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Abstract

This thesis describes a feasibility study for a special optical configuration in
Insertion Region 2 (IR2) of the Large Hadron Collider (LHC), which is host of the ALICE
detector. This configuration allows the study of elastic and diffractive scattering during
LHC high-intensity proton operation, in parallel to the nominal physics studies in all LHC
experiments at the design energy of 7TeV per beam. Such measurements require the instal-
lation of additional Roman Pot (RP) detectors in the very forward region, at longitudinal
distances of 150m to 220m from the Interaction Point (IP). Apart from being adjusted for a
specific betatron phase advance between the IP and the RP detectors, such a configuration
must be optimized for the largest possible f*-value, to be sensitive for the smallest possible
four-momentum transfer [t|. A value of f* = 18m is compatible with a bunch spacing of
25ns, considering the LHC design emittance of ey = 3.75 umrad, and a required bunch-bunch
separation of 120 at the parasitic bunch encounters. An optical configuration with 8* = 18 m
and a matched betatron phase advance between IP and RP (A, , = 0.34) has been calculated.
The optics are studied for their compatibility with the constraints imposed by the LHC.
A crossing angle of 6o = 300 purad is matched for the optical configuration. The adjustment of
the IP-RP phase advances leads to a significant reduction of the phase advance across the IR, so
external compensation methods must be applied. In high-intensity operation of the LHC, the
phase advance compensation must be applied between IP1 and IP5. However, detailed strategies
on these compensations must still be worked out. The detector acceptance for scattered protons
is calculated, based on different assumptions for the measurement parameters. The 50%
acceptance threshold for the measurement of elastic events is moved from |t|599, =13 GeV? with
the nominal ALICE optics, to a value of |t|59 = 0.44 GeV? with the matched 8* = 18 m optics.
The most optimistic boundary conditions lead to an acceptance threshold of |t|50y =0.24 GeV?,
whereas the most pessimistic scenario leads to |t|so, = 0.78 GeV2. Remaining studies are

outlined, and scenarios with different beam conditions are discussed.
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1. Introduction

Already the presocratic philosophers asked questions about the constituents of matter and the
origin of the world. Today, more than 2500 years later, natural sciences have achieved a huge
improvement in our understanding of the universe and on the elementary particles and their
interactions. Particle accelerators and the ensuing analysis of the collision data have been a
very important tool in these achievements.

Despite the huge amount of information which was collected in the last century, there are still
many unanswered questions in elementary particle physics. The Large Hadron Collider (LHC)
at CERNE]7 close to Geneva (Switzerland) was built to enhance our understanding of the creation
and constitution of the universe, and of the elementary interactions of matter.

After the start-up in 2009, the LHC was operating and producing particle collisions in four
Insertion Regions (IR). In April of 2012, the energy in proton operation increased to 4 TeV
per beam, corresponding to more than 50 % of the design energy, and surpassing the largest
energy reached at the former highest energy accelerator Tevatron by a factor of approximately
four [CERI2) [Fer09]. The beam energy is intended to be further increased after an upgrade
phase (Long Shutdown 1, LS1), scheduled for 2013-2015 [For12].

The LHC has a large flexibility in terms of its energy range and the type of the accelerated
particles. Besides the nominal high-intensity proton operation, the machine has been used to
perform heavy-ion and asymmetric proton-lead collisions [ALI13].

In the high-intensity proton collision scheme with the largest possible number of bunches, the
particle beams are squeezed to §* = 0.55m in the Interaction Points (IP) of the ATLAS and
CMS experiments (the 8*-value is proportional to the square of the beam size at the IP).

On the other hand, dedicated optical configurations with very large [*-values of up to
£* =1000m have been implemented in these two regions, for the study of elastic scattering
and diffractive events [BT12b]. The study of these processes requires the measurement of very
forward scattered particles with special particle detectors, which are installed at longitudinal

distances of 150-240 m from the corresponding IP.

! Conceil Européen pour la Recherche Nucléaire (European Organization for Nuclear Research).



