.

1.5.2 Synchrotron radiation and radiation damping
Accelerated charged particles emit synchrotron radiation, where the energy loss rate de-

pends quadratically on the accelerating force and the angle between the particles velocity
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and force. The loss rate is larger by a factor of 42, if the particle’s velocity is perpendicular
to the force, so that in typical circular accelerators the longitudinal forces can be neglected
and the force is given by ecB, where c is the speed of light and B is the local magnetic
field strength. The energy loss due to synchrotron radiation for a particle with charge e

and energy Fjy is then given by using the notation introduced by Sands [17]

cCy E}
=—"—. 1.50
T o p2 (1.50)
Here the magnetic field strength is expressed in terms of the bending radius % = %B and
C, is a constant defined by
4T 7. _5 _3

where 7. the classical electron radius. Integrating Eqn. once around the ring yields

the energy loss per turn of a particle of energy Ey on the ideal orbit:
C.
Uy = j{P = 2—;E§IZ, (1.52)

where I3 defines the so-called second synchrotron radiation integra

1
L= f s (1.53)

The total power loss due to synchrotron radiation is then simply the product of the beam
intensity with energy loss per turn

Uy Nyl

e

Phoam = (1.54)

with N, the number of bunches and I the bunch current.

1.5.2.1 Radiation damping and Robinson criterion

According to Eqn. the rate of energy loss due to synchrotron radiation increases
with the particle energy. As a consequence, a particle with a higher than ideal energy
will lose more energy than the ideal particle and a particle with lower energy will lose
less, resulting in a reduction of the energy difference between three such particles. The
resulting reduction in energy spread is referred to as longitudinal radiation damping.

In the transverse plane the emission of a photon leads to a loss of longitudinal as well as
transverse momentum. In the cavities only the longitudinal momentum loss is replaced,
yielding a net loss of transverse momentum or transverse damping.

Although the damping mechanisms are different for the transverse and longitudinal plane,
the total amount of damping is limited and determined by the total synchrotron radiation
loss. This correlation of damping decrements in all degrees of freedom was first derived
by Robinson [19] and is known as the "Robinson criterion”. Furthermore betatron and

synchrotron oscillation amplitudes are damped exponentially:

C
A; = A@oe_o‘it, i=x,y,s and a; = ;T—g,ES’IQJi. (1.55)

3The synchrotron radiation integrals are a class of integrals describing the effect of synchrotron radiation

in a synchrotron. A derivation of the most common synchrotron radiation integrals can be found in [18].




1.5. Longitudinal Motion 19

The parameters «; are the damping decrements - the reciprocal of the damping time 7; -
where «; has been already introduced in Eqn. and J; are the damping partition

numbers given by:

I

Jy = 1--2%, (1.56)
I
I

J, = 1-"% (1.57)
I
I I

J, — o4ty (1.58)

I
For a planar ring the fourth synchrotron radiation integral I, can be expressed by
— D; 2 -
Li= ¢ —(1+2p°k)ds, i =ux,y, (1.59)
P

where k is the normalized quadrupole strength, p the bending radius and D the dispersion.

In this notation Robinson’s criterion reads
Z Ji=4. (1.60)
i

The equilibrium energy spread and emittance of a synchrotron radiation dominated storage
ring is reached if the damping effect is equal to the quantum excitation rate. In the
longitudinal plane the statistical emission of photons leads to an energy spread. The

equilibrium energy spread can be expressed with the third synchrotron radiation integral I3

op\2 o I3
— ) =C, 1.61
(E) A (1.61)
with Cy = %m’zccz for electrons and

1 1

In the transverse plane the emission of a photon with energy ¢ does not change its actual
position and direction. However, the position v with respect to the reference orbit, which
is a combination of its betatron oscillation amplitude and a chromatic distribution due to
a finite energy deviation and dispersion D, is changed. This perturbation will modify the
phase ellipse yu? + 2auu’ + fu/?> = a? the particle moves on. The average variation of the
phase ellipse or oscillation amplitude a due to the emission of photons with energy ¢ is

usually expressed by the curly H-function .77(s)

2
g
(6a?) = ﬁjf(s) (1.63)
0
with
H(s) =yD* +2aDD' + D" (1.64)

Equilibrium is again reached when the increase in oscillation amplitude due to quantum
excitation and the damping of the same are of equal strength yielding the following ex-

pression for the emittance:

i=uxy, (1.65)
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where [I5 is the fifth synchrotron radiation integral defined by:
I
I5i = j{ —;ds . (166)
P

In most storage rings the vertical dispersion is zero for the ideal lattice, which would imply
€y = 0. In reality, the vertical dispersion does not vanish due to field and alignment errors

of the magnets and thus €, is determined by the magnitude and influence of these errors.

1.5.2.2 Variation of damping partition

Robinson’s criterion states that the sum of the damping partition numbers is a constant.
However the distribution between them can be changed by displacing the particle orbit
transversely, which is done in practice by changing the RF frequency frg of the storage
ring. In case of an off-momentum orbit the quadrupoles of the ring now also act as dipoles
resulting in a non-vanishing term 2D;p%k of I, and a change of the damping partition.

The change in I is given by the eighth synchrotron radiation integral

Al = 2Ig;6 (1.67)

Ig; = 7{ k*D2ds . (1.68)

1.5.2.3 Synchrotron radiation including coupling

As the vertical dispersion in storage rings is usually zero or very small, the main effect of

coupling is the generation of vertical emittance due to:

e coupling between the vertical and longitudinal plane in regions where radiation is

emitted, i.e. vertical dispersion in dipoles

e coupling between the vertical and horizontal plane in regions where radiation is

emitted, i.e. betatron coupling in dipoles

It is important to note that coupling does not necessarily lead to an increase of the vertical
emittance.
As derived in Appendix D] the emittances ¢; in the coupled and €g; in the uncoupled case,

are related by:

€0z €0z Jzk . €y
Je+ K’ “ Je+ K’ Wi R €r (1.69)

€x

These equations are only valid under the assumption of a vanishing vertical emittance in
the uncoupled case (ep, = 0), no vertical dispersion in both cases (D, = Dy = 0) and no
change of the horizontal damping partition (J, = Jo,).

Explicit expressions for the synchrotron radiation integrals can be found in [20]. In Ap-
pendix a short summary of the method by Chao [21] to calculate the damping decrements

and the equilibrium emittances is given.
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1.6 Perturbations

The first step in every design of an accelerator is the study of the beam dynamics under
ideal conditions described by the linear Hill’s equation (Eqn. and the beam dynamics
including small momentum deviations expressed by the dispersion function, which as well
satisfies a linear differential equation (Eqn. . The next step is then in most cases
the correction of chromatic aberrations with non-linear sextupole fields. The sextupoles
usually present the first non-linear element to be incorporated in the design, octupoles
are in some cases like e.g. the LHC still included and very rarely decapoles. All three
non-linear magnet types serve the correction of the deviation of the magnetic field from
the desired one. This deviation can for example be caused by misalignment or rotation
of the magnets, unwanted but unavoidable higher order multipole fields of the magnets,
insertions like e.g. detectors in colliders or wigglers in lightsources or collective effects
like beam-beam and space-charge. In addition, an offset of the beam with respect to the
magnet center in higher order multipoles leads to a so called feed-down effect meaning
that a quadrupole leads to a dipole component, a sextupole to a quadrupolar and dipolar
component etc. In general, a displacement in any higher order multipole introduces field

errors on the beam axis in all lower orders.

1.6.1 Linear perturbations
The lowest order perturbation is the one of a dipolar field error, here expressed as an error
in the bending radius Ap,(s), in an otherwise ideal accelerator leading to the modified
Hill’s equation

2+ K, (s)z=Ap,(s), z=um,y, (1.70)
where K,(s) is given by Eqn. and z stands in the following for either the horizontal
or vertical plane. As the bending field of the dipoles defines the closed-orbit of the beam
particles, a dipole field error consequently results in a change of the same with the new
closed-orbit being the solution of Eqn. One way to solve Eqn. is to first make
a transformation to normalized coordinates w, = z/+/B, and ¢, = % Jy d3/B=(3) with v,
being the betatron tune, yielding

2832 Ap, = V2 f(p) . (1.71)

The right hand side is a periodic function of ¢ with period 27, as is w, () and both can

be expanded into a Fourier series leading after some arithmetics to the solution

Zco SOZ

weles) = ) k_ZOO

with fx, being the Fourier components of f(¢.) given by

1

Tk = 5p f B2 Apz e dp, (1.73)

. f’“z e (1.72)

and z., the closed-orbit displacement. It is obvious that due to the term yg — k? the

closed-orbit may not even exist if the betatron tune takes on integer values

v, =k,, k.€N. (1.74)
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The Fourier components f; are also referred to as stopband integrals and in the case of
a dipole field error more specifically as integer stopband integrals based on the resonant
behaviour for integer values of the betatron tune.

The next higher order perturbations are quadrupolar field errors Ak,(s) in an otherwise

ideal accelerator leading to the modified Hill’s equation
2+ K (s)z = —Ak,(s)z, (1.75)

where K, (s) is again given by Eqn. As the beta-function depends on the distribution
of the quadrupoles, quadrupole errors induce a distortion of the same. The distortion of the
beta-function, also called beta-beating, can be derived in a similar way as the closed-orbit

distortion in the case of dipole field errors, yielding

(1.76)

AB(s) _ v N~ fpe®¥
B.(s) 2 pzzzoo V2 — ()22

The resonance condition is now satisfied for half integer values of the unperturbed betatron
tune

Vo, = %ﬁ p. €N. (1.77)

The Fourier components f,, are thus accordingly referred to as half-integer stopband

integrals with f,,. given by

oo = 5 § B-O)AR(s)e™0d5 (1.78)

Using that f_,, = f; Eqn. can also be written in the following form used later in
this thesis:
ABL(s) 1

VA S+C ~ ~ ~ ~
) = e ). O8O @ o) - 66, (179

where C is the ring circumference.
As a consequence of the change of the beta-function and thus number of betatron oscilla-

tions per turn, quadrupole errors induce a tune-shift which is given by

Avs = v, — vy = i f{ B.(5) Ak (5)d5 (1.80)

1.6.2 Non-linear perturbations

The general equation of motion for a single perturbation p,. of order n is

d?w _
ot s = (ol (1.81)

For small perturbations the equation of motion can be solved in a similar way as the

equation for linear perturbations, leading to the resonance condition

vy, =p, lLp€Zandl|l|<n. (1.82)
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1.6.3 Coupling resonances
In the case of a dependence of the perturbation on the betatron oscillation amplitudes in

both transverse planes, the general equation of motion is given by

+ Vi, Wy = /ﬁnm(@x)w;,”_lwg_l . (1.83)

where representatively for both planes the equation for the horizontal plane is stated here.
This leads to a coupling between both planes and consequently a resonance condition

including the horizontal and vertical tune
oy +qroy =p, 1,p,q€Z,|l] <mandlgl <n. (1.84)

A similar equation as Eqn. can also be derived for the vertical plane leading to the

general resonance condition
MmVoe +noy =p, m, n,p e L (1.85)

with |m| + |n| being the order of the resonance. The case of the linear coupling resonance
Yoz £ voy = p, relevant for the LHeC, for which linear coupling between the two planes is
desired (see Sec.[2.4.3), is discussed in more detail in Appendix

1.6.4 Systematic and non-systematic resonances

In a very simplified picture a lattice consisting of IV superperiods and a tune of vy, g, is
equivalent to a lattice consisting of only one superperiod and a tune of vy, 0,/N. Substi-
tuting voz,0y by Doz,0y = Vox,0y/N in Eqn. then leads to the resonance condition

My + nvgy =pN, m,n,p€ L. (1.86)

Thus, a high superperiodicity actually eliminates many resonances or rather reduces their
stopband integrals and they are referred to as non-systematic resonances. Resonances
satisfying Eqn. are called systematic resonances. All resonances can be visualized in

a resonance diagram for which an example is presented in Fig.
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Figure 1.7: Resonance diagram until 4th order for a lattice with superperiodicity 4.
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1.6.5 Detuning with amplitude and momentum

It has been derived in Sec. that quadrupolar errors lead to an amplitude independent
tune-shift. For sextupolar or higher order multipoles this tune-shift becomes amplitude
dependent and is referred to as detuning with amplitude. As the perturbation and thus
tune-shift is usually small, the detuning can be expressed by Taylor expansion in the

horizontal and vertical action J,/,:

QZ(‘]Ctv Jy) ~ Q.+ az,lOJx + az,UIJy+

1
5 (OJZ’Q()J% + 20&2711J$Jy + Oéz,ogjg) +..., z=x,U. (1.87)

The coefficients o ;; are called the anharmonicities.
The same is valid for momentum deviations § = Ap/pg referred to as detuning with

momentum and expressed by a Taylor expansion in §
1 1
Q-(0) = Qo+ QL5 + 5@’452 + 5Q;’Qs?’ +... (1.88)

The terms ,,S”) with n > 2 are the higher order chromaticities. In the case of the de-

tuning with momentum also higher order dispersive effects have to be considered as well.
A method to correct the first and second order chromaticity using sextupole families is
described in Appendix |C| and applied to the LHeC in Sec.

1.7 Space-Charge and Beam-Beam Effects

The Coulomb forces arising from a charged particle beam can contribute considerably
to the forces encountered by individual particles in a beam transport line or a circular
collider. These forces may act directly on the particles of the beam referred to as direct
space-charge force or on the particles of the counter-rotating beam in the case of a collider
known as beam-beam force (Fig. . Both forces scale with the number of particles and
roughly inversely with the beam size and can present severe stability problems for high
brightness beams.

As will be shown later, the direct space-charge force scales with 1 — 32 = 7—12 and becomes
completely negligible as the beam velocity approaches the speed of light in which case
the electric and magnetic force cancel each other completely. It is therefore only relevant
for low energy beams, especially for particle species with a high mass like protons or
ions with v = E/(moc?) being then considerably smaller compared to e.g. electrons of
the same energy. In addition to the direct space-charge effect, the beam is influenced
by its environment like the beam pipe, magnets, collimators etc. referred to as indirect
space-charge effects. For a smooth, perfectly conducting wall they can be calculated by
introducing image charges and currents and are often referred to as image effects. Those
indirect space-charge effects do not become negligible as the beam velocity approaches
the speed of light and are thus more relevant for high energy beams. In the case of the
beam-beam effect the force scales with 1+ 2 = 2 — %2 This scaling with energy is usually
not relevant as colliders are usually built for high energy beams with 8 =~ 1. Furthermore,

due to the high energy the space-charge force of the beams is usually neglected.
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Figure 1.8: Space-charge (left) and beam-beam effects (right). The beam particles experience
the effect of the electric and magnetic force. In the case of the space-charge effect
(left) the repulsive Coulomb force is canceled by the attractive magnetic force as the
velocity approaches the speed of light (8 — 1), while for the beam-beam effect (right)
both forces are either attractive for oppositely charged beams or repulsive for equally
charged beams.

In the case of the direct space-charge effect, the self-field of the beam acts on the beam par-
ticles of the same beam which have self-evidently the same charge. The direct space-charge
force is therefore always repellent. In the case of the beam-beam effect the colliding beams
can either have the same charge, in which case the force is repellent, or opposite charge in
which case it is attractive. For small amplitude particles the space-charge and beam-beam
force is quasi linear and can be described as a defocusing or focusing quadrupole respec-
tively. A good measure for the strength of this quadrupole is the tune-shift or spread
caused by it referred to as direct space-charge and beam-beam tune-shift.

Another difference between the space-charge and beam-beam effect is the spacial distri-
bution of the force. The space-charge effect can in general be seen as a rather equally
distributed defocusing non-linear force, while the beam-beam force is localized to the
beam crossings at the interaction points where the beam then experiences a strong focus-
ing or defocusing non-linear kick. In colliders the beams are also often stored over a long
time period while low energy machines have shorter cycles requiring less beam stability.
Due to the strong localization of the beam-beam force and in addition the longer cycle
time the beam-beam tune-shifts observed are much smaller than the possible space-charge
tune-shifts. For electron colliders the maximum reachable beam-beam tune-shifts lie in
the range of 0.1 reached at KEKB [22] and for proton machines around 0.017 reached at
the LHC [23]. The observed tune-shifts for electron or more general lepton beams are
higher because the oscillations caused by the beam-beam interaction are damped by syn-
chrotron radiation which scales with 1/m3 and is in general negligible for hadron beam
Space-charge tune-shifts can be as high as 0.5. The value of 0.5 is kind of a hard upper

limit for the space-charge tune-shift, as for larger tune-shifts the beam crosses either the

4An exception is the LHC, where the synchrotron radiation is visible on synchrotron radiation light

monitors and damping effects can be observed due to the high beam energy of 7 TeV
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integer or half integer resonance which usually leads to immediate beam instability or even
instantaneous loss of the beam. Another difference arising from the different spacial distri-
bution is that in the case of a beam instability caused by the space-charge effect, the beam
emittance in general blows up where the blow-up eventually saturates as the space-charge
force decreases with increasing beam size. In the case of the beam-beam effect the beams

are usually lost right after becoming unstable.

1.7.1 Transverse self-field

For the majority of beams for which space-charge or beam-beam effects play a role the
longitudinal dimension of the beam is considerably larger than the transverse one and can
be added after the calculation of the transverse field as a charge density A(s), where s is
the longitudinal coordinate in the Frenet-Serret coordinates. One way to determine the

self-field of the beam is using the Poisson equation
1
AU =——p(z,y) , (1.89)
€0

where p is the charge density of the beam and U the electric potential. The electric field
is then given by:
E=-VU(z,y) . (1.90)

The magnetic field B of a bunch moving with speed B¢ follows from the electric field E
with
B=3xE/c (1.91)

The distribution of particle beams is often shaped by statistical processes like e.g. syn-
chrotron radiation and thus most beam distributions are Gaussian or can be approximated
well enough by a Gaussian distribution. The Gaussian distribution and most other beam
distribution lead to a non-linear electric field and not always solvable equations of motions.
In this respect the idealistic Kapchinskij-Vladimirskij (KV) distribution represents a spe-
cial distribution as it yields a perfectly linear space-charge force and solvable equation of

motions and is often used for space-charge studie

1.7.1.1 Kapchinskij-Vladimirskij (KV) distribution
In the case of the Kapchinskij-Vladimirskij (KV) distribution the particles are uniformly
distributed on a constant emittance surface of the 4-dimensional phase space. In action-

angle variables the distribution can be written as

AN 2J, 2
P Ter Ty) = qa(']+‘]y— ) , (1.92)

€x€y €g €y

where N is the number of particles per unit length, ¢ the particle charge, J; the action, ¢;

the emittance, ¢ the Dirac delta function and a and b the envelope radii of the beam with

a =1/ Pe€z, b=1/Byey. (1.93)

5In the case of the KV-distribution the space-charge field can be simply added as a defocusing quadrupole

to the Hill’s equation.
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The distribution function of the KV-distribution is then given by

Nq 562 y2
p(z,y) = %@ <1 -2 + ) (1.94)

where ©(z) is equal to 1 if z > 0 and 0 if z < 0 with an rms emittances of

2 2
<Zx> = %7 €y,rms — %j = % (1.95)

Neglecting the transverse velocity, hence 3 = (0, 0, §), Eqns. - yields for the
components of the electric and magnetic self-field

€z rms =

1 Ng 1 Ng
Erzii 5 E = 9 1.96
meo ala + b) v Y meo bla+b) Y (1.96)
o NgBe to NgPc
B, =1 , B, = e 2Y9°¢ 1.
T b(a—l—b)y Voor a(a—|—b)x (1.97)

Both the electric and magnetic field depend linearly on the transverse position x and y.

1.7.1.2 Gaussian distribution

The Gaussian distribution function in the 4-dimensional phase space in action-angle vari-
ables is defined by

}J _ Jx Jy
Py Jy) = ——d s ) (1.98)
€z, rms€y,rms
leading to the beam distribution function
N _a? 4
plx,y) = T ) (1.99)

2moL0y

where 0; = /Bi€ rms is the rms beam size.
In the case of elliptical beams (o, # o, and o, > 0,) the components of the electric field

are given by the Basetti-Erskin formula [24]:

2

2

T Y %Y 4 ;O

: -+ =ty
2 2

E, = — N4 Jy|w| 2| —e 208 20§y, | v ||
2501/27r(cr%—0'12/) 2(0'920—0'12/) 2(0%—05) (1 100)
2 2 .
S R z Y 4y
20% 20y ox oy

_ Ngq z+iy
E, = e |w

R _ oty w |
2601/271’(0’%—0’5) 2(0%—05) 2(0%—05)

where the function w(z) is the complex error function defined by [25]:

2 21 Z
=e ¥ 14+ —= at) . 1.101
w(z)=e < + ﬁ/o e > (1.101)
The magnetic field can be obtained by Eqn. with 3 = (0, 0, 3).

For round beams (0, = 0, = o) the electric and magnetic field can be expressed with

more elementary functions and read in cylindrical coordinates:

2
— L Ngy_ 52
Br = (e ;2)’ (1.102)
By = 42891 -e27).

All other components of the electric and magnetic field are 0.
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1.7.2 Lorentz force from space-charge self-field

The forces exerted on individual particles of charge ¢ by the space-charge self-field of the

same or another beam are given by the Lorentz force:

F =qf,E+qffo(vxB), (1.103)

where the nomenclature as in [12] is used with f, = 1 if the individual particle and the beam
particles have the same charge and f, = —1 if they have opposite charge. Similarly f, = 1if
the individual particle and the beam move in the same direction or f, = —1 if they move
into opposite directions. In general the transverse velocities are small compared to the
longitudinal ones and 3 can be approximated by 3 = (0, 0, ). Under this approximation

and using Eqn. the transverse components of the Lorentz force can be expressed as

F, = qfy(1+ B f) B, (1.104)

z2=2,9.

The self-field force factors are summarized in Table for a better overview. In the case

space-charge beam-beam
et [t [t [ -1
— —+ 1 —MN -+ 1
H1-5%) | (-5 |+ +5) | -(1+5%)

Table 1.1: Self-field force factors introduced in Eqn. [1.103| The +/— signs stand for the sign of
the individual particle and beam particles and the arrows 1| for the direction of the

same.

of the space-charge force the magnetic field compensates the electric field for relativistic
beams (8 — 1= (1 —3?) =
Applying Eqn. [1.104] to the KV-distribution yields in Cartesian coordinates

L — 0) which is not the case for beam-beam effects.

1 4\ 1 4\
F,=— £, Fy=— % 1.1
47'('60qu( +ﬁ f ) ( +b) Yy 47760qu( +/6 f) ( +b) ( 05)
Doing the same for the Gaussian distribution in cylindrical coordinates yields
2\ 9 r?
= e af(L+B°fo) (1 — e 7). (1.106)

For small r, so near the beam center, the Lorentz force can be linearised by Taylor-

expanding the exponential function leading to

forr<o. (1.107)

2
Frziocﬂeq( +B fv)2 R

4me

1.7.3 Space-charge effects

In the preceding sections, only the Lorentz force generated by the beam itself and acting
on a single beam particle has been considered, referred to as incoherent direct space-
charge effect (Sec.|1.7.3.1). In addition, electromagnetic fields induced in the surround-

ings of the beam can effect the beam itself, known as incoherent indirect space-charge
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effects (Sec. [1.7.3.2). Last but not least, oscillations of the beam centroid can induce os-
cillating electromagnetic fields in the surroundings of the beam, which are called coherent
indirect space-charge effects. In all three cases the Lorentz force is linear or approximately
linear in the transverse coordinates x and y and thus the space-charge force can be seen

as a continuous quadrupolar perturbation, which can be added as an additional term Kgc
in the linear Hill’s equation (Eqn.[1.6):

2+ (K(s)+ Ksc(s)z=0, z=u,y. (1.108)

In a synchrotron, a good measure for the “strength” of the space-charge effect is the tune-

shift AQ), caused by the additional quadrupolar perturbation given by:

2R
1
8Q: = o [ Kscus)u(s)ds, 2=y, (1.109)
s
0

where 27 R is the circumference of the synchrotron and 3, the beta-function.

The incoherent and coherent tune-shift for different shapes of the vacuum chamber and
magnetic pole distances can be expressed by the Laslett coefficients where an elliptical
uniform beam distribution (KV distribution) is assumed in all cases. For the explicit
formula see the original paper [26]. In the following, the different space-charge effects are

described using simple examples.

1.7.3.1 Direct incoherent space-charge effect

In the case of the direct incoherent space-charge effect the Lorentz force is given by

Eqn. [1.104
F,=q(1-B)E,, z=uy, (1.110)

and is always repellent leading to a negative tune-shift AQ, < 0. In the case of the KV-
distribution the Lorentz force is linear in  and y and the equations of motion (Eqn. 1.108))

are exactly solvable [27]. In this case the tune-shift is given by

27 a 21 b
A = —— A = — . 1.111
@ [23¢, <a + b> ’ @y B3¢, <a + b> ( )

By introducing form factors and expressing the semiaxis of the ellipse as rms-beamsizes
Eqn.|1.111| can be extended to other more realistic distributions [28]

2
_ (9 N Fac,yGa:,y /Bx,y
AQuy = T <A> p%y3 By Opy (0x+0y) /)’ (1.112)

where F, , is a form factor derived from the Laslett coefficients [26] for incoherent tune-

shifts, G, , a form factor depending on the transverse distribution with G,, = 1 for
the KV-distribution and G,, = 2 for Gaussian and 1 < G, < 2 in the case of all
other distributions. The parameter By is the bunching factor defined as the mean current
divided by the peak current of the bunch with By < 1 for bunched beams and By = 1 for
unbunched beams and accounts for the increase in the space-charge tune-shift for bunched
beams. The term (%) includes the strong space-charge force experienced in the case of

ion beams where ¢ is the charge state and A the mass of the ions.
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A comparison of the expressions for the direct incoherent space-charge tune-shift and the
beam-beam tune-shift (Eqn. [1.124) shows that both depend on the beam size and on

the beam intensity. As in the case of the space-charge effect, the beam experiences its
Bz,y

Oz,y(0z+0y)
complete ring. For the beam-beam effect the interaction is localized and the beam sizes

self-field continuously and the beam size dependent term is averaged over the
are assumed to be Constan@ Furthermore, the direct incoherent space-charge tune-shift
scales strongly with the beam energy, explicitly with %2 (Eqn.|1.112), while the beam-beam
tune-shift only depends on the normalized emittance of the beam (Eqn.[1.124)), which is
energy independen

1.7.3.2 Indirect incoherent space-charge effect

In a real machine the beam also induces surface charges or currents in its environment
that act back on the beam known as indirect space-charge effects. The simplest example
which illustrates the principle of this effect is a continuous round beam represented by a

line charge A of infinite length between two parallel perfectly conducting plates.

y
A
dh4+-=-0—--—--
-
2h4 - -0 - - - -
h y
beam@ 0-——)\ - - - -
-h
2h |condugting wall_
-
dhd -0 ——— -
A

Figure 1.9: A particle beam represented by a line charge A between two parallel perfectly con-

ducting plates of distance 2h.

The boundary condition that the electric field parallel to the plate must vanish (£ = 0)
is satisfied by introducing an infinite number of image line charges of alternating sign at
positions ... —4h, —2h, 2h, 4h ... (Fig. . The electric field at position y between the
conducting plates is then given by the sum over the electric field generated by all image
line charges. As there are no image charges between parallel plates, the divergence of the
electric field is zero (V - E = 0). From this condition the horizontal component E, can be
derived, yielding [28]

A2 A2
o m B o—_2 T 1.113
"7 Tdreh212” YT dmegh2 127 ( )
and for the Lorentz force acting on a particle of charge ¢
A2 A2
Fp=—— T . (1.114)

 dregh? 127 v = 4dmegh? 127

SFor small beta-functions at the IP and short bunches, the dependence of the beam size on the longitu-

dinal position s can not be neglected any more. This effect is known as hourglass effect.
"Here synchrotron radiation effects are not taken into account
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For the geometry considered in this section, the electric image field is vertically defocusing
and horizontally focusing and increases for small chamber heights h. This is the case for
most synchrotrons as the horizontal aperture is often larger than the vertical, due to the
non-vanishing dispersion and thus larger beam size in the horizontal plane. Furthermore,
the Lorentz force from indirect space-charge effects (Eqn. is independent of the
relativistic vy-factor leading to a % dependence of the tune-shift compared to a 712 depen-
dence for the direct space-charge effect. Thus, the indirect space-charge effect becomes
much more relevant for high beam energies as it decreases much slower than the direct
space-charge effect.

Similarly, as the electric field of the beam leads to image charges, its magnetic field induces
mirror currents resulting in a tune-shift scaling as well with % For further details it is
referred to [26].

1.7.3.3 Indirect coherent space-charge effect

A coherently oscillating beam where the oscillation can be for example caused by an injec-
tion kicker, induces image charges and currents in its environment, which are oscillating as
well. For a round beam with line charge A and radius a performing a coherent oscillation
inside a round beam pipe of radius p with a < p, the electric field and Lorentz force

generated by the induced image charges are given by [28]

_ A1

E.(z2) = Smeq ﬁz, z=uxz,y, (1.115)
_ g 1 _

F.(z2) = %?2, z=ux,y, (1.116)

where (Z,7) denotes the position of the beam centroid. According to Eqn. [1.116] the
Lorentz force is repelling in both planes, thus is having a “defocusing” effect on the beam,
and it is linear in & and ¥, inducing a coherent negative tune-shift. Furthermore, it is

independent of A, resulting in a % dependence of the tune-shift.

1.7.4 Beam-beam

In the case of beam-beam effects, the beams are moving in opposite directions and the
Lorentz force is given by Eqn. [1.103| with f, = —1:

F.=qf(1+B*E., z=uy. (1.117)

It is repellent, and thus defocusing, in the case of equal, and attractive, and thus focusing,
in the case of opposite charged particles. In most colliders where beam-beam effects are
relevant, the bunches are usually approximately Gaussian and in the following a Gaussian
charge distribution is assumed.

Furthermore, only the effect of the opposing beam (strong beam) on a single beam particle
(weak beam), referred to as weak-strong interaction, will be described in the following
section. In this case the distribution of the strong beam remains unchanged. For strong-
strong beam-beam interactions where the change of the distributions of both beams is

taken into account it is referred to the literature.
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1.7.4.1 Incoherent head-on beam-beam effects

As the weak beam passes through the field of the strong beam it receives a transverse kick
while the strong beam remains unchanged. For small amplitudes the kick obtained with
the Basetti-Erskin formula (Eqn. can be linearized and the transformation of the
phase space coordinates (z,z') and (y,y’) can be described by the thin-lens matrix of a

quadrupole with focal strength [29]

1 2N’I“0

i . z=x,v, 1.118
fz 'YO'Z(U:I:+O'y) ( )

where N is the number of particles in the strong beam, o, the beam size of the strong
beam and rg the classical radius of the particles of the weak beam. Taking the case of
only one collision point, the transformation from one collision to the next is then given by
the one-turn matrix®|

10\ cos(¢oz)  fg.sin(doz) \ (1 0
o 1) T\ —asin:)  cos(éo:) o !
COS(d)Oz + Ad)z) 5; Sin(¢0z + A¢z)

= ) Z:$7y7

o+ 862)  costn. + As2)
(1.119)

where the kick from the strong beam has been split in half due to symmetry reasons. The
unperturbed parameters ¢o, and 3;, and the perturbed ones ¢, = ¢o. + A¢, and 3} are
related by

cos(po. + Ap.) = cos(¢o.) — g?iz sin(¢oz), z==x,y, (1.120)
* * Sin(¢0z) o
B = 5ozm, z2=1x,y. (1.121)

Hence, in linear approximation the change of the beta-function and tune depends on the

phase advance between the collisions and the beam-beam parameter

_ B Nrob.

L= drf,  2myo.(op + oy)’

z=ux,y, (1.122)

which is a measure for the beam-beam strength. Note that /3, is the beta-function of the
optics of the weak beam at the IP and o, the beam size of the strong beam at the IP. For
highly relativistic (8 =~ 1) round beams with o, =0y =0 = \/VBOTN and 83, = 55, = 55
Eqn. simplifies to

£ = 4]7\:; : (1.123)
and depends only on the number of particles N and the normalized emittance en. In
hadron machines the normalized emittance is energy independent and so is the beam-
beam parameter, while in electron machines the normalized rms emittance depends on the
beam energy (Eqn. due to the influence of synchrotron radiation and thus also the

beam-beam parameter.

8This can be easily extended to multiple collision points by just substituting the one turn matrix by

the transport matrix from one collision point to the next.
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For £, < 1 and for ¢, not close to a multiple of m the beam-beam parameter is approxi-

mately equal to the tune-shift Av, = 2rA¢, caused by the beam-beam interaction

N?“(]BSZ
2my0,(0g + 0y)’

Av, = ¢, = z=x,y (1.124)

referred to as beam-beam tune-shift.

1.7.4.2 Coherent beam-beam effects

In addition to the incoherent beam-beam effects, the beam is also effected as a whole
by the opposing beam known as coherent beam-beam effects. A good measure for the
strength of the coherent effect is similar to the incoherent case, the coherent beam-beam
parameter. In the case of two beams, denoted with + and —, colliding head-on and with

no displacement of their barycenters it is given by [14]:

—+ _ N:FTOB::t
? 27T’Y:I:Ez<2x + Zy)7

z=ux,y, (1.125)

where ¥, = 1/(07) + (03 ) is the effective beam size. Thus for small amplitudes the effect
on the entire beam is half the one of the effect on a single particle given by the incoherent
beam-beam parameter. For larger amplitudes the effects become equal. This is clear as
for large amplitudes the two beams can be considered as point like charges. Equivalent to
the incoherent beam-beam tune-shift, the coherent beam-beam tune-shift is equal to the
coherent beam-beam parameter.

In general the motion of the two beams becomes coupled by the beam-beam interaction
and collective effects can appear. The most important ones are orbit effects, coherent

modes and multi-bunch coupling.

1.7.4.3 Dynamic beta, emittance and beam size
In Sec.|1.7.4.1} only the change of the phase advance has been discussed, but the head-on

beam-beam interaction also changes the beta-function at the IP where the expression given
in Eqn. |[1.121| can be rewritten to depend only on the unperturbed parameters

Sin((b?:) \/1 + 47Tfo,z cot ¢0z - 47725(2],2

B =085 z2=x,y. (1.126)

Including synchrotron radiation effects the change of the beta-function at the IP results
in a change of the beam envelope inducing a change of the equilibrium rms emittance [14]

1+2 t
€oms.s = ( + 27&p, co (¢0z))6rms,0z (1'127)

V1+ dno. cot (o) — 423,

The dynamic beam size is then just given by o, = m . The dependence of all three
parameters is illustrated for the case of the LHeC in Fig. For lepton colliders like
e.g. LEP the tunes were optimized by placing them close to the half integer resonance
to explore the reduction of the beam size at the IP and thus increase the luminosity by

exploiting the dynamic beta effect.
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1.7.4.4 Hourglass effect
For small values of the beta-function 8* at the IP the beta-function increases rapidly with

the distance s to the interaction point

2
, S
B(s) =p"+ 5 (1.128)
In the case where the bunch length lies in the range or is larger than 5* the beta-function

can no longer be considered constant along the bunch leading to a reduction of the lumi-

nosity. Explicit expressions for the luminosity reduction factor are given in e.g. [30].

1.7.4.5 Long range beam-beam effects

In order to have only one crossing of the beams at the center of the detector, the beams
are often separated with a small crossing angle which is illustrated in Fig. Since
the bunches travel in a common beam pipe in the interaction region, they still feel the
electromagnetic field of the bunches of the opposite beam called long-range interactions.
In general, these long-range interactions are much weaker than head-on interactions but

they are much more frequent?|

\ /
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Figure 1.10: Schematic plot of head-on and long-range beam-beam interactions.

The main properties of the beam-beam long-range interactions are summarized in the

subsequent list [31].
e Large amplitude particles are mainly effected.

e The tune-shift is proportional to the number N of long-range interactions and in-
versely proportional to the square of the beam separation d and has the opposite

sign than the head-on beam-beam tune-shift

N
Ay, iﬁ , (1.129)

where the + is for equally charged beams and the — for oppositely charged beams.
The change of sign of the tune-shift can be understood from Fig. which shows
the derivative of the Lorentz force in respect to the amplitude. For large amplitude
particles the sign changes and with it the sign of the tune-shift, leading to a folding
of the tune footprint of the beam.

e The symmetry between the planes is broken, resulting in an excitation of also the

odd resonance.

9For example, in the LHC the beams experience about 30 long-range interactions per IP.
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e The closed-orbit is changed.

e Enhancement of the PACMAN effectl?]

1.7.5 Non-linearity of the space-charge force for Gaussian beam distri-
butions
The instantaneous tune-shift of a single particle caused by the space-charge field is pro-

portional to the derivative of the Lorentz force in respect to the amplitude r = /22 + y?2
and averaged over the same. The space-charge force for round Gaussian beams given by

Eqn. [1.106

2\ 1 r2
Fr=-""qf,(1+5%f,)-(1—e 22
r 47T€0(Ifq( B fv)r( )
is then non-linear in r.
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Figure 1.11: Space-charge force for round Gaussian beams for equally (dashed) and oppositely
(solid) charged particles. The red arrows indicate the oscillation range of small and

large amplitude particles.

Its shape is illustrated in Fig. from which one can draw the following conclusions:

e for small amplitude particles (< 1.5 0) the space-charge force is approximately linear

in 7 and results in an amplitude independent tune-shift of the core of the beam.

e for particles with larger amplitudes (2 1.50) the space-charge force becomes non-
linear, in particular it decreases and changes the sign of its slope. Large amplitude

particles thus experience a smaller but amplitude dependent tune-shift which tends

to 0 for very large amplitudes.

°Tn most colliders the bunches are not equidistantly spaced, but grouped together in bunch trains,
providing longer time gaps to allow for e.g. the rise time of the injection and extraction kickers. The
bunches of one beam usually encounter the bunches of the other beam only at the interaction point. As
the bunches are now grouped in trains of bunches the bunches at the beginning and end of the train
experience less long-range interactions, leading to differences in closed-orbit and position and dimension of

the tune-spread of the bunches. This effect is known as PACMAN effect.
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Briefly, the non-linearity of the space-charge force leads to a detuning with amplitude. For

head-on beam-beam effects it can be expressed analytically [29]

1+% d -
Ave =€ <T) b a4 (1047) 22 (1%2) ’

ont ) : (1.130)
_ Qg 0
Aljy = f (‘Ta) fO (1+u)3/2(f+a2u)1/2 Z2 (1+a2u> Zl (1+Ju) )

where a = Z—Z is the aspect ratio of the strong beam, /o, and /oy are the amplitudes

normalized by o, and o, respectively and Z; and Z3 are defined by

Zi(z) = e " (Jo(z) — Ji(z)) ,

Zy(x) = e " Jo(x), (1.131)

where Jy and J; are the Bessel functions. As an example Fig. shows the amplitude
dependence of the tune-shift from head-on beam-beam effects in the case of the LHeC
High Acceptance (HA) option.

0.08
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Figure 1.12: Detuning with amplitude due to head-on beam-beam for the LHeC High Acceptance
(HA) option. The parameter n denotes the amplitude in number of sigmas of the

rms beam size.

In general, as the beam-beam interaction represents a strong localized non-linear kick, it
influences many aspects of the non-linear beam dynamics, which are not subject of this
thesis and for further details it is instead referred to the literature.

In the case of space-charge effects, the non-linear space-charge self-field of the beam in-
troduces non-linearities in the whole machine. The impact of these non-linearities can be
many-sided. One aspect investigated in the framework of this thesis is the dependence
of the beam stability on the variation of the beam size and the symmetry of the lattice
(Sec. . The idea behind this study is that the strength of the non-linear kick depends
on the beam size and the ratio between the beam sizes. For small variations of the beam
size the variation of the defocusing effect of the space-charge self-field and its non-linear
part are small and the emittance blow-up is expected to be smaller than for a lattice with

large variations of the beam size. Furthermore, a high symmetry of the lattice could be
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advantageous in the case of space-charge effects as the space-charge force has the same
“symmetry” as the lattic and thus resonances are suppressed due to the symmetry of
the lattice.

1.8 The Optics and Tracking Codes MAD-X and PTC

Most machines at CERN and also the lattices investigated in the framework of this thesis
are designed with the optics and tracking code MAD-X [32] which offers a larger variety
of different matching routines and an easy-to-use element definition - both essential in the
first design phases and further optics development of an accelerator. The strength of PTC
[33], [34] lies in the modeling and analysis of the non-linear optics and beam dynamics and
an interface to PTC is implemented in MAD-X for this purpose. The tools provided by
PTC and used in this thesis are:

e fully symplectic tracking routines:
In MAD-X, conventional thin-lens tracking routines are implemented which corre-
spond to a “drift-kick-drift” model with a second order symplectic integrator. The
advantage of this tracking method is its speed which makes it preferable for extensive
tracking campaigns but it is non-trivial to create an adequate linear and non-linear
model of the machine. Furthermore it is known that MAD-X might not give cor-
rect tracking results for large momentum errors. PTC on the other hand offers a
relatively precise model of all machine non-linearities and a correct tracking also for

large momentum errors providing that the exact Hamiltonian is used.

e normal form analysis:
Higher order chromaticities (detuning with momentum) and anharmonicities (detun-
ing with amplitude) can be directly obtained with PTC via a normal form analysis

of the one turn map.

At its core PTC is a symplectic integrator and the user has to provide the correct integrator

settings for his purpose. These settings explicitly are:
e the number of integration steps

e the integration model: the “drift-kick-drift” model splits the integration step us-
ing drifts, while for the “matrix-kick-matrix” matrices are used. The “matrix-kick-

matrix” model has the advantage of producing the correct phase advance.

e the order of the symplectic integrator: “method 2” for a simple second order integra-
tor with one kick per integration step, “method 4” for the Ruth-Neri-Yoshida fourth
order integrator with 3 kicks per integration step and “method 6” for the Yoshida

sixth-order integrator with seven kicks per integration step

11 this context the term “symmetry” is used for the reoccurrence of the same non-linear field after each

equivalent part of the lattice.
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e the use of an expansion in the momentum error § of the Hamiltonian, e.g. for a drift

space:

P+
H= —\/(1 +0)2 —p2 —p2 (exact), H = 3150) d (expanded). (1.132)
The accelerator model gains precision with the number of integration steps, the order of
the integrator and with the use of the exact Hamiltonian at the cost of CPU time. As
PTC is in general a rather slow tracking code, it is essential to find a model precise enough
for the corresponding purpose.

For the theory about symplectic integration and Lie algebra techniques see [35].




2. LHeC Ring-Ring Option

The current Ring-Ring option design foresees a 10 GeV recirculating linac as injector and
the installation of a 50-70 GeV main electron ring on top of the existing LHC proton

magnets (Fig. 2.1). In order to ensure simultaneous proton-proton and electron-proton
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Figure 2.1: Representative cross section of the LHC tunnel with the original space holder for the
electron beam installation directly above the LHC magnets. The new shifted location
of the electron ring due to the additional bypasses in Point 1 and Point 5, and the
need to keep the cirucmference of both rings the same, is indicated in red.

operation, the lattice also includes bypasses with separate tunnels around the then existing
proton-proton LHC experiments. These bypasses are in addition used to house the full
RF of the LHeC as well as the injection and extraction region. The LHeC experiment
will either be installed in Point 2 or Point 8. For the design study presented in the LHeC
Conceptional Design Report (CDR) [10], Point 2 has been chosen as collision point. In the
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following the LHeC CDR, of which the geometry, layout and optics part of the Ring-Ring
collider has been elaborated in the framework of this thesis, will serve as a baseline, and
is referred to for general information and technical details important for the actual design

of the accelerator, but not relevant for the more general description given in this thesis.

Point 2

6.87 GeV

trom EPA . o 10 GeV e-injector .’.’ : Courtesy to

4ILC RF-units, 128 GHz, 156 m, providing 313 GV~ 10 GeV to LHeC H . Bur khar dt

0¢~

Figure 2.2: Schematic layout of the LHeC: In grey the LEP tunnel now used for the LHC, in red
the LHC extensions. The two LHeC bypasses are shown in blue. The RF is installed
in the central straight section of the two bypasses. The bypass around Point 1 hosts

in addition the injection.

The overall layout of the LHeC is shown in Fig. and the baseline beam parameters
as defined in the LHeC CDR are summarized in Table assuming LHC ultimate

electron beam | proton beam
beam energy [GeV] 60 7000
number of particles per bunch [10%°] 1.98 17
number of bunches 2808
bunch spacing [ns] 25
hor. /vert. normalized emittance e, /, [mm] 0.59/0.29 3.75/3.75
synchrotron radiation power [MW] 44 negligible

Table 2.1: Proton and electron beam parameters for the Ring-Ring option. For the proton beam
the LHC ultimate parameters have been assumed.

parameters for the proton beam. A critical review of the design parameters performed
in the framework of this thesis is given in Sec.
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In general, the same parameters can be assumed for positrons as for electrons and in
the following the electron beam is described representative for both. The electron beam
energy and intensity has been set to limit the synchrotron radiation losses to less than
50 MW which is considered to be a safe limit in order to stay below 100 MW total power
consumption and at the same time deliver a luminosity of over 1033 cm~2?s~!. This leads
to an energy of 60 GeV and 2 x 10! particles per bunch with the same bunch pattern as
the LHC, still leaving some margin for an increase in intensity and energy.

Furthermore, experiences from HERA advise to match the naturally flat electron beam
to the round proton beam at the Interaction Point (IP) as a mismatch could result in a
reduction of the proton beam lifetime [37]. The difference of the ratio of the horizontal
to the vertical emittance between the proton and electron beam is too large in order to
adjust the beam sizes over the beta-function at the IP. One possibility of converting the
flat electron into a round beam is to introduce coupling in the interaction region or to
couple the full electron ring. The different possibilities studied in this thesis are discussed
in more detail in Sec.[2.4.3] For the baseline parameters, the option of a fully coupled ring
has been chosen and an emittance ratio of 2:1 assumed.

For the interaction region two options have been considered [10], the High Luminosity (HL)
option with a detector acceptance of 10° and the High Acceptance (HA) option with a
detector acceptance down to 1°. The HL option delivers a higher luminosity as the final
focus quadrupoles are placed only 1.2 m from the IP allowing for smaller beta-functions at
the IP compared to the HA option where the distance from the first quadrupole to the IP is
6.2 m. Both options foresee a crossing of the beams in the horizontal plane with a crossing
angle of 1 mrad ensuring a minimum separation of 50, + 50, at all parasitic encounters
which is considered to be sufficient based on experiences from HERA and LHC [10]. The

interaction region parameters are summarized in Table

HA HL

electron ‘ proton | electron ‘ proton
luminosity [1032cm=2s71] 9 18
syn. rad. power (interaction region) [kW] 51 33
critical energy [keV] 163 126
crossing angle [mrad] 1
hor. /vert. beta-function at IP [m] 0.4/0.2 | 4.0/1.0 [ 0.18/0.1 | 1.8/0.5
hor./ver. rms beam size at IP [um] 45/22 30/16

Table 2.2: Parameters of the Ring-Ring interaction region.

In the framework of this thesis, the complete electron ring geometry, layout and optics,
except the interaction region, have been designed which are described in Sec. and
In addition, different beam dynamical aspects regarded to be relevant have been studied
in this thesis and are presented in Sec. The main parameters of the complete lattice
are compiled for a better overview in Appendix
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2.1 Review of Design Parameters

The aim of every or rather most colliders is to achieve the highest possible luminosity and

energy. In the case of the LHeC the luminosity is given by

N.N,N, 1
$(9> _ eliVp bfrev ) ’ (21)
2 2
2\ [(03 +0%) - (03, + 0%) \/ 1+ (G50 ) tan? S
“o 5(0)

where the index e indicates the electron and the index p the proton beam parameters. The
parameter IV, is the number of bunches, N; the number of particles per bunch, ¢,;/,; the
horizontal and vertical rms beamsize, og; the rms bunchlength and 6 the crossing angle at
the IP. % denotes the luminosity for head-on collisions and S(f) the geometric luminosity
reduction factor which expresses the decrease of the luminosity due to the crossing angle.
Beside the geometric loss factor, a reduction in luminosity can also occur due to the
hourglass effect. An estimation of the strength of this effect can be obtained from the
analytical formula for head-on collisions [30]

2

<z < du e
R(ug,uy) = — = — , 2.2
o) = 7 /—oo VIS w2 ) (L) =2

where u is a integration variable depending on s and u, is defined by

2(02 + o2
Ui = 2 2( xpo-xp ;e) Ozxe \2 (23)
(Jsp +O—se)<(ﬁ;p) + (5;6) )

with a corresponding expression for u,,.
In addition, the achievable luminosity can also be limited by beam-beam effects. A measure

for the limit arising from head-on collisions is the incoherent beam-beam tune-shift given

by Eqn.[1.119

*
T N,
xe,ye'’ €
AVxe,ye = 2 y : L ) (24)
T™e  Oapyp(Tap + Oyp)
*
zpyp"P Ne

AVgpyp = (2.5)

277'7}7 U:Ee,ye(axe + O'ye) '
The impact of the beam-beam long-range interactions is more difficult to estimate. For
the LHeC the number of long-range encounters is just given by the bunch spacing and
the distance from the IP to the first proton quadrupole, where the three beams each enter
their dedicated beam pipe. For 25 ns bunch spacing there is one parasitic encounter every
approx. 3.75 m resulting in 2 X 6 long-range interactions over the whole IP assuming a
distance of 22.96 m from the IP to the first proton quadrupole. The strength of the long-
range interactions is according to Eqn. proportional to 1/d? with d being the distance
between the beams. Thus a sufficient separation of the beams must be ensured in order to
avoid an instability of the beams. From HERA and LHC experience a minimal separation
of 50 + 50y, is considered to be acceptable in the case of the LHeC [10]. This separation
is provided by choosing the crossing angle large enough.

In the case of the LHeC also the synchrotron radiation losses at the interaction region

have to be taken into account as the necessary beam separation is achieved by bending
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the electron beam, resulting in considerable synchrotron radiation losses in the interaction
region. Due to the high proton beam energy of 7 TeV, a separation by bending the proton
beam is not possible, as very strong dipoles would be required in order to achieve even
a small separation. The bending of the electron beam is realized by passing off-center
through the final focus quadrupoles of the electron ring and afterwards an additional
separator dipole. The emitted synchrotron radiation power can be calculated with the

following analytical formula [38]

C L L

Pouaa = ?;kQEé‘frevNer (fx/o /Bx(z)dz+6y/0 /By(z)dz) ) (2.6)
C, L

Pdip = T;EngrevNera (27)

where Ej is the beam energy, k the normalized quadrupole strength, p the bending radius
and L the magnet length. In general, synchrotron radiation losses in the interaction region
can contribute considerably to the background in the detector and can heat up the vacuum

system, both effects which definitely want to be avoided.

2.1.1 Number of bunches and bunch intensity
The beam intensity in lepton colliders, thus also in the case of the LHeC electron acceler-

ator, is primarily limited by the power loss due to synchrotron radiation (Eqn. [1.54)
PBeam = UONbNefrev ) (2'8)

which scales linearly with the number of bunches N, and the bunch intensity N.. As the
luminosity scales quadratically with the bunch intensity N./V,, but only linearly with the
number of bunches N, and assuming the same synchrotron radiation loss budget, a higher
luminosity is therefore reached by increasing the bunch intensity and reducing the number
of bunches by the same factor.

Beside the luminosity and the synchrotron radiation losses over the whole ring, the other
three parameters to be considered are the synchrotron radiation losses in the interaction
region, the beam-beam tune-shift and the number of long-range interactions. As the
synchrotron radiation losses in the interaction region scale linearly with the bunch intensity
and number of bunches (Eqn. and [2.7), the same argument holds for the synchrotron
radiation losses over the whole ring. The incoherent beam-beam tune-shift (Eqn. and
2.5) scales as well linearly with the bunch intensity, representing a possible upper limit for
the same, but is independent of the number of bunches. On the other hand the number
of long-range interactions increases with the number of bunches, explicitly if the number
of bunches is increased by n the number of long-range interactions increases as well by n.
Summarizing the above arguments, a higher luminosity can be reached with a smaller
number of bunches and a higher bunch intensity without increasing the total synchrotron
radiation losses in the whole ring and the interaction region. Furthermore the number of
long-range interactions is reduced. On the other hand a higher bunch current results in a
larger incoherent beam-beam tune-shift.

Nevertheless, in the case of the LHeC the bunch intensity and number of bunches of the

proton beam is fixed by the LHC proton physics parameters. Therefore, the luminosity




44 2. LHeC Ring-Ring Option

of the LHeC is determined by the fixed bunch pattern of the LHC, which is not optimal

for a lepton collider due to its high number of bunches and resulting small electron beam

bunch intensity.

2.1.2 Luminosity, beam energy and beam intensity

As shown in Sec. the optimal luminosity for the LHeC is reached with the same
bunch pattern for the electron beam as for the LHC proton beam. Under this assumption
the luminosity and beam energy Ej for a total synchrotron radiation power of Ppeay are

related by
% = const - PeeamFl - (2.9)

This dependence is illustrated in Fig. for the LHeC, where the HA optics have been
assumed. In addition, the geometric luminosity reduction factor arising from the crossing

angle of 1 mrad has been included. For the LHeC an energy of 60 GeV has been chosen
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Figure 2.3: Maximum luminosity versus beam energy for different synchrotron radiation power

loss assuming LHeC HA parameters.

leading to a luminosity in excess of 1033 cm™2s~!. However, a higher luminosity could be

obtained by lowering the beam energy.
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Figure 2.4: Critical photon energy versus beam energy. The black line indicates the energy
necessary for pair production (e, = 2m.c? = 1.022 MeV)
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For very high beam energies the energy of the emitted photons can reach the threshold
for the production of ete™ pairs. In this case, background and also machine protection
become considerably more challenging. The maximum photon energy is given by the

critical photon energy [12]
7 3
o= (2.10)
P
where p is the bending radius. The critical photon energy versus the beam energy is shown
in Fig. assuming the LHeC optics described in [10] with a main dipole bending radius

of 2622.56 m. The limit for pair production is reached at a beam energy of 106.5 GeV.

2.1.3 Luminosity and beam-beam effects

As described in the previous chapters the highest luminosity in combination with the
smallest synchrotron radiation losses is reached if the LHeC electron beam has the same
bunch pattern as the proton beam and the bunch intensity is adjusted in order to ensure a
synchrotron radiation power smaller than 50 MW. With a fixed bunch pattern and bunch

intensity, the luminosity can be further improved by a reduction of:
e the crossing angle
e the beam size at the IP i.e. a reduction of the emittance or beta-function

It is known from experience at HERA that unequal beam sizes at the IP lead to a reduction
of the proton beam life time [37]. Therefore, the beam sizes must be matched at the
IP. Furthermore, the LHC ultimate parameters (Table are assumed for the proton
beam and a horizontal uncoupled electron emittance €. with J, = Jg = 1.5 and J, = 1
delivering the design values of 5.0 nm in the horizontal and 2.5 nm in the vertical plane

for the electron beam. All parameters are summarized in Table [2.3]

electron beam | proton beam
beam energy 60 GeV 7 TeV
number of particles per bunch N, /. 1.98 x 100 1.7 x 101
number of bunches N, 2808
bunch spacing 25 ns
hor. rms emittance €ze,0(Jy/s = 1.5, J, = 1,5 = 0) 6.67 nm -
hor. /ver. rms emittance €,,/,, =: €, - 0.5/0.5 nm
minimum beta-function at IP ﬁ;p yp,min - 0.5/0.5 m
bunch length o),/ 5.7 mm 7.5 cm

Table 2.3: Proton and electron beam parameters assumed for the review of design parameters.

For the proton beam the LHC ultimate parameters [36] have been used.

In order to simplify the equations, the following parameters are defined:

€
k = -2 the ratio between the e-beam emittances, (2.11)
€xe
*
n = —2 the ratio between the beta-functions of the p-beam at the IP. (2.12)

*
yp
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In addition, under the approximation of no vertical dispersion, a negligible vertical emit-
tance in the uncoupled case and the same damping partition in the coupled and uncoupled
case, the electron beam emittances are related by Eqn. leading to the following rela-

tions between the electron and proton beam beta-function at the IP (under the assumption
of equal beam sizes):

* _ 2ﬁ;pepn(% + '%) (2 13)
e T } .
3 €ze,0
* 3
B 2 Bypenls ). (2.14)
ve 3 6;5670/%
The expression Eqn. for the luminosity then reduces to
3(0) — i frevaNeNp (215)
A age o f1 g ARt g
VinBpep\[ 1+ F=5 =

and becomes independent of the ratio x between the electron beam emittances. As il-
lustrated in Fig. the maximum luminosity is reached in the case of n = 1 when the

beams are squeezed in both planes to the minimum Sg* of ﬁ; = 0.5 m. The luminosity
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Figure 2.5: Maximum luminosity with (Z(¢)) and without (Lg) geometric reduction factor S(6)

versus ratio n between horizontal and vertical proton beam beta-functions at the IP

assuming By,* = (3, .., and a constant crossing angle of § = 1 mrad.
decreases slower with n if the effect of the crossing angle is taken into account, where the
same crossing angle of 1 mrad has been assumed for all n. This assumption is somewhat

unrealistic, as the angle would have to be increased for values of n <

'Here the limit of n = 8 is an educated guess based on the 1 mrad crossing angle being sufficient in
the case of the HA option and the following reasoning: The value of n = 8 for 8;, = 0.5 and x = 0.35
- the parameters of the HA™ option proposed later - yields a ;. ,,, equal to 87, ,,,(HA) = 0.4/4.0 m.
As the crossing angle depends on the required minimum separation at the first parasitic encounter, here
50¢ + 50p, and the beam size in turn indirectly on 8 as 8(s) = 85 + % and o, = \/BzT,rms: the same
Ba should lead to approximately the same separation at the first parasitic encounter. Summing up, the
required crossing angle for n = 8 and f;, = 0.5 should be approximately the same as for the HA-option.
For smaller values of n the horizontal beta-function at the IP 8% decreases and consequently the beam size

at the first parasitic encounter increases, making an increase of the crossing angle eventually necessary.
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The hourglass reduction factor R(u,,u,) of Eqn. also takes a simpler form

2

* du e v
R(ug,uy) = — 2.16
( ) /oo V&S \/(1 + u2u?) (1 + ﬂ§u2) ( )

with
1 1 1
2 _ 2 2
Uy = 1 (Use + Usp) <H2n2ﬁ;62 + n%;jf) ) (2.17)
_ 1 1 1
W = gloh+od) ( R ) 7 @219)
ye yp

and depends only on the vertical beta-function at the IP, where §j, is given by Eqn.
The dependence of the hourglass effect on n and & is illustrated in Fig. Only for
n = 1 a strong reduction is visible. For x — 0 the reduction factor tends to 1. In this
case the vertical beta-function tends to infinity 3, — 0o and the hourglass effect - mainly
from the protons - in the vertical plane becomes negligible, while the effect only slightly
increases in the horizontal due to the stronger squeeze of the electron beam. For k — 1
the hourglass loss factor reaches its minimum for all values of n > 1, as it implies a
maximum squeeze in the vertical plane, which is the plane with the smaller beta-function
and therefore stronger hourglass effect. It has to be kept in mind that in the above formula
the effect of the crossing angle is not taken into account. In general it is possible that the

hourglass effect is reduced if the effect of the crossing angle is included.
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Figure 2.6: Hourglass reduction factor R(u,, u,) for different ratios n between proton beam beta-
functions at the IP assuming Sy,* = 3 i, versus the ratio £ between electron beam
emittances.

Using the assumption of equal beam sizes at the IP, the incoherent beam-beam tune-shift
(Eqn. [1.124) reduces to the following expressions for the electron beam

2
Av,, — T N, re Np(l+3m) .19)
2T%e ¢ e 0(1 + Bt 2M%e ¢y 0(1 + \/g)
2
Avye = 2 enenm ro Ny (2.20)
2MYe Kegeo(1 + 4/ 222) 27 Ye Kegen(1 4+ v/1)

Byek
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and the proton beam

N,
Ay 2” c . (2.21)
™ ep(1+ \/%)
Te N,
A . 2.22
T o, (1 V) (2.22)

The dependence on n and k is shown in Fig. and In the case of the electron
beam, the ratio between the emittances can always be chosen to deliver the same beam-
beam tune-shift in both planes. This is considered to be best for the beam stability, as

the beam-beam tune-shift then takes on moderate values in both planes. The difference

16 n=1 16 n=2
14 \\ 14 \
12 AN 12 N
«a \ « \
] 1
= \ S 1 N
=10 = 10 - —
4 8 \X 4 8 ca
—— — ~—
// |— ~——
6 - 6 —
//
Y0 0z o4 06 08 1.0 Y0 0z 04 06 08 1o
K K
16 - n=4 16 - n=8
14 \ 14
12 12 \
1 1 ul
= 10 \~ — =10 —
= _— E —
/ /
. // \\ .
—
4L . 4L \\v
00 02 04 06 08 1.0 00 02 04 06 08 1.0

K

K

Figure 2.7: Horizontal (blue) and vertical (red) electron beam-beam tune-shift Ay, for different

ratios n between proton beam beta-function at the IP, assuming 8,,* = 53
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Figure 2.8: Horizontal (blue) and vertical (red) proton beam-beam tune-shift Aw;, versus the

ratios n between proton beam beta-functions at the IP assuming §,,* = 3
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between the horizontal and vertical proton beam-beam tune-shifts increases with n and,
correspondingly, the best beam stability is reached for n = 1.

In general, an increases in luminosity is always obtained by decreasing the emittance,
which is theoretically possible in the case of the proton beam and also in the case of the
electron beam, for latter by for example further increasing the bending radius. Another
benefit would be a reduction of the synchrotron radiation losses in the interaction region
due to the smaller electron beam emittances.

Another possibility to increase the luminosity without changing the beam parameters is
to change the ratio n of the proton beta-functions at the IP to higher values of n as the

luminosity (Eqn. 2.15) is only linear in -= but quadratic in —2
y (Eq y q T

Jn

1

2 1 20
By, + Ftan? §(02, + 02,)5;,

L(0) ~ : (2.23)

where 1 tan? g(oge + agp) = 1.41 for # = 1 mrad. Explicitly considering the LHeC HA
option, a gain in luminosity could be achieved by reducing 8, from 1 m to the minimal

value of §, = 0.5 m. Furthermore, in order to keep the same beam separation and

,min
therefore crossing angle in the horizontal plane n is increased to 8, so that 3, and therefore

*. are kept unchanged. To obtain the same incoherent electron beam-beam tune-shifts,
k is changed from 0.5 to 0.35, leading to only slightly higher tune-shifts. The horizontal
proton beam-beam tune-shift still stays well below the nominal LHC tune-shifts and only

changes slightly compared to the HA option. All values are summarized in Table

electron beam proton beam
LHeC LHeC LHC
HA* HA HA* HA nominal

Av, | 0.089 0.086 0.00095 | 0.00086 | 0.0037
Avy | 0.089 0.086 0.00034 | 0.00043 | 0.0034

Table 2.4: Comparison of incoherent beam-beam tune-shifts. The proposed option with g* =
0.5 m, n =8, x =0.35 and a crossing angle of fya- = Oga = 1 mrad is referred to as
HA™ option.

This option, which is in the following referred to as HA* option, then delivers a luminosity

by a factor of 1.4 higher:
ZL(HA*) = 1.4 x L(HA) =10.2 x 10%? em 257!, (2.24)

A disadvantage of the new HA* option might be the higher synchrotron radiation losses
in the interaction region due to the stronger squeeze in the vertical plane and the larger
horizontal emittance for k = 0.35. The change due to the smaller £ and, therefore, higher
horizontal electron beam emittance is considered to be small, as the radiation losses in
quadrupoles scale linearly with the horizontal emittance and % = 1.08. As the
radiation loss in the quadrupoles scales quadratically with the beam size, an estimate of
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the additional radiation losses due to the smaller vertical beta-function at the IP can be

obtained by comparing the beam size at the first electron final focus quadrupole given by

2
S
O'ye = \/Eye(lﬂ})( ;e + T) . (225)

ye
Because the radiation loss in dipoles is independent of the beam size, the relative change
of the total synchrotron radiation loss Psy, of the HA* option compared to the HA option

is then estimated to be in the range of

Psyn(HA™) aye(HA*)2
Payn(HA) ™ o (HA)?

oye(HA™) = 0.74 mm, oy.(HA) = 0.69 mm = =1.14 (2.26)
In the case of the HA option optics the vertical maximum beta-function in the final fo-
cus quadrupoles is already quite large. Therefore, a reduction from ﬂ;e(HA) = 0.2 to

Ze(HA*) = 0.13 could result in an unacceptably large vertical beta-function, consequently
large beam size and higher synchrotron radiation losses. The latter could be reduced by
changing from a QF-QD doublet to a QD-QF doublet. An alternative QD-QF optics for
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Figure 2.9: Optics of the LHeC HA option [10] (left) and the alternative HA (QD-QF) solution
(right) with a QD-QF doublet instead of a QF-QD doublet. The horizontal/vertical
beta-function is shown in blue/red and the horizontal /vertical dispersion in dashed-
blue/dashed-red.

the LHeC HA option (HA (QD-QF) option) developed in the framework of this thesis and
shown in Fig. already delivers comparable synchrotron radiation losses (Table [2.5),
indicating smaller losses with a QD-QF optics than a QF-QD optics in the case of the HA*

option.

HA HA (QD-QF)
Q1 5.4 kW 5.6 kW
Q2 6.2 kW 6.4 kW
Separation Dipole | 14.1 kW 14.1 kW
Total 51.4 kW 52 kW

Table 2.5: Synchrotron Radiation Losses in the interaction region for the HA option with a QF-
QD doublet and the alternative HA (QD-QF) option with a QD-QF doublet. The
losses are calculated analytically using Eqn. and
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2.1.4 Polarization

In the case of the LHeC a high polarization of the electron beam is desired by the ex-
periments as it allows to investigate different polarization dependent phenomena relevant
in particle physics. Two examples are the dependence of the cross section of neutral and
charged current and of the weak mixing angle sin? © on the polarization [10]. A general
study of the achievable electron beam polarization in the case of the LHeC Ring-Ring
option is presented in [10] and [39], which is referred to for further details. In the following
only a short summary of the main points will be given.

The polarization in the LHeC is obtained by using the Sokolov-Ternov polarizing process.

The inverse time constant of the exponential build up of the polarization is given by [40]:

-1 _ 5\/§ T675h

Tst

8 me [pP 220
and depends on the beam energy - v is the Lorentz factor - and the radius of curvature p
of the bending magnets. This polarizing process is counteracted by a depolarizing process
which occurs if the invariant spin field n(s) is not perfectly aligned to the vertical field
of the bending magnets. This "misalignment” is mainly caused by a misalignment of the
ring, by spin rotators or by uncompensated skew quadrupoles or solenoids. Furthermore,

the depolarization can increase significantly near spin-orbit resonances

Vo =mo + m1Q1 + maQ2 + m3Qs3, (2.28)

where mq, m1, ma, ms are integers, 1, (2, @3 the three tunes of the synchro-betatron
motion and vy the spin tune, which is very nearly the number of precisions of the spin
vectors around the invariant axis on the closed-orbit n¢(s). The spin tune vy is given by
ay, where + is the Lorentz factor and roughly increases by 1 every (gfﬁ = 440.648 MeV
for e* rings. The increase of the energy spread (Eqn. with the beam energy in general

leads to a stronger depolarization for higher energies.

LHeC Polarization vs Energy
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Figure 2.10: Dependence of the equilibrium polarization on the beam energy. The polarization

falls steeply with increasing energy. Figure is taken from [10].
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In order to estimate the polarization attainable in the case of the LHeC, an early version
of the LHeC lattice has been studied and presented in [10], which is a flat ring without
bypass, interaction region and spin rotators and a working point of Q,/Q, = 123.83/85.62.
Furthermore, an rms vertical alignment error of the quadrupoles of 150 ym and one orbit
corrector per quadrupole has been assumed. Fig. shows the polarization obtained for
different beam energies. The polarization decreases steeply for beam energies larger than
50 GeV, as the energy spread increases beyond 441 MeV. Note that the simulation results
of the polarization level illustrated in Fig. are based on one machine per energy value
and can vary significantly for different misaligned rings, e.g. for the nominal beam energy
of 60 GeV and a synchrotron tune of Qs = 0.1 between 10% and 40% [10]. Furthermore,
this early LHeC lattice represents a kind of best case scenario as neither coupling, so the
introduction of skew quadrupoles, nor the interaction region with a separation scheme
including vertical bends and spin rotators are included in this lattice. The effect of the
skew quadrupoles could possibly be undone by a careful "linear spin matching” [41]. In
order to limit the effect of the spin rotators and especially vertical beam separation, the

interaction region would have to be carefully designed and studied in detail.

Courtesy to Ya. Derbenev
and H. Grote

Figure 2.11: Schematic view of the proposed scheme to increase the polarization for high energies

in the LHeC using Siberian snakes. Figure is taken from [42].
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Figure 2.12: Polarization and synchrotron radiation losses depending on the ratio between the
bending radius of the two halfs of the ring using the scheme sketched in Fig.
Figure is taken from [43].
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An alternative approach to increase the polarization at high energies is to use ”Siberian
snakes” and "half-snakes” which rotate the spin field by 180° and 90° respectively. By
decreasing the bending radius in one half of the ring and rotating the spin field by 180°
after each half (Fig. , the polarization could be increased in exchange for additional
synchrotron radiation losses due to the decreased bending radius in one half of the ring.
Fig. shows the gain in polarization and increase in synchrotron radiation depending on
the ratio between the bending radius of the two halves of the ring. For further explanation

of this scheme see [43].

2.2 General Layout and Geometry

One of the first steps in the design of a new accelerator is the geometry and general layout.
This is especially important in the case of the LHeC, where the electron ring has to be
installed on top of the already existing LHC which implies that the LHeC electron ring
must follow the LHC geometry and symmetry. The layout of this first idealized LHeC

ring developement in this thesis is described in Sec. 2.2.1] and [2.2.3] Furthermore, to

allow for parallel pp and ep collisions, bypasses around the active pp experiments are
needed. The different bypass options and geometries studied in the framework of this
thesis are discussed in Sec. Assuming an ideal electron ring following exactly the
LHC geometry, the bypasses will either increase or decrease the circumference of this ring
and the circumference will differ from the LHC circumference. Possibilities to adjust the

electron ring circumference, including the effect of the bypasses, are presented in Sec.[2.2.2]

2.2.1 LHC symmetries

In the LHC two proton beams, i.e. beams of the same charge, collide, which implies
that separate beam pipes and opposite magnetic fields have to be provided for the beam
guidance. For this purpose, special superconducting magnets with two individual apertures
have been designed [44]. In order to match the circumference of both beams, the two
beams alternate between the inner and outer beam pipe and cross at the four experimental
insertions illustrated in Fig. (left). Averaging over the position of beam 1 and beam 2,
one obtains the following symmetries shown in Fig. (right):

e Arcs: One LHC arc would ideally consist of 23 equal arc cells with a length of
106.9 m taking the average between the two beams. Geometrically this is the case,
but as more degrees of freedom were needed for the matching of the LHC dispersion
suppressor (DS) [44], approximately one arc cell is used in addition for the DS. This
leads to an arc length of L(LHC arc) = 2452.23 m which is smaller than 23 times
the arc cell length of 23 - L(LHC arccell) = 2458.7 m.

e Insertions: The LHC hosts eight insertions in total, where the even insertions
have a length of L(even insertions) = 879.7 m and the odd insertions a length of
L(odd insertions) = 880.6 m. The different length of the even and odd insertions

goes back to the design of LEP, where the high luminosity experiments - requiring




54 2. LHeC Ring-Ring Option

less space - were situated in the even insertions and the small angle experiments -

needing more free space - were placed in the odd insertions [45]. As the LHC was
built in the old LEP tunnel, it had to adopt the insertions length and the four fold
LEP symmetry.

— IR length = 880.6 m IP distance = 3332.36 m

— IR length = 879.7 m s — Arc length =2452.23 m

>
o

99"“1

LdI

Idealized Ring Symmetries

<) <‘I|>»

(;/\\_/%9
Z N
O(y 5 %o“t\

IP1

Figure 2.13: (left) Position of the two LHC proton beams. The distance between the beams is
exagerated by a factor 2000. Both beams alternate between the inner and outer
magnet aperture and cross at the four experimental insertions.

(right) LHC symmetries obtained by taking the average between beam 1 and beam 2.

2.2.2 LHeC electron ring circumference

Adding one bypass to an ideal electron ring lattice following exactly the LHC geometry
will necessarily change its circumference and lead to a circumference mismatch between
the LHC proton and LHeC electron ring. As the LHeC electron beam collides only in
one point with the protons of the LHC, the circumferences can be either exactly matched
or they can differ by a multiple of the LHC bunch spacing. It might occur that in the
case of different circumferences the proton beam could become unstable due to beam-beam
interactions with the electrons [46], [47]. In order to avoid possible performance limitations
arising from this effect, the electron ring circumference is chosen to be equal to the LHC
circumference in the current design. Two different possibilities are considered in order to

achieve this:

1. Different bypass designs, e.g. one inner and one outer bypass, which compensate

each other in length.

2. Compensation of the path length difference caused by the bypasses by a radial dis-
placement of the electron ring to the inside or outside of the LHC in places where

the two rings share the same tunnel.

2.2.3 Idealized ring
A first step in the LHeC electron ring design is to create a ring which follows the LHC

proton ring, where the average between beam 1 and beam 2 is taken as reference. As
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described in Sec. this ring must be radially displaced by approximately 61 cm to
the inside of the LHC in order to compensate the path length difference arising from the
bypasses. Furthermore, to minimise the interference with the LHC elements, the electron
ring is set 1 m above the LHC magnets. A representative cross section of the LHC tunnel
with the electron ring indicated in red is shown in Fig. In the following this ring is
referred to as the Idealized Ring.

The main remaining conflicts with the LHC are the QRL service modules in the ar and
the DFBs [°| in the insertions. In the main arcs the QRL service modules have a length
of 6.62 m and are installed at the beginning of each LHC arc cell. The insertions host a
different number of DFBs with a varying placement and length. The idealised ring lattice,
the construction of which is described in this section, is designed to avoid overlaps of
magnet elements with all service modules in the main arcs. To show that it is possible
to create an optics with no electron ring elements at the positions of the DFBs in the
insertions, dispersion suppressors fulfilling this criterion were designed for IR2 and IR3
representatively for all even (Point 2, 4, 6, 8) and odd insertions (Point 1, 3, 5, 7). For
simplicity, all straight sections are filled with a regular FODO cell structure which would

have to be adapted at a later stage to the respective integration constraints.

2.2.3.1 Arc cell length

To adjust the beam optics to the regular reappearance of the service modules at the
beginning of each LHC arc cell, the LHeC FODO cell length is chosen to be a multiple
n or sub-multiple 1/n (n € N) of the LHC arc cell length. In addition to the integration
constraints, the cell has to provide the right emittance which is the case for a LHeC FODO
cell length of half the LHC arc cell length, approximately 53.4 m (Sec. .

LHeC arc cell
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Figure 2.14: Layout of the LHeC arc cell in comparison to the standard LHC arc cell.