4 1. INTRODUCTION

Besides the large S*-values, such configurations obey specific constraints on the betatron phase
advanceE| and require a reduced number of circulating bunches (156 instead of 2808) [BW10].
Since priority is given to high-luminosity operation, the time available for these measurements

is very limited and totals only some days per year [CERII].

The performance of ALICE during proton operation is not depending on high collision rates,
because the Time Projection Chamber in the ALICE central barrel is a comparably slow
detector, due to the long drift time of the ionization charge [MorOI]. Therefore, ALICE
could have the chance to implement an optical configuration with high g*-value, under the
premise of compatibility to the high-intensity mode of the LHC, with a bunch spacing of 25ns
(2808 bunches per beam). This would allow the tagging of very forward proton&ﬂ over very long
periods of time, in parallel to the nominal physics studies in the remaining LHC experiments,

and without performance loss for the regular ALICE physics program.

In the diffractive interactions, central systems of particles with low transverse momentum are
produced by the fusion of two or more Pomerons [D702]. ALICE is particularly suited for
the detection of such central systems, thanks to the detector layout in the central barrel with
the low ppr-threshold and the good particle identification capability. If very forward detectors
were installed in the region around ALICE, and if the beam optics in IR2 would be optimized
for the very forward measurements, coincidence measurements of the forward particles and the
centrally produced systems could be realized. Additional physics topics which could be studied
are the identification of diffractive topologies, the search for the odderon, the study of central
production of non-qq states, Bose-Einstein correlations and small-z-Gluon behaviour [HS13].

This thesis describes the development and evaluation of an optical configuration in the region
around ALICE, which combines the measurability of very forward particles with the compati-
bility to high-intensity operation in the remaining LHC collision points. Chapter [2| describes
the theoretical background on particle accelerator physics. The LHC with its different Insertion
Regions, in particular IR2 hosting the ALICE detector, is elaborated in Chapter[3] The following
Chapter [4] provides further information on diffractive physics and soft-QCD which is the main
interest of a high 5*-configuration. After this, the details of the optics development are outlined
and the proposed optical configurations are analyzed (Chapter . In Chapter [6] acceptance
simulations with the given optics are discussed for different scenarios. Chapter [7] presents an

outlook, and the final section summarizes the thesis.

2The phase of the transverse quasi-harmonic betatron oscillations which particles perform because of the
magnetic fields in a particle accelerator.
3Very forward means here, that the detection can not take place within the cavern of the ALICE detector.



2. Particle Accelerator Physics

Introduction

The history of particle accelerators reaches back to the 30s of the 20th century [Kul01]. Since
that time, a large number of accelerators has been designed and used. Nowadays, the highest
beam energy can be reached by synchrotron accelerators which synchronously ramp the magnet
currents and the beam energy. Examples for such synchrotron accelerators are Tevatron, HERA,
LEP and LHC. The objective of this chapter is the introduction and discussion of some aspects

of modern synchrotron physics.

2.1 Transverse Particle Dynamics of Single Particles

2.1.1 Coordinate System

Every particle accelerator has an ideal trajectory which is usually situated in the centre of the
vacuum pipes and magnets (there is, however, an exception in the regions around the Interaction
Points, where two beams move in a common beam pipe, see Chap. [3.4.3)). It is useful to introduce
an accelerator specific coordinate system for the mathematical treatment of transverse beam
dynamics, schematically illustrated in Fig. An ideal particle moves exactly along the ideal
trajectory having the design momentum p. The longitudinal position of the ideal particle is
described by the value s, indicating the integrated path with respect to a defined starting
point [Hin08]. The transverse position of a real particle is represented by its deviation from
the reference trajectory, while the origin of the coordinate system is moving with s. A priori,
the transverse particle movement is symmetric with respect to x and y and can therefore be
described by a generalized transverse coordinate v = x,y. This allows a general description of
the transverse particle dynamics which is valid for both directions. Eventual asymmetries can

be taken into account by the parameters which describe the magnet configuration.
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Ideal Trajectory

w

Figure 2.1: Coordinate system for mathematical treatment of transverse beam dynamics. The

origin of the transverse axes moves with the longitudinal variable s. Figure based on [Hin0§].