2QRL are the cryogenic installations in the LHC tunnel with the QRL service modules being the
cryogenic connection between the superconducting machine and the cryogenic distribution line. The jumper
connections of the service modules extend vertically above the LHC cryostat and into the path of the LHeC
electron ring. There is enough space available to pass the service module, but no electron ring elements

can be placed at this location. For further details see [10].
3The DFBs are the cryogenic electrical distribution feedboxes that feed the electric current (room

temperature) into the cold mass. The DFBs are installed on the outer left and right in each insertion to

supply the special quadrupoles of each insertion. For further details see [10].
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As the LHC arc cell is symmetric, the best geometrical alignment with the LHC main arc
would be achieved with an also symmetric layout of the LHeC cell. Because of the service
modules, no elements can be placed in the first 6.9 m of two consecutive cells. If all cells
had the same layout, another 6.9 m would be lost in the second FODO cell. This would
result in additional unwanted synchrotron radiation losses as the energy loss in a dipole
magnet is proportional to the inverse of the length of the dipole (Eqn. . In order to
avoid this, the LHeC arc cell is a double FODO cell, symmetric in the positioning of the
quadrupoles but asymmetric in the placement of the dipoles. The final LHeC FODO cell
design is shown in Fig. together with the standard LHC arc cell.

2.2.3.2 Main dipoles

The bending angle in the arc cells and in the dispersion suppressors (DSs) is determined by
the LHC geometry. Geometrically, the LHC DS starts at the end of the arc (E.ARC.12.B1
in Fig. and ends at the long straight section (E.DS.L2.B1 in Fig. and is used
as “definition” for the DS in this chapter. With this definition the LHC DS consists of two
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Figure 2.15: Optics and layout of the LHC dispersion suppressor.

cells. Applying the same conversion rule as in the arc (one LHC FODO cell corresponds
to two LHeC FODO cells), the LHeC DS would then ideally consist of 4 equal cells with
the same ratio between the LHeC DS and arc cell lengths as between the LHC DS and arc
cell. For the LHC this ratio is 2/3, leaving the following choices for the number of dipoles
in the arc and DS cell:

3
NDipole, arc cell — 5 Dipole, DS cell = 37 67 9; 127 15 ... (229)

A good compromise between a reasonable dipole length and optimal use of the available
space for the bending is 15 dipoles per arc cell. The dipoles are then split up in packages of
3+4+444in one arc cell and 2+ 3 in one DS cell. With the constraint that the electron
ring should keep the same symmetry as the idealized LHC ring (see Fig. (right)), i.e.
an eightfold symmetry, the bending angle of the main dipoles is given by

2T
8-(23-15+2-4-5)°

Ovp = (2.30)
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2.2.3.3 Module length
Beside the bending angle, the module length of the electron ring has to be matched to
the LHC geometry taking the radial displacement into account, leading to slightly shorter

electron ring modules compared to their proton ring equivalents. All module lengths are
listed in Table

proton ring | electron ring
arc celllLength 106.9 m 106.881 m
DSL length (even Points) 172.80 m 172.78 m
DSR length (even Points) 161.60 m 161.57 m
DSL length (odd Points) 173.74 m 173.72 m
DSR length (odd Points) 162.54 m 162.51 m

Table 2.6: Proton and electron ring module lengths.
DSL=Dispersion Suppressor Left side, DSR=Dispersion Suppressor Right side

2.2.3.4 Geometric fine adjustment

As described above, the bending angle and module length have been fixed to best fit the
LHC geometry. Ideally the dipole length would be chosen as long as possible, but because
of the asymmetry of the LHeC arc cell, the dipoles have to be shortened and moved to the
right in order to fit the LHC geometry illustrated in Fig. (top).

In the case of the dispersion suppressor the LHeC DS layout would ideally be similar to
the LHC DS layout shown in Fig. but has to be modified in order to avoid the DFBs
in the DS region and to follow the LHC geometry. In the final design the dipoles are
placed as symmetrically as possible between the regular arrangement of the quadrupoles.
Fig. shows the final dispersion suppressor layout.

DSL2 DSR2

sl -
DSL3 DSR3

AR ——— -~ ——— AT

Figure 2.16: LHeC dispersion suppressor layout. The DFBs are shown in
(top) Even Points (bottom) Odd Points

Using the design of the different modules presented in this section, the LHeC geometry
follows almost exactly the ideal radial displacement of 61 cm in respect to the LHC and
diverts only by a few centimetres from this ideal geometry (Fig.[2.17).
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Figure 2.17: Radial distance between the LHC and the LHeC idealized ring.

2.2.4 LHeC bypasses

The current LHeC electron ring design foresees bypasses around the LHC experiments in
Point 1 and Point 5. The main requirements for both bypasses are that all integration
constraints are respected, synchrotron radiation losses are not significantly increased and
that the change in circumference can be compensated. The present ATLAS and CMS
cavern including the final bypass design highlighted in blue and green respectively are
shown in Fig. The different bypass options studied in this thesis are discussed in

Sec. |2.2.4.1| and the final design presented in Sec. [2.2.4.2

String with 3 cryomodules

String with 3 cryomodules

CMS detector
S region with
Cryo-hall/ | 4 CMS bypass LHeC bypasses
RF klystron gallery ATLAS detector
region with
LHeC bypasses

Survey Gallery

RF Kklystron gallery

A

Cryo-hall String with 8 cryomodules/t

e
ATLAS bypass Cryo-hall

Figure 2.18: ATLAS (left) and CMS (right) cavern. The final bypass design is shown in blue and
green respectively. Pictures are taken from [10].

2.2.4.1 Bypass design
Three different options are considered as basic bypass designs with different advantages

and disadvantages

Vertical bypass: In practice only vertically upward bypasses would be feasible in respect
to integration as in the case of a vertically downward bypass the electron ring would
have to cross the LHC elements and, in addition, 1 m of solid concrete floor. A
vertically upward bypass would require a separation of about 20 to 25 m and

would feature the following advantages:
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1. Vertical shafts are by a factor of 10 more expensive than horizontal tunnels
[48]. The construction of additional vertical shafts could be avoided by building
vertical bypasses and using the existing access shafts of ATLAS and CMS and

thus reduce the tunnel costs.

2. In order to fully bypass the ATLAS cavern horizontally a separation of more
than 80 m is required, while for a vertical bypass a separation of 20 to 25 m is
sufficient in both cases (ATLAS and CMS).

3. Interference with only very little of the existing LHC equipment. Especially no

crossing of the transport zone on the inside of the LHC tunnel.
and disadvantages

1. It would be necessary to remove the tunnel ceiling for several tenths of meters.
It is questionable if the tunnel stability would allow such an intervention as the

ceiling is already quite unstable in some parts of the current tunnel.

2. As the natural horizontal curvature of the ring cannot be employed, the neces-
sary separation can only be achieved by additional vertical bends. To get an
estimate for the length of such a bypass, the necessary separation of 20 to 25 m
could be achieved with 5 to 5.5 standard LHeC cells accounting for a length of
550 to 600 m (Fig. . Including 100 m of straight section just above the
cavern, the total bypass length would lie between 1.2 and 1.3 km. The long
straight section at the IP would not be sufficient to host such a bypass.
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Figure 2.19: Left half of a vertical bypass constructed out of standard LHeC cells, where the
bypass with 25 m separation is shown in red and with 20 m in blue.

The additional synchrotron radiation losses of a bypass constructed in this way
would amount to approximately 1.1-1.2 MW. The emitted synchrotron radiation
could represent a major challenge as it would increase the background in the

detector, if not sufficiently shielded.

3. Creation of vertical dispersion, which implies a dispersion suppressor for both

planes and probably a reduction of the polarization of the electron beam.




60

2. LHeC Ring-Ring Option

Horizontal inner bypass: A horizontal inner bypass around ATLAS would require a

minimum separation of 39 m for a length of about 100 m, which could be in the

extreme case still reduced to 33.5 m [49]. A possible layout of a bypass with a
separation of approx. 39 m is shown in Fig. In this version the bending angle

Inner Bypass
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T
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Figure 2.20: Inner Bypass ATLAS with a separation of 39 m.

of the dipoles has been doubled compared to the bending angle of the standard arc

cell dipoles. The total length of the bypass is approx. 2 km with a long straight

section of around 1 km in the center. The total radiation losses amount to about

3 to 4 MW. Similar values are expected for an inner bypass around CMS, but this

option has not been studied in detail. The general advantages are

1. The increase in circumference due to an outer bypass could be compensated by

an inner bypass

. The bypass is completely decoupled from the LHC and would allow an almost

complete construction during LHC operation.

One long dispersion free straight section for the installation of RF, wiggler(s)

etc.

and disadvantages:

1.

The LHeC electron ring crosses the transport zone on the inner side of the LHC

tunnel for approximately 130 m.

. The bending angle has to be increased, causing additional and harder syn-

chrotron radiation losses. Furthermore, the direction of the synchrotron radia-
tion is tangential to the beam direction and would therefore be emitted in the
direction of the LHC tunnel.

Horizontal outer bypass: A horizontal outer bypass can be either constructed with

additional bends in the same way as a vertical bypass or by inserting a straight

section in the arc and using the existing curvature of the ring to obtain the necessary

separation [50]. In this thesis, only the latter case with no additional bends has been

studied as the necessary separation could be achieved with this method. The design

without extra bends has the following advantages:
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1. No crossing of the transport zone on the inside of the LHC tunnel.

2. No additional synchrotron radiation losses and no radiation emitted in the di-

rection of the detector.

3. Dispersion free straight sections for the installation of RF, wiggler(s) etc.
and disadvantages:

1. Long bypasses due to the small bending angle.

2. Opening of the outer tunnel wall over several tenths of meters.

The cavern in Point 1 reaches far to the outside of the LHC, so that a separation of about
100 m would be necessary in order to fully bypass the experimental hall and therefore does
not represent a feasible option. A detailed integration study [49], [51] revealed that it is
possible to use the existing survey gallery shown in Fig. (left), to reduce the separation
to 16.25 m. For a bypass on the inside, a separation of about 39 m would be required,
resulting in a bypass length of more than 2 km length. Therefore the outer bypass through
the survey gallery represents the best option for Point 1. Due to the compact design of
the cavern in Point 5, a separation of only about 20 m is needed to completely bypass the
experiment on the outside. The separation in the case of an inner horizontal bypass or a
vertical bypass would be the same or larger and therefore the horizontal outer bypass is

also the preferred option.

2.2.4.2 Final bypass design and adjustment of the ring circumference

Both bypasses in Point 1 and Point 5 require approximately the same separation, explicitly
16.25 m in Point 1 and 20 m in Point 5 [49], [51]. To obtain the necessary separation Agp a
straight section of length spp is inserted into the lattice of the idealized ring (see Sec.
in front of the last two arc cells. The separation Agp, the remaining angle fgp and the

inserted straight section sgp are related by (Fig. 2.21)):
ABP = SBP sin (ng . (231)

As indicated in Fig. the separation could be increased by inserting an S-shaped

chicane including negative bends. The advantage of additional bends would be a possible

Figure 2.21: Horizontal outer bypass: a straight section is inserted to obtain the required sepa-

ration. The separation can be increased by inserting inverted bends.
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reduction of the bypass length and a faster separation of the electron and proton ring.
On the other hand, the additional bends would need to be placed in the LHC tunnel, the
straight sections of the bypass would be reduced and the synchrotron radiation produced
by these bends would be emitted in the direction of the LHC tunnel. One could now
consider shortening the bypass by inserting the straight section just one arc cell before
the end of the arc and using negative bends to obtain the necessary separation, but the
reduction of the bypass length is only a couple of 100 m and does not make up for the
considerably shorter straight sections which are needed for the installation of additional
equipment.
In summary, both bypasses can be constructed by inserting a straight section of the right
length two arc cells before the end of the arc. The angle fgp is then just given by the total
angle over the two arc cells plus the angle of the dispersion suppressor, explicitly

OBp = ( 2. 15 + 20 ) - OMB (2.32)

2 arc cells  dispersion suppressor

where Oy is the bending angle of the LHeC dipoles. As both bypasses are outer by-
passes, the only possibility to compensate the resulting increase in circumference is a
radial displacement of the electron ring to the inside of the LHC (Sec. [2.2.2). Given the
separation Apgp, angle fpp and length of the inserted straight section spp, the induced

change in circumference is just the difference between sgp and xgp, given by

. 0
QABP tan (E)

Aspp = spp —Tpp = 5 ) (2.33)

As for both bypasses the straight section is inserted at the same position in the arc, the

total change in circumference from both bypasses is

(2:33) Opp
AsBp tot = Aspp,p1 + ASBPIP5 2(Agp,1p1 + ABp1ps) tan (7) ; (2.34)

and can be compensated by a change in radius AR of the idealised ring by
ASBP,tOt =27rAR. (235)

Taking the change in radius into account, the separation Agp has to be substituted by
ABP tot := App + AR. The radius change and the total separation are then related by

App

T cot (91371’

AR = > ,  with Agp = Agp1p1 + Ap,IP5, (2.36)
-2

yielding an ideal radius change of the idealized ring of
ARideal ~ 61 cm (237)

According to this reference, the idealized ring described in the preceding section Sec. [2.2.3]
has been designed. As it is very difficult to obtain exactly this radius change at all
positions of the ring, the idealized ring only follows approximately the reference value
of 61 cm and the circumference increase of the bypasses is not precisely compensated.

The fine adjustment of the circumference is then performed by changing the length of
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Point 1 | Point 5
total bypass length 1303.3 m | 1303.7 m
separation Agp 16.25 m | 20.56 m
dispersion free straight section 2(sgp + zpp) 172 m 297 m
ideal radius change of the idealised ring AR 61 cm

Table 2.7: Lengths characterising the bypasses.

the inserted straight section of the bypass in Point 5, where the necessary change can be
calculated with Eqn. [2.33] Point 5 is chosen for the adjustment, as the bypass in Point 1
passes through the existing survey gallery fixing its geometry and thereby the separation.

The final values for both bypasses are summarized in Table and the geometry shown
in Fig.

Bypass ATLAS Bypass CMS
X [m] X [m]
free sections
S.BP1 20 20
10
10
Ips
\ z [m]
z [m]

-500
IP1

free sections

-20
Injection

Figure 2.22: Final bypass design: The LHC proton ring is shown in black, the electron ring in red
and the tunnel walls in blue. Dispersion free sections reserved for the installation of
RF, wiggler(s), injection and other equipment are marked in . Beginning
and end of the bypass are marked with S.BP and E.BP.
(left) Bypass around Point 1 using the survey gallery. The injection is marked in
green and is located in the right arc of the bypass.

(right) Bypass around Point 5. The cavern is completely bypassed.

2.3 Layout and Linear Optics

The optics of the electron ring lattice are strongly influenced by the geometrical constraints
and the shortage of space in the LHC tunnel. The main interference with the LHC beside
Point 1 and Point 5, which have to be bypassed, are the QRL service modules and DFBs
in the tunnel, where no electron ring elements can be placed. The complete optics, which
has been developed in the framework of this thesis except the interaction region optics
at Point 2, consists of different building blocks, addressed in the corresponding sections:
Sec. describes the arc cell optics, Sec. the insertion optics - except Point 2 which

hosts the interaction region with a dedicated optics design (for the optics see [10]) - and
Sec. the bypass optics.
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Furthermore, in order to facilitate the matching of the naturally flat electron beam to the
round proton beam, the design parameters defined in the LHeC CDR [10] assume a fully
coupled electron ring, leading to an emittance ratio of

k=Y =05 (2.38)
€

Different possibilities to create the coupling and match the beamsize of electron and proton
beam at the IP are described in Sec. In order to get an estimate for the emittances
in the case of a fully coupled ring, but using only the optics of the uncoupled lattice,
Eqn. is used in this section:

60x<]x GOnggH . €y
_ , - th k = 2, 2.39
Jo+ K v Jo+ K Wi € ( )

€x

where ¢; are the emittances in the coupled and €p; the emittances in the uncoupled case.
Note that this equation is only valid under the assumption of a vanishing vertical emittance
in the uncoupled case (e, = 0), no vertical dispersion in both cases (D, = D,y = 0) and

no change of the horizontal damping partition (J, = Joz).

2.3.1 Arc cell

As pointed out in Sec. the LHeC arc cell length has to be a multiple or sub-multiple
of the LHC FODO cell length in order to find a periodic optics solution respecting the non-
interference constraint with the LHC QRL service modules. Furthermore, the synchrotron
radiation losses and emittance of the electron beam are mainly determined by the choice
of the arc cells representing the major part of the whole ring with dipoles and therefore
non-vanishing dispersion.

As basic arc cell design a FODO cell has been chosen, as it features a high dipole filling
factor compared to other standard cells like DBA or TME, and thus minimizes the syn-
chrotron radiation losses, considered to be more crucial than a smaller emittance for which
other cells like the DBA or TME cell are optimized. The horizontal emittance of a FODO

cell is approximately given by Eqn. [14]

() = 23S’ (5) g sin’ (9)) 60 (2.40)
sin? (%) sin ¢ o

and depends on the phase advance and bending angle of the dipoles and the horizontal
damping partition, which as a first step is set fixed. In order to ensure the closure of the
ring, the total dipole bending angle must equal 27 and thereby relates the total number

of cells Nypecenn to the dipole bending angle 0, i.e.

2

0= ————.
2. Narccell

(2.41)

Consequently the emittance decreases with the number of arc cells. Independent of the cell
length, the minimum emittance is reached for a phase advance of 136° (see Appendix .
In the case of the LHeC, a FODO cell length equal to the LHC FODO cell length leads
to a too large emittance, as the minimum reachable emittance is €;(k = 0.5) = 9.29 nm,

assuming the conditions delivering the smallest emittance, explicitly as long as possible
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Figure 2.23: (left) Layout and optics of a LHeC arc cell with the same cell length as the LHC
FODO cell (Lropocenn & Lropo, Luc = 106.9 m) and a phase advance of Guyy =
136°/136° delivering the smallest possible emittance for this cell.

(right) Final LHeC arc cell layout and optics with Lropocen = LFOD% =53.45m
and a phase advance of ¢/, = 90°/60°.

dipoles, a phase advance of ¢ = 136° and J, = 2. The optics and layout of this cell are
shown in Fig. (left).

Taking half the LHC FODO cell length as LHeC FODO cell length delivers a horizontal
emittance which is slightly smaller than the design emittance of ¢, = 5 nm including
the effect of coupling and assuming realistic parameters, explicitly J; = 1.5 and ¢,,, =
90°/60°. Thus, half the LHC FODO cell length has been chosen as LHeC FODO cell
length. All parameters of the final LHeC arc cell are summarized in Table and the
optics and layout are shown in Fig. (right).

cell length 106.881 m
dipole fill facton* 0.75
phase advance per cell 180°/120°
damping partition J;/J,/J. 1.5/1/1.5
horizontal emittance €. 5.79 nm
horizontal emittance e;(k = 0.5) | 4.34 nm
vertical emittance €,(x = 0.5) 2.17 nm

Table 2.8: Optics parameters of one LHeC arc cell with a phase advance of 90°/60° per FODO

cell.

The dipole configuration of the LHeC arc cell is optimized to follow the LHC geometry as
close as possible, leave enough space for the QRL service module at the beginning of each
arc cell and still reach the highest achievable dipole filling factor under these conditions
in order to minimize synchrotron radiation losses. It is not optimized for the smallest
emittance, which would be achieved if the dipoles were moved as close as possible to the

defocusing quadrupoles and the dipole length increased to fill the entire available space.

4The dipole fill factor is defined as Ladipoles/Lcell, Where Laipoles is the length of all dipoles in the cell,
i.e. in the case of a FODO cell it is two times the length of one dipole.
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The phase advance of 90°/60° per FODO cell, hence 180°/120° per arc cell, has been
chosen based on LEP experience and is considered to be very stabl Again, the smallest
emittance would theoretically be reached for a phase advance of 136° in both planes.

Last but not least, the damping partition has been chosen to minimize the aperture in
the focusing quadrupoles for the uncoupled lattice resulting in a J, of approximately 1.5.
In the case of a ratio of k = 0.5, the minimum aperture requirements for the focusing
quadrupole would be reached for J, = 1.31. This is illustrated in Fig. which shows
the beam size in the focusing and defocusing quadrupole versus the horizontal damping
partition J, for k = 0 and x = 0.5. Note that as the focusing and defocusing quadrupoles
are built with the same circular aperture in most cases and the horizontal beam size is in
general larger than the vertical, due to the non-vanishing dispersion in the horizontal plane,
it is important to optimize the beam size at the focusing quadrupole where the horizontal
beam size takes its maximum. Though in the case of strong coupling and furthermore

large vertical dispersion, this choice of damping partition would have to be reconsidered.

05 1.0 1.5 20 25 05 1.0 15 20 25
Jx Jx

Figure 2.24: Horizontal beam size at the focusing quadrupole of the LHeC arc cell (left) and
vertical beam size of the defocusing quadrupole of the LHeC arc cell (right) versus
the horizontal damping partition J, for two different emittance ratios k = 0 and
Kk =0.5.

2.3.2 Insertions
Going back to the design of the LEP tunnel, all even and odd insertions respectively have
the same length (see Sec.[2.2.1). For a proof of principle, a dispersion suppressor for the

insertion in Point 2, representative for all even, and a dispersion suppressor in Point 3,

5The LEP orbit correction system and chromaticity correction scheme has originally been designed for
a rather conservative phase advance of 60°/60° per arc cell. At a later stage, the phase advance has been
changed to 90° in the horizontal in order to decrease the emittance and thus increase the luminosity. This
change in phase advance led to a worse orbit correction, due to the not optimal phase advance between
the BPMs whose positions had been optimized for 60°. That the BPM system was under-sampled anyway
in LEP was also not helping the situation. Furthermore, the dynamic aperture was worse for a 90° phase
advance, due to larger Hamiltonian driving terms arising from the incomplete sextupole families for a
correction scheme adjusted to 90° phase advance. A compromise between the design optics with a pure
60°/60° phase advance and a 90°/90° optics were the 90°/60° which were in the end a very stable optics
[52], [53]. For the LHeC with a sextupole scheme still free to chose and orbit correction system this might
not be the optimal choice and should be reconsidered.
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representative for all odd points, has been designed. The Long Straight Section (LSS) in
each insertion has been filled with a simple FODO lattice with a phase advance of 90°/60°.
In a later phase of the project a detailed design of each insertion would have to be done

avoiding all LHC equipment.
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Figure 2.25: (left) Even insertions optics. (right) Odd insertion optics.

The insertion layout and optics of all even Points are shown in Fig. (left) and of all
odd Points in Fig. (right). The dispersion suppressors for the even and odd insertions
differ slightly in their length but have the same general layout. The dipole positions are
optimized to allow for a placement as regular as possible of the 8 matching quadrupoles
and to follow the LHC geometry as closely as possible. The Dispersion Suppressor on
the Left side (DSL) is split into two dispersion suppressor sections, reaching from the
first DFB to the second DFB and from the second to the beginning of the Long Straight
Section (LSS). The quadrupoles are distributed equally in each section. In the case of the
Dispersion Suppressor on the Right side (DSR), the quadrupoles are placed within equal
distance from each other throughout the complete dispersion suppressor. This layout
turned out to be better for the right side, due to the different arrangement of the DFBs.
The dispersion is matched in all cases using 8 individual quadrupoles for the 8 degrees
of freedom (B,/y, @z, Dx, Dy;). Well known standard dispersion suppressor schemes like
the missing bend or half bend scheme could not be applied to the LHeC due to the fixed

placement of the dipoles which is not in agreement with any of these schemes.

2.3.3 Bypasses

The bypasses are constructed geometrically by inserting a straight section into the idealized
ring two arc cells in front of the end of the arc (Sec.[2.2.4.2). It is intended to install the RF
cavities and wigglers as well as the injection and dump area in the long straight sections of
the bypasses, all requiring dispersion free straight sections. Therefore, the dispersion has
to be suppressed with dedicated dispersion suppressors on the left and right side of each
straight section.

The resulting layout and chosen nomenclature are illustrated in Fig. As dispersion
suppressors for the straight section right after the arc (DSLSSL and DSLSSR) the last two
arc cells are used, providing exactly the required 8 individual quadrupoles for matching
the 8 optics parameters (5, /y,axvy,Dx,D;. In the sections TLIR and TRIR, the same

configuration of dipoles as in the idealised ring lattice is kept for geometric reasons. Among
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BP Nomenclature

Figure 2.26: Bypass nomenclature: The straight sections are named Long Straight Section Left
side (LSSL), Interaction Region (IR) - for the straight section parallel to the in-
teraction region of the LHC - and Long Straight Section Right side (LSSR) and
are marked in red. The dispersion suppressor sections are Dispersion Suppressor of
LSSL (DSLSSL), Transfer line Left of IR (TLIR), Transfer line Right of IR (TRIR)
and Dispersion Suppressor of LSSR (DSLSSR) and are indicated in blue.

this fixed arrangement of dipoles, 14 matching quadrupoles per side are placed as equally
spaced as possible providing enough knobs to match the twiss functions and dispersion
from one dispersion free section to the next. As in the case of the insertions, the straight
sections are filled with a 90°/60° FODO cell lattice. The complete bypass optics in Point 1
and Point 5 are shown in Fig.
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Figure 2.27: Bypass optics Point 1 (left) and Point 5 (right).

2.4 Beam Dynamics

In this section different beam dynamical aspects investigated in the framework of this
thesis and relevant for the LHeC are presented. Sec. [2.4.1] gives a motivation for the
LHeC working point used in this thesis, Sec. [2.4.2] u describes a possibility to correct the
chromaticity and off-momentum beta-beating, Sec. 3| discusses different possibilities of
matching the flat electron beam to the round proton beam and the last section, Sec. [2.4.4]
estimates the effect of the circumference errors on the damping partition and a possibility

to correct small circumference errors.




2.4. Beam Dynamics 69

2.4.1 Beam-beam effects and working point adjustment

The beam stability and performance of every circular accelerator strongly depends on its
working point which has to be chosen with great care and the optimization of which is in
most machines never finished as it influences the machine performance in many different
ways. Therefore, only a rough guess of a good working point is given in this chapter
based on the resonance diagram, the detuning of amplitude and the dynamic-beta due to
beam-beam effects. Furthermore, only the HA option is considered, but the results can in

general be almost directly transferred to the HL option.
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Figure 2.28: Resonance diagram for the LHeC HA option up to 4th order. The first two syn-
chrotron sidebands of the integer resonance are indicated in green. Solid lines
correspond to resonances associated with normal multipoles and dashed lines to
resonances associated with skew multipoles. The detuning with amplitude due to
head-on beam-beam is shown in black. Large amplitude particles experience the
smallest tune-shift and small amplitude particles (the core of the beam) the largest
tune-shift. The working point of Q,/Q, = 123.155/83.123 is indicated by a black
dot.

The LHeC lattice, including the bypasses and the single interaction region, has no sym-
metries and thus all resonances are systematic. The detuning with amplitude and the re-
sulting tune-spread due to beam-beam effects can be expressed analytically by Eqn.
Fig. shows a possible working point for the LHeC of Q,/Q, = 123.155/83.123, which
lies close to the linear coupling resonance. Taking only resonances up to 4th order into
account, the full tune-spread due to head-on beam-beam can be accommodated in the
resonance line free area close to the diagonal. The first and second synchrotron sidebands
of the integer resonance are indicated in blue. For the chosen working point the first
synchrotron sideband is avoided, but the second synchrotron sideband is crossed by high

amplitude particles.
Furthermore, the tune is placed below the diagonal in order not to drive the resonance

2Q, —2Q, = m (2.42)
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which can be excited by the octupole component of the beam-beam force [54]@

The working points of lepton colliders are often optimized to explore the increase in lu-
minosity due to the dynamic beta effect (Sec.[1.7.4.3). The dynamic beta, emittance
and beam size depend on the tune Q¢ and incoherent beam-beam tune-shift Avg. The
dependence on the tune is shown in Fig. for the case of the LHeC HA option
with an incoherent beam-beam tune-shift of Ay, = 0.086. The working point of
Qz/Qy = 123.155/83.123 is indicated by a red dashed line. For this choice of working
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Figure 2.29: Horizontal (left) and vertical (right) dynamic beta, emittance and beam size for
the HA option with an incoherent beam-beam tune-shift of A ,/, = 0.086. The
working point of Q),/Q, = 123.155/83.123 is indicated as dashed red line.

point, the beta-function, emittance and consequently beam size at the IP only decrease
slightly and the luminosity could be hence increased by moving the working point towards
the integer or half integer resonance assuming the beam is still stable for this choice of
working point. Note that in the current treatment of the dynamic beta effect, the effect
of coupling necessary to match the beam spot size of proton and electron beam at the IP,

is not considered, and could change the development of all three parameters.

2.4.2 Correction of chromatic aberrations

The theoretical background of the correction of chromatic aberrations in large colliders is
summarized in Appendix|C| In this section, the correction schemes for the LHeC developed
in the framework of this thesis will be presented.

In order to design a suited correction scheme, the sections of the ring inducing the largest
chromatic error have first to be identified. A measure for the induced chromatic error is
the natural chromaticity, and the contributions to the same of the eight insertions for the
HA and the HL option are listed in Table In general, a relatively large contribution
is expected from the low-beta insertion located at IR2 in the case of the LHeC due to the

high beta-function at the strong final focus magnets. This is only the case for the vertical

5The resonance 2Q, — 2Q, = 0 is known in connection with space-charge dominated machines as
Montague resonance and the theory developed in this context has been applied to beam-beam effects in
[54]. In the tune range considered for the LHeC higher orders of this resonance fulfilling the condition
2Qz — 2Qy = £2qo could be excited where qo is the integer part of the tune split. In order not to excite
this resonance and under the assumption of equal linear beam-beam tune-shifts in the two planes, a working

point below the diagonal should be chosen.
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HA HL
IR 1 6.9/5.5 | 6.5/6.1
IR 2 5.2/18.3 | 9.9/9.3
IR 3/7 | 3.2/27 | 3.1/3.1
IR 4/6/8 | 3.2/2.7 | 3.0/3.0
IR 5 7.0/5.7 | 6.7/6.4

Table 2.9: Relative contribution of the insertions to the natural chromaticity multiplied by a
factor 100 , i.e. % - 100, for the HA option with a total natural chromaticity
z/y,tot

of —(144.1/136.2) and the HL option with —(151.8/122.8).

plane of the HA option, which can be explained by having a look at the optics of the
interaction region shown in Fig.
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Figure 2.30: Optics of the HL option (left) and HA option (right).

In the case of the HL option (Fig. (left)), the final focus magnets are located so close
to the interaction region that the beta-function in the final focus triplet is very moderate in
both planes. This leads to only a slightly higher contribution to the natural chromaticity
compared to the other insertions and the resulting, rather equal distribution of the sources
of chromatic errors, suggests a global correction of the chromatic aberrations where even
an unsophisticated scheme with only two sextupole families could already be sufficient. In
the framework of this thesis only the more challenging HA option has been studied. It is
expected that the results obtained for this option represent a worst case scenario of the
chromatic correction in the case of the HL option.

The HA option (Fig. (right) and also previously Fig. (left)), which is the option
chosen for the CDR, has a QF-QD doublet in order to minimize the synchrotron radiation
losses in the interaction region [10]. This choice and the small distance to the IP of only
6.2 m result in a horizontal beta-function in the final focus QF which is even smaller than
in the following long straight section and explains the small contribution to the natural
chromaticity in the horizontal plane. In the case of the vertical plane, the smaller 5* and
the larger distance to the IP lead to the high beta-function in the final focus QD typical
for low-beta insertions and suggests a local correction with the two adjacent arcs described
in Sec. In order to test if the local correction indeed improves the correction of the
chromatic aberrations, a global correction scheme has also been studied and a comparison
of the two schemes is presented in Sec.
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2.4.2.1 LHeC chromaticity correction scheme

As described in Appendix |C| the off-momentum beta-beating and thus second order chro-
maticity can be corrected by using several sextupole families, where the number of families
is determined by Eqn. and each family has to contain an even number of sextupoles
in order to minimize the geometric aberrations. In the case of the LHeC arc cell, which
is a double FODO cell with a phase advance of 90°/60° per FODO cell, the condition of
Eqn. is fulfilled for two families in the horizontal and three in the vertical plane. The
second condition of an even number of sextupoles per family yields that the number of
arc cells, thus double FODO cells, containing sextupoles has to be divisible by 2 and 3.
As the standard LHeC contains 23 arc cells and the arcs next to the bypasses only 19 arc

cells the latter condition can be fulfilled in two different ways
e Option 1: not placing sextupoles in all arc cells
e Option 2: also placing sextupoles in the dispersion suppressor

A possible scheme using Option 1 is sketched in Fig. (left) and using Option 2 in

Fig. (right).
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2 =2 cells lie in the bypasses

Figure 2.31: Chromaticity correction scheme for the LHeC.
(left) Option 1: sextupoles are only placed in the arcs.

(right) Option 2: sextupoles are also placed in the dispersion suppressor.

In general, it is considered to be better to place additional sextupoles in the dispersion
suppressors and thus reduce the sextupole strength [55]. Therefore Option 2 has been
chosen as the correction scheme for the LHeC. The downside of this choice is that the
sextupoles in the dispersion suppressor are not exactly in phase with the other family
members and have a stronger or weaker chromatic effect respectively due to the changed
dispersion and Twiss function. This could increase the geometric aberrations, as not all
sextupoles will have an exactly compensating partner and reduce the effectiveness of the
scheme due to phase errors (Appendix .

In the current scheme, the horizontal sextupole families are not completed in the arcs next
to the bypasses, as it was considered to be more important to reduce the sextupole strength

of the vertically focusing sextupoles by placing sextupoles in the dispersion suppressors
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next to the bypasses - especially of the ones in the arc adjacent to the low-beta insertion -
than to complete the families in the horizontal plane. This choice could increase the
chromatic aberrations in addition, and in case the correction scheme turns out to be
dynamically unstable, one would have to revise this choice.

For the local compensation of the low-beta insertion located at Point 2, the two adjacent
arcs are used. This leads to a total number of 15 sextupole families, 5 families in the arc
left of IP2 (Arc 1) and 5 in the arc right of IP2 (Arc 2) and 5 in the rest of the ring,
explicitly in Arc 3 to 8.

2.4.2.2 Matching the chromaticity correction scheme

The first step in matching a correction scheme, including the local correctio of a low-beta
insertion, is to obtain suited starting values for the sextupole strengths. As described in
Appendix the beta-beating is corrected by an up and down powering of the different
sextupole families, where the sextupole strength, needed to correct the natural chromatic-
ity, serves as reference value. This value is obtained by matching the natural chromaticity
while the same strength is assigned to all focusing and defocusing sextupoles respectively.
The next step is the local correction of the low-beta insertion at IP2 with the sextupoles
in the two adjacent arcs. For the most efficient correction, the phase advance ¢ between
the first sextupole of the correcting family and the IP has to be 2¢ = 0 mod[r|, where the
effect of phase errors is not taken into account. In the horizontal plane, this condition must
be already fulfilled for the first sextupole family, as then all following horizontally focusing
sextupoles add up coherently due to the phase advance of § per FODO cell (Eqn. .
In the vertical plane, with a phase advance of %, the sextupole family, of which the first
member has a phase advance ¢ closest to 2¢ = Omod[r], is chosen as correcting family
(Eqn.|[C.22)). As a first step of the actual matching of the local correction scheme, the phase
advance is adjusted to the required 2¢p = 0 mod|r], using a symplectic transfer matrix -
referred to as “phasor” in this thesis - which changes only the phase advance but leaves
all Twiss functions and the dispersion unchanged (Appendix . The applied change in
phase advance induces an unwanted change of the tune, which can be compensated in two

different ways:
e Option A: changing the phase advance of the arc cells
e Option B: changing the phase advance of another insertion

Changing the phase advance of the arc cells would lead to a phase error which could
reduce the efficiency of the correction scheme as discussed in Appendix Therefore,
Option B is the more suited option. The easiest implementation is to change the phase
advance of the FODO cells in the straight sections of IR3 and IR7, where IR3 and IR7
have been chosen, as Point 3 and Point 7 do not host an LHC experiment which needs
to be bypassed. Furthermore, they lie opposite each other and thus change the optics

symmetrically. As an actual change of the phase advance of the FODO cells would entail a

“In this context the term “local” is used for the correction of the beta-beating, originating from the
low-beta insertion, with the sextupoles located in the two adjacent arcs. The term global refers to the

correction of the beta-beating with all sextupoles in the ring.
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rematch of the dispersion suppressors, the phase advance is also at first artificially changed
with the phasor.
Until now, suitable initial conditions have been set for the sextupole strengths and phase
advance constraints, but no actual matching performed. In a first matching step, the W-
function (Eqn. , being a measure for the off-momentum beta-beating, is matched to
0 at IP2 and IP1 and IP3 respectively, using the sextupole strength of the compensating
family and the phase advance ¢/% between the first family member and the IP as free
parameter With this condition, the off-momentum beta-beating created by the low-
beta insertion at IP2 is, as wanted, compensated by the sextupoles of the two adjacent
arcs. Ideally, the beta-beating would be corrected by an up and down powering of the
sextupoles, which would not change the linear chromaticity. In practice, the linear chro-
maticity changes slightly, because the matched sextupole strengths differ from the ideal
ones. The difference between the ideal and the actual sextupole strength, and the resulting
change of the linear chromaticity, is generated by the distortion caused by the sextupoles
of one plane on the correction of the other plane and the effect of the sextupoles in the dis-
persion suppressors, which are not exactly in phase with the other members of their family
and have, in addition, other Twiss and dispersion values. Furthermore, the beta-beating
is not corrected in the rest of the ring, which yields a non-zero W-function at IP2, if the
W -function is calculated for the complete ring and not just for the section from IP1 over
IP2 to IP3. Therefore, in another matching step, using all 15 sextupole families and the
phase advance ¢L/F as free parameters, the W-function is matched to 0 at IP2 and IP1
and IP3 respectively and, in addition, the linear chromaticity matched to @’ Iy = 2. This,
for now last step, leads to an optics as wanted, i.e. an optics with a local correction of the
low-beta insertion, no change of the tune and an adjustment of the linear chromaticity to
; Jy = 2, but it still contains the artificial phasor element. As a next step, the phasor
is removed and the optics rematched to the phase advances obtained for the lattice in-
cluding the phasor. For the left and right side of IR2 the phase advance ¢~/ is matched
by rematching the long straight section and the dispersion suppressor of the interaction
region. In IR3 and IR7, the phase advance of the FODO cells is rematched, followed by
a rematch of the dispersion suppressor and a final match of the complete insertion to the
desired phase advance values. As the rematch of IR1, IR2 and IR3 slightly changes the
Twiss parameters compared to the initial optics, the complete lattice is rematched in a
final last step with the constraints W (IP2) = W (IP3) = W (IP1) = 0 and Q;/y = 2, using
the strength of all 15 sextupole families as free parameters, where the strength values
obtained for the optics including the phasor are taken as initial values. The detour of the
optics including the phasor is taken, as it is usually quite time consuming to rematch an
insertion. With the phasor, values for the phase advance can be obtained and also starting
values for the strength of the sextupoles, which are very close to the final values. Both are

important for a successful final matching.

®The matching constraint of W, , (IP1/IP3) = 0 could also be substituted by W, ,(P) = 0 of any other
point P in the lattice which lies closely before the first sextupole of Arc 1 and after the last sextupole of
Arc 2 respectively.
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2.4.2.3 Comparison of the local correction with global correction schemes

In order to be able to judge if the local correction of the low-beta insertion improves
the momentum-dependence of the lattice, the local correction scheme is compared to a
global correction scheme. As reference for a global correction scheme, the lattice with the
minimum number of sextupole families fulfilling the condition Eqn. which is necessary
for a global beta-beating correction, has been used, i.e. 5 sextupole families - two horizontal
and three vertical. The higher order chromaticities of this lattice have been calculated by
the normal form analysis available in PTC and afterwards matched with MAD-X, first
to @}, = 2, then to Q; , = 2, @y, = 0 and last to Q, , =2, @, =0, Q) =0 taking
advantage of the 5 free parameters. As the vertical plane is more challenging, Q/y” has
been matched to 0 instead of Q. The sextupole strengths obtained for all four correction
schemes are compiled in Table

local correction | QY = QZ =2 | Q)= Q?’J' =0 Q?'J” =0
msy, [1/m?] | 0.449/0.474/0.409 0.453 0.433 0.433
Mg, [L/m?] | 0.445/0.632/0.472 0.453 0.477 0.478
msp, [1/m?] | -0.478/-0.980/-0.390 20.445 -0.390 -0.250
msp, [1/m?] | -0.402/-0.442/-0.377 10.445 10.528 10.524
msp, [1/m?] | -1.032/-0.430/-0.387 20.445 -0.415 -0.559

Table 2.10: Normalized sextupole strengths for the four different correction schemes. The hori-
zontally focusing sextupoles have a length of Lg, = 0.35 m and the vertically focusing
sextupoles a length of Lg, = 0.6 m. In the case of the local correction scheme, the
first value denotes the strength of the 5 sextupole families in Arcl, the second in
Arc2 and the third the one of the sextupoles in the rest of the ring.

In order to see the effect of the local correction, the W-function for all four cases is
compared in Fig. In the horizontal plane, the W-function is globally reduced by the
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Figure 2.32: Horizonal (left) and vertical (right) W-function for all four correction schemes. IP2

is located at s = 0.

local correction, but does not show the typical strong decrease in the arcs adjacent to the
low-beta insertion. This result is not surprising, as in the case of the horizontal plane, the
chromatic contribution of the low-beta insertion lies in the same range as for the other
insertions. In addition, the horizontal beta-function in the final focus doublet is not higher

than in the following long straight section so that the chromatic error is not localized to
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the final focus magnets, but distributed over the complete insertion as it is also the case
for the other insertions. In the vertical plane, the local correction considerably reduces the
W-function globally except in the two arcs adjacent to the IP. As expected, the W-function
is decreased there in steps to almost 0. In contrast, the global correction schemes show a
high W-function over the complete lattice. Furthermore, the variation of the W-function
increases in the case of a global correction of Q” Iy and even more in the case of a correction
of ’y” , as the correction of the higher order chromaticities is mainly achieved by a change
of the off-momentum beta-beating and thus the W-function. At last, as only in the case
of the local correction the W-function has been matched to 0 at the interaction point IP2,

it also only vanishes in this case. This leads to a weaker momentum dependence of the
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Figure 2.33: Horizonal (left) and vertical (right) * at IP2. The Twiss parameters are calculated
with PTC as MAD-X might not deliver correct results for large momentum devia-
tions. Ideally, the beta-function would be independent of the momentum deviation,
which is indicated by a black line.

beta-function at the IP in the case of the local correction which is illustrated in Fig.
Again, the improvement is much larger in the vertical plane where, as mentioned before,
the off-momentum beta-beating of the low-beta insertion is successfully corrected with the
two adjacent arcs, while in the horizontal plane, the local correction mainly consists of the

vanishing W-function at the IP.
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In addition to the direct effect of the local correction on the off-momentum beta-beating,
the correction should also, according to Eqn. theoretically reduce the dependence
of the tune on the momentum, explicitly it should lead to a reduction of the second or-
der chromaticity. The dependence of the tune on the momentum for all four correction
schemes is shown in Fig. The local correction scheme shows, as expected, an al-
most linear dependence of the tune on the momentum up to momenta almost as large as
10 times the rms momentum spread. Comparing the correction of only Q;’y = 2 with
;’y =2, Q’z’yy = 0, the second order term is corrected in trade of a third order term in the
vertical plane. Similarly, the correction of the third order vertical chromaticity QZ’ =0
leads to the appearance of a stronger fourth order term.
Comparing the sextupole strengths of the different correction schemes (Table , the
correction of the higher order chromaticities requires an increase of the sextupole strength
of certain families, which could lead to a stronger detuning with amplitude. In all three

cases, the already small detuning with amplitude does not increase and even decreases
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Figure 2.35: Detuning with amplitude until second order for the four different correction schemes
and for actions J,,, with 0 < J,,, < 5. The anharmonicities c, ;; have been

obtained by using the normal form analysis available in PTC.
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slightly in the case of the local correction (Fig. , where terms until second order in
the horizontal and vertical action .J,/, have been considered (Eqn. [1.87)

1
Qz(Jx, Jy) ~ Qz+az,1ojx+az,01jy+§ (a3720J3 + 20&2711Jny + 042702J§) , 2 =T,Y, (2.43)

and the anharmonicities o ;; have been obtained using the normal form analysis imple-
mented in PTC.

At last, the dynamic aperture for on-momentum and for a momentum offset of one rms
momentum spread £ (Ap/p),.« = £0.0012 of the four different lattices has been com-
pared in order to investigate the effect of a momentum offset on the beam stability. The
chosen stability criterion is, that the particle being tracked is not lost. The particle with
the smallest amplitude, which is lost during the tracking, then determines the dynamic
aperture. Particles with an initial amplitude of n(o, cos ¢ + o, sin ¢) have been tracked
for 1024 turns using the tracking module of PTC and not including synchrotron radiation

effectsﬂ The parameter n has been increased in steps of 0.1 and ¢ in steps of 2°. The small
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Figure 2.36: Dynamic aperture of the four correction schemes for Ap/p = 0.0012, Ap/p = 0

and Ap/p = —0.0012. The parameter n and ¢ define the initial amplitude a of

the particle with a = n(o; cos¢ + o, sin¢). All particles have been tracked over

1024 turns. As expected, the dependence of the dynamic aperture on the momentum

is reduced by the local correction scheme.

9The dynamic aperture is expected to increase if synchrotron radiation with its damping effect is included

and thus the tracking without synchrotron radiation should deliver a lower limit on the dynamic aperture.
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number of turns of 1024 corresponds to approximately four synchrotron radiation damp-
ing times at 60 GeV and is considered to be sufficient, so that all initial oscillations are
damped after this time. The dynamic aperture of all four correction schemes is shown in
Fig. The global correction of only the linear and second order chromaticity exhibits
a strong momentum dependence, which is then reduced in the case of the global correction
of the third order chromaticity. Compared to all three global correction schemes, the local
correction features the least momentum dependence and thus, as desired, a comparable
beam stability for on- as well as off-momentum particles. The absolute values of the dy-
namic aperture are sufficient in all cases, but decrease in the case of the local correction
and with the global correction of the higher order chromaticities. This is probably due
to the presence of one stronger sextupole family. The comparison of the absolute val-
ues should be taken with caution, as the lattices are all matched to the working point
of Q, = 123.155, @, = 83.123 chosen in Sec. which is not optimized for dynamic
aperture studies, but well enough suited to investigate the momentum dependency of the

dynamic aperture being the aim in this section.

2.4.3 Coupling and matching electron and proton beam size at the IP

Experiences from HERA show that it is essential to match the beam sizes of the proton
and electron beam at the interaction point in order to avoid a reduction of the proton beam
lifetime [37]. As the proton beam parameters are fixed by the parameters required for LHC
p-p physics, the only possibility to adjust the beam size is to change the interaction region
optics. For the current interaction region design an optics with a ratio of 4:1 between
the horizontal and vertical proton $*, and thus horizontal and vertical beam size, has
been matched [10]. In this thesis, three different possibilities to achieve an electron beam
size matched to the proton beam size of the current interaction region design have been
studied, which are presented in the three subsections of this section. For all options, the
proton beam optics are assumed to be fixed. As electron beam optics only the HA option,
considered to be the preferred option, has been studied, whereas the same methods could

be applied to the HL option.

2.4.3.1 Global coupling in the complete ring

Global coupling can be obtained by simply introducing one skew quadrupole at any position
in the ring. If the skew quadrupole is placed in a dispersion free region, only the betatron
motion is coupled. Vertical emittance is then generated by betatron coupling in dipoles.
The placement in a region with horizontal dispersion results in coupling of the betatron as
well as dispersive part, and vertical emittance is in addition generated by vertical dispersion
in dipoles. The placement of the skew quadrupole in a dispersion free region is in general
preferable, as no change of the dispersion suppressors is required in this case. In both cases,
the Twiss parameters in the interaction region are changed due to the coupling. If the
change is unacceptably large, a coupling correction scheme or matching section including
skew quadrupoles would have to be installed around the interaction region.

As an example for the case of a skew quadrupole in a dispersion free region, one skew

quadrupole of 0.5 m length has been inserted in the long straight section of Point 2,
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6 =0| 6= —0.0022
Eskew [1/m] | 0.014 0.010
€1 [nm] 5.8 4.1
€2 [nm] 2.9 2.0
€3 [pm] 5.0 7.5
J1 1.0 1.5
Jo 1.0 1.2
Js 2.0 1.3

Table 2.11: Equilibrium emittances and damping partition numbers calculated with MAD-X for
the case of one skew quadrupole of 0.5 m length inserted in the dispersion free region
at Point 2 for on-momentum and off-momentum yielding J; = 1.5.
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Figure 2.37: Ripken parameters for the case of one skew quadrupole inserted in the dispersion

free region at Point 2 for on-momentum and including synchrotron radiation.
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and its strength adjusted to yield a ratio of 2:1 between the equilibrium emittances ¢;,
defined in Eqn. of mode 1 and mode 2 respectively{’®] Table summarizes the
results obtained with MAD-X for zero momentum offset ¢ - so on-momentum - and for
a momentum offset yielding the design value of J; = 1.5 as set in the CDR [10]. The
second case of an adjustment to J; = 1.5 serves to show that the damping partition and
emittance ratio can be changed by adjusting the strength of the skew quadrupole and the
momentum offset.

In the case of no synchrotron radiation and no momentum offset, no vertical dispersion
is created by the inserted skew quadrupole. Both the synchrotron radiation and the
momentum offset, result in a change of the closed-orbit and therefore, in the case of
coupling, a non-vanishing vertical dispersion. Nevertheless, the vertical dispersion due to
the changed closed-orbit is expected to be small. Exemplary Fig. shows the Ripken
parameters [15] fi;, D1 and D3 along the ring for the case of 6 = 0 and Agew = 0.014 %,
including the effect of synchrotron radiation, where the index k = 1, 2, 3 of §;; refers to
the plane z, y, z and the index 7 = 1, 2, 3 to the eigen-mode, D; is the horizontal and
D3 the vertical dispersion. As expected, the vertical dispersion is small compared to the
horizontal one.

As an example for the second case of a skew quadrupole in a dispersive region, one skew
quadrupole of 0.5 m length has been inserted in the section TLIR of the bypass around
Point 5. Table summarizes the rms emittances and damping partition numbers cal-
culated with MAD-X for on-momentum and for a momentum offset yielding J; = 1.5 and
Fig. shows the Ripken parameters for kgre = 0.0077 % and on-momentum including

the effect of synchrotron radiation. For the on-momentum case Jo differs from 1.0 due

d=0|6=—0.00175
kskew [1/m] | 0.0077 0.0077
€1 [nm] 6.6 4.5
€2 [nm] 3.3 2.3
€3 [um] 7.0 23.5
S 1.0 1.5
Jo 1.5 2.1
Js 1.5 0.4

Table 2.12: Equilibrium emittances and damping partition numbers calculated with MAD-X for
the case of one skew quadrupole of 0.5 m length inserted in the dispersive region

TLIR of the bypass around Point 5 for on-momentum and off-momentum yielding
Jy = 1.5.

to the non-zero vertical dispersion. Furthermore, an adjustment of J; leads to a small J3
and therefore a large emitance €3 of the third mode. In general, the emittances are larger
than for the previous case where the skew quadrupole was located in a non-dispersive
section which can be explained by the increase of the curly H-function due to the vertical

dispersion in the dipoles.

10The emittances of mode 1 and mode 2 respectively correspond to the horizontal and vertical emittance

in the uncoupled case.
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Figure 2.38: Ripken parameters for the case of one skew quadrupole inserted in the dispersive
region TLIR of the bypass around Point 5 for on-momentum and including syn-

chrotron radiation.

2.4.3.2 Decoupled interaction region using two times four skew quadrupoles.

The adjustment of the emittances by introducing global coupling, in particular also in the
interaction region, discussed in the preceding section implies that a coupling correction or
matching section including skew quadrupoles is needed around the interaction region in
order to match the electron beam size to the proton beam size at the IP. Therefore, the
second possibility considered and presented in this section is to create coupling with skew
quadrupoles on one side of the IP (right side) and correct it on the other side (left side)
with skew quadrupoles, so that the region around the interaction point is decoupled. For
small perturbations, a correction scheme can be calculated using perturbation theory, but
as will be shown later in this section, fails for larger skew quadrupole strength necessary

to achieve the desired emittance ratio of 2:1. The theoretical background is outlined in
Appendix
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In first order, the difference ), — @, = m and the sum resonance @, + @, = m can

be excited. The contribution of one skew quadrupole to the sum resonance is given by

Eqn.
K, = ke, with ¢ = ®u(s;) + By (s0) (2.44)

and to the difference resonance by Eqn.
Kq = ki€, with ¢; = . (s;) — ®y(si) (2.45)

with
N;

T 2/ Ba(50) By (54)

and NV; the integrated quadrupole strength and ®

(2.46)

«/y the phase advance in the horizontal
and vertical plane. The total contribution from different quadrupoles is then just given by

the sum of all contributions:
K, = Z ke, (2.47)
i
Kqg = Y e (2.48)
i

As the LHeC working point of Q,/Q, = 123.155/83.123 is placed close to the difference
resonance (Fig. , it is best to produce the required coupling with an arrangement of
skew quadrupoles, resulting in a compensation of the difference resonance and an excitation
of the sum resonance, in order to ensure the stability of the beam. This can be achieved
by four skew quadrupoles on each side of the IP grouped in two pairs, Q1/Q2 and Q3/Q4,
where each pair is orthogonal in the case of the sum resonance, i.e. Ay = 7/2 and
each quadrupole has a difference resonance compensating partner in the other pair i.e.
Ap=n-m. If Ap =2n -7 the quadrupoles compensating each other must have opposite
strength and equal strength for Ay = (2n+1)-7. For the LHeC, a scheme with Ay = 7/2
and Ay = 0 illustrated in Fig. has been chosen, as in this case all quadrupoles could
be placed in the long straight section around IP2.

Ap = (Pu(s2) = Py(s2)) — (Pu(s1) — y(s1))
= (Pu(s1) — Py(sa)) — (Pu(s3) — Py(s3))
Ay = (Du(s2) + Py(s2)) = (Pu(s1) + Py(s1))
= (Dy(s4) + Py(s4)) — (Pu(s3) + Py(s3))
Ay =7 Ay =3
<« <«
$1 S92 S3 S4

Figure 2.39: Excitation of the sum resonance and compensation of the difference resonance with

four skew quadrupoles.
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With this compensation scheme, the condition for the compensation of the difference

resonance becomes

K= (k1 + K3)e™" + (k2 + Ky)e'??, (2.49)

where k1 = —k3 and ko = —k4, and the condition for the orthogonality of each pair in the

case Of the sum resonance
Ky = (k1 + €2 52)e™ 4 (k3 + €2 kyg) eV . (2.50)

In reality, these conditions can never be exactly met. In order to have an automatic
compensation of the difference resonance, the constraint on the phase Ay = 0 between
the quadrupoles compensating each other is a “strong constraint”, while the orthogonality
of the pairs, thus on the phase ¢ = 7/2, is only a “weak constraint”.

To fulfil the condition of Ay = ®, — &, = 0 between the compensating pairs, one has
to find four positions of the quadrupoles with the same value of ¢. These four positions
are indicated in Fig. with black lines. The skew quadrupoles on both sides of the

Left side of IP2 Right side of IP2

02l T T T T T ™ 02k

0.0

Q4 Q3 |zl

Phase advance in units of 7
1
- e -
)
T T
Phase advance in units of 7

Q1Q2 Q3 Q4

>
wml
>

-250 -200 -150 -100 =50 0 100 150 200 250
s [m] s [m]

4
Q4 3| — @0, Q

Q3

@ ] @
Q2

Ql Q

Phase advance in units of
N
Phase advance in units of 7
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Figure 2.40: Difference (top) and sum (bottom) of the horizontal and vertical phase advance and

positions of the skew quadrupoles Q1 to Q4.

interaction region are placed more or less symmetrically in respect to the IP, due to the
(approximate) mirror symmetry of the interaction region. Furthermore, it turned out to
be better to compensate Q1 with Q4 and Q2 with Q3, as the beta-function at the position
of the skew quadrupoles Q1/Q4 and Q2/Q3 is comparable, while the beta-function at the
position of Q1/Q3 and Q2/Q4 differs, leading to approximately the same strength of the
compensating pairs in the case of a compensation of Q1 with Q4 and Q2 with Q3.
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Figure 2.41: Representation of the skew quadrupoles in the complex plane. The strength values
of the skew quadrupoles are listed in Table

ko1 (2] | kqz2 (L] | kqs[X] | kqa [=]
left side | 0.0622 | 0.0331 | -0.0326 | -0.0628
right side | -0.0385 0 0 0.0377

Table 2.13: Skew quadrupole strength of the correction scheme yielding an emittance ratio of 2:1.

All skew quadrupoles have a length of 0.2m

€1 | 6.8 nm || J; | 1.0
€g | 3.4nm || Jo | 1.0
€3 | 5.0 pm || J3 | 2.0

Table 2.14: Equilibrium emittances and damping partition numbers calculated with MAD-X for

the correction scheme with kq1, right = 0.0385 % and on-momentum.
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For the adjustment of the emittances, the strength of Q4 and Q3 on the right side of
IP2 have been chosen as free parameters. Knowing the beta-function and the quadrupole
strength of these two quadrupoles, the strength of the compensating quadrupoles on the
right side, i.e. Q1 and Q2, can be calculated by solving Eqn. [2.49] The strength of the
skew quadrupoles on the left side are then given by Eqn. and yielding an exact
compensation, if K, created on the right side is equal to the negative value of the compen-
sating vector K on the left side. An emittance ratio of 2:1 is reached for the quadrupole
strengths compiled in Table The resulting compensation scheme is illustrated in
Fig. by representing the skew quadrupoles as vectors in the complex plane and the
emittances and damping partition numbers of the three eigenmodes for on-momentum are
summarized in Table

To check if the compensation scheme decouples the interaction region, the Ripken param-
eters (3 at IP2 with and without correction and with and without synchrotron radiation
are compared in Table with the negative result, that no correction of the coupling is
achieved, even not in the idealistic case of no synchrotron radiation. An explanation for
the failure of the correction is, that the calculation is based on a perturbative treatment
and the approximations made are not valid for the skew quadrupole strength necessary to

obtain an emittance ratio of 2:1.

Bi1,1p2 [m] Bi2,1p2 [m] B31,1p2 [m] B2 1p2 [m]
ideal 0.4 0 0 0.2
correction, no syn. radiation 0.261 0.040 0.031 0.229
no correction, no syn. radiation 0.331 0.067 0.047 0.162
correction, syn. radiation 0.229 0.063 0.050 0.206
no correction, syn. radiation 0.311 0.082 0.060 0.148

Table 2.15: Ripken parameters §j; at IP2 calculated with MAD-X for the correction scheme with
kQu, right = 0.0385 % and on-momentum. Also in the idealistic case of no synchrotron

radiation the correction scheme fails.

To investigate, if the correction scheme works for small quadrupole strength, a compen-
sation scheme with approximately one third of the skew quadrupole strength has been
studied. The resulting skew quadrupole strengths are listed in Table [2.16] The Ripken
parameters (3 at IP2 with and without correction for this scheme are compared in Ta-
ble and the emittances and damping partition numbers listed in Table In this

kqi[X] | kqz [L] | kas (2] | kqa [E]
left side 0.0200 0.0106 -0.0105 -0.0202
right side | -0.0124 0 0 0.0121

Table 2.16: Skew quadrupole strength yielding an emittance ratio of 75:1, but with a full com-
pensation of the coupling at IP2. All skew quadrupoles have a length of 0.2m

case, the Ripken parameters (3;; at IP2 are corrected by the calculated correction scheme,
as the skew quadrupole strengths are small enough to be treated, without making a too

large error, as a small perturbation.
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Biiipz (M] | Bizaps [(M] | B34 1po (] | B35 1py [m]
ideal 0.4 0 0 0.2
correction, no syn. radiation 0.390 0.00011 0.0001 0.204
no correction, no syn. radiation 0.380 0.01987 0.0122 0.189
correction, syn. radiation 0.381 0.0023 0.00120 0.202
no correction, syn. radiation 0.363 0.0311 0.01911 0.181

Table 2.17: Ripken parameters §j; at IP2 calculated with MAD-X for the correction scheme with

kqu, right = 0.0124 % and on-momentum.

€1 | 83 nm Ji | 1.0
€ | 0.11 nm || Jo | 1.0
€z | 5.0 um || J3 | 2.0

Table 2.18: Equilibrium emittances and damping partition numbers calculated with MAD-X for

the compensation scheme with kqi, right = 0.0124 % and on-momentum.

2.4.3.3 Local coupling of the interaction region

Another option is to only couple a small area around the IP using one skew quadrupole
on each side of the IP. For a full compensation and an optimal conversion of the flat
electron beam into a round beam at the IP, these two skew quadrupoles must respect
certain conditions on the phase advance which will be derived in the following and then
applied to the case of the LHeC.

The transfer matrix of a skew quadrupole in the transverse plane is given by:

=

(2.51)

1
R B 0
skew — 0

o O = O
S =
= o O O

1
f

As for the LHeC electron beam, the vertical beam size can be assumed to be negligible
compared to the horizontal one in the absence of coupling, the vertical position y can

be set to 0. In this case a skew quadrupole simply gives a kick in y’ depending on the

1$>
)

The maximum vertical beam size at the IP is then obtained by tilting the phase ellipse in

horizontal position x:

(:Ua iE’,, Y, 3/,) = (.%', .’L‘l, Y, y/ - (252)

the y — ¢’ phase space by 7/2, explicitly

™

Ay (s(skewl), 5(IP2)) =

(2.53)

In addition, the mismatch introduced by the skew quadrupole (skewl) should be canceled

by a second skew quadrupole (skew2). No distortion is caused, if the transfer matrix T’
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from skewl to skew2 is equal to the identity matrix. The transfer matrix T for the

transformation from skewl to skew2 is given by

T = Rskew2R(A¢xa AQby)Rskewl = (2'54)
Cx+S B SxB
(cx Bx:l?) z2 SxBas _ Xffm 0
Syfyiy _ Cx(owg—oay ) +Sx(owp+1)  (Ox—Sxowy)bay (Sxomy—Cx)Bay  (Cy+Syey; )Bys SyByi1o
if2 Bx1g Bz1g F1Bzy - F2By1o TR
_ SyByiy 0 Ecy+syay1)ﬁy2 S5
f1 By1a yPy12
(Syayy —Cy)By; 3 (Cx+8xawy )Bay _ SxBzyo SxBris Cy (g —oyy ) Sy (ay1a+1)  (Cy—Syey, )8y
F1By1o foBzqg fa f1f2 Byio Byia

The index 1/2 stands for the Twiss parameters at the location of the first/second skew
quadrupole, C,/, = cos (Aqﬁz /y) and S/, = sin (Aqﬁm /y), where A¢,/, is the phase ad-
vance from skewl to skew2. The Twiss parameters have been abbreviated with 53, , /., =

/By fys Bas fys 80 Qg 11y = Qg jyy Qg jy, @0d f1 5 1s the skew quadrupole focal strength.
The matrix is already considerably simplified by requiring

sin (A¢y) = sin (Agy) =0 Ap, = Apy =nm (2.55)

leading to T13 = 154 = T31 = Tyo = 0. After this simplification, the matrix is then given
by

e 0 0 0
12
Qo — Oz _ ﬁzl /Bccl + 53}2 0
T — 5112 ﬁzl2 flﬁzlg f2ﬁy12 . (256)
0 0 . 0
Y12
Bao By, 0 Qyg —Qyy _ﬁi
J2Bzqs f1By1o By12 By12

As can be seen from Eqn. the transfer matrix 7" is equal to the identity matrix, if
and only if the Twiss functions at both quadrupoles are equal (o, = ag, and Bz, = Ba,)
and the skew quadrupoles have opposite focal strength (fo = —f1).

In summary, the following conditions must be fulfilled:

e The vertical phase advance A¢, between the first skew quadrupole and the IP must
be A¢, = § + nm in order to obtain a round beam at the IP and not e.g. a tilted

ellipse.

e The difference in phase advance Ag,,, between the skew quadrupoles must be
Apyjy = ngsym, ngy, € Nin order to achieve a full compensation. In addition,
the Twiss parameters at the location of both skew quadrupoles must be equal and

the skew quadrupoles must have opposite strength, i.e. fo = —f1.

As the interaction region of the LHeC is symmetric in respect to the IP, all conditions are
fulfilled if the skew quadrupoles are placed exactly at A¢,,, = 5 from the IP. With the
current interaction region optics, this condition can not be fulfilled. In order to demon-
strate the principle, the phase advance was adjusted by inserting a transfer matrix, the
phasor, which changes the phase advance but not the beta-function (Appendix . The
Ripken parameters of the modified optics are shown in Fig. and indicate that the
effect of the first skew quadrupole is fully compensated by the second.

With this scheme, the beam size at the IP can be adjusted by changing the skew quadrupole
strength. A ratio of 2:1 is achieved with a skew quadrupole strength of kgew = 0.0477 and
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Figure 2.42: Ripken parameters (j; of the interaction region calculated with MAD-X and for

on-momnetum. The coupling introduced by the first skew quadrupole is fully com-
pensated by the second.

length of 0.1 m, yielding the desired beam spot size at the IP of 44.7 ym in the horizontal

and 22.4 ym in the vertical plane with the assumption of a horizontal rms-emittance of
€; = 5.0nm and a vanishing vertical emittance, i.e.

OpiP2 = Bei€p =44.7um

(2.57)
oyp2 = [yi1€z = 22.4pm

The transformation of the initially flat electron beam into an almost round beam at the
IP and back into a flat electron beam is illustrated in Fig.

As the coupling is localized at the interaction region, the horizontal emittance is in the
case of an uncoupled rest of the LHeC electron ring larger than 5.0 nm, and in general,
the vertical emittance is unequal 0, due to magnet imperfections and alignment errors.
Assuming more realistic parameters, i.e. a ratio of 100 between the horizontal and vertical

emittance €, = ﬁ € and an emittance of 5.55 nm for a damping partition of J,/J,/Js =
1.5/1/1.5 and no coupling, one obtains a larger beam spot size at the IP:

0z1p2 = Bri€r + Br2ey = 50.4 um (258)
oyip2 = Pyi€z + Byoey = 26.9 ym

In reality, it is also not possible to place the skew quadrupoles at exactly the correct

phase advance, while equal Twiss functions are quite feasible, as the interaction region is
symmetric and, placing the skews at the same position in respect to the IP, automatically
fulfils this condition. The coupling has then, in this more realistic case, to be created and
corrected with several skew quadrupoles before and after the IP. In it is shown that it

is possible to transform an arbitrary planar mode into a circular mode - the "round beam”
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Figure 2.43: Transverse phase space and beam envelope at the first skew quadrupole (skewl),
the IP and the second skew quadrupole (skew2) assuming a horizontal emittance of
€; = 5.0nm and a vanishing vertical emittance. The initially flat electron beam at
the first skew quadrupole is transformed into a round beam at the IP and back into
a flat beam after the second skew quadrupole.

at the IP - and vice versa, using three skew quadrupoles and three normal quadrupoles
for matching. The arrangement of those six quadrupoles is called a Derbenev adapter. It
would be therefore sufficient to install three skew quadrupoles at each side of the IP and
rematch the interaction region in order to obtain the required Twiss functions at the skew
quadrupoles and beam size at the IP. With this scheme the electron beam could be also
transformed into an entirely round beam with an aspect-ratio of 1:1, perfectly matching
the round proton beam and allowing to eventually reduce the beta-function at the IP and
hence increase the luminosity. In addition, round beams at the interaction point could be

beneficial in order to reduce beam-beam effects as stated in [56].

2.4.3.4 Conclusion

In this section, three different ways to match the flat electron beam to the round proton
beam at the IP, i.e.

e global coupling (Sec. [2.4.3.1)
e no coupling in the interaction region, but in the rest of the ring (Sec.|2.4.3.2)

e local coupling of the interaction region (Sec. [2.4.3.3)

have been presented.
The option of global coupling in the complete ring by placing one skew quadrupole ei-
ther in a dispersive or non-dispersive region (Sec. 2.4.3.1)) would have the advantage of
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being a very simple scheme, but would have more important disadvantages. First of all,
a matching section including skew quadrupoles would have to be included in the long
straight sections of the interaction region in order to match the electron beam size to the
proton beam size. This would lead to a correction scheme similar to the one considered in
Sec. but including matching quadrupoles and not using the perturbation theory
approach. In addition, the operation of the electron ring would become more difficult as
most beam instrumentation devices are designed for uncoupled lattices. For example, the
horizontal and vertical tune could be measured, but the results would have little value,
as the important parameters are the tunes of the eigenmodes, which can not be measured
with the usual methods used in uncoupled machines.

For the second option, the decoupled interaction region (Sec. , the correction
scheme had been calculated using an approach based on perturbation theory. For the
skew quadrupole strengths, needed in the case of the LHeC in order to obtain an emit-
tance ratio of 2:1, the perturbative treatment is not valid any more and the correction
scheme fails. This implies, that additional quadrupoles would be needed for a matching of
the T'wiss functions and the beam sizes of proton and electron beam at the IP and the new
correction scheme would have to be calculated in a more exact way by e.g. using a matrix
approach. This more sophisticated correction scheme would then have a similar layout as
the one with coupling only in the interaction region (Sec. , but it would have the
same operational problems as the option of global coupling in the ring (Sec. .

The third scheme, which only couples the interaction region (Sec. ), is the preferred
option as the coupling is localized to the interaction region and the operation of the electron
ring would be like the one of an uncoupled machine. In addition, the electron beam could
be transformed in an entirely round beam, which would allow for a further squeeze of the
proton beam and increase in luminosity. In this thesis, only the principle of such a scheme
has been presented. A realistic scheme could be to install of Derbenev adapters [56] on
each side of the IP. Such a scheme has not been tried out, as a rematch of the entire

interaction region would have been required, being out of the scope of this thesis.

2.4.4 Effect of circumference errors

The actual circumference of LEP and LHC both differed by +5 mm to £10 mm from the
ideal design circumference and a similar error can be expected for the LHeC electron ring.
In order to have collisions with the LHC proton beam, the revolution times of both beams
have to be equal. A change in circumference in general changes the revolution time of the
beam, and thus an error in the electron ring circumference would lead to unequal revolution
times of the same and the LHC proton beam. Without doing any physical changes to the
machine, the revolution time 7" can only be adjusted by running off-momentum with 7’

given by:
C 1 1
T@) = = 1+<a0—>5>, 9.59
0)=¢ Tg< - (2.59)
v

where § = % is the momentum offset, C' the machine circumference, + the relativistic

~-factor and «, the momentum compaction factor.
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This change in momentum results in an orbit change d with
d= D6, (2.60)

where D; is the dispersion in the corresponding plane.
Furthermore, in the case of the electron beam, the change in momentum also causes a
change of the 4th synchrotron radiation integral according to Eqn. and

ALy = 2Ig;6, with Ig; = 7{ k?D2ds (2.61)

and therefore the damping partition (Eqn. [1.5611.58])

Jx - - % 5

L
Jy = 1-3, (2.62)
Js — 2 + I4z+l4y .

A negative J; leads to anti-damping instead of damping and in this case the beam would
most probably not survive much more than a few turns.

The question to be answered in this chapter is whether a circumference difference of about
410 mm can still be compensated by running off-momentum with both beams. In the
case of the LHC, the largest tolerable orbit shift for machine protection reasons is about
1 mm in the arcs QFs leading to a momentum offset of +5 x 10™* [57]. Assuming equal
revolution times for on-momentum beams, the ideal electron ring circumference is given

by

9

Ve;
Cobe = 0) = —1= (2.63)
'Yp

|_|

S

The requirement of equal revolution times then leads to a relation between the proton
and electron beam momentum offset §, and 6. for a given difference in circumference
AC = C¢(de) — Ce(de = 0), explicitly:

epOpCpy /1 % c,/1—%
5e(8,, AC) = x i (2.64)

e (1= % + AC 1_;2>

where C, (0. = 0) has been replaced by Eqn. As illustrated in Fig. a circum-
ference difference of £10 mm could not be compensated by only a momentum offset of
the LHC proton beam, but would imply a minimum electron beam momentum offset of
8¢ = F2.7 x 1073, Using the LHeC lattice presented in [10] as optics reference, the max-
imum dispersion in the arcs is 0.56 m and over the full ring 1.68 m, resulting in an orbit
change for 4, = 0 of

dmaxare = 2.6 mm

(2.65)
dmax,tot = 7.8 mm

which is still tolerable with the current LHeC magnet apertures.
The change in horizontal and longitudinal damping partition, J, and Js, is shown in
Fig. In the absence of coupling, the vertical dispersion is 0 throughout the ring and J,
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Figure 2.44: Required electron beam momentum offset in order to compensate a cirucumference
difference of AC.
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Figure 2.45: Change of damping partition .J,, (left) and Js (right) due to an electron beam mo-
mentum offset §. required to compensate a circumference difference AC. In the
absence of coupling, the vertical dispersion is close to 0 throughout the ring and J,

stays unchanged.

stays unchanged. A circumference error smaller than j:%g mm could still be compensated
by running off-momentum with both beams without reaching the anti-damping regime,
but leaving no flexibility for any adjustment of the momentum offset of both beams and
fixing the damping partition of the electron beam. In case of a circumference error larger
than j:%g mm, J, or J; would be smaller than 0 and the electron beam would become
anti-damped. A standard way to change the damping partition is to use wigglers, but this
is only an option at injection, as at top energy the emitted synchrotron radiation power
becomes too large. Another, but time consuming option, would be a physical change of
the electron ring circumference, after determining the circumference error by a detailed
survey study or indirectly by measuring the damping partition of the electron ring during
the commissioning of the same. The change in circumference could be either obtained
by displacing parts of the ring, preferably the arcs, or by using the bypasses as large
doglegs. As the bypass in Point 1 uses the survey gallery and the bypass in Point 5 fully
bypasses the experiment in a separate tunnel, it will be easier to make adjustments in
Point 5. According to Eqn. a change in circumference As = AC is achieved by a
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simultaneous change in the bypass separation Apgp, the inserted straight section sgp and

the straight section xpp parallel to the interaction region given by

Anp(AC) = ;—lmAC,
2

Aspp(AC) = %AC, (2.66)
2

Azpp(AC) = o AC.

As shown in Fig. a change of circumference of |[AC| < 10 mm would then result in
|App| < 9.8 cm, |Aspp| < 96.2 cm and |Azgp| < 95.7 ¢cm, which are all tolerable values.