Apart from the transverse position, there is a particular interest in the transverse momentum,
in order to be able to characterize the particle in phase space. The normalized transverse

momentum is the derivative of w with respect to s

_du

u'(s) = -

(2.1)

A full set of parameters specifying the particle position in transverse phase space is
pr(s) = (z(s),2'(s),y(5), 4 (s))" . (22)

2.1.2 Magnets

The particle beams in a storage rinéﬂ can circulate for several hours. It is therefore essential to
have focusing elements in the machine, in order to keep the beam dimensions small and to avoid
collisions with the vacuum pipes or magnets. Furthermore, the configuration of the focusing
elements should be optimized for the intended measurement. Apart from the focusing elements,

bending elements must be used, in order to keep the particle beams on a circular trajectory.

In principle, bending and focusing can be achieved by using either electric or magnetic fields.
The Lorentz force, acting on a particle of charge ¢, moving with velocity v, in presence of a
magnetic field B and electric field E, is described by the equation |[GMIO0]

F=q(E+vxB). (2.3)

LA storage ring is a circular accelerator which accelerates and stores particle beams to finally bring them into

collision or to inject them into another machine.
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In a high energy machine like the LHC, the stored particles are highly relativistic (protons at the
LHC injection energy have v = 479.6 [BT04]). The absolute value v of the velocity will therefore
be very close to ¢. Since v is in cross product with B but not with E, the force on a particle in
a magnetic field of 1T corresponds to an electric field of approximately 300 MV /m. Magnetic
fields in this order of magnitude are much easier to create than the corresponding electric field,
so magnetic fields should be used whenever it is possible. For bending and focusing, dipole and
quadrupole magnets are used, respectively. Higher order magnets (sextupoles, octupoles,...) are

used as well, e.g. for chromaticity corrections, but are not subject of this thesis.

Dipole Magnets

Particle accelerators are usually built in the horizontal plane and the bending forces are therefore
purely horizontal [Tur95]. The magnetic dipole field is applied in vertical direction and should
be as homogeneous as possible. In the LHC, the reachable energy is limited by the largest
strength of the superconducting dipole magnets. By equalizing the centrifugal force and the

Lorentz force, the following relation can be deduced [Wie99]
B p=— (24)

where p denotes the bending radius of a particle with momentum p and charge ¢ in the magnetic
field B. If the particle momentum is increased, the required magnetic field for a given bending
radius rises linearly. The quantity B p is the so-called magnetic rigidity. To make the magnet
configurations comparable at different momenta, it is useful to consider the magnetic field,

normalized by the momentum-to-charge ratio [Wie99]

L pi 1] =m1. (2.5)

Since the bending is purely horizontal, the transverse bending radius can be described by

foru==x

P : (2.6)
Pu 0 foru=y

which takes into account the horizontal arrangement of the accelerator.
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Quadrupole Magnets

For the focusing of charged particle beams, an element with lens-like behavior is aimed. Particles
with large deviations from the ideal trajectory should be in a larger magnetic field than those

with small amplitudes. The magnetic field should be orthogonal and linearly rising with « [Hin08]
By:gl‘a BI:gya (27)

where ¢ is the magnetic gradient. This property can be obtained by a magnetic quadrupole
(see Fig. 2.2). It can be characterized by the magnetic gradient g and the effective length L.
The effective length takes into account the fringe fields of the magnet and is therefore larger
than the geometrical length. Similar to the previously introduced normalized dipole field, the
magnetic gradient can be normalized by p/q, in order to be able to compare quadrupole gradients

at different particle momenta [Wie99]
k=2 k] =m~2. (2.8)

As shown in Fig. 2.2 the quadrupole magnet is always focusing in one and defocussing in the
other transverse direction. Effective focusing in both transverse directions can be reached by an

arrangement of multiple quadrupoles (see Chap. [2.3).