Therefore, an adjustment over the bypass in Point 5 appears to be a feasible option.
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Figure 2.46: Change in bypass separation Agp (left), length of inserted straight section sgp and
the straight section xpp parallel to the interaction region (right) in Point 5, in order

to compensate a circumference difference of AC

After a successful realignment of the electron ring, the circumference differences should
be small enough that a synchronization between the electron and proton beam could be
achieved by adjusting the RF frequency of both beams. The feasibility of this method
was demonstrated with proton lead in the LHC and also for electrons and protons in
HERA [59].
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2.5 Summary

One of the main challenges, maybe even the main challenge, of the LHeC project is the
installation of the electron ring on top of the already existing LHC proton ring. A detailed
survey study revealed [10], that the main challenges are the experiments in Point 1 and
Point 5, the QRL jumper connections in the arc and the DFBs in the insertions. In
this thesis (Sec. and [2.3)), it could be demonstrated, that it is possible to design an
electron ring layout and optics which avoids the main interferences with the LHC proton
ring and also reaches the design parameters defined in the LHeC CDR [10]. Furthermore,
a critical review of the design parameters (Sec. revealed, that a higher luminosity
could possibly be reached, without an increase of the synchrotron radiation losses in the
interaction region, by decreasing the vertical proton beam 5* to 0.5 m, and a corresponding
change of the electron beam optics and parameters.

Subsequent to the design of the layout and linear optics of the electron ring, different beam
dynamical aspects relevant for the LHeC electron ring design (Sec. have been studied,
explicitly a local and three global chromaticity and off-momentum beta-beating correction
schemes, different coupling schemes to match the electron and proton beam size at the IP
and the effect of circumference errors on the damping partition.

The local chromaticity and off-momentum beta-beating correction scheme (Sec.
featured almost in all points a better performance than the global correction schemes,
explicitly an almost linear chromaticity, a small off-momentum beta-beating - in particular
a small momentum dependence of the beta-function at the IP - and a small dependence
of the dynamic aperture on the momentum, and is therefore the preferred option.

To create the coupling in the electron ring, three different possibilities have been proposed:

1. global coupling of the complete ring, in which case the coupling is created with one

skew quadrupole (Sec. 2.4.3.1)

2. “global coupling” but with a decoupled interaction region, for which the correction
scheme is calculated using a perturbative approach (Sec. |2.4.3.2)

3. local coupling of the interaction region which is achieved by using two skew quadrupoles

installed close to the IP (Sec.|2.4.3.3)

The main disadvantage of the schemes with coupling in the main part of the electron ring
(Sec. and Sec. is that a fully coupled ring might be more difficult to operate.
Therefore, the local coupling of the interaction region is considered to be the best option,
as with this scheme the coupling is limited to the same.

At last, as the electron beam has to be synchronized with the LHC proton beam, the
circumferences of both rings have to be matched. The circumference errors of the LEP
and LHC rings were in the range of £5 mm to £10 mm and a similar error can be expected
for the LHeC electron ring. The standard approach to adjust the circumference is to run
off-momentum, which results in a change of the damping partition. The estimates of the
effect of the compensation of the circumference error on the damping partition (Sec.
showed, that circumference errors smaller than 418 mm could still be compensated by

running off-momentum with the electron and proton beam, but leaving no flexibility in the
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adjustment of the damping partition. For larger circumference errors, the electron beam
would experience a anti-damping effect. In this case, the circumference of the electron
ring could be changed by, for example, displacing parts of the ring or using the bypasses
as large doglegs.

Most lattice studies presented in this thesis are based on the ideal case of an unperturbed
linear lattice. In reality, the beam optics are distorted by various effects like for exam-
ple the non-linearities originating from magnet imperfections and alignment errors, the
momentum deviation due to the localized restoration of the synchrotron radiation losses
(energy sawtooth), the linear and non-linear beam-beam kick the beam experiences at the
interaction point, orbit deviations due to long-range beam-beam and impedance effects and
many more. These perturbations could be particularly harmful for all optics and optics

corrections sensitive to deviations of the phase advance like e.g. the chromatic correction

and local coupling schemes presented in Sec. 2.4.2] [2.4.3.2] and [2.4.3.3]

The next steps in the design of the LHeC electron ring layout and linear optics could be a
refinement of the layout and optics developed in this thesis, which would respect also all
smaller integrations constraints. Furthermore, skew and matching quadrupoles need to be
integrated in the interaction region for the matching of electron and proton beam size at
the IP and, in addition, spin rotators for further polarization studies. Some continuative
beam dynamical aspects to be studied are optics perturbations linked to dynamic aperture

and beam survival studies and relevant collective effects, in particular beam-beam effects.
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Lattices

In low energy machines like the PS Booster at CERN one of the dominant performance
limitations is the direct space-charge effect, which was introduced in Sec. As the
space-charge effect is the influence of the self field of the beam on itself, the optics de-
termining amongst others the beam size can considerably influence emittance growth and
beam loss along the cycl which are both desired to be as small as possible.

At the time of the design of the PS Booster, a smooth variation of the beam size generated
by a triplet structure and a high symmetry and periodicity was considered advantageous
and the PS Booster was built accordingly. Modern machines like the CERN RCS [60]
proposed as alternative to the PS Booster 2 GeV energy upgrade [8], in general favour
FODO lattices, as the required focusing strength is smaller and in consequence the space
requirements are also. Furthermore, modern lattices tend to have a three or four fold
symmetry, as usually three to four dispersion free sections are required for injection, ex-
traction, RF and sometimes additionally collimation. Examples of modern lattices can
be found in e.g. [61], [62] and [63]. A short summary of the PS Booster and PS Booster
2 GeV energy upgrade is given in Sec. The lattice and optics options developed in
the framework of this thesis and considered for the CERN RCS, or short RCS, feasibility
study [60] are presented in Sec.

The study of the RCS and the obvious difference of its lattice and optics to the PS Booster
lattice and optics, motivated a more general study of lattices and their performance if direct
space-charge effects - in the following abbreviated with space-charge effects - are included.
At the start of the studies, it was suspected that the following lattice characteristics might

have an influence on the machine performance:

e variations of the beam size
e symmetry of the lattice and optics

e periodicity of the lattice and optics equivalent in this thesis to the number of lattice

cells

LA cycle is the time from one injection to the next.
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e phase advance per cell

e inserted straight sections connected to dispersion suppressor schemes and in general

the influence of dispersion

The initial expectation was that a small variation of the beam size, a high lattice symmetry
and periodicity, a small phase advance per cell and no inserted straight section would be
advantageous.

With regard to the above assumptions, different lattices have been studied in this thesis
which are summarized in Table Some studies with an initially different motivation
revealed other aspects. These aspects will be discussed in the corresponding sections and
are listed in Table together with the initial motivation.

lattice characteristic section lattices

initial motivation ‘ observed effect

variation 3.6.1 regular 16 cell lattice with

different cell types, explicitly a
FODO, doublet, triplet, long
doublet, collapsed triplet and

inverted triplet cell structure

symmetry 3.6.3 regular 16 cell triplet lattice
with symmetry 1, 2, 3, 4 and 16
phase advance, symmetry 3.6.4 regular 15, 16, 18, 21 and 24 cell
symmetry and FODO lattice
periodicity
phase advance weak /strong 3.6.5 regular 15, 16, 18, 21 and 24 cell
and periodicity symmetry FODO lattice with symmetry 1
phase advance chromatic 3.6.6 regular 16 cell triplet lattice
detuning with symmetry 1 and different
working points
dispersion 3.6.7 24 cell FODO lattice with 4 x 1

and 2 x 2 cells of straight
section and 21 cell FODO lattice
with 3 x 2 cells of straight

section and half missing bend or

27 dispersion suppression

Table 3.1: Overview of lattices studied in this thesis with regard to lattice characteristic suspected
to have an influence on the machine performance. The following abbreviations are used:
“variation” for variation of the beam size, “symmetry” for symmetry of the lattice and
optics, “weak/strong symmetry” for the effect of weak and strong symmetry breaking
discussed in Sec. “phase advance” for phase advance per cell, “dispersion” for the
effect of inserted straight sections, connected to dispersion suppressor schemes and in
general the influence of dispersion, and “27 dispersion suppression” for a dispersion

suppression by adjusting the phase advance to n - 2w over the arc.
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The beam and lattice parameters used for the general studies of the different lattices are
summarized in Sec. The preparatory work for the space-charge simulations, i.e. mainly
the choice of simulation parameters expected to deliver reliable results, is summarized in
Sec. In all simulations, the initial beam distribution has been matched to the linear
optics parameters of the unperturbed lattice, which leads to an initial mismatch of the
beam under space-charge effects. For the later interpretation of the simulation results it
is important to get an estimate of the order of magnitude of the increase of the emittance
due to this initial mismatch which is given in Sec.
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3.1 PS Booster Lattice

In this chapter, a short overview of the optics, main characteristics and challenges of the
PS Booster after the 2 GeV energy upgrade [8] is given in Sec. For the studies
of the performance of different lattices with regard to space-charge effects a simplified
version of the PS Booster lattice has been created and the parameters adjusted to the
RCS parameters in order to have an as small as possible interference from effects other
than the direct space-charge effect. This simplified version is described in chapter

3.1.1 PS Booster 2 GeV energy upgrade
The PS Booster lattice consists of 16 triplet cells with the defocusing quadrupole in the

center. Two bending magnets are installed on both sides close to the triplet followed by a

longer straight section. The optics are shown in Fig. The working point at injection
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Figure 3.1: PS Booster lattice and optics at injection.

for high intensity and brightness beams is @, = 4.28, @}y = 4.55 and is slowly changed
during the ramp from 160 MeV at injection to 2 GeV at extraction. To minimize the

emittance blow-up during the ramp, trim quadrupoles are used for a compensation of

injection energy 160 MeV
extraction energy 2 GeV
circumference 1/4 Cpg ~ 157.08m
repetition rate 0.8 Hz

cell type triplet

number of cells 16

number of straight sections 0

symmetry 16

working point Qe =428, Qy=4.55
gamma transition 4.03

injection H~ charge exchange injection
RF system Vrr(h =1) =8 kV, Vgr(h =2) =6 kV

Table 3.2: PS Booster parameters.
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the 2Q, = 9 resonance. As a consequence of the high periodicity, the lattice does not
contain any dispersion free straight sections and the H™ beam delivered from LINAC4 will
therefore be injected in the bend-free section between two triplets. The resulting tight
requirements and the non-zero dispersion make the injection region the main challenge of
the Booster upgrad Due to the lack of dispersion free sections, the RF cavities are also
installed between two bends of the triplet cells. The PS Booster uses a double harmonic
RF system which allows for a larger bunching factor and therefore weaker space-charge
effect. Both cavities are operated in antiphase with a RF-voltage of 8 kV for the h = 1
cavity and 6 kV for the h = 2 cavity. The main parameters are summarized in Table

3.1.2 Simplified PS Booster lattice

In order to compare the PS Booster lattices with other lattices, a simplified version of the

lattice has been created for the studies performed in this thesis including only the main

quadrupoles and dipoles. Furthermore, the vertical tune has been lowered by one integer

(B, By, —1Dy 1D, )/m

s/m

Figure 3.2: Simplified PS Booster lattice and optics.

injection energy 160 MeV
extraction energy 2 GeV
circumference 1/4 Cpg ~ 157.08m
repetition rate 10 Hz

cell type triplet
number of cells 16

number of straight sections 0
symmetry 16

working point Qr =428, Qy=3.55
gamma transition 4.20

RF system Ver(h =1) =50 kV

Table 3.3: PS Booster parameters for the simplified PS Booster lattice.

2Note that most modern lattices therefore contain dispersion free sections for the injection region, RF
and extraction. On the other hand such modern lattices require insertions with dispersion suppressors

resulting in a low symmetry.
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to @y = 3.55 for a more realistic comparison with lattices with symmetry 3 which is often
the preferred symmetry for modern lattices. In the case of symmetry 3 and with a vertical
tune of 4.55 the 2Q), = 9 resonance is systematic. As a consequence, matching to this
working point becomes difficult and large variation of the beta-function and emittance
growth have to be expected. Therefore, no machine with symmetry 3 would realistically
operate at this working point. Furthermore, the RF settings are adjusted to simplified
RCS parameters i.e. a single harmonic RF system with a voltage of 50 kV. The new
parameters are summarized in Table and the optics shown in Fig.

3.2 CERN RCS Lattice

A RCS to replace the present PS Booster has been proposed as an alternative to its
upgrade [64]. At this time, a circumference of only 1/7th of the PS circumference was
considered. The motivation behind this small circumference was to generate the LHC
25 ns and 50 ns beam by operating the RCS with a harmonic number of hArcg = 3,
and to fill 18 out of totally hps = 21 PS buckets with only 6 transfer and thus avoid
the triple splitting in the PS. For the LHC 75 ns bunches, the natural choice for the PS
would be a harmonic number hpg = 14 and the 12 buckets could then be filled again with
6 transfers from the RCS, now operated at hgrcg = 2. Due to the small circumference, a
high dipole filling factor was required which suggested a FODO structure and a three-fold
symmetry with three arcs and three straight sections for injection, extraction and RF. The
number of cells has been chosen as a compromise between a high enough gamma transition,
Yir > Yextr = 3-13, and a not too high phase advance per cell. These considerations lead
to a lattice, which was first proposed at the Chamonix workshop 2011 [64], with a total
number of 15 cells with two quadrupole families and a dispersion suppression by adjusting
the phase advance to 27 over the arc. Furthermore, the horizontal tune had been set
between 4 and 5 in order to ensure a gamma transition around or larger than 4, implying

a still relatively high phase advance of > 100° per cell.

Figure 3.3: RCS lattice and optics as proposed in the feasibility study [9].

3The LHC 25 ns and 50 ns beams are the beams required in the PS Booster in order to generate in the

end LHC beams with a 25 ns and 50 ns bunch spacing.
“Here a transfer corresponds to one injection into the PS.
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As suspected already at this stage of the study, the space available for correction magnets,
instrumentation and other equipment proved to be insufficient and the required dipole
field of 1.16 T at extraction could not be increased enough to allow for sufficient space
in the arcs [9]. The circumference was then increased to 4/21 of the PS circumference,
implying an operation of the RCS with A = 4 or h = 1. The following feasibility study [9]
was performed for h = 1 keeping h = 4 as possible option. The main parameters used
in this study are listed in Table As preferred lattice, a 21 cell FODO lattice with
three straight sections and a dispersion suppression over a phase advance of 27 had been
chosen, of which the optics are shown in Fig. [3.3] The main reasons for this choice had
been integration and space requirements. Instead of concentrating on this one lattice, a
more general approach will be taken in the following and all interesting lattice options,

proposed for this study and designed in the framework of this thesis, will be discussed.

injection energy 160 MeV
extraction energy 2 GeV
circumference 4/21 Cpg ~ 119.68m
repetition rate 10 Hz

cell type FODO
number of cells 21

number of straight sections

symmetry

working point 4< Qs Qy<5
gamma transition > 3.6

injection H™ charge exchange injection
RF system Vrr(h =1 to 4) = 60 kV

Table 3.4: RCS parameters as proposed in the feasibility study [9].

All lattices considered for the RCS can be classified according to their dispersion suppres-

sion scheme:

e dispersion suppression over a phase advance of n - 2w along the arc discussed in

Sec. [3.2.11

e a dedicated dispersion suppressor like e.g. a space saving missing half bend scheme

as introduced in Sec.

The reason for this classification is that in a machine with a relatively high RF volt-
age like the RCS and therefore large momentum spread, the dispersive part considerably
contributes to the maximum beam size and thus has to be minimized.

The general quality or suitability of a lattice can be judged by the following main require-

ments:

e small quadrupole strength: A high integrated quadrupole strength leads to longer

magnets and leaves less and in the worst case insufficient space for other equipment.




104 3. Design of Space-Charge Dominated Lattices

In this case the circumference of the machine would have to be increased, resulting

in higher costs.

e small beta-function and dispersion: The reachable magnetic field is in general
determined by the pole tip field, which is given, e.g. in the case of a quadrupole
with a linear field dependency, by the required half aperture times the gradient. The
required aperture is in general defined by the beam size, which in turn is given by
the twiss parameters. Therefore, small twiss functions are essential for the feasibility

of every lattice.

e high gamma transition: Gamma transition is given in the case of a FODO lat-
tice and similar lattices approximately by the horizontal tune of the lattice and
can be comparatively increased or decreased by changing the lattice structure. In
the case of the RCS, it is desired to stay below gamma transition throughout the
whole cycle and so a high enough tune has to be chosen to ensure this, specifically
Qz > 4.0 = Virans. > Vextr. = 3.13. On the other hand, a low phase advance per cell

results in a smaller variation of the beta-function and possibly less emittance blow-up

(see Sec. [3.6.6).

3.2.1 Dispersion suppression via n - 2r phase advance per arc

For lattices with small circumferences like the RCS a triplet structure is in most cases
not feasible, as the bend magnet filling factor is considerably smaller than for a FODO
or doublet structure and we will therefore limit the discussion in this section to those two

structures.

3.2.1.1 Comparison between FODO and doublet structure

To compare the two structures, the example of a 20 cell lattice with 4 straight sections and
2 quadrupole families is used. The magnet lengths are adjusted, so that the maximum
dipole field is approximately 1.3 T and the maximum quadrupole field around 10 T/m
which are the maximum values assumed for the RCS [9]. The optics are matched to
Q2/Qy = 5.40/4.57, where the horizontal tune is determined by the requirement of a 27
phase advance per arc and the vertical tune set one integer lower than the horizontal to
avoid the Montague resonance [65]. The fractional part of the tune allows for a space-
charge tune-shift of approx. 0.5 in the vertical and 0.35 in the horizontal plane.

In general, the required integrated quadrupole strengths for a doublet lattice are twice
as large as for a FODO lattice. On the other hand, the doublet gives a higher gamma
transition in combination with smaller twiss functions (Fig.|3.4 (left)). In addition, it offers
a long continuous straight section, whereas for a FODO lattice the straight section is always
split up in two parts. The natural choice would be to place the injection and extraction
in one continuous straight section. However, in case of a FODO structure, the kick from
a defocusing quadrupole in the center of a straight section can be used beneficially for
the beam separation and the required space reduced from 6.2 m for a continuous straight
section to 2 x 2.6 m [66]. If for other reasons a continuous straight section is desired, a
third possibility is a “hybrid” structure with a doublet for the straight section and a FODO
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lattice in the arc as shown in Fig. (right). In this case, four quadrupole families are
used for the matching of one period - two quadrupoles for the doublet structure and two
for the FODO.
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Figure 3.4: (left) Doublet lattice and optics.
(right) Hybrid lattice and optics with a FODO structure in the arc and a doublet in
the straight section.

As illustrated in Fig. the maximum of the dispersion always occurs at a focusing
quadrupole and is reduced for the configuration with the defocusing quadrupole in the
center of the arc in the case of a FODO lattice. The dispersion can be still slightly
reduced by moving the bends as close as possible to the defocusing quadrupoles. Also in
the case of the doublet lattice, the dispersion is reduced if the bends are placed next to the
defocusing quadrupoles at the cost of more asymmetric lattice functions than for a lattice
with the bends in the center of the cell.
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Figure 3.5: Optics of (left) QF-0-QD-0-QF FODO lattice. (right) QD-0-QF-0-QD FODO lattice.

3.2.1.2 Symmetry and periodicity

Due to the smaller required quadrupole gradient and the new injection scheme which uses
the defocusing quadrupole in the center of the straight sections [66], the FODO structure
was retained for the RCS proposal and thus this structure will be used as example for the
comparison of the different lattice symmetries and periodicities. The lattices discussed in
this section all feature a n - 2w dispersion suppression scheme fixing the phase advance
per arc cell and with it the lattice tune. The number of cells per arc on the other hand
is given by the total number of cells and the lattice symmetry, interconnecting all three
parameters with each other. To give an idea of this restriction, Table gives an overview
of all possible options considered for the RCS, where not acceptable parameters are marked

in red.
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no. of cells | layout | cells/straight | cells/arc | hor. tune | ¢cen [deg]
15 triangle 1 4 33/4 90
>1 too high phase advance per cell
16 race <2 too tight for inj./extr.
2 6 22/3 60
51/3 120
3 5 3.2 72
6.4 144
>3 too tight for bending
16 square 1 3 | s51/3 [ 120
> 1 too tight for bending
18 race <2 too tight for inj./extr.
2 9 22/3 60
51/3 120
3 5 3.2 72
6.4 144
>3 too tight for bending
20 race <2 too tight for inj./extr.
2 8 2.5 45
5.0 90
3 7 2.86 51.4
5.71 102.9
4 6 33 60
63 120
>4 too tight for bending
20 square 1 4 5.0 90
2 3 62 120
> 2 too high phase advance per cell
21 triangle 1 6 3.5 60
2 ) 4.2 72
22 race <3 too tight for inj./extr.
3 8 2.75 45
5.5 90
4 7 3.14 51.4
6.29 102.9
>4 too tight for bending
22 square <2 too tight for inj./extr.
2 3.5 629 | 1029
>3 too high phase advance per cell
24 race <4 too tight for inj./extr.
4 8 3.0 45
6.0 90
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>4 too tight for bending
24 triangle <3 too tight for inj./extr.
3 5 18 | 7
>3 too tight for bending
24 square <2 too tight for inj./extr.
4 6.0 90
3 8.0 120
>3 too tight for tight for bending

Table 3.5: Lattice options considered for a dispersion suppression with n - 2 phase advance per
arc. The layout of the machine, here a racetrack (race), triangular (triangle) and
quadratic (square) layout, determines the symmetry of the machine: two-fold in the
case of the racetrack layout, three-fold in the case of the triangular layout and four-fold
in the case of the square layout. The minimum number of cells per straight section is
limited by the space required for injection, extraction and RF (too tight for inj./extr.),
whereas the maximum number of cells per straight section is limited by the maximum
achievable dipole field (too tight for bending) and the phase advance per cell still
considered to be acceptable (too high phase advance per cell For some options,
the values for the phase advance per cell or the working are just on the edge of being

acceptable. These options are marked in red.

In the case of the racetrack option, the phase advance over one arc can be either 27 or
2 x 2. The first value always refers to 2w, the second to 2 x 2x. In the case of the square
and triangle only a 27 phase advance per arc is possible as otherwise the phase advance

per cell becomes too large. All feasible options are summarized in Table

symmetry | no. of cells | cells/straight | cells/arc | hor. tune | ¢cen [deg]

race 20 2 8 5.0 90

22 3 8 5.5 90

24 4 8 6.0 90

triangle 15 1 4 33/4 90
21 2 ) 4.2 72

24 3 ) 4.8 72

square 20 1 4 5.0 90
24 2 4 6.0 90

Table 3.6: List of options with dispersion suppression with n - 27 phase advance per arc retained
for further studies.

3.2.1.3 Correction of the beta-beating with individual quadrupoles

An example for a lattice with a dispersion suppression by adjusting the phase advance to
2w over the arc is the 21 cell FODO lattice with 3 x 2 cells of straight sections, chosen in the
RCS feasibility study [9] with the only difference that in the case presented here and studied

4As the phase advance per arc has to be a multiple of 27, the phase advance per arc cell increases, if

the number of cells per arc is decreased as is the case if more cells are used as straight section.
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further in Sec. the circumference is adjusted to the PS Booster circumference. The
optics of this lattice with a working point of Q,/Q, = 4.47/3.42 and only two quadrupole
families - one focusing and one defocusing - are shown in Fig. (left). The working point
has been moved away from the one chosen for the simplified PS Booster lattice as in this

case the 4@Q), resonance was excited, leading to a strong emittance growth. The mismatch

(Bx» By, —1D; —1D; )/m

Figure 3.6: Example of a 21 cell FODO lattice with 3 x 2 cells of straight section using a disper-
sion suppression by adjusting the phase advance to 27 over the arc. The mismatch
caused by the missing dipoles in the straight section can be considerable reduced
by additional individual matching quadrupoles next to the straight section and the
dispersion matched to 0 in the straight sections.

(left) Lattice and optics with two quadrupole families
(right) Lattice and optics with additional three focusing and two defocusing

quadrupoles marked in

introduced by the missing dipoles in the straight sections leads to a strong variation of
the vertical beta-function. The variation can be smoothed by allowing for more individual
quadrupoles as illustrated in Fig. (right), where four focusing and three defocusing
quadrupoles were used for the correction. Furthermore, the dispersion can be matched
to zero in the straight sections, also in the case of a deviation from the ideal 27 phase
advance per arc, resulting in more flexibility in the choice of a working point. Lattices with
only two individual quadrupoles exhibit, in this case, residual dispersion in the straight
sections, as can be seen in the case of the 21 cell lattice in Fig. (left).

3.2.2 Dispersion suppression with a half missing bend scheme

All lattices with a dispersion suppression by adjusting the phase advance to 27 over the arc
show a larger and more irregular dispersion in the arc than the regular lattices. This leads,
as described later in Sec. to a large variation of the horizontal beam size, but also
initial instantaneous emittance growth for horizontal working points near the integer reso-
nance, where near means values as large as 0.3. The dispersion beating, being the source of
the phenomena listed above, can be reduced with a half missing bend dispersion suppressor
scheme. In this scheme, the last dipole before the straight section is shifted by half a cell,
making it possible to match the dispersion to the arc with individual quadrupoles, but
also reducing the length of the continuous straight section. The reduction of the length of
the continuous straight section could make the injection and extraction more challenging,

but on the other hand it could also facilitate it if the moved dipole and the quadrupoles in
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the straight section could be used for the separation of the incoming and outgoing beam

respectively.
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Figure 3.7: Example of a 21 cell FODO lattice with 3 x 2 cells of straight section and a half

missing bend dispersion suppressor. Individual quadrupoles are marked in

Exemplary for all lattices with straight sections, in particular also the ones discussed in the
preceding section (Sec. , a 21 cell FODO lattice with a half missing bend dispersion
suppressor is shown in Fig. As expected, the dispersion is regular in the arc and the
maximum dispersion is reduced compared to the 21 cell FODO lattice with a dispersion

suppression by adjusting the phase advance to 2 over the arc (Fig. [3.6).

3.3 General Beam and Lattice Parameters

Most challenging in respect to the space-charge limit are the ultimate LHC 25 ns beams [44]
required for the HL-LHC upgrade [4] due to their small emittance and are thus used as
baseline parameters for the simulations presented in this thesis.

The standard assumption for the ultimate LHC 25 ns beam is a parabolic bunchshape with
a bunch length of 180 ns at 2 GeV and a longitudinal emittance of €,y = Smopo; = 2 eVs.
However, for a PS Booster like machine a parabolic squared distribution in the longitudinal
- and also transverse plane - is more realistic [67]. To obtain the corresponding parameters
leading to the same bunch length of 180 ns, but under the assumption of a parabolic
squared distribution with €,y = 7mogoy, the emittance can simply be rescaled, leading
t0 €long = % -2 eVs. All beam parameters are summarized in Table

number of particles per bunch 2.4 x 10'?

hor./vert. normalized emittance | 2.5/2.5 mm mrad

long. emittance 2.8 eVs

Table 3.7: Ultimate LHC 25 ns beam parameters. The longitudinal emittance is rescaled as a

parabolic squared distribution is assumed instead of a parabolic distribution.

The RCS lattices for a machine replacing the existing PS Booster, which have been pro-
posed in [68] and are described in more detail in Sec. all had a circumference of 4/21th
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of the PS circumference and were all very tight in respect to the available space. For the
following more general studies, the circumference was increased to the PS Booster cir-
cumference of 1/4th of the PS circumference, also making a direct comparison with the
PS Booster lattice possible. The RF parameters were adjusted to the shorter cycle of
10 Hz and the desired longitudinal emittance of 2.8 eVs leading to Vrr = 50 kV. To have
as simple a system as possible, the double harmonic RF-system foreseen for the RCS and
also present in the existing PS Booster is replaced by a single harmonic system with A = 1.
Furthermore, the magnet length of all lattices is adjusted, so that all lattices have approx-

imately the same dipole strength and quadrupole gradient. All parameters are listed in

Table

injection energy 160 MeV
extraction energy 2 GeV
circumference 1/4 Cpg ~ 157.08m
repetition rate 10 Hz

injection H™ charge exchange injection
RF system Vrr(h =1) =50 kV

Table 3.8: RCS parameters used for space-charge simulations.

For the general studies performed in this section which have the aim of studying the
influence of the space-charge effect, the above simplifications can and should be made, but

it also has to be kept in mind that those lattices do not represent realistic machines.

3.4 Space-Charge Simulation Method and Settings

For the comparison of the different lattices, the parallel Particle in Cell (PIC) routines
of the code PTC-ORBIT were used [69]. PTC-ORBIT combines the fully symplectic
Polymorphic Tracking Code PTC [34] with the well tested space-charge calculation routines
of ORBIT [70]. The general simulation method is to define regularly spaced points along
the lattice, so called nodes, at which the space-charge field of the beam is calculated and
the resulting kick then applied to the beam distribution. In between the space-charge
nodes the beam is tracked with PTC.

With the current computing power available, a full simulation of all beam particles over
several thousand turns is not feasible. Therefore, the beam distribution is modeled by
taking a subset of particles called macroparticles. The computing time can be further
reduced by simplification of the space-charge field calculation. For all simulations presented
in this thesis, a “21/2 D” model has been used. In this case, all particles, independent of
their longitudinal position, are projected in the transverse plane. The space-charge field is
then calculated by extending an equidistant transverse grid over the 20 beam envelope and
determining the Green’s function of the charge distribution of the grid via a Fast Fourier
Transformation (FFT). The transverse field is then simply scaled with the longitudinal

beam distribution. Using the simplifications described above, the simulation becomes
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dependent on the number of macroparticles, the grid-size and the number of space-charge
kicks, and a set of adequate simulation parameters has to be found in a “convergence
study”, which has been carried in this thesis and is described in Sec. [3.4.2]

The simulation time can be further reduced by optimizing the lattice description used
for PTC and with it the time required for tracking of the particles. This optimization
performed in the framework of this thesis is described in Sec. [3.4.1]

3.4.1 Lattice description in PTC

As MAD-X provides powerful tools for matching and lattice design (see Sec. about
MAD-X and PTC), all lattices were matched with MAD-X. To translate the lattice de-
scription from MAD-X to PTC-ORBIT, a dedicated algorithm exists.

Different algorithms, particularly a “drift-kick-drift” or “matrix-kick-matrix” model, are
implemented in PTC. In all simulations presented in this thesis, the “matrix-kick-matrix”
model has been used, as it produces the same phase advance between elements, and thus
tune, as the thick lens model, without costing more CPU time. Furthermore, the number
of integration steps for quadrupoles and sextupoles can be specified, and if the exact or
expanded Hamiltonian is used. The integration steps are then grouped in ORBIT nodes of
a maximum length defined by the user. Between each ORBIT node, a space-charge node
is placed.

To ensure that the created lattice description describes the linear and non-linear beam
dynamics correctly, the results of the normal form analysis and the dynamic aperture have
to be compared to a reference model believed to be a precise description of the lattice. As
reference model and final model the parameters listed in Table have been used in this

thesis. In general, the lattice description has to be checked for each lattice. Exemplary

reference model final model
model “matrix-kick-matrix” | “matrix-kick-matrix”
number of integration steps 10 -
thinlens - 0.05
order of symplectic integrator 6 2
Hamiltonian exact exact

Table 3.9: Simulation parameters for the reference and final model. The parameter thinlens is
the maximum integrated quadrupole strength per integration step. A quadrupole of

1 m and k = 1/m would be split in 20 integration steps for thinlens=0.05.

for all lattices, the results of the simplified PS Booster lattice (Sec. [3.1.2)) with a working
point of Q,/Q, = 4.29/3.38, the working point used for the convergence study described
in Sec. are presented in the following sections.

3.4.1.1 Comparison of the normal form analysis for the simplified PS Booster
lattice with Q,/Q, = 4.29/3.38

The comparison of the higher order chromaticities and anharmonicities defined in Sec/1.6.3|

and Sec. is an excellent way to check that the non-linear part of the lattice is modelled
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correctly. The results of the normal form analysis of the reference and final model are given
in Table and show good agreement. As the lattice does not contain any non-linear
elements, the detuning with amplitude is very small. The only non-linearity of the lattice
comes from the fringe fields of the dipoles and quadrupoles with a dominating effect from
the quadrupoles. For all lattices the chromaticity is uncorrected, as is also the case for the

existing PS Booster, leading to a relatively large chromatic detuning.

reference model | final model
Qz/Qy 4.29/3.38 4.29/3.38
dQ/dQy —6.38/ —10.84 —6.38/ — 10.82
d?Q./d*Q, 172.91/316.78 172.85/316.67
Ag,10/ Gy, 10 13.65/47.88 13.65/47.88
Ag.01/y01 47.88/52.45 47.88/52.44

Table 3.10: Comparison of the higher order chromaticities and anharmonicities of the reference

and final model.

It is essential for machines with large bending angles to use the exact Hamiltonian, as
otherwise the chromatic behaviour is not modelled correctly. This is also the case for the
lattices studied in this thesis. The exact Hamiltonian has thus been used for all lattices.
As an example, the results of the normal form analysis of the reference model using the
exact and the expanded Hamiltonian are listed in Table and show, as expected, a

non-negligible difference, in particular in the linear chromaticity.

exact Hamiltonian | expanded Hamiltonian

Q2/Qy 4.29/3.38 4.29/3.38
dQ./dQ, —6.38/ — 10.84 —6.74/ — 10.18

d?Q./d*Q, 172.91/316.78 171.80/312.72

Table 3.11: Comparison of the higher order chormaticities of the reference model using the exact

or expanded Hamiltonian.

3.4.1.2 Comparison of the dynamic aperture for the simplified PS Booster
lattice with Q,/Q, = 4.29/3.38
The dynamic aperture of the final and reference model for AE = 0, for half the maximum
energy spread (AE = 1.53MeV) and for the full energy spread (AE = 3.05MeV) are
shown in Fig. and agree well except for o, = 0 and o, = 0. The disagreement in these
points does not really indicate a deficit of the chosen model, as points with o,,, = 0 are in
general difficult to simulate and results have to be treated with caution [71]. As the lattice
contains no non-linear elements, the dynamic aperture is determined by the resonances
excited by the dipole and quadrupole fringe fields. Disabling the fringe fields leads to a

basically infinite dynamic aperture.
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Figure 3.8: Dynamic aperture of the reference (solid) and final model (dashed) assuming LHC

25 ns beams (Table7 where 0./, = \/Bz,y€z/y,rms denotes the betatron rms beam
size given by o,/0, = 4.60/4.96 mm

3.4.2 Dependence on simulation parameters - convergence study
In order to find a good set of simulation parameters delivering credible results in decent

computation time, a convergence study has been performed in this thesis for the simplified

PS Booster lattice (Sec. [3.1.2).

Qz/Qy 4.29/3.38
energy 160 MeV
circumference 1/4 Cpg =~ 157.08m
RF system Vrr(h =1) =50 kV
hor. /vert. normalized emittance 2.5/2.5 mm mrad
long. emittance 2.8 eVs
number of particles per bunch 1.2 x 10'2
number of turns 2000

Table 3.12: Simulation parameters used for the convergence study.

A simulation with full beam intensity is in general not suited for a convergence study, as
then the emittance behaviour is dominated by the blow-up caused by resonance excitation
due to the large space-charge tune-shift. To clearly see only the artefacts of the simulation,
the first step is to reduce the beam intensity, typically to half the intensity. With the
resulting smaller space-charge tune-spread, the working point is placed such that the tune
footprint avoids all resonances possibly causing blow-up. Explicitly in the case of the
simplified PS Booster lattice, the working point is moved below the half integer resonance,
as for the smaller beam intensity the core of the beam would constantly cross over the
resonance. The new working point is considered to be stable, if the emittance is constant at
zero beam intensity, so without space-charge. As a last step, the number of turns is chosen
large enough, so that all oscillation due to injection mismatch have vanished and the beam

distribution has adjusted to the lattice, including all non-linearities. To ensure this, the
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beam should be tracked over several oscillation periods. As the longitudinal synchrotron
motion is much slower than the transverse, it determines the tracking time and it is
usually enough to track over a few synchrotron periods. For the simplified PS Booster
lattice, the beam has been tracked over 2000 turns, which corresponds to approximately
eight synchrotron periods which is considered to be sufficient time to test the stability of
the beam.

All simulations were performed for the LHC 25 ns beam (Table , resulting in the
corresponding parameters for the convergence study listed in Table

3.4.2.1 Stability check of the working point used for the convergence study

The working point of @, = 4.29, @, = 3.38 used for the convergence study has been chosen
in a safe area well below the half integer resonance. The tune footprint and resonance
diagram are shown in Fig. (left). The horizontal tune-spread is an artifact from ORBIT
where the tune for low amplitude particles is not correctly calculated as illustrated in
Fig. (right). As the lattice does not contain any non-linear elements, the detuning with
amplitude is very small and the tune-spread is only caused by the chromatic detuning due

to the large chromaticities in the case of a triplet lattice.
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Figure 3.9: (left) Resonance diagram with resonances until 5th order and tune footprint from
PTC-ORBIT for Q, =4.29, @, = 3.38. Systematic resonances are shown in red,
non-systematic in blue and resonances due to skew elements are indicated with dashed
lines.

(right) Tune footprint from PTC-ORBIT color coded with the horizontal amplitude
n - J, of the individual beam particles, where J, is the action with 2J; = €3 ms =
4.11 pm. The tune-spread is mainly caused by the chromatic detuning (indicated in
black). The horizontal tune-spread is artificial, due to the fact that the tune is not

correctly calculated by ORBIT for particles with small horizontal amplitude particles.

The rms emittance shown in Fig. remains constant over several synchrotron periods,
indicating that the chosen working point can be considered to be stable.

The difference in the initial rms emittance for different numbers of macroparticles is
very small and a statistical phenomenon. The small oscillation with the synchrotron fre-
quency of the horizontal emittance can be explained by the initial longitudinal mismatch,

which is also visible as an oscillation of the bunching factor with twice the synchrotron
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Figure 3.10: Time evolution of the horizontal (left) and vertical (right) rms emittance for zero

beam intensity and a working point of @, = 4.29, @, = 3.38. The oscillations of

the horizontal emittance with the synchrotron frequency are caused by the intial

longitudinal mismatch.
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Figure 3.11: Bunching factor for zero beam intensity and a

working point of

Qs =429, Q, =3.38. The oscillation with twice the synchrotron frequency
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Figure 3.12: Longitudinal phase space: The bucket is shown in black, the exact non-linear phase

space in dashed and the linear approximation in dashed-dotted. The beam distri-

bution is matched to the phase-space area in linear approximation for simplicity.
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frequency (Fig. [3.11). The longitudinal mismatch occurs as the distribution is not matched
to the exact non-linear longitudinal phase space - dashed line in Fig. but to the linear
approximation - dashed-pointed line in Fig.

3.4.2.2 Dependence on the number of macroparticles

Because the 21/2 D model is a grid based algorithm, the number of macroparticles is
linked to the binning of the grid. If the binning of the grid is too large, particles with large
amplitudes also experience a strong space-charge kick, leading to an artificial emittance
growth. On the other hand, if the bin size is too small, the space-charge calculation is
dominated by statistical noise, again leading to artificial blow-up. A rule of thumb for
PTC-ORBIT is to use at least 10 macroparticles per gridpoint [72], and as a FFT is used
for the space-charge field calculation, the number of bins should be a power of 2 leading
to the set of simulation parameters listed in Table

number of bins | number of macroparticles
32 5 x 10%
64 1 x10°
64 2 x 10°
128 5 x 105
128 8.2 x 109

Table 3.13: Simulation parameters used for the investigation of the dependence on the number

of macroparticles.

Comparing the development of the rms-emittance (Fig.[3.13)) the simulation results con-
verge for a number of bins larger than 128 and more than 5 x 10° macroparticles, where
the criterion for convergence is that the emittance blow-up does not change considerably

with a further increase of the number of macroparticles.
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Figure 3.13: Time evolution of the horizontal (left) and vertical (right) rms emittance for
1.2 x 10'2 particles per bunch, a maximum distance of 1 m between space-charge
nodes (Imax) and with different number of macroparticles and number of bins.

3.4.2.3 Dependence on the grid binning
In Sec.|3.4.2.2|it has been shown that a minimum of 5 x 10° macroparticles is necessary.

To ensure that for this minimum number of macroparticles the right binning has been




3.4. Space-Charge Simulation Method and Settings 117

chosen, the number of bins has been varied from 2* = 16 to 27 = 128. Only for the small

number of 16 bins, a difference between the simulations is observed and a number of bins
of 128 can be considered to deliver reliable simulation results (Fig. [3.14).
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Figure 3.14: Time evolution of the horizontal (left) and vertical (right) rms emittance for
1.2 x 10'2 particles per bunch, 5 x 10° macroparticles, a maximum distance of 1 m
between space-charge nodes (lmax) and different number of bins. Ounly for the small
number of 16 bins the emittance evolution differs from the simulation results with

a larger number of bins.

3.4.2.4 Dependence on the distance between space charge nodes

An artificial blow-up can not only be caused by an inappropriate choice of the number of
macroparticles and bins, but also by too large a distance between the space-charge nodes.
A large distance implies strong local non-linear kicks which lead to a stronger excitation of
resonances than uniformly distributed kicks. As a rule of thumb more than 10 space-charge
nodes per betatron period should be used in the case of PTC-ORBIT [72]. In the case of
the simplified PS Booster lattice with a working point around 4 and a length of 50 - 7 m,
the minimum distance would then be around 4 m. Fig. shows the dependence on the
distance between space-charge nodes. The emittance behaviour differs only for the largest

distance studied (Imax = 4 m).
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Figure 3.15: Time evolution of the horizontal (left) and vertical (right) rms emittance for
1.2 x 102 particles per bunch, 5 x 10° macroparticles, 128 bins and varying dis-
tance lmax between space-charge nodes. Only the largest distance shows a larger

emittance growth.
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3.4.3 Conclusion
In Sec. |3.4.1.1] the final model of the lattice has been compared to a reference model to
ensure that the non-linear optics are also described correctly. It is essential to use the

exact Hamiltonian in order to obtain the correct chromatic effects.

In Sec. [3.4.2.2] to [3.4.2.4] the dependence of the simulation results on the number of

macroparticles, the binning and the distance between space-charge nodes has been investi-
gated. In Sec. it has been shown that a minimum number of 5 x 10° macroparticles
is needed in combination with 128 bins. The 128 bins for 5 x 10° macroparticles proved to
be more than sufficient (Sec. . The estimated distance between space-charge nodes
of 4 m resulted in an artificial emittanceblow-up (Sec. and the baseline distance
has therefore been set to a save value of 1 m, which is significantly smaller than the value
expected applying the rule of thumb from [72].

In general, the space-charge calculations need little computation time compared to the
PTC tracking time [73]. Thus it is important to reduce the number of macroparticles, but
the number of bins and distance between space-charge nodes do not have to be extensively
optimized in regard to the CPU time. Therefore, the minimum number of macroparticles
of 5 x 10°, a rather large number of bins of 128 and a small distance of only 1 m between

the space-charge nodes have been chosen as baseline simulation parameters, summarized

in Table

number of macroparticles 5 x 10°
number of bins 128
distance between space-charge nodes 1m

Table 3.14: Simulation parameters used in this thesis.

3.5 Estimation of Emittance Increase due to Transverse Mis-

match

The equations of motion including space-charge are only linear for elliptical transverse
profiles (K.V. distribution), and can be analytically solved for the same, but not for any
other distribution (see Sec.[1.6.4). This makes it rather difficult and laborious to create
a matched initial distribution including all non-linearities introduced by the space-charge
field, and usually the initial distribution is only matched to the undisturbed lattice where
undisturbed denotes no space-charge nor other sources of non-linearities. For large inten-
sities it could therefore be possible that a different initial blow-up due to filamentation of
mismatch occurs for different lattices. This blow-up is expected to be "fast” compared to
the blow-up due to resonance excitation. To get a rough estimate of the increase of the
emittance and change of the beta-function due to mismatch, an exemplary study using
the simplified PS Booster lattice has been performed in the framework of this thesis. It is

expected that the blow-up increases with the intensity. Analytical estimates for the scaling
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of emittance and beta function with the beam intensity are derived in Appendix H| Note
that Appendix [H| only treats the linear mismatch and not the non-linear mismatch due
to magnet non-linearities and space-charge. To obtain the estimate for the full intensity,
the distribution matched to the undisturbed lattice has been tracked for different inten-
sities over 200 turns corresponding to approximately 1000 betatron oscillations, which is
considered to be sufficient to reach the new equilibrium distribution for the lattice with
space-charge. The emittance and beta-function were determined from the moments of the
distribution using Eqn. and Eqn.[1.19

€zrms = 030'3/ — Uzz/ , (31)
2
o
B, = ——. (3.2)
€z,rms
The phase space coordinates z and 2z’ with z = xz, y are only the part of the beta-

tron motion and are calculated under the assumption of intensity independent disper-
sion (D,(I) = D,(I =0))

0
Z = Ztot — Dz£ y (33)
p

op (3.4)

r /
z _Ztot_Dz

The error made due to this assumption is expected to be small.

The simulations have been carried out for the nominal working point of @, /Q, = 4.28/3.55
and the working point of Q,/Q, = 4.29/3.38 used for the convergence study (Sec.[3.4.2)).
For the nominal high intensity tune of Q,/Q, = 4.28/3.55 a large emittance blow-up is

expected for low intensities due to the excitation of the vertical half integer resonance.

3.5.1 Simulation results for Q, = 4.29, @, = 3.38
In Fig. the beta-function as a function of the beam intensity is shown. As derived in
Appendix |[H| the beta-function depends linearly on the beam intensity

Aﬂ%y = amvy ’ I
The gradient obtained from the linear fit to the simulation results is
ay =51x10""m, a,=13x10"%m (3.5)

yielding a relative change of the beta function for full intensity of

A A
be _ 0.024, Ay _ 0.053 (3.6)

Bw,init y,init

As illustrated in Fig. the rms emittance calculated from the beam distribution in-

creases quadratically with the beam intensity. The equation for the emittance growth
(Eqn. [H.10)) derived in Appendix

Ae (al)?

€init  2Bmit (Binit +a - I)

(3.7)
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Figure 3.16: Difference between horizontal (left) and vertical (right) beta-function of the undis-
turbed lattice and the beta-function determined from the tracked distribution after
200 turns for a working point of Q,/Q, = 4.29/3.38. The simulation results are

shown in blue and the linear fit in red.

gives the correct order of magnitude, but does not agree exactly with simulation results.
The difference could be due to non-linearities or dispersive effects, as the discrepancy is

larger in the horizontal plane. The quadratic fit to the emittance increase yields

Ae _ Ae _
T —489x107 B2, —YL =161x10"281? (3.8)
€z init €y ,init
Extrapolating to the full beam intensity of 2.4 x 102 one obtains
Ae Ae
z = 0.0028, Y —0.00093 (3.9)
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Figure 3.17: Difference between horizontal (left) and vertical (right) rms emittance of the undis-

turbed lattice and the rms emittance determined from the tracked distribution after
200 turns for a working point of Q,/Q, = 4.29/3.38. In both planes the emittance

increases quadratically with the intensity as derived in appendix|Hl The simulation

results are shown in blue, the quadratic fit in red and the analytical estimation using

Eqn. in

3.5.2 Simulation results for Q, = 4.28, @, = 3.55
The linear fit to the beta-function as a function of the intensity, shown in Fig. yields

the following gradients:

ay =473 x107"m, a, =121 x 10" m (3.10)
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giving a relative change of the beta function for full intensity of

ApB ApB
X
=0.022, —2L =0.052 (3.11)
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Figure 3.18: Difference between horizontal (left) and vertical (right) beta-function of the undis-
turbed lattice and the beta-function determined from the tracked distribution after
200 turns for a working point of Q,/Q, = 4.28/3.55. The simulation results are
shown in blue and the linear fit in red.
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Figure 3.19: Difference between horizontal (left) and vertical (right) rms emittance of the undis-
turbed lattice and the rms emittance determined from the tracked distribution after
200 turns for a working point of Q,/Q, = 4.28/3.55. In the vertical plane the in-
crease of the emittance is probably not caused by the mismatch but by the excitation
of the half integer resonance. The simulation results are shown in blue, the quadratic
fit in red and the analytical estimation using Eqn. in

Fig. shows the emittance increase with intensity. As suspected, the emittance increase
in the vertical plane is dominated by the excitation of the half integer resonance. We
therefore estimate the increase of the emittance by using the quadratic fit for the horizontal
plane and Eqn. for the vertical plane with a, given by

Ae, A
“C _532x 10782, =Y —234x 1072 12 (analytical) (3.12)

€z init €y ,init

The extrapolation to the full beam intensity of 2.4 x 102 then yields

Ae, A
o _ 00031, =%

€x,init €y ,init

= 0.0013 (analytical) (3.13)
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3.5.3 Conclusion

The results of the studies on the mismatch due to generating macroparticle distributions
neglecting direct space-charge and lattice non-linearities are summarized in Table[3.15] For
both working points the beta-function shows a linear increase with intensity, leading to a
relatively small change at full intensity. For Q,/Q, = 4.29/3.38 the emittance increases
quadratically in both planes and an estimate can be obtained from the extrapolation of
the quadratic fit to the full intensity, while for Q,/Q, = 4.28/3.55 a large blow-up of the
vertical emittance is observed. This can be explained by the excitation of the vertical half
integer resonance in the case of Q,/Q, = 4.28/3.55. In this case an estimate can only be
obtained from Eqn. For both planes the initial emittance increase due to mismatch

lies in the per-mil range and can thus be neglected in general.

Qz/Qy = 4.29/3.38 | Q./Q, = 4.28/3.55
e 0.024 0.022
% 0.053 0.052
2L 0.0028 0.0031
L 0.00093 0.0013
Y,init

Table 3.15: Results of the studies on initial betatron mismatch.

3.6 Lattice Studies

In this sections, the studies of the different lattices, investigated in the framework of this
thesis, are presented. Motivated by the different design of the PS Booster and RCS,
the lattices have been studied with respect to their different cell types, number of cells,
symmetries and dispersion suppressor schemes.

The general beam, lattice and simulation parameters used in all simulations are given
in Sec. and Table Assuming a cycle of 10 Hz and a linear ramp-up for 60%
of the cycle and 40% for the ramp-down, the full ramp-up would take about 100000
turns. A simulation of the full ramp-up is therefore unrealistic due to excessive computing
requirements. As the space-charge force scales with 1/(872), the space-charge effect is
most relevant at low energy and it is sufficient to simulate only a smaller number of turns
with realistic CPU time requirements, explicitly 10000 turns have been simulated.

In order to compare only the influence of the space-charge effect, no fringe fields except
the very weak dipole fringe fields (which can not be disabled) have been simulated (except
in Sec. which is explicitly addressing this subject).

3.6.1 Dependence on the lattice cell and variation of the beam size
Many modern lattices are based on a FODO cell structure, which exhibits a relatively

large variation of the beam size compared to a doublet or triplet lattice as used for the
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PS Booster. A very smooth variation of the beam size, and in particular small variations
of the ratio between the two transverse sizes, as featured by triplet focusing, results in an
almost uniformly distributed space-charge field, while a large variation of the beam size
entails a varying strength of the non-linear space-charge kick. The latter case is expected
to lead to stronger resonance excitation.

All lattices presented in this section consist of 16 equal cells and thus have a periodicity

and symmetry of 16 and are matched to a working point of Q,/Q, = 4.28/3.55.

3.6.1.1 Comparison of triplet, doublet, long doublet and FODO
The triplet lattice features the least variation of the beam size, then the doublet, the long
doublet (doublet with a larger distance between the quadrupoles) and finally the FODO

lattice with the largest variations. The maximum and minimum beam size for all four

unit | triplet | doublet | long doublet | FODO
Ozmax/Ozmin | Mm | 6.02/4.56 | 7.89/4.29 8.26/4.00 8.46/3.62
Aoy, mm 1.46 3.60 4.25 4.84
Oymax/0ymin | Mmm | 8.11/4.79 | 7.33/4.44 7.82/4.08 8.17/3.78
Aoy mm 3.32 2.89 3.75 4.39

Table 3.16: Maximum and minimum rms beam size for triplet, doublet, long doublet and FODO

lattice, where the notation Ao,y = 04/y max — Tz /y,min Was used.

lattices is listed in Table The optics are shown in Fig. and the one rms beam
envelope for all four cell types in Fig.
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Figure 3.20: Optics of the different lattice cells.
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Triplet cell

Doublet cell
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Figure 3.21
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: One rms beam envelope of the 16 cell lattice built of different lattice cells. The beam

envelope has been calculated using the design transverse normalized rms emittance

of 2.5 pm and the rms momentum spread corresponding to the design longitudinal

emittance of 2.8 eVs.
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Figure 3.22: Time evolution of horizontal (left) and vertical (right) rms emittance for different

lattice cells.
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Neglecting quadrupole fringe field effects, the least rms emittance growth is observed,
as expected, for the triplet lattice, followed by the doublet, while the long-doublet and
FODO cell exhibit the same emittance behaviour (Fig. . Comparing the difference
between the maximum and minimum beam size, the triplet has the smallest difference
in the horizontal plane, but a large difference in the vertical plane. This large difference
occurs only over a small length, which turns out to be of little importance (Sec. .
For the doublet, long doublet and FODO lattice the large variations are not limited to a
small section, as is the case for the triplet, and the difference between the maximum and

minimum beam size represents a qualitative measure for the expected emittance growth.

3.6.1.2 Variation of the beam size

The results of Sec. indicate that not only the maximum variation of the beam size
plays an important role, but also the duration of the variation. To investigate this matter,
a triplet cell “collapsed” to almost zero length has been compared to the triplet cell of the
simplified PS Booster lattice. Both optics are shown in Fig. In particular, the section
with a high vertical beta function is shortened in the case of the collapsed triplet cell and

with it the length of the large variation of the beam size.
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Figure 3.23: Optics and one rms beam envelope of the triplet and collapsed triplet cell lattice.
The beam envelope has been calculated using the design transverse normalized rms
emittance of 2.5 ym and the rms momentum spread corresponding to the design

longitudinal emittance of 2.8 eVs.

Simulations confirm this hypothesis as the emittance growth in the vertical plane for the
collapsed triplet is slightly less than for the triplet (Fig. (right)) while the horizontal
plane stays unchanged (Fig. (left)).

For most low energy circular accelerators, the space-charge effect is weaker in the horizontal

than in the vertical plane, due to the non-vanishing horizontal dispersion and thus larger
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Figure 3.24: Time evolution of horizontal (left) and vertical (right) rms emittance for the triplet,

collapsed triplet and inverted triplet lattice.

beam size. The comparison of the different cells revealed that the variation of the beam
size has a non-negligible influence on the emittance growth. In some cases e.g. the triplet
lattice, where a large variation is only given in one plane, it could therefore be advantageous
to have the large variation of the beam size in the plane with the larger beam size. Fig.
shows the optics of a 16 cell lattice with an inverted triplet cell, the QF is in the center
of the cell, for which the large variation of the beam size occurs in the horizontal plane.

Compared to the triplet, the inverted triplet exhibits a smaller emittance growth in the

s/m

s/m

Figure 3.25: Optics and one rms beam envelope for the inverted triplet cell (QD-QF-QD). The
beam envelope has been calculated using the design transverse normalized rms emit-
tance of 2.5 pm and the rms momentum spread corresponding to the design longi-

tudinal emittance of 2.8 eVs.

vertical and a slightly larger growth in the horizontal (Fig. , which is just the desired
behaviour. In reality, a larger variation of the horizontal beam size is often not practical
as it implies a large beam size at all or some of the focusing quadrupoles, resulting in a

large required magnet aperture, limiting the achievable quadrupole gradients.

3.6.2 Influence of fringe fields

In all other sections, no fringe fields (only the very weak dipole fringe fields as they cannot
be disabled) have been simulated in order to isolate the emittance blow-up caused by the
space-charge effect. In reality, fringe fields are always present. To give an example of the
influence of fringe fields, Fig. shows the emittance evolution for the triplet, doublet
and FODO cell lattice of Sec. but now including both dipole and quadrupole fringe

fields. First one notes that the emittance blow up, mainly in the vertical plane, is in all
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cases considerably higher than for the lattices without fringe fields. Furthermore, the
triplet and doublet lattice now show more or less the same emittance growth in contrast
to the results obtained in Sec.[3.6.1.1 where the triplet lattice showed the smaller emittance
growth. Also including the fringe fields the FODO lattice still shows the largest emittance
growth despite the by approximately a factor of two smaller integrated quadrupole strength
with regard to the doublet cell lattice.
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Figure 3.26: Time evolution of horizontal (left) and vertical (right) rms emittance for different

lattice cells including fringe fields.

A second example is the collapsed triplet cell lattice of Sec.|3.6.1.2] Including the quadrupole
fringe fields in the simulation, a very large emittance growth illustrated in Fig. is ob-
served for the collapsed triplet due to the very high quadrupole gradients required for this

lattice.
with fringe fields with fringe fields
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Figure 3.27: Time evolution of horizontal (left) and vertical (right) rms emittance for the triplet

and collapsed triplet including fringe fields.

In general, a smoother focusing and small variation of the beam size, which is advantageous
in the case of strong space-charge effects, can be achieved with a large number of strong
focusing magnets, but the effect of the fringe fields would most probably undo the beneficial
effect of the small variation of the beam size. For a realistic estimate of the blow-up to be

expected in a real machine, the effect of the fringe fields has to be taken into account.

3.6.3 Influence of weak symmetry breaking

The lattices proposed for the CERN RCS all possessed a low symmetry of 2, 3 or 4

compared to 16 for the PS Booster. In this section, the importance of symmetries is
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studied on the example of variations of the simplified PS Booster lattice (Sec. [3.1.2)).
The symmetry of the lattice is broken by shortening the bends in one triplet cell. The
beta-beating introduced is corrected by matching the modified cell to the arc with the
quadrupole triplet next to the shortened bends. The phase advance is then rematched by
adjusting the phase advance of the arc cell. This procedure is repeated until the target
tune of Q,/Qy = 4.28/3.55 is reached. Fig. shows the optics for the lattice with
symmetry 1, with and without beta-beating correction, Fig. shows the optics of the
lattices with symmetry 2 and 4 and beta-beating correction, and the simplified PS Booster

lattice with symmetry 16 is shown in Fig.
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Figure 3.28: Optics of the simplified PS Booster lattice with symmetry 1.
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Figure 3.29: Optics of the simplified PS Booster lattice with symmetry 2 (left) and symmetry 4
(right) and beta-beating correction in both cases.
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Figure 3.30: Time evolution of horizontal (left) and vertical (right) rms emittance for symmetry 1,
2, 4 and 16.

The time evolution of the rms emittance for the different lattice symmetries is plotted
in Fig. As expected, the lattice with the lowest symmetry (symmetry 1) shows the
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largest blow-up. In the case of the lattice with a symmetry of 2 the emittance growth is
already considerably reduced and no difference can be seen between symmetry 4 and 16.
In order to understand this result better, especially why the lattices with symmetry 4
and 16 feature the same emittance evolution, the tool of an analysis of the beam moments
has been used. In general, the rms emittance blow-up in the case of space-charge dominated
beams is mostly caused by the coherent excitation of resonances [74]. Which resonances
are excited coherently can be obtained by a Fourier analysis of the beam moments [27].
The order of the excited resonance corresponds directly to the coherent oscillation of
the corresponding moment of the distribution. For example, the excitation of the 4Q),
resonance would appear as a coherent oscillation of the < y* > moment and the excitation

of the Q, + 3Q, resonance as a coherent oscillation of the < zy® > moment.
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Figure 3.31: Discrete Fourier Transformation of the < y* > (left) and < xy® > (right) moment
of the beam after 1024 turns.

Two examples of a Fourier transformation of the < y* > and < zy® > moment for the
different symmetries are given in Fig. A coherent oscillation of the < y* > moment
is visible for symmetry 1 and 2, appearing as a high amplitude at a tune of 1.0, while for
< zy3 > the amplitude is 0 close to a tune of 1.0, but non-zero for the tune of the machine
of 0.55.

Symmetry
moment 16 4 2 1
<z> 0 0 0 0
<y> 0 0 0 0
<z?> 2.57 2.57 2.57 2.57
<zy > 0 0 0 0
<y’ > 0 0 0 0
<23 > 0 0 0 0
< 2’y > 0 0 0 0
< axy? > 0 0 0 0
<P > 0 0 0 0
<zt> | 11571 115.69 115.59 115.80
< z3y > 0 0 0 0
<z?y?> | 11.53 1146 11.56  12.18
< zy® > 0 0 0 0
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<yt >
<zd>
< zhy >
< 23y? >
< 2%y3 >
<my4>
<P >

0
63.0
5.66
4.78

0
3.05

0

0

61.09

4.26
4.52
1.02
2.77
0

4.40 32.21
63.31  62.07
6.41 3.85
4.92 6.52
0 0
4.80 12.90
0 0

Table 3.17: Maximum amplitude close to a tune of 1.0 of the Fourier analysis of the beam mo-

ments after 1024 turns for symmetry 1, 2, 4 and 16 . Raised amplitudes are indicated

in red.
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The maximum amplitude close to a tune of 1.0 of the beam moments up to 5th order
for the different symmetries is listed in Table To determine which resonances are
excited, only the moments of the first 1024 turns have been analysed, as the results
of the analysis of all turns is dominated by the emittance growth, e.g. an increase of the
amplitude of the < y? > momentum, erroneously leading to the conclusion of the excitation
of the vertical half integer resonance. The moment analysis leads to the conclusion that
the emittance growth for symmetry 2 and 1 is caused by the excitation of the 4@, and
Q. + 4Q, resonance, which are not excited or less excited for symmetry 4 and 16, as
both resonances are systematic for symmetry 2 and 1, but non-systematic for symmetry 4
and 16 (Fig. , confirming the results of the moment analysis.

3.6.4 Dependence on the symmetry and periodicity and relevance of
systematic resonances.

To avoid the Montague resonance , it is furthermore advisable to choose different integer
parts of the tune. In addition, a small phase advance per cell is advantageous (Sec. 3.6.6)),
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Figure 3.33: Optics of one FODO cell for periodicity 15, 16, 18, 21 and 24 and a working point
of Qp/Q, = 4.28/3.55.
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implying a preference for a high number of lattice cells. All these constraints often do not
leave much choice for the area of possible working points and it is important to choose the
symmetry of the machine carefully, as it determines which resonances are systematic or
non-systematic. In this section, the importance of systematic resonances is investigated on
the example of a FODO cell lattice with a varying number of cells, explicitly 15, 16, 18, 21
and 24 cells and a working point of Q,/Q, = 4.28/3.55. The same dipole field is assumed
for all lattices and the dipole length adjusted accordingly. The length of the quadrupoles
is kept constant as the gradient does not change considerably for all lattices. The optics
of one lattice cell are shown in Fig. for the different number of cells. The maximum
dispersion and beta-function depend only weakly on the phase advance for the lattices
considered (Appendix , resulting in a smoother lattice with an increasing number of
cells. The emittance growth is expected to decrease with an increasing number of cells
(see Sec. [3.6.6), in disagreement with the obtained results shown in Fig. revealing
strong variations but, at first sight, no correlation with the phase advance per cell, i.e.
for the lattices with symmetry 16 and 24 very little blow-up has been found while the

lattices with symmetry 15, 18 and 21 show a large blow-up. The emittance development
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Figure 3.34: Time evolution of horizontal (left) and vertical (right) rms emittance for a periodicity
and symmetry of 15, 16, 18, 21 and 24.
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Figure 3.35: Time evolution of horizontal (left) and vertical (right) rms emittance for a period-

icity /symmetry of 16 and 24.

can be explained by the excitation of systematic resonances of 4th respectively 5th order.
Fig. shows that the tune foot print crosses the 2Q); + 2@Q,, for 15, the Q, + 4Q, for 18
and the 5Q); resonance for 21 cells and that no systematic resonances are crossed for 16 and

24 cells for which only a comparably small emittance growth is observed. The results of
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Figure 3.36: Resonance diagram and tune footprint for periodicity 15, 16, 18, 21 and 24.
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the moment analysis summarized in Table confirm that in the case of 18 and 21 cells,
the systematic resonance being crossed exhibits a higher amplitude than for the other
symmetries and that in the case of 16 and 24 cells, none of the moments show a larger
amplitude. For the 18 cell lattice the 4@, resonance has a higher amplitude in addition to
the Q. +4Q), without being systematic. In the case of 15 cells, a large amplitude would be
expected for the z2y? moment, but instead none of the moments has a particularly high
amplitude. Taking a closer look at the 16 and 24 cell FODO lattice where in both cases

periodicity
moment 15 16 18 21 24
<z> 0 0 0 0 0
<y> 0 0 0 0 0
<z?> | 230 236 245 2.57 2.62
<zy > 0 0 0 0 0
<y’ > 0 0 0 0 0
<z > 0 0 0 1.14 0
< 2y > 0 0 0 0 0
< xy? > 0 0 0 0 0
<y > 0 0 0 0 0
<z%> 19400 96.74 102.09 111.18 112.31
< z3y > 0 0 0 0 0
<z%y?> 11055 1070 11.45 11.55 11.70
<y > 0 0 0 0 0
<y*> | 216 111  6.01 1.37
<z > | 2236 - 43.80 183.78 48.99
<zly > | 2.80 - 2.48 3.52 2.94
<z3y? > | 3.97 - 545  4.09  3.44
<z > 0 - 0 0 0
< zyt > 0 - 6.19 2.94 1.29
<y’ > 0 - 0 0 0

Table 3.18: Maximum amplitude close to a tune of 1.0 of the Fourier analysis of the beam mo-
ments after 512 turns for periodicity 15, 16, 18, 21 and 24, where the periodicity is
equal to the number of cells. The analysis is already performed after 512 turns as
for 1024 turns the results are already dominated by the influence of the emittance

growth. Raised amplitudes are indicated in red.

no systematic resonances are crossed, the emittance growth (Fig. is smaller in the
case of the 24 cell lattice, in agreement with the assumption that a smaller phase advance
per cell and also a smaller variation of the beam size leads to a smaller emittance growth.
It should be noted that the smaller variation of the beam size is in this case mainly due
to the decrease of the cell length with the number of cells and not primarily due to the
phase advance (Appendix [A]).
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3.6.5 Weak and strong symmetry breaking and variation of the beam
size
In Sec.[3.6.4]it has been shown on the example of a FODO cell lattice with a varying number
of cells, that systematic resonances can lead to considerable emittance growth, even if only
space-charge effects and no magnet imperfections or random errors are considered. In this
section, the focus lies on the symmetry breaking. The symmetry is broken and reduced to 1
in all cases by shortening the bends of one cell. Due to the symmetry of 1, all resonances
become systematic. The beta-beating introduced by the shorter bends is corrected by
matching the twiss functions of the shorter cell to the arc cell with individual quadrupoles

and then readjusting the phase advance per cell.

3.6.5.1 FODO lattices with weak symmetry breaking

In this section, the perturbation and variation of the beam size is kept as minimal as
possible. The beam envelope is shown in Fig. and Fig. All lattices have the same
working point of Q,/Q, = 4.28/3.55. Due to the correction of the beta-beating and the
relatively small perturbation introduced by the bends, the symmetry is only weakly broken,
visible as an emittance evolution (Fig. similar to the lattices with the unbroken
symmetry (Fig. [3.34), and therefore suggests a remaining influence of all systematic

g
0

Figure 3.37: One rms beam envelope of FODO cell lattices with 15, 16, 18 and 21 cells and
symmetry 1. The lattices are matched keeping the variation of the beam size as
small as possible. The beam envelope has been calculated using the design transverse
normalized rms emittance of 2.5 pym and the rms momentum spread corresponding

to the design longitudinal emittance of 2.8 eVs.




136 3. Design of Space-Charge Dominated Lattices

24 cells, ¢g/, = 64.2/53.7

el

s/m
Figure 3.38: One rms beam envelope of the 24 cell FODO lattice with symmetry 1. The lattice

70

6.

ol

6.

o

5.

(oy, ory)/mm
[$;]

5.

o

4.

ol

4.0

is matched keeping the variation of the beam size as small as possible. The beam
envelope has been calculated using the design transverse normalized rms emittance
of 2.5 pm and the rms momentum spread corresponding to the design longitudinal

emittance of 2.8 eVs.

number of cells
moment 15 16 18 21 24
<x> 0 0 0 0 0
<y > 0 0 0 0 0
<z?> 227 234 244 2.56 2.61
< xy > 0 0 0 0 0
<y’ > 3.95 0 0 0 0
<> 0 0 0 1.10 0
< 2y > 0 0 0 0 0
<ay?> | 2.02 0 0 0 0
<y > 0 0 0 0 0
<z*> | 9229 9591 101.55 110.64 112.17
< z3y > 0 0 0 0 0
<z?y?> | 41.62 10.88 11.24 1140 11.90
< xy® > 0 0 0 0 0
<y*> |692.88 487 626 1.91 5.03
<a®> | 24.16 35.16 43.51 170.94 48.65
<zly> | 272 231 325 410 2.82
<az?y?> | 3335 259  4.72 3.90 3.84
<z > | 421 0 0 0 0
<zy*> | 44149 259  5.03 3.51 2.74
<y’ > | 36.69 0 0 0 0

Table 3.19: Maximum amplitude close to a tune of 1.0 of the Fourier analysis of the beam mo-
ments after 512 turns for 15, 16, 18, 21 and 24 cell FODO lattices with symmetry 1

and weak symmetry breaking. Raised amplitudes are indicated in red.
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resonances also visible in the moment analysis (Table [3.19). In the case of the 15 cell
lattice, a very strong emittance growth is observed, resulting in an increase in amplitude
of different moments and no conclusion can be drawn about a single resonance being the
cause of the emittance growth. This is in accordance with the results of the lattice with
15 cells and symmetry 15, for which also no resonance seemed to be explicitly excited, in
particular, not the systematic 2Q, + 2Q, resonance (see Sec. .

FC’)DO lattice FOD&) lattice
4.7 o 15 Cells B o 15 Cells
e 16 Cells 554 e 16 Cells
4.6 e 18 Cells * 18 Cells
e 21 Cells e 21 Cells
24 Cells 24 Cells
£ 45 £
2 < 50
2 g
w: 44 5\ o
43 45|
1% 2000 4000 6000 8000 10000 0 2000 4000 6000 8000 10000

Turns Turns

Figure 3.39: Time evolution of horizontal (left) and vertical (right) rms emittance for a FODO
lattice with 15, 16, 18, 21 and 24 cells and symmetry 1.

3.6.5.2 FODO lattices with strong symmetry breaking

In this section, different 16 cell FODO lattices with symmetry 1 and different integer parts
of the tunes matched in two different ways are compared, explicitly Q,/Q, = 2.28/1.55,
Qz/Qy = 3.28/2.55 and Q,/Q, = 4.28/3.55. The original motivation was to study the
dependence on the phase advance per cell, as with symmetry 1 all resonances are systematic
and therefore the resonance diagram independent of the integer part of the tune. It
turns out that the emittance growth strongly depends on the way of correcting the beta-
beating and if a large variation of the beam size and therefore strong symmetry breaking
is introduced or not. Fig. and show the beam envelope and the horizontal and
vertical emittance for the three different working points, each with two different solutions
to match the region with the perturbation to the regular cells, where Optics 1 are always
the solution leading to smaller variations of the beam size and Optics 2 the one with the
larger variations.

For the smallest working point of Q,/Q, = 2.28/1.55 (Fig. (top)), the shorter bends
represent a relatively large distortion and the optics of the cell with shorter bends differ
considerably from the optics of a normal arc cell. As a consequence, both lattices show a
large emittance growth, despite the small phase advance per cell. Furthermore, Optics 2
are an excellent example of an almost uniform focusing around the ring except at the
position of the shorter bends, where the vertical beam size is small, resulting in a strong
non-linear kick at this position, leading to a large emittance growth.

The intermediate working point of Q./Q, = 3.28/2.55 (Fig. (bottom)) gives an
example of two extreme matching cases. Optics 1 features a good correction of the beta-
beating compared to Optics 2, which shows a large variation of the beam size at the location
of the shorter bends. Due to the “weaker” symmetry breaking in the case of Optics 1 and

the introduction of a large variation of the beam size, thus strong non-linear kick, in the
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Figure 3.40: One rms beam envelope for two different optics (Optics 1 (left) and Optics 2 (right))
and working points (Q,/Qy = 2.28/1.55 (top) and Q,/Q, = 3.28/2.55 (bottom))
)
1

of a 16 cell FODO lattices with symmetry 1, and time evolution of horizontal (left

and vertical (right) rms emittance of the same. For both working points, Optics

is the optics with a relatively small variation of the beam size and weak symme-

try breaking, and Optics 2 the optics with a large variation of the beam size and

strong symmetry breaking. The beam envelope has been calculated using the de-

sign transverse normalized rms emittance of 2.5 pm and the rms momentum spread

corresponding to the design longitudinal emittance of 2.8 eVs.
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case of Optics 2, the emittance growth of Optics 1 is considerably smaller compared to
Optics 2.

The two optics matched to the highest working point of Q,/Q, = 4.28/3.55 (Fig. are
an example for how a slightly different way of matching can already result in a significant

change of the time evolution of the emittance.

Qu/Qy = 4.28/3.55, ¢/, = 96.5/79.5
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Figure 3.41: (top) One rms beam envelope of two different matches of the 16 cell FODO lat-
tices with symmetry 1 and a working point of Q,/Q, = 4.28/3.55: Optics 1 with
a relatively small variation of the beam size and weak symmetry breaking (left)
and Optics 2 with a large variation of the beam size and strong symmetry break-
ing (right). The beam envelope has been calculated using the design transverse
normalized rms emittance of 2.5 pm and the rms momentum spread corresponding
to the design longitudinal emittance of 2.8 eVs.
(bottom) Time evolution of horizontal (left) and vertical (right) rms emittance for
Optics 1 and Optics 2.

3.6.5.3 Beta-beating correction

In all examples of symmetry breaking by shortening the dipoles in certain cells, the beta-
beating introduced has been corrected by matching the modified cell to the normal arc
cell with individual quadrupoles and so minimizing the variation of the beam size and
localizing the resulting irregular twiss functions to the modified cell. The question now is
whether this correction is actually beneficial or not.

In the preceding sections it has been shown that the symmetry of the lattice and also how
the symmetry is broken plays an important role. This also applies for the beta-beating
correction. Fig. shows the beam envelope and emittance for a 16 cell triplet lattice
with symmetry 1. By not correcting the beta-beating, the weak symmetry breaking, in the
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Figure 3.42: (top) One rms beam envelope of 16 cell triplet lattice with symmetry 1, a working
point of @, /Q, = 4.28/3.55 and with (left) and without (right) beta-beating correc-
tion. The beam envelope has been calculated using the design transverse normalized
rms emittance of 2.5 pm and the rms momentum spread corresponding to the design
longitudinal emittance of 2.8 eVs.

(bottom) Time evolution of horizontal (left) and vertical (right) rms emittance for

the optics with and without beta-beating correction.
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Figure 3.43: (top) One rms beam envelope of 16 cell triplet lattice with symmetry 4, a working
point of Q,/Q, = 4.28/3.55 and with (left) and without (right) beta-beating correc-
tion. The beam envelope has been calculated using the design transverse normalized
rms emittance of 2.5 um and the rms momentum spread corresponding to the design
longitudinal emittance of 2.8 eVs.

(bottom) Time evolution of horizontal (left) and vertical (right) rms emittance for
the optics with and without beta-beating correction.
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case of the lattice with correction, turns into a strong breaking of the symmetry, resulting
in a large emittance growth.

For comparison, in the case of the 16 cell triplet lattice with symmetry 4, the beta-beating
correction does not change the emittance growth (Fig. . The reason is that the
introduced beta-beating preserves the 4-fold symmetry of the lattice, which is the lowest
symmetry with no systematic resonances in the region of the tune footprint (Sec.[3.6.3).
In addition, the introduced beta-beating is rather small and with it also the variation of

the beam size.

3.6.6 Dependence on the phase advance per cell and chromatic detuning

In the early design phases of many smaller machines and also for the RCS one of the
main issues is to reduce the machine circumference which is mostly done by increasing
the magnet filling factor. In addition to driving the magnet strength to the achievable
limit, an improvement of the filling factor can also be achieved with a smaller number of
cells, as less space is taken by the necessary gaps between the magnets. The drawback
of a small number of cells is the resulting high phase advance per cell, which leads to a
stronger excitation of all resonances and a larger variation of the beam size. This increase
in phase advance can often not be avoided as the horizontal tune at least is limited by the
minimum acceptable gamma transition in order to stay below transition throughout the
cycle.

To study the effect of a smaller phase advance per cell, the integer part of the tune of
the 16 cell triplet lattice with symmetry 1 introduced in Sec. is varied in integer
steps between Q,/Q, = 2.28/1.55 and @Q,/Q, = 5.28/4.55. The phase advance per cell
for the different lattices is listed in Table and the beam envelope shown in Fig.

As the lattice has symmetry 1, all resonances are systematic and the resonance diagram

tune phase advance per cell (hor./vert.)
Qu =211, Q, = 1.53 47.5/34.5

Qr =228, Q, =155 51.3/34.9

Q. =328, Q, = 2.55 73.8/57.5

Qr =428, Q, =3.55 96.3/80.3

Q. =5.28, Q, = 4.55 118.9/104.5

Table 3.20: Phase advance per cell for the different working points

is independent of the integer part of the tune. This applies only partly to the case of
the 16 cell triplet lattice, as the symmetry is only weakly broken and resonances being
systematic in the case of the full 16 fold symmetry can still have a stronger effect on
the emittance growth than non-systematic ones. Comparing the time evolution of the
emittance for the different working points (Fig. an increase of the emittance growth

with the phase advance per cell is in general visible.
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Figure 3.44: One rms beam envelope of the 16 cell triplet lattice with symmetry 1 and varying
working point. The beam envelope has been calculated using the design transverse
normalized rms emittance of 2.5 ym and the rms momentum spread corresponding

to the design longitudinal emittance of 2.8 eVs.
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Figure 3.45: Time evolution of horizontal (left) and vertical (right) rms emittance for dif-

ferent phase advances per cell. The tune is varied in integer steps between
Qs/Qy =2.28/1.55 and Q,/Q, = 5.28/4.55.
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Nevertheless, it has to be kept in mind that the growth rate is also influenced by the

following two effects:

e Weak symmetry breaking: As studied in Sec. the symmetry is not nec-
essarily fully broken if the bends are shortened in one cell and the beta-beating
corrected. Therefore, the resonance diagram and the excitation of the different reso-
nances cannot be assumed to be fully independent of the integer part of the working
point. Furthermore, depending on the matching and the beta-beating caused by the
shorter bends, the symmetry breaking can have a stronger or weaker effect. The

tune footprint and the resonance diagram for the full symmetry of 16 are shown in

Fig. 3.46]

e Chromatic detuning: Due to the relatively strong quadrupoles of a triplet lat-
tice and the high beta function at the central quadrupole, the chromatic detuning
increases rapidly with the phase advance per cell especially for the vertical plane.
Table lists the chromaticities for the different working points and Fig.

shows the chromatic detuning for the full momentum spread. The chromatic detun-

tune -Qy | —Q
Q. =211, Q, =153 ] 229 | 4.3
Q. =228, Q, = 1.55 | 2.58 | 4.68
Q. =328, Q, =255 4.56 | 7.25
Q. =428, Q, =355 | 643 | 11.17
Q. =528, Q, =455 | 851 | 17.43

Table 3.21: Chromaticities for the different working points.

ing has two major effects: for small tunes the tune footprint shrinks - especially in
the vertical plane - and the core moves closer to the half integer or 4Q), resonance
respectively, resulting in a possible instability of the beam core. For a high phase
advance per cell, the large detuning with momentum gives rise to a large emittance
growth in both planes and makes it difficult to find a stable area accommodating the

full tune footprint.

For the lowest tune of Q,/Q, = 2.28/1.55 the beam is stable for the first 4000 turns
but then a large emittance blow-up is observed in the horizontal plane. By moving the
working point further away from the 4Q), and 5@, resonance the beam stays stable at
least over the tracked 10000 turns and the emittance growth is therefore most likely
caused by the horizontal 4th or 5th order resonance. A moment analysis could not reveal
any further information as the results are probably dominated by the effect of the integer
resonance or dispersion respectively in the case of Q,/Q, = 2.11/1.53. The influence of
the integer resonance is visible as an initial oscillation of the horizontal emittance and
later stabilization at a higher value compared to Q,/Q, = 2.28/1.55, as also seen in the
case of almost all lattices in Sec. [3.6.7l The straightforward alternative explanation for

the oscillation and then stabilization would be a large initial mismatch of the beam. This
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possibility can be excluded, as the same behaviour should then also be visible in the case
of Q»/Qy = 2.28/1.55 and is estimated to be small (Sec. anyway.

3.6.7 Influence of dispersion

Until now, only lattices without any long straight sections have been studied. This section
is devoted to lattices including straight sections, similar to the ones considered for the

RCS. Three different lattices, representative for this type, have been studied:
A) 24 cell FODO lattice with symmetry 4 and 4 x 1 cell of straight section
B) 24 cell FODO lattice with symmetry 2 and 2 x 2 cells of straight section
C) 21 cell FODO lattice with symmetry 3 and 3 x 2 cells of straight section

and for each lattice type three different types of optics which can be grouped according to

the dispersion suppression scheme

1) dispersion suppression with a phase advance of 27 over the arc - resulting in disper-

sion beating in the arc - without correction of the beta-beating.

2) dispersion suppression with a phase advance of 27 over the arc - resulting in dis-
persion beating in the arc - with correction of the beta-beating using individual

quadrupoles.
3) a half missing bend dispersion suppressor

First, the simulation results of the 24 cell lattices are discussed followed by the 21 cell

lattices.

3.6.7.1 Interpretation of tune footprints and time evolution of the rms emit-
tance
The simulation results of the lattices with straight sections are at first sight puzzling due

to the following general observations:

e an initial oscillation of the horizontal emittance in the presence of space-charge effects

which decreases if the horizontal tune is moved away from the integer resonance@

(Fig. [3.48)
e the shape of the tune footprint obtained with PTC-ORBIT (Fig. [3.51)

Both results can be explained by the large linear dispersion, a resulting, tune dependent,
linear and non linear dispersion mismatch introduced by space-charge and a non-negligible

second order dispersion term.

This is not the case for the 21 cell FODO lattice with 3 x 2 cells of straight section (see Sec. |3.6.7.4).
The different behaviour compared to the 24 cell lattices with straight sections (Sec. [3.6.7.2] and [3.6.7.3D is
probably due to the systematic 2Q, and 5Q), resonance between which the particles are “trapped”. For

more details see Sec. [3.6.7.4
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The contribution of the second order dispersion, illustrated in Fig. turned out be
an indication for the non linearity of the dispersion and the strength of the dispersion

mismatch to be expected due to the space-charge detuning.
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Figure 3.47: Contribution of the second order dispersion to the dispersion. The black curve is
D50 for +§ and the red curve for —§, with ¢ being the rms momentum spread.
(left) Regular 24 cell FODO lattice with a negligible second order dispersion term.
(right) 24 cell FODO lattice with 4 x 1 cells of straight section and 27 dispersion
suppression for Q./Q, = 4.28/3.55 (solid line) and @Q,/Q, = 4.47/3.45 (dashed
line). The second order term is non-negligible and increases if the working point
approaches the integer resonance. Similar results are obtained for all lattices with

straight sections presented in this thesis.

The initial oscillation of the horizontal emittance, shown in Fig. is caused by a dis-
persion and smaller betatron mismatch introduced by space-charge, which increases for
particles with a single particle tune approaching the integer resonanc In the absence of
the strong space-charge detuning, the oscillation then vanishes (Fig. [3.49)). In addition to
the linear dispersion mismatch, the effect of the second order dispersion and its mismatch
could become non-negligible (Fig. . To investigate the influence of a second order dis-
persion term, the initial distribution has been generated and the emittance calculated, also
including the second order dispersion, and compared to the results taking only the linear
dispersion into account (Fig. . Explicitly, the emittance is obtained by subtracting
the closed-orbit shift

Teo = Dyd + %DQI(SQ (3.14)

from the horizontal position. In one case only the linear term is taken into account, as
done in PTC-ORBIT (calc. D in Fig. , and in the other case also the second order
term (calc. Dy in Fig.[3.50). Then the emittance is determined from the first and second

beam moments, where the dispersion is obtained from the optics calculated with PTC.

"The dispersion and second order dispersion both satisfy differential equations similar to the one of a

closed-orbit distortion due to dipole field errors, explicitly [75]:

/ 1 1
D" + (kz + 7) D = -
P P
1
DY + (km + p—Q) Dy = &k (p, o,k k. D, D')

where & (p, p', k, k', D, D') stands for a polynomial in p, p’, k, k', D and D’. Similar as the closed-orbit
distortion due to dipole field errors, the dispersion and second order dispersion are thus most sensitive to

tunes close to the integer resonance.
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rms emittance calculated with PTC-ORBIT for the regular 24 cell FODO lattice
(Sym 24) and the 24 cell FODO lattice with 4 x 1 cells straight sections (Sym 4)

for different working points.

decreases if the working point is moved away from the integer resonance.
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Figure 3.49: Time evolution over the first 40 turns of the horizontal (left) and vertical (right) rms
emittance calculated with PTC-ORBIT for the 24 cell FODO lattice with 4 x 1 cells
straight sections with a working point of Q,/Q, = 4.47/3.45. The initial oscillation
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Time evolution over the first 40 turns of the horizontal (left) and vertical (right)

rms emittance for the 24 cell FODO lattice with 4 x 1 cells of straight sections
with a working point of Q./Q, = 4.47/3.45. The initial distribution has been

generated taking only the linear dispersion (Dist. D) and the linear and second

order dispersion (Dist. Ds) into account. The same is valid for the emittance which

has been calculated including only the linear dispersion (calc. D) and the linear and

second order dispersion (calc. D3).
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The initial distribution is generated in a reverse way to the emittance calculation (Dist. D
in Fig. in case of only linear dispersion terms and Dist. Dy in the case of terms until
second order). Including the second order dispersion term in the generation of the initial
distribution and in the emittance calculation respectively leads to an very small “reduction”
of the emittance. Once the initial oscillation has vanished (roughly after 20 turns) the
reduction is approximately constant. As lattices showing a large initial oscillation of the
emittance in general also showed a large reduction of the emittance if the second order
dispersion was included, the magnitude of the reduction is an indication for the magnitude
of the dispersion mismatch due to space-charge detuning.

The second initially puzzling result is the tune footprint obtained with PTC-ORBIT,
which is shown in Fig.[3.51lThe tune calculation of the individual particles implemented
in PTC-ORBIT takes only the linear dispersion into account, resulting in an incorrect
calculation of the closed-orbit, and thus tune, due to the non-negligible higher order dis-
persion terms. This leads to a large artificial horizontal tune-shift for off-momentum beam

particles resulting in a large horizontal tune-spread of the beam.

Neglecting space-charge effects (N, = 0) Including space-charge effects (N}, = 2.4 x 10'2)

T s - T T T L 3
i .
systematic

T
X

non-systematic [ |

driven by skew
elements

Figure 3.51: Resonance diagram until 5th order for symmetry 4 and tune footprint obtained
with PTC-ORBIT of the initial distribution for the 24 cell FODO lattice with 4 x
1 straight sections, dispersion suppression over 2w, beta-beating correction with
individual quadrupoles and a working point of Q,/Q, = 4.47/3.45. The initial
distribution has been matched taking only the linear dispersion into account. The
large tune-spread in the horizontal for off-momentum particles is an artefact of the
tune calculation performed in PTC-ORBIT, for which only the linear dispersion is
taken into account.

(left) The second order (lattice optics) dispersion is non-negligible and thus PTC-
ORBIT -calculates the wrong closed-orbit for off-momentum particles, resulting in
an incorrect calculation of the tune of the same.

(right) The mismatch between the lattice optics dispersion and the dispersion seen
by the particles increases for single particle tunes approaching the integer resonance
leading to a large tune-spread of the beam in the case of strong space-charge effects.
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The results presented in this section are important for the later interpretation of the long-
term tracking results, where the emittance is calculated after each turn only with PTC-
ORBIT and only each 500 turns including the second order (lattice optics) dispersion
term. The increase of the initial oscillation and absolute value of the horizontal emittance
for horizontal working points approaching the integer resonance suggests a stronger non-
linearity of the dispersion function than given by the pure optics parameters of the lattice.
This dependence of the dispersion function on the particle momentum due to the space-
charge detuning is not taken into account. Thus, larger emittance values might be obtained
just due to the difference between the dispersion obtained from the pure lattice optics
without space-charge and the “real” dispersion seen by the beam particles including space-
charge. Nevertheless, a good guess of the influence of the higher order dispersion terms
caused by the space-charge detuning can be obtained from the “reduction” of the emittance
if, in addition, the second order dispersion is taken into account in the calculation. The
emittance blow-up of the different lattices can thus be qualitatively compared, but in the
case of a comparison of the absolute values the effect of the non-linear dispersion has to

be kept in mind.

3.6.7.2 24 cell FODO lattice with 4 x 1 cells of straight section
For the 24 cell FODO lattice with 4 x 1 cells of straight section the condition of a phase

advance of 27 over the arc for dispersion suppression is fulfilled for a horizontal working

LR

Figure 3.52: Optics and one rms beam envelope of the 24 cell FODO lattice with 4 x 1 cells of
straight section with only two quadrupole families (no ind. quad) and with additional
individual quadrupoles for beta-beating correction (ind. quad). The beam envelope
has been calculated using the design transverse normalized rms emittance of 2.5 pm

and the rms momentum spread corresponding to the design longitudinal emittance
of 2.8 eVs.
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point of @), = 4.8. The optics and beam envelope of this lattice with only one focusing and
one defocusing quadrupole family is shown Fig. (left). A horizontal working point of
4.8 however is not advisable, as it is located close to the systematic 5Q), resonance (see
Fig. . The option of moving the working point towards the half integer resonance 4.5
is expected to result in a large emittance blow-up. This example points out the dilemma of
the limited flexibility due to the restriction to only two quadrupole families. The resulting
limited freedom to choose a suitable working point can considerably reduce the machine
performance. In addition to the unfortunate working point, the lattice with only two
quadrupole families also exhibits a large variation of the beam size (Fig. (left)). With
more quadrupole families, the working point can be moved and the variation of the beam
size reduced. Representative for all lattices with additional individual quadrupoles the

optics and beam envelope of the lattice with a working point of Q,/Q, = 4.47/3.45 are
shown in Fig. (right). This lattice (Q./Qy = 4.47/3.45 ind in Fig. 3.53) also exhibits

461 [ Fop0 24 cells o 0,/Qy=447/345 ind ] 424 / « FODO 24 cells
o 0,/0,=480/355noind * Qx/0y=4.52/340 ind — / o 0./0,=4.80/3.55 no ind
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Figure 3.53: Time evolution of horizontal (left) and vertical (right) rms emittance for the 24 cell
FODO lattice with 4 x 1 cells of straight section with only two quadrupole families
(no ind) and with additional individual quadrupoles for beta-beating correction (ind)
and for the regular 24 cell FODO lattice (FODO 24 cells). The values indicated with
diamonds are the emittances calculated including the second order dispersion. For
all simulations, the initial distribution has been generated taking only the linear

dispersion into account.

the smallest emittance blow-up of the 24 cell lattices with 4 x 1 cells of straight straight
section. Compared to the lattice with only two quadrupole families (Q./Qy = 4.80/3.55
no ind in Fig. , the emittance blow-up is small, but large in comparison to the regular
24 cell FODO lattice (FODO 24 cells in Fig. , especially in the horizontal plane.
For smaller horizontal tunes, and in particular for Q, = 4.28 (Q./Q, = 4.28/3.55 ind
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in Fig. [3.53)), the horizontal emittance executes large oscillations over the first 20 turns,

which are better visible in the emittance development over the first 40 turns shown in

Fig.

For this lattice type, a missing bend dispersion suppressor is not possible, as the straight
section only consists of one cell. Also a significant reduction of the maximum dispersion

using more quadrupole families has not been possible.

3.6.7.3 24 cell FODO lattice with 2 x 2 cells of straight section
For the 24 cell FODO lattice with 2 x 2 cells of straight section, a racetrack layout, the con-

dition for dispersion suppression is fulfilled for 2 x 27 phase advance per arc, resulting in a

Q./Qy = 4.80/3.55 no ind. quad.
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Figure 3.54: Optics and one rms beam envelope of the 24 cell FODO lattice with 2 x 2 cells
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of straight section with only two quadrupole families (no ind. quad), with addi-
tional individual quadrupoles for beta-beating correction (ind. quad) and with a
half missing bend dispersion suppression scheme (disp.). The beam envelope has
been calculated using the design transverse normalized rms emittance of 2.5 pm and
the rms momentum spread corresponding to the design longitudinal emittance of
2.8 €Vs.
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horizontal working point of Q, = 4.8. Fig. shows the optics of the lattice with only two
quadrupole families (Q,/Q, = 4.80/3.55 no ind. quad.), a typical lattice with additional
individual quadrupole families for beta-beating correction (Q,/Q, = 4.38/3.55 ind. quad.)
and a lattice with a half missing bend dispersion suppressor (Q./Q, = 4.38/3.55 disp.).
The beta-beating correction with individual quadrupoles already considerably reduces the
variation of the beta-function and allows the choice of a better working point. The lattice
with a half missing bend dispersion suppressor features a significant reduction of the max-
imum dispersion, the smallest variation of the beam size and a regular beta-function and
dispersion in the arc.

The dispersion matching to the arc has the very positive effect, that the strong oscillation
of the horizontal emittance during the first 20 turns almost disappears (Fig. . As
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Figure 3.55: Time evolution over the first 40 turns of the horizontal (left) and vertical (right)
rms emittance for the 24 cell FODO lattice with 2 x 2 cells of straight section.
The results for the lattices with a dispersion suppression by adjusting the phase
advance to 27 over the arc and individual quadrupoles is indicated with “ind” and
the ones for the lattices with a half missing bend dispersion suppressor with “disp”.
For comparison also the regular 24 cell FODO lattice is shown which is indicated
with “FODO 24 cells”. The emittances from PTC-ORBIT, including only the linear
dispersion, are marked with circles, and the emittances calculated, including the
second order dispersion, with diamonds. For all simulations, the initial distribution

has been created taking the linear and second order dispersion into account.

expected, the effect is particularly strong for the lattices with a working point closer to
the integer resonance (Q./Q, = 4.28/3.55). For all lattices with additional individual
quadrupoles, horizontal working points larger than ), = 4.4 have not been included in
the study, as they would most likely exhibit a large horizontal emittance growth due to
the systematic 5@Q), resonances at (), = 4.4 and several systematic 4th and 5th order
resonances for 4.4 < Q, < 5.0 (see Fig. for the resonance diagram).

The crossing of several systematic resonances also explains the large horizontal emittance
growth of the lattice with only two quadrupole families (Q./Q, = 4.80/3.55 no ind
in Fig. [3.56), while the large variation of the beam size is most likely the cause of the
large vertical emittance growth. The large blow-up of the vertical emittance in the case of
the lattice with a dispersion suppression by adjusting the phase advance over the arc to
2 x 2w, additional quadrupole families for beta-beating correction and a working point of
Q2/Qy = 4.28/3.55 is not understood (Q,/Qy = 4.28/3.55 ind in Fig. , but seems to
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disappear together with the reduction of the initial oscillation of the horizontal emittance
by changing the horizontal working point to Q,/Qy = 4.28/3.55 (Q,/Qy = 4.38/3.55 ind in
Fig. . The lattices with a half missing bend dispersion suppressor (Q/Qy = 4.28/3.55
and Q./Q, = 4.38/3.55 disp in Fig. feature the smallest emittance growth with a
large reduction of the initial and overall blow-up in the horizontal plane. The blow-up in

the vertical plane is only slightly reduced.
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Figure 3.56: Time evolution of horizontal (left) and vertical (right) rms emittance for the 24 cell
FODO lattices with 2 x 2 cells of straight section with only two quadrupole families
(no ind), with additional individual quadrupoles for beta-beating correction (ind)
and with a half missing bend dispersion suppression scheme (disp) and for the regular
24 cell FODO lattice (FODO 24 cells). The values indicated with diamonds are the
emittances calculated, including the second order dispersion. For all simulations the
initial distribution has been created taking the linear and second order dispersion
into account.

3.6.7.4 21 cell FODO lattice with 3 x 2 cells of straight section
The regular 21 cell FODO lattice presented in Sec. exhibits a large emittance blow-

up due to the systematic 5@, resonance at (), = 4.2. For the studies performed in
this section, the working point has been changed to Q,/Q, = 4.47/3.42, resulting in an
emittance growth comparable to the regular 24 cell FODO lattice (Fig. )

8The vertical emittance growth of the 21 cell lattice now lies between the 16 and 24 cell lattice, con-
firming the assumption that the emittance growth increases with the phase advance per cell (Sec. .
Nevertheless, one should be careful with the interpretation of this result as it is quite sensitive to the choice
of the working point for the different lattices, as can be seen on the example of the 21 cell lattice matched
t0 Qo /Qy = 4.28/3.55 and Q. /Q, = 4.47/3.42.
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Figure 3.57: Time evolution of horizontal (left) and vertical (right) rms emittance for regular
FODO lattices with 16, 21 and 24 cells. By changing the working point of the
21 cell lattice, the emittance growth could be reduced to a level comparaple with
the 24 cell lattice.

The 21 cell FODO lattices with 3 x 2 cells of straight section presented in this section
have all been matched to this new working point (or very close to it), in particular also
the lattice with only two quadrupole families, resulting in some residual dispersion in the
straight sections (Q,/Qy = 4.47/3.42 no ind. quad. in Fig. . The optics and beam

envelope of two representative 21 cell FODO lattices with 3 x 2 cells of straight section

Qz/Qy = 4.47/3.42 no ind. quad.
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Figure 3.58: Optics and one rms beam envelope of the 21 cell FODO lattices with 3 x 2 cells of
straight section with only two quadrupole families (no ind. quad) and with additional
individual quadrupoles for beta-beating correction (ind. quad). The beam envelope
has been calculated using the design transverse normalized rms emittance of 2.5 pm

and the rms momentum spread corresponding to the design longitudinal emittance
of 2.8 eVs.
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and a dispersion suppression by adjusting the phase advance to 27 over the arc are shown
in Fig. - one without beta-beating correction (Q,/Qy = 4.47/3.42 no ind. quad.) and
one with beta-beating correction (Q,/Q, = 4.47/3.42 ind. quad.), and of the lattice with a
half missing bend scheme (Q,/Q, = 4.47/3.42 disp. match 1) featuring the least emittance
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Figure 3.59: Optics and one rms beam envelope of the 21 cell FODO lattices with 3 x 2 cells of
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straight section with only two quadrupole families (no ind. quad), with additional
individual quadrupoles for beta-beating correction (ind. quad) and with a half miss-
ing bend dispersion suppression scheme (disp. match 1). The beam envelope has
been calculated using the design transverse normalized rms emittance of 2.5 ym and
the rms momentum spread corresponding to the design longitudinal emittance of
2.8 €Vs.

Asin the case of the 24 cell FODO lattice with straight sections, the beta-beating is reduced
for the lattice with additional quadrupole families (Q,/Q, = 4.47/3.42 ind. quad.). In
addition, the dispersion beating in the arc vanishes by changing to a half missing bend
dispersion suppression scheme (Q,/Q, = 4.47/3.42 disp. match 1).

The time evolution of the emittance for all lattices and the regular 21 cell FODO lattice
is shown in Fig. and an exemplary tune footprint in Fig. First of all, the
simulation results differ in three points from the ones obtained for the 24 cell FODO

lattice with straight sections:
e The initial oscillations of the horizontal emittance over the first 20 turns are small.

e The agreement of the calculation of the emittance, taking only the linear dispersion
into account, with the calculation of the emittance, taking the linear and second order
dispersion into account, indicates that higher order dispersion effects have become

negligible or at least less relevant.

e The tune footprint does not show the artificially large spread in the horizontal phase-

space.

This difference is most probably due to the systematic 5@, and 2Q), resonances between
which the particles are trapped. The proximity of the two systematic resonances makes
the system quite sensitive to any small changes and it might be, that the lattices perform

quite differently if the working point, or the variation of the beam size, is slightly changed.
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Figure 3.60: Time evolution of horizontal (left) and vertical (right) rms emittance for the 21 cell
FODO lattices with 3 x 2 cells of straight section with only two quadrupole families
(no ind), with additional individual quadrupoles for beta-beating correction (ind)
and with a half missing bend dispersion suppression scheme (disp) and for the regular
21 cell FODO lattice (FODO 21 cells). The values indicated with diamonds are the
emittances calculated including the second order dispersion. For all simulations the

initial distribution has been created taking only the linear dispersion into account.

Qz/Qy = 4.47/3.42, 21 cell FODO lattice Q2/Qy = 4.47/3.42, no ind. quad.
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Figure 3.61: Resonance diagram until 5th order and tune footprint obtained with PTC-ORBIT
of the initial distribution for the regular 21 cell FODO lattice (left) and the 21 cell
FODO lattice with 3 x 2 cells of straight sections, dispersion suppression by ad-
justing the phase advance to 2 X 27w over the arc and only two quadrupole families.
Both lattices are matched to the working point Q,/Q, = 4.47/3.42. The initial
distribution has been matched in both cases, taking only the linear dispesion into

account.
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Two examples to back up this assumption are two different half missing bend lattices of an
earlier matching attempt, one with only a larger variation of the beam size (Fig. (left)),
and one with a larger variation of the beam size and a very slight change of the hori-
zontal working point to Q,/Q, = 4.45/3.42 (Fig. (right)). All three missing bend

Q2/Qy = 4.47/3.42 disp. match 2 Q2/Qy = 4.45/3.42 disp. match 1

(B By, —1Dy —1D, )/m
(B By, —1Dy —1D, )/m

Figure 3.62: Optics of two different matches of the 21 cell FODO lattices with 3 x 2 cells of

straight section and a half missing bend dispersion suppressor scheme.

lattices (Q./Qy = 4.47/3.42 disp. match 1, Q,/Q, = 4.47/3.42 disp. match 2 and
Qz/Qy = 4.45/3.42 disp. in Fig. exhibit quite different emittance evolutions.

One explanation for the initial oscillations of the emittance visible in several cases (see
Fig. could be betatron mismatch. Due to the proximity of the working point to
the horizontal and vertical half integer resonance, and in addition that the horizontal
half integer resonance is systematic, the beta-beating is suspected to be increased and
amplitude dependent, thus leading to an amplitude dependent beta-beating and initial
betatron mismatch. Nevertheless, the initial oscillations could still be caused by dispersion
mismatch or have an entirely different origin, raising the general question of the cause of
emittance blow-up and the reason for the different shapes of emittance growth.

The lattice with a dispersion suppression by adjusting the phase advance to 27w over the
arc and only two quadrupole families (Q,/Q, = 4.47/3.42 no ind in Fig. shows an
particularly large sudden increase of the vertical emittance in the beginning. As the < y* >
moments exhibits a raised amplitude (Table , the increase could also be, in this case,

due to the excitation of the 4@Q), resonance.

Qu/Qy = 4.47/3.42 | Qu/Qy = 4.45/3.42
disp. over 27 half missing bend
moment | regular | no ind quad ind quad | match 1 match 2 match 1
<z> 0 0 0 0 0 0
<y> 0 0 0 0 0 0
<a?> 2.21 0 0 0 0 0
<zy > 0 0 0 0 0 0
<y’ > 0 0 0 0 0 0
<a3> 0 0 0 0 0 0
< 2%y > 0 0 0 0 0 0
< zy? > 0 0 0 0 0 0
<y > 0 0 0 0 0 0
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<zt> | 8814 1.12 1.61 0 1.31 2.91
< 23y > 0 0 0 0 0 0
<z > ] 991 0 0 0 0 1.66
< zyd > 0 0 0 0 0 0

<yt> 0 6.40 1.74 2.00 1.05 2.38

<z5> | 30.82 1.61 1.11 0 0 0
<zty> | 299 0 0 0 0 0
<z3y?> | 201 0 0 0 0 0
< 2%y > 0 0 0 0 0 0
<ayt> | 1.12 0 0 0 0 0

<P > 1.06 1.71 0 1.41 1.11 0

Table 3.22: Maximum amplitude close to a tune of 1.0 of the Fourier analysis of the beam mo-
ments after 512 turns for the regular 21 cell FODO lattice (regular) and the 21 cell
FODO lattices with 3 x 2 cells of straight section with a dispersion suppression by
adjusting the phase advance to 2w over the arc (disp. over 27) and a half missing
bend scheme (half missing bend). Raised amplitudes are indicated in red.

In summary, a reduction of the emittance growth in both planes could be obtained with
a half missing bend dispersion suppressor scheme (Q,/Qy, = 4.47/3.42 disp. match 1 in
Fig. . In the case of the dispersion suppression by adjusting the phase advance to
2 x 2w over the arc, the decrease of the variation of the beam size leads to an increase
in the horizontal and a decrease in the vertical plane, but to no real improvement. In all
cases, the origin of the emittance growth is difficult to determine, but good candidates
are the excitation of the two systematic resonances - 5@, and 2@Q), - or the horizontal and

vertical half integer resonance and betatron or dispersion mismatch.




3.7. Conclusion 159

3.7 Conclusion
The main question brought up by the study of a RCS as alternative to the PS Booster

upgrade is:

“Can the RCS lattice, representative for modern high brightness, space-charge
dominated lattices, deliver beams with higher brightness than the PS Booster

(upgrade), representing the more traditional lattices.”

First of all, this question cannot be directly answered, as in this thesis only the influence
of the direct space-charge effect on the time evolution of the emittance has been studied
and many effects relevant in real machines, like e.g. the effect of the injection process, the
ramp and the extraction, fringe fields, magnet imperfections, alignment errors, etc., have
been neglected. Nevertheless, the results of the studies of different lattice types obtained
in this thesis indicate, that the RCS could probably not deliver as bright beams as the
PS Booster after the 2 GeV energy upgrade.

The main results of the studies of different lattice types (Sec. can be summarized in
a list of lattice and optics characteristics and their influence on the time evolution of the
rms emittance, equivalent to the brightness of the beam, as all simulations were carried

out for the same beam intensity. These lattice and optics characteristics are:

e Symmetry: For all lattices studied in this thesis, the crossing of systematic res-
onances led to an increase of the rms emittance growth. As the lattice symmetry
defines which resonances are systematic and which ones are non-systematic, the sym-
metry becomes a quite important characteristic of the lattice and optics.

This was first shown in Sec. on the example of a 16 cell triplet lattice with
symmetry 1, 2, 4 and 16, in which case the symmetry of 16 was (weakly) broken by
shortening the bends of 1, 2 and 4 cells respectively. In the following comparison
of regular FODO lattices consisting of 15, 16, 18, 21 and 24 cell (Sec. , the
increase of the emittance growth due to the crossing of systematic resonances could
be further confirmed. The study presented in Sec. of 15, 16, 18, 21 and 24 cell
FODO lattices but now with symmetry 1 revealed that also a weak perturbation of
the symmetry leads to an increased emittance blow-up. A much larger emittance
growth was though observed for the lattices with a stronger perturbation of the

symimetry.

e Variation of the beam size: The original assumption was, that a larger variation
of the beam size would also result in a larger emittance growth.
The only clear example identified in this study which backs up this assumption
turned out to be the comparison of different cell types (Sec. . In this case, a
larger emittance growth was indeed observed for the cells with larger variations of
the beam size.
In the case of the other lattices (Sec.[3.6.3[[3.6.5)), the difference in emittance growth
was mainly caused by the impact of the symmetry of the lattice and optics and the
chosen working point. The variation of the beam size was in this case responsible for
the breaking of the symmetry: a very localized and large disturbance of the otherwise

periodic variation of the beam size, resulted in a strong breaking of the symmetry
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and vice versa. The best illustration of the weak and strong symmetry breaking

due to the different variation of the beam size is the comparison of the two different

optics of the same lattice (Sec.|3.6.5.2).

e Chromatic detuning: The variation of the working point of the 16 cell triplet
lattice with symmetry 1 (Sec. made clear that the chromatic detuning, partic-
ularly strong in the case of the triplet lattice, represents a non-negligible contribu-
tion to the total tune spread. In the particular case of the triplet lattices with large
working points, the chromatic detuning leads to an unacceptably large tune spread,

(strongly) suggesting a chromaticity correction with sextupole magnetsﬂ

e Dispersion suppressor scheme: Several FODO lattices with straight sections
(Sec. and two dispersion suppressor schemes considered for the RCS, i.e. dis-
persion suppression by adjusting the phase advance to n - 27w over the arc and a half
missing bend dispersion suppressor scheme, were studied.

An obvious disadvantage of lattices with a dispersion suppression by adjusting the
phase advance to n - 2w over the arc is the fixed working point in the case of the
lattices with only two quadrupole families, and in addition large beta-beating. By
introducing more quadrupole families, both problems could be mitigated. All lattices
with a dispersion suppression by adjusting the phase advance to n - 2w over the arc
showed initial oscillations and increase of the horizontal emittance, in particular for
working points close to the integer resonance. This could be explained by a disper-
sion and betatron mismatch introduced by space-charge, which increases for particles
with a single particle tune approaching the integer resonance. This mismatch is es-
pecially strong for the dispersion suppression by adjusting the phase advance to n-2mw
over the arc, compared to the half missing bend dispersion suppression, due to the
large maximum dispersion characteristic for this scheme and the interconnection of
dispersion suppression and working point.

In summary, the lattices with a half missing bend scheme all feature a flexible choice
of the working point, a smaller variation of the beam size due to the regular disper-
sion in the arc and smaller beta-beating in the complete ring and, most importantly,
a significant reduction of the initial oscillation of the horizontal emittance.

In consideration of all the disadvantages of the dispersion suppression by adjusting
the phase advance to n - 2w over the arc and their mitigation in the case of a disper-
sion suppression with a missing bend scheme, the dispersion suppression with a half
missing bend scheme turned out to be in general the better choice. Nevertheless,
for lattices with only one cell of straight section a half missing bend scheme is not
feasible and the dispersion suppression by adjusting the phase advance to n - 2w over
the arc represents the only option. The only drawback of the half missing bend

scheme is that the injection and extraction could become more challenging due to

9This is only true in the case of the RCS. For slowly cycling machines like the PS Booster the energy
spread is significantly smaller due to the smaller required RF voltage. The contribution of the chromatic
detuning to the total tune spread is therefore smaller and thus even in the case of a triplet lattice with a

high working point, no chromaticity correction would be needed.
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the smaller continuous straight sections available and the straight section could not

be long enough to host all required RF cavities and eventually collimators.

The assumption that a smaller phase advance per cell would result in a smaller emittance
growth turned out to be very difficult to investigate, as the influence of the symmetry and
symmetry breaking was, for all lattices studied in regard to this assumption, the dominant
effect. The comparison of the 16, 21 and 24 cell lattice (Fig. showed the expected
behaviour, but it has to be kept in mind that this result depends strongly on the chosen
working point.

Coming back to the initial question whether a PS Booster or RCS like lattice would be
the better choice, the lattice and optics of both machines are shown in Fig. and the
most important characteristics compared in Table
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Figure 3.63: PS Booster (left) and RCS (right) lattice and optics at injection.

PS Booster RCS
cell type triplet FODO
hor. /vert. working point 4.28/4.55 4.20/3.57
number of cells 16 21
hor./vert. phase advance per cell [°] 96.3/102.4 72.0/61.2
symmetry 16 3
dispersion free straight sections - 3
dispersion suppressor scheme - 27 over the arc
variation of beam size (in comparison) small large

Table 3.23: Comparison of the PS Booster and RCS lattice and optics.

Applying the results summarized above, the PS Booster is the better choice in all points
except the relatively high phase advance per cell. However, the triplet cell structure of
the PS Booster lattice features a very small variation of the beam size compared to a
FODO or doublet structure and is thus expected to exhibit a comparably small emittance
growth. With a symmetry of 16 and a working point of Q,/Q, = 4.28/4.55, no systematic
resonances are crossed for the PS Booster, while for the RCS with a symmetry of 3 and
a working point of Q,/Qy = 4.20/3.57, the working point is placed right on the system-
atic 5@Q), resonance. By introducing more quadrupole families, the working point of the
RCS could be moved and, in addition, also the large beta-beating reduced. Furthermore,

because of the dispersion suppression by adjusting the phase advance to 27 over the arc
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and the small fractional horizontal tune of 0.2, a large initial oscillation of the horizontal
emittance is to be expected in the case of the RCS.

For the RCS, lattices with a four or two fold symmetry and different number of cells
have also been proposed (Sec. , but the main challenges of all lattices remains the low
symmetry and the dispersion suppression.

Besides the practical application to the RCS lattice, the general studies of different lattice

types also gave motivation for further general or fundamental studies like for example:
e The investigation of the relevance of coherent and incoherent excitation of resonances.

e The investigation of the cause of the different shapes of the time evolution of the

rms emittance.

e The influence of the variation of the beam size on the non-linearity of the optical

functions seen by the beam particles.

e The non-linearity of the dispersion seen by the beam particles in the case of lattices

with straight sections.




Summary

After the discovery of a Higg’s like particle in 2012, the main objective of the LHC physics
is to further investigate its nature and to continue the search for physics beyond the
standard model. As the cross section of the processes under study are in general very
small, a major upgrade of the LHC, the HL-LHC upgrade, is foreseen around 2020 aiming
at a total integrated luminosity of 3000 fb~! during 10-12 years of operation. To reach
this goal, the upgrade of the LHC also entails an upgrade of the injector chain delivering
the beam to the LHC.

In this thesis, different lattice and optics options of a RCS as alternative to the 2 GeV
energy upgrade of the PS Booster - the second accelerator in the LHC injector chain - have
been studied. Essential for reaching the performance goal of the HL-LHC is the emittance
preservation and minimization of beam losses throughout the injector chain, thus also in
the PS Booster or a future RCS. In this respect the PS Booster is currently, and a future
RCS would most likely be, mainly limited by space-charge effects. Motivated by the study
of the RCS and the obvious differences between the RCS lattice and optics chosen for the
technical report [9] and the PS Booster lattice and optics, the performance of different
lattice and optics types including space-charge effects has been compared. The studies
revealed, that the symmetry of the lattice plays a central role as it determines which
resonances are systematic. In general, a larger emittance growth was observed if the tune
footprint of the beam crossed a systematic resonance, thus making lattices with a higher
symmetry, and consequently less systematic resonances, favourable. Furthermore, a large
variation of the beam size entailed in most cases also a larger emittance growth. In the
case of lattices with a broken symmetry, which is e.g. the case for lattices with an injection
region, a larger variation of the beam size in addition leads to a “stronger” breaking of
the symmetry resulting in a larger emittance growth. The lattices with inserted straight
sections and a dispersion suppression by adjusting the phase advance to 27 over the arc
all showed a dispersion beating in the arc. This dispersion beating introduces, under the
influence of space-charge effects, a dependence of the dispersion seen by the individual
beam particles on their tune, which results in turn in a larger emittance growth. This
effect can be mitigated with a half missing bend dispersion suppressor, which allows to
match the dispersion to the regular dispersion in the arc. In summary, the studies suggest
that a PS Booster like lattice would be preferential over the RCS lattice with respect to
space-charge effects. However, the performed studies did not include the influence of the
injection process and the ramp, possible difficulties during the extraction, the influence of

fringe fields, magnetic field and alignment errors, possible resonance compensation schemes
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etc., and further studies would be needed to come to a final conclusion about which lattice
and optics are the better choice.

In addition to an upgrade of the LHC, also the possibility of deep-inelastic lepton-nucleon
scattering at the LHC has been proposed - the LHeC - which would further complement
and complete the LHC physics program.

In this thesis, an electron ring lattice and optics of the “Ring-Ring ” configuration - except
the interaction region - has been designed, which reaches the design parameters detailed
in the CDR [10] and which presents a feasible option for the integration of an electron ring
in the existing LHC tunnel, considered to be one of the main challenges of the Ring-Ring
option. Furthermore, different beam dynamical aspects have been studied: chromatic
corrections, different possibilities to create coupling and the influence of circumference
errors on the damping partition. In detail, a local chromaticity and off-momentum beta-
beating correction scheme has been developed featuring a reduction of the beta-beating,
the chromatic detuning and the dependence of the dynamic aperture on the momentum.
In contrast to other machines, coupling is needed in the case of the LHeC in order to match
the electron beam size to the proton beam size at the interaction point and avoid beam
losses and a reduction of the proton beam lifetime [37]. As coupling schemes, three differ-
ent possibilities have been considered: global coupling created with one skew quadrupole,
global coupling of the ring, but with a decoupled interaction region, and localized coupling
in the interaction region, where the preferred option is the localized coupling in the inter-
action region. At last, the estimates of the effect of a circumference errors on the damping
partition showed that circumference errors smaller than :l:%g can still be compensated by
running off-momentum with the electron as well as proton beam. In the case of larger
circumference errors, the electron beam would become anti-damped. In this case, the cir-
cumference of the electron ring could be changed by, for example, displacing parts of the
ring or using the bypasses as large doglegs. The next steps in the design of the LHeC are
a refinement of the lattice and optics with respect to all, and not only the main, integra-
tion constraints, the development of an interaction region layout and optics including the
beam separation, matching of the electron beam size to the proton beam size at the IP
and eventually spin rotators, and further studies of beam dynamics, optics perturbations

and collective effects, in particular beam-beam effects.




Appendix

A Thin Lens Approximation of a FODO Cell

The most important formulas for a FODO cell in thin lens approximation are summarized
in this section. To simplify the formulas the focusing and defocusing quadrupole have
equal strength k with f = % > [ > 0. Under these assumptions, the transfer matrix of a

quadrupole and a drift space in the transverse plane is then given by

1 0 1 s
Mar = 1 ; Marige = ; (A1)
QD T7 1 0 1

leading to the following expression for the transfer matrix of one FODO cell of length L

without dipoles

Mropo = MqoruMarits Mqp Marite Mora
2
1 (L L?
1-1 (7) L+
(L)_L 1_1(L>2 ’
163 4f2 2\2f
where the notation QFH stands for a horizontally focusing half quadrupole.

Including the effect of the dipoles with a bending radius 6, the transfer matrix for the

dispersion is given by

Myropo = MqruMdipole Mqp Maipole MQrH

2 L2 L(8f+L)6
- Y o (322 fgf L?)6
163 T 8f? 162 ' (A-3)
0 0 1

Using Eqn. and expressions for the twiss parameters can be derived. The phase

advance is then given by:
L

The motion is stable if |trace(M)| < 2, which is equivalent to
L
f> 1 (A.5)

The minimum and maximum beta-function can be expressed by the phase advance and
the length of the cell

(1 +sin%)L (1 —sin%)L
- . ﬁmln = . -
sin ¢ sin ¢

Bmax = (A6)
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Both increase with the length of the FODO cell. The dependence on the phase advance
is illustrated in Fig. (left). The maximum beta-function takes its minimum for 76°
while the difference between the maximum and minimum beta-function increases with the
phase advance.

Neglecting dispersion - and strictly speaking only valid for large machines - the natural
chromaticity (Eqn. of one cell is given by

_ i 5max — 5min _l ?
'fm,y - _47T < 7‘]0 > — . tan 9 . (A?)

Assuming that the dipole length is equal to half the cell length lgipole = L/2, and neglect-

ing focusing effects due to the bends (large machine approximation), the maximum and

minimum dispersion are given by:

LO(2 +sin %) b LO(2 —sin ) (A8)
e 4 sin? % ’ e 4 sin? % , .
and decrease with the phase advance (Fig. (right)).
i 10— ,
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Figure A.1: Maximum and minimum beta-function (left) and dispersion (right) as function of

the phase advance ¢
In thin lens approximation the momentum compaction factor can be approximated by:
e = Z(Di>9i
i

with (D;) the average dispersion function and 6; the bending angle in the ith dipole leading

to
Dinax + Dmi A8 62 1
A~ MNCBHQ T~ (A.9)
L sin® (¢/2)  vi
where v, is the betatron tune. For gamma transition one then obtains:
1
YrT=4]— = Uy. (A.10)
C

Assuming that the dipoles fill all space between the quadrupoles, the horizontal equilibrium
emittance of a synchrotron radiation dominated machine is given by [14]
(2= §sind (§) + s sin' (§)

sin? (%)sirmb Jy ( )

The emittance decreases with increasing damping partition J,, and the minimum emit-

tance is obtained for 136° independent of J, (Fig.[A.2).
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Figure A.2: Horizontal equilibrium emittance of a FODO cell as function of the phase advance ¢.

B Phasor

In order to fulfil the phase advance conditions required for some optics, the phase advance
can be modulated by inserting a symplectic matrix R(A¢,, A¢,) which does not change the
twiss functions and dispersion but modifies the phase advance within a range of +7. This
method is a practical tool to try out some phase advance dependent optics modification
without rematching the concerned section or even the complete ring. Assuming no coupling
and no vertical dispersion, the constraint of no change of the twiss functions, horizontal

dispersion and angular dispersion yields for the matrix R(A¢z, A¢,) [76]:

Ri1 Rio 0 0 0 Rig

Ro1 Re2 O 0 0 Ros
R(A¢y, Ad,) = 0 0 Ba e 000 )

0 0 Rgy3 Ry 0 O

Rs1 Rso O 0O 1 O

0 0 0 0o 0 1

Ri1 = cos (Apy) + agsin (A¢y), Ria = Besin (A¢y),

. ) (B.1)
R21 = — Yz Sl (A¢m)a R22 = COS (A¢x) — Qg SIn (A¢$)7
Rz = cos (Agy) + aysin (Ady), Rzy = Bysin(Agy),
Ry = —yysin (Agy), Ryy = cos (Ady) — aysin (Agy),

Rig = Dy(1 — Ri1) — Dy R12,  Rog = Dy (1 — Ra2) — D} Ro,
Rs1 = Dy(1 — Ri1) + Dy Ra1,  Rsa = Dy(Raa — 1) — D Ry,

where B,/y, Qp/ys Yo/, Do and D!, denote the twiss functions, the horizontal dispersion

and the horizontal angular dispersion at the location of the matrix.
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C Chromaticity and Off-Momentum Beta-Beating Correc-
tion Using Sextupoles

The basic principle of chromaticity correction using sextupole magnets has been introduced
in Section[1.4.3] In large lepton machines like the LHeC, the second order chromaticity and
the off-momentum beta-beating also play an important role. Uncorrected, they can lead
to a large detuning with momentum for large amplitude particles and a strong momentum
dependence of the beta-function at the IP and hence loss in luminosity.

In a collider, the low-beta insertions usually significantly contribute to the off-momentum
beta-beating and second order chromaticity. A method to correct both parameters by
creating a beta-beating wave in the arc is presented in this section. As only a short
summary of the theoretical background will be given, it is referred to e.g. [76], [77], [75],
[78] and [79] for further details.

C.1 Off-momentum beta-beating and second order chromaticity

Expressions for the second order chromaticity and off-momentum beta-beating can be
derived by treating the chromatic effects as focusing errors in the Hill’s equation and

calculating the resulting twiss parameters including the distortion [76], leading to

C
Quy = —417r/d51 kl (51)Bzy(s1) (C.1)
0
C
1 2
xy - 27T/d81 k z,y 31 5:5 y(sl) (CQ)
0
C
Ssin ( zﬂgw / dsy / dsa k{1)(51) By (51)k) (52) Buy (52)
0
- cos (2 |¢x,y(31) - ¢w,y(32)| - QWQx,y) )
, C
Pay _ /ds k80 (51) Bay (51) 08 (2 |y (51) — Puy(5)] — 27Qay), (C.3)
By 2sin ( 27TQxy 1 Py 1)Bey(s1 z,y (o1 .y z,y) > .

0

)

where f(s) is the unperturbed beta-function for an on-momentum particle and kS v,y and

k:fl)/ are defined as

KD (s) = (k(s) + p;(s)) — m(s)Da(s), (C.4)
kD (s) = —k +m(s)Dy(s), (C.5)

(s), (C.6)
(s) (C.7)

with p being the dipole bending radius, k£ the normalized quadrupole and m the normalized

(2)

sextupole strength. As the first and second order dispersion D, and D, in general satisfy
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similar differential equations [75], they are of the same order of magnitude. Hence, the
first term of Eqn. proportional to
1 1
kP =k + mDP = (k+ —) —mDy + mDP ~ k+ =,
p P

kP =k —mDP = —k +mD, —mD® ~ —k,

becomes of the order of the natural chromaticity of the ring and is in general negligible.
Under this approximation, the second order chromaticity @Q” and the off-momentum beta-
beating are related by .

Q= ﬁ ds K ()8, ,(s) (C.8)

0

Thus, correcting the off-momentum beta-beating indirectly leads to a reduction of the
second order chromaticity.
In colliders, the low-beta insertions in general contribute considerably to the off-momentum
beta-beating due to the high beta-function and high gradients in the final focus magnets.
One way to reduce the beta-beating is to compensate the beta-beating wave originating
from one IP with the following IP by choosing a phase of § mod[r] or 27Q + § mod|]
between the IPs [76]. As the LHeC only contains one low-beta insertion, this first option
is not applicable. The second possibility is to use different sextupole families, which will

be described in the following sections and has been applied to the LHeC in the framework

of this thesis (Sec.|2.4.2).

C.2 Concepts of off-momentum beta-beating correction using sextupole
families

The off-momentum beta-beating can be described by two chromatic variables and an

invariant as introduced by Montague in [77] and implemented in MAD-X [32]. The two

chromatic variables A and B, omitting in the following the index x and y for the horizontal

and vertical plane, are defined by

. <1a(5)ﬁ(0) - a<o>5<6>> | ©9)
=0\ /B)BO)

[ 1B(5) — B(0) . (1Ap
B = hm((s\/i) %1_1}1(1)(5ﬁ> (C.10)

with § = (p — po)/po and can be seen as the mismatch of the off-momentum betatron

envelope in respect to the on-momentum one.
In an achromatic region with Ak = (%i_l)l[l) (:(k(6) — k(0))) = 0, A and B oscillate with twice
the betatron frequency satisfying the equation

Lj;:g +4A =0, Cci;(zg +4B=0. (C.11)
Similar to the Courant-Snyder invariant in the case of the linear betatron motion, one can
define the chromatic W-function

W= iy B, (C.12)

2
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which is a measure of the strength of chromatic perturbations and an invariant in achro-
matic regions. As in the case of linear coupling, the chromatic variables A and B and the
W -function can be represented by vectors in the complex plane, where the W-function is
replaced by the W-vector with

W — %(AHB). (C.13)
Most important for the concept of this formalism is that in chromatic regions with Ak # 0,
the chromatic variable A is changed, but not B and thus also the absolute value of the
W -vector given by the W-function. In the following achromatic regions, all three variables
continue to oscillate with twice the betatron frequency until they suffer the next jump
in A respectively W in the next chromatic region. This simplified picture of “jumps” is
only valid in thin lens approximation, where exemplary the change of A in the case of a
quadrupole of strength kl and length [ and sextupoles in a dispersive region with strength

ml and length [ is given by [77]

AA = —p(0)k(0)l, AB =0 for a quadrupole, (C.14)
AA = —p5(0)Dm(0)I, AB =0 for a sextupole.

In the case of a simple FODO lattice, being the building block of the arc in most large
collider lattices, the chromatic effect of the FODO cell quadrupoles can be canceled by
placing a sextupole with m(0)lsD ~ k(0){, next to each quadrupole, forming an achromatic
doublet. In general, it is advantageous to place the sextupoles as close as possible to
the quadrupoles as the beta-function takes its extrema at the center of the quadrupoles,
making the correction more efficient due to the maximum of the beta-function in the plane
to be corrected and minimizing the distortion in the other plane. Furthermore, as the
dispersion function fulfills a similar differential equation as the beta-function, it also takes
its maximum respectively minimum at the location of the quadrupoles, leading to a more
efficient correction if the sextupoles are placed as close as possible to the quadrupole As
a rule of thumb, the strength of individual sextupoles should be kept as small as possible
in order to reduce geometric aberrations and resonance excitation.

In the case of insertions, a local correction is in most cases not advisable as

e most insertions are required to be dispersion free, resulting in a rather inefficient

chromatic correction in this region due to the vanishing dispersion

e the low-beta insertions with their strong final focus quadrupoles and high beta func-

tions induce large chromatic errors, which would require strong individual sextupoles

Instead, the chromatic error induced by the insertion can be corrected by using the arc
sextupoles. In this case, a W-vector compensating the W-vector of the insertion is slowly
built up in the arc by reducing or increasing the strength of different arc sextupoles. For

this purpose, the arc sextupoles are grouped into 2(N + 1) interleaved families

(S, Sp; SF1, Spi;---; SEN, SpN) (SF, Sp; SF1, Sp1; SF2, Sp2; - - .5 SEN, SDN)

1st group 2nd group
(Sr, Sp; Sr1, Sp1;- -5 SFN, SDN) - - (SF, Sp; SF1, Sp1; - - - SFN, SDN)
3rd group last group

10Usually the lattice only includes horizontal bends and thus only the strength of the sextupoles correcting
the horizontal plane is reduced.
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where initially all focusing and defocusing sextupoles have the same strength and compen-
sate the natural chromaticity of the machine. By incrementing the strength of e.g. the Sg
family by Amg,, the chromatic variable A, and thus the W-vector, changes and oscillates
with double the betatron frequency until it reaches the next member of its family (N + 1)
cells later. In order to now coherently increase the W-vector, the phase advance 2¢ of

the second member of the sextupole family should be an exact multiple of 27. This is
illustrated in Fig.

Figure C.3: Coherent built-up of the W-vector in the arc. The phase advance 2¢ between mem-

bers of one family has to be a multiple of 2.

This principle holds for all 2(N + 1) sextupole families, leading to the following relation

between the number of sextupole families 2(/NV + 1) and the phase advance ¢g per arc cell
2nm = 2(N + 1)¢o, with n, N € N. (C.15)

Furthermore, as shown in [80], the geometric aberrations up to second order, induced by
two equal sextupoles, spaced by a phase advance of 7, exactly cancel each other ou
Thus, in order to reduce the geometric aberrations induced by the sextupoles, each family
should contain an even number of sextupoles.

A A
A

Sp S¥

SF1

Figure C.4: W-vectors of the focusing sextupoles in the case of 90° (left) and 60° (right) phase

advance per cell.

Taking the above two conditions into account, 4 families are needed for a 90° and 6 families

for a 60° phase advance per cell . The resulting W-vectors of the sextupole families are

H)\ore precise the transfer matrix of two equal sextupoles separated by a phase advance of 7 is minus
unity.




172 Appendix

shown for both cases in Fig. [C.4 For a full compensation, a minimum of 6 independent
families is needed, two for W, two for W, and two for the linear chromaticities £, and &,.
In principle, the sextupoles could also be arranged in a non-interleaved or partly interleaved
scheme, which has been tried out for some LEP lattice [78]. In this case, the non-interleaved
scheme provided a better correction with a larger dynamic aperture for small momentum
offsets, but failed for larger momentum offsets as present in a lepton collider like LEP.
Therefore, the interleaved schemes are in general considered to be the better choice.

Until now, only the build-up of the W-vector in the arc has been discussed. In addition,
the correction can be further improved in the case of a low-beta insertion by not only
imposing constraints on the phase advance between the arc sextupoles, but also between
the final focus magnets and the first arc sextupole. As the final focus magnets as well as

the arc sextupoles only change A, the W-vector should rotate by
2¢FF,S = Omod[ﬂ] (C.16)

between the first sextupole of the correcting family (S) and the final focus magnets (FF)
in order to add up coherently (Fig.|C.5). In general, the final focus magnets extend over

A

— correcting
sextupole family

Figure C.5: Correction of the W vector created in a low-beta insertion. For an optimal correction
the phase advance between the final focus magnets and the first sextupole of the

correcting family has to be a multiple of 2¢p = 0 mod|[n].

a larger area and thus are not suited for the practical matching of the phase advance. It
is easier to take the IP as a point of reference instead. As the phase advance between the
final focus magnets and the IP is approximately /2, the condition is fulfilled if

2(]51})73 = Omod[ﬂ s (C.17)

and can also be used for a first adjustment of the phase advance, followed by an actual
matching of the W-function to W = 0 for a fine adjustment of the beta-beating correction
as done in the case of the LHeC in the framework of this thesis (Sec. [2.4.2).

C.3 Phase sensitivity of the off-momentum beta-beating correction us-
ing the arc sextupole families
A critical aspect of the correction of the chromatic error induced by a low-beta insertion

with the arc sextupoles is the phase sensitivity, meaning the sensitivity to the deviation of
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the phase advance between members of one family to the optimal one. Exemplarily, the
case of the LHeC with a phase advance of 90° in the horizontal and 60° in the vertical
plane will be investigated in this section. In this case, the off-momentum beta-beating
induced by the final focus magnets on the left side Igf, ’yIR is corrected with the adjacent arc
to the left, and equally for the right side, leading in the case of the left side of the IP to

bt = LT (C.18)
s(IP)
" ; (1) i(2|¢x1y(81)_¢%,y(5)|_2ﬂ'@x,y)
~ 2sin (27er,y) / dsi kw,y(sl)ﬁm,y(sl)e 7
s(arc)

where s(arc) denotes the s-coordinate of the beginning of the arc and s(IP) the s-coordinate
of the IP, and the cos(...) term has been substituted by the exponential function e*(--), A
similar expression is obtained for the right side of the IP. Assuming that ¢, (s) < ¢»(s1),
that the natural chromaticity is corrected by the arc sextupoles and that the beta-function
and dispersion are the same at all focusing and defocusing sextupoles, one obtains for the

horizontal plane

IL,arc B_iQ(WQz+¢I(5)) (Ncl
x

A —DkA o D, o e2(R95T05) ) LT (A
2sin (27Q.,) kzo( )" Amsp Br 5 Dz sp e + L(Ams;,, )
N——— =

Cxz(s)

: ¢
- cx(s)AmsFﬁxﬁFDx,sFW&W1>5¢%+2¢%> +I(Ams, ), (C.19)
where N, is the number of arc cells, ¢g , the phase advance per cell, 6¢7 , the deviation
of the arc cell phase advance per cell from 90° in the horizontal respectively 60° in the
vertical plane, (bé,y the phase advance from the IP to the first focusing sextupole Sg and
Amg, . = Msp, — Msg, p, the up and down excitation of the ith sextupole family with
msy  the sextupole strength to correct the natural chromaticity. In the case of ¢g = /2
phase advance in the horizontal plane, thus 2 families, one family has to be increased by
Amg, and the other one decreased by Amg, in order to not change the linear chormaticity,
thus AmSF1 = —AmSF2 =: Amg,. The contribution of the defocusing sextupole families
Sp, has been summarized in the term I;(Amsg, ) and is expected to be small due to the
small beta-function and dispersion at the location of the Sp, sextupoles.

From Eqn. two important conclusions can be drawn:

e an optimal correction is obtained if the phase advance between the IP and the first

arc sextupole is a multiple of

(N, — 1)3¢< + 2¢% = 0mod|n] . (C.20)
e the diffracting function ((u) = Si;gzt;l) takes its maximum N, for v = 0, thus in

the case of no phase errors. For an increasing number of cells, N, ((u) starts to
fall steeply for u # 0, meaning that the correction scheme becomes sensitive to even

small phase errors.
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For the vertical plane with a phase advance of 60°, the expression for Igf A€ hecomes a bit

more complicated as the defocusing sextupoles are not orthogonal to each other:

Ne/3—1
IyL,arc = Cy(s) Z Z AmSDj By,SDDm,SD€i2(k¢§+(j_1)%+¢5) + I,(Amyg,)
j=1 k=0
3 . N,
SIn (F2005) 4((Ne _1\50c 4907 1ol
= cy(s)ZAmSDjﬂy,SDJ_DLSDJ_Wez«3 1)65+2(5+67))
j=1 <
+1,(Amg,) , (C.21)
e~ 12(mQy+oy(s)) . .
where Cy(s) = “smerg,) S defined analogous to the horizontal plane and I,(Amg;)

summarizes the contribution of the focusing quadrupoles and is considered to be small.
As the sextupoles are all placed at the same position in the cell, the twiss parameters at

their position are the same, i.e. 8y s, = By,sp, and Dy g, = D, g . This also implies that
J J
3

> AmSDj = 0, in order to not change the linear chromaticity.
=1
In the case of the vertical plane, similar conclusions as for the horizontal plane can be

drawn with the following differences

e an optimal correction is obtained if the phase advance between the IP and one of

the defocusing arc sextupoles is a multiple of §
((Ne/3 = 1)5¢5 + 2@% +¢L)) = 0modr]. (C.22)

Usually, the family with a phase advance closest to 5 in respect to the IP is chosen,

so that only a small rematch of the lattice is necessary.

e the number of cells IV, is replaced by the number of sextupoles per family, i.e. % in
the argument of the diffracting function ((u), thus also in this case, the correction
scheme becomes more sensitive to phase errors with an increasing number of arc

cells.

D Equilibrium Emittance with Coupling
The expression Eqn. for the transverse emittances

2
v Isi .
6 =0C——, i ==z, D.1
1 qu I2 Yy ( )
yields that the sum over the product of the damping partition number and emittance is

constant
oI55 + Iy

I

leading to the following relation between the emittances of the coupled and uncoupled

Jp€e + Jyey = Cqy = const, (D.2)

lattice:
Jp€z + Jyey = Joz€ox + JOyEOy ) (D3)

where the index 0 denotes the parameters of the uncoupled machine.
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In most storage rings dominated by synchrotron radiation, the vertical dispersion and

emittance are both very small in the case of no coupling, and Eqn. simplifies to:
o€ + Jyey = Jp€oz - (D.4)
Defining the coupling constant x as the ratio between horizontal and vertical emittance
€y = Kég (D.5)

the horizontal and vertical emittance in the coupled case read

€0z Jox - €0z Joxk

L= foados — Coxoak D.6
R A S R AR (D-6)

Furthermore, under the assumption of no vertical dispersion in the coupled as well as un-
coupled case, I, vanishes and the damping partition numbers, using Robinson’s criterion,

are given by:

Jx = 3- JS )
(D.7)
Jy = 1.
With the additional condition of J, = Jy;, Eqn. yields
€ €0xJz _ €0z ek (D8)

:Jx+f€’ Ey_Jx+/<;'

E Damping Decrements and Equilibrium Emittances in the

Case of Coupling

In this section, a short summary of the method by Chao [21], [81] to obtain expressions
for the damping decrements and equilibrium emittances is given. This summary also has
the intention to define the damping decrements and equilibrium emittances as understood
in this formalism and implemented in MAD-X [32].

E.1 Damping decrements

The damping decrements can be derived by including the effect of radiation damping in the
6 x 6 transport matrices of the elements [21]. For example, an electron passing through an
RF cavity will change its longitudinal momentum while keeping the transverse momentum
unchanged, resulting in a reduction of the slopes 2’ and 3. In the matrix formalism, this

change is expressed by replacing the affected matrix elements moo and my4 by

u

B (E.1)

Moo = Mgy = 1 —

where u is the energy gain at the RF cavity and Fy the energy of the reference particle.
Similar expressions can be derived for quadrupoles, sextupoles etc. By concatenating all
matrices from the initial position s to s 4+ C, where C' is the circumference of the ring, one

then obtains the one-turn transfer matrix D(s). The eigenvalues of D(s) are then given by
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e kF2mk o — 1 92 3 where vy, is the tune of mode k and oy, the damping decrements.
It follows that
e~ Hataztas) — qet (D(s)), (E.2)

which reduces to the Robinson criterion (Eqn. [1.60) for weak damping

2U,
a1+a2+a3:—0, (E.3)

Ey
where Uy is the energy loss per turn and the horizontal, vertical and longitudinal damping
decrements in Eqn. have taken the place of the damping decrements of the three

eigen-modes.

E.2 Equilibrium emittances in the case of coupling
In an electron storage ring, the beam distribution can in general be assumed to be Gaussian

and can be written in the following form

fo) = T (E.4)

(2m)34/det(X)

where ¥ is the envelope matrix with

Eij = <(CE - f‘)l($ - f‘)3> = /($ — :E)l(m — .’f)jf(X),dX (E5)

and x; the canonical coordinates of the state vector x.
In [21] it is shown that the envelope matrix X(s), including the effect of radiation damping
and diffusion due to quantum excitation, is given in terms of the eigenvectors v; of the

coupled 6 x 6 one-turn matrix 7'(s) without radiation, explicitly

2
Sij(s) = (@iw;)(s) =2 Y (|Al)Re [ogi(s)vg; (s)] (E.6)
k=1,2,3
. [ s
i Ugs5\S
(|A?) = CL— : (E.7)
Qg p(s)[?
where vy; is the ith component of the vector vy, o the damping decrements, Cy, = % :;Z

and p(s) the bending radius.

The envelope matrix or the beam distribution respectively - not taking the effect of syn-
chrotron radiation into account - can be now expressed in terms of the quadratic invariants
gi, defined by g; = x Gx with g;(s) = g;(s+C) for all x and G; being a symmetric matrix
with T7G;T = G;, explicitly [81]:

fx)

=——————¢ {0 (o2} (o3}, E.8
09192 (95) (E:8)

where the average of g; is defined by (g;) = [dxg;f(x). Assuming now that the distri-
bution remains a function of the invariants g;, one obtains an evolution equation for the
envelope matrix and the invariants (g;), including the effect of synchrotron radiation. The

equilibrium values of the invariants (g;)eq are then defined as

(9i)(s + C) = (9i)(s) = (gi)eq(s) - (E.9)
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Using the explicit expressions for the envelope matrix [81] ,one obtains that the equilibrium

values of the invariants are independent of s and given by

2xi

(gi)eq (E.10)

where d; is the diffusion coefficient and y; the global damping decrements, both indepen-
dent of s. For the exact definition of d; and x; it is referred to [81]. Using the definition of
the envelope matrix and that it can be expressed with the equilibrium values of (g;), one

obtains for the equilibrium emittance of the three different modes

1
€i,eq = §<gi>eq- (Ell)

Note that this definition of the emittance is independent of s.

F Hamiltonian Perturbation Theory Including Linear Cou-

pling
This short summary of the Hamiltonian perturbation theory including linear coupling is
based on [82], which is referred to for further details.
Applying a row of canonical transformation the Hamiltonian can be reduced to the linear
coupling perturbation term:
H = N(s)zy, (F.1)

where N(s) is the strength of one skew quadrupole. Using
= \/2J./B:(s)cos (P.(s) +¢.), z=my

where J, is the action, (.(s) the beta-function, ¢, the initial phase and ®.(s) is the

periodic betatron phase, one obtains

H' = 2N () Ja Ty B ()8, (5) €08 (o (5) + bx) cos By (s) + ). (F.2)

The equation of motions for this Hamiltonian cannot be solved exactly. In order to get an

approximate solution, the Hamiltonian is split up in a periodic and a non-periodic part

H' = 2N(s)\/JoJyBu(5)By(s) cos (Pz(s) + ¢z) cos Dy (s) + ¢y)
= N(s)yBels) By s)e NP~ B)
Jk==%1 s

periodic in s

7\#’2% eh(@atidy+(QutiQu) 2E)

where @, is the betatron tune.

Substituting s with the azimuthal angle 6§ = @ and scaling the Hamiltonian w1th ~ to
preserve the equations of motion, one can develop the periodic part of the Hamﬂtoman
into a Fourier series

e VOV BRI =5 ot (E
s
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with

) 1 so+L . ) ;
Kikg = ,ijqelkqﬁjq = 27r/ ds N(s) 5:2(S)By(3)€'Lk(¢z(5)+J¢y(5)_(Qw+JQy+Q)9). (F.5)
0
The effect of a skew quadrupole on the equations of motion is then given by xji, and
consists of an absolute value xj, independent of k and a phase e*®ia which changes sign
with k.

Substituting the exponential function with the cosine, one finally obtains:

H =3 kjg/Judycos (bu + joy + (Qu + jQy + 0)0 + bjqg) - (F.6)

q j=+1

Note that the above Hamiltonian is independent of k. Furthermore, it consists of different
perturbations, which oscillate with different frequencies. Most frequencies are higher than
the revolution frequency of the particles Q. £Q,+q > 1. Assuming that the perturbations
are small, only the perturbations which sum up over several turns have an effect and the

rest can be neglected, i.e. perturbations with a period of
QxiQy"‘q%Oa qE L, (F7)

where @, + @, = ¢ is the linear sum resonance (j = 1) and @, — @, = ¢ is the linear
difference resonance (j = —1).
In thin-lens approximation, the Fourier coefficients i, of Eqn. can be simplified,

yielding for the contribution of one skew quadrupole to the sum resonance (j = 1)

| "
k1€’ = 5 Vi BuiByi €, (F.8)
—_—

=RK1i

where N; is the integrated quadrupole strength and ¢; = ®,; + ®,;, and for the difference

resonance (j = —1)
| o
Ko’ = 5 Vi Baifyi e (F.9)
—_—

=K—-14

with ¢; = ®,; — ®,;. The total contribution to the sum and difference resonance is then

just the sum over all contributions.

G LHeC Parameters

The beam and lattice parameters used and achieved with the optics designed in this thesis
are listed in Table and Table and the magnet strengths and RF parameters are
summarized in Table[3.26]and Table The damping times, damping partition numbers,
longitudinal parameters and optics parameters are given for the uncoupled lattice. The

emittance values given are the unnormalized rms emittances €.,s at the top energy of
60 GeV with € = 6normalized/(ﬁ'}’)'
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beam energy 60 GeV
number of particles per bunch 1.98 x 1010
number of bunches 2808
synchrotron radiation loss per turn 437.2 MeV
synchrotron radiation power 43.72 MW
damping Partition J,/J,/Js 1.5/1/1.5
hor./vert./long. damping time 7, /7,/7s (k =0) | 0.016/0.024/0.016 s
polarization time 61.7 min

hor. rms emittance (k = 0) 5.55 nm
emittance ratio €, = ke, 0.5
hor./vert. rms emittance (k = 0.5) 4.16/2.08 nm
fractional energy spread og/E (k = 0) 0.00116
bunch length (k = 0) 5.72 mm

Table 3.24: LHeC beam parameters.

circumference 26658.8832 m
momentum compaction 0.0807 x 1073
hor./vert. tune 123.155/83.123
hor. /vert. linear chromaticity 2.0/2.0

synchr. tune 0.069

max. horiz./vert. beta (total) 140.4/135.0 m
max. horiz./vert. dispersion (total) | 1.68/0.0 m
max. horiz./vert. beta (arc) 82.5/103.3 m
max. horiz./vert. dispersion (arc) | 0.56/0.0 m

Table 3.25: LHeC lattice and optics parameters. The maximum beta and dispersion values are

given for the optics not including the interaction region.
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dipoles
number 3080
length 5.35 m
bending radius 2622.56 m
magnetic field at 10-60 GeV 0.0127 — 0.0763 T
hor./vert. half aperture 30/20 mm
arc quadrupoles
number (QF/QD) 336/336
length 1m
normalized magnetic field (QF/QD) 0.052/ —0.042 1/m
magnetic field at 60 GeV (QF/QD) 10.28/ — 8.4 T/m
aperture radius 30 mm
individual quadrupoles
number (QF/QD) 148/148
length (QF/QD) 1/0.7 m
max. normalized magnetic field (QF/QD) | 0.090/ — 0.086 1/m
magnetic field at 60 GeV (QF/QD) <18 T/m
aperture radius 30 mm
Table 3.26: LHeC magnet parameters excluding the magnets needed for the interaction region.

number of cavities 112

number of 8-cavity cryo modules 14

RF voltage 560 MV

RF voltage for 50 h quantum lifetime | 510 MV

RF frequency 721.421 MHz
harmonic number 64152

Table 3.27: LHeC RF parameters.
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H Analytical Estimate of the Linear Transverse Mismatch
Let a1, 81 and 71 be the twiss parameters of the distribution matched to the linear lattice
without space-charge. The phase space coordinates z and 2’ of a particle with the single

particle emittance €; and phase ¢ are given by Eqn. [1.20}

z=+/Brercosp, 2 = \/;T(singb + a1 cos @) . (H.1)
1

Note that a particle distribution matched to a machine (linear, neglecting e.g. direct
space-charge) is given by a uniform distribution in phase ¢ and any distribution in ;.
The rms emittance of the beam is then just one half of the average of the single particle
emittances.

Assuming now that s, [ and o are the new twiss parameters. The single particle
emittance of this particle is then described by the Courant-Snyder Invariant (Eqn.

7922 + 20922 + Boz? = €. (H.2)

Inserting Eqn. into Eqn. one obtains for the single particle emittance € of the

mismatched beam

e(p) = a ((7251 — 2001 + BQa%) cos® ¢ + @ sin? ¢ (H.3)
b1 B1
+ <ﬁ2a1 — 2a2> cos¢sinqﬁ) .
B1

The average single particle emittance €5 is then given by the average over the phase angle

¢, leading to
1 2w

2 2(9) do = 5 (B2 — 20201 + B (H4)

The rms emittance of the beam after filamentation of the mismatch is obtained after

averaging over the single particle emittances

— 200 +
€2 rms = €1,rms (5172 ; ! /8271) s (H5)

and the relative blow-up is given by

& €2, rms — €1,rms (al - a2)2 - (51 - ﬁ?) (71 - ’72)

pr— prm— . H-
€ €1,rms 2 ( 6)
At a point of symmetry with ag = a; = 0, Eqn. reduces to
Ae  (AB)? 1 (AR
e 26182 2\ B

where A = B3 — 1. From Eqn. it is obvious that a transverse mismatch always leads
to emittance growth and never to a reduction in agreement with the law of phase space
conservation.

In order to apply Eqn. the change of the twiss parameters caused by the space-charge
effect has to be calculated. In linear approximation and neglecting the variation of the

beam size, the effect can be treated like a constant quadrupole error increasing linearly
with the beam intensity I (Sec.[1.7.3):

ksc=a-1, (H.8)
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where a depends only on the beam distribution. After Eqn.[1.79] the linear dependence

of ksc results also in a linear dependence of A on the beam intensity I

AB =k —51/06() (2Q1(r + 6 — 1)
N 5C 2sin 271 Jo 8) o8 1 1))as

constant for all intensities
(H8) b1 ©
_— —_—— 2 - d 'I
a( 2sin27rQ1/0 B(s) cos (2Q1(m + ¢ — ¢1)) 5>

=a

= a-1. (H.9)

According to Eqn. [H.7]this leads in turn to a quadratic dependence of the relative emittance

growth on the intensity

g — (A5)2 = (aI)2 = const. - I%. (H.10)

e 28182 2B1(Bi+a-I)
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