G
N

Figure 2.2: Transverse profile of a quadrupole magnet with magnetic field lines [Hin08].
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2.1.3 Equation of Motion

The expansion of the magnetic field of a dipole and of a quadrupole in a Taylor’s series leads
to the equation of motion in the approximation of very small u, which is given by (a detailed
derivation can be found in [Hin08|, Tur95, [Wie99])

o (ku(s) _ pgl(s,)> w= —pul(s) ¢ (2.9)

where & = % = % is the relative deviatio of the particle momentum p, from the design

momentum p. Eq. is a non-homogeneous differential equation of second order. Solving this

equation requires first a solution of the homogeneous equation. Therefore, a particle with ideal

momentum is considered (£ = 0). Using the substitution K, (s) = (ku(s) - p%(s)) finally leads

to the simple homogeneous equation [Tur95]

' — Ky(s)u=0. (2.10)
Obviously, K, is a periodic function with the period C (circumference of the machine)

Ku(s) = Kyu(s+C). (2.11)

Thus, Eq. is of the type of Hill’s differential equation [HinO§|. It can be solved by using
Floquet’s theorem. A detailed approach for the solution of the Hill equation can be found in

[Wie99]. One way of denoting the general solution in terms of u and the slope v’ is

u (8) = Cyu(s) ug + Su(s) ug, (2.12)
u'(s) = Cl(s)ug + S, (s) ug (2.13)

where 1y and v, are the initial conditions. For convenience, this can be expressed in terms of a

matrix-vector product

u (s) Cu (s) Sy (s) ug
= = My(s)uo . (2.14)
w(s))  \cws) sis ) \ub ’

Thus, the transformation of the initial u(sp) = (ug,uf)? vector can be described by a transfer
matrix M,(s), only depending on type and strength of the magnetic element between sy and s.

The matrix elements Cy(s) and S, (s) represent cosine and sine-like functions, respectively.

2Compared to the literature [HinO08l, (Wie99], this definition is unusual. However, within the framework of this
thesis, this definition is used, because the dispersion functions calculated by MAD-X are negative with respect to
the usual definition (see Chap. and [MADD]).
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A general way of expressing C and S, is for the case of K, > 0 (the absolute values in this case
are only shown for convenience) [HinOg]

Cu(s) = cos (\/@S) Su (8) = 1 sin (MS) , (2.15)

Ky

and for the case of K,, <0

Cy(s) = cosh (Ms) Sy (s) = ! sinh <m s) . (2.16)

K.

7

The corresponding quantities for C/,(s) and S}, (s) can be obtained by deriving the expressions
given in Eq. and Eq. [Hin08]. If the transformation of the uy vector by n magnets
and /or drift spaces is considered, the total transfer matrix is the product of the transfer matrices

of the individual elements in between sy and s [Wie99)

MZOt _ MZ . Mz—l .. M% . M11¢ (2.17)

2.1.4 Betatron Motion

Another way of expressing the general solution to Hill’s equation is [Wie99]

U(S) = Ay V 6u(5) CO8 (27r(71}u(8) + ¢u)) ) (2'18)

where a, and ¢, are integration constants. Here, the equation for wu(s) describes a quasi-
harmonic oscillation, modulated by a position dependent function /f,(s) with an amplitude
defined by a,, which is a constant for each individual particle in both transverse planes. The
position-dependent quantities 1, (s) and [3,(s) are coupled by the integral [Hin0§]
1 [ ds
Pu(s) = — / — . 2.19
W9 =57 0 Bu(3) (2.19)

¥y (s) is a relative quantity which is defined with respect to a starting position sp = 0.

The quasi-harmonic oscillation around the reference orbit is called betatron oscillation with
betatron phase ,. The wavenumber of these oscillations changes with s. Corresponding to
Eq. the local oscillation wavenumber at the position s is the inverse of (3, (s)
depy(s) _ 1

ds Bu(s)

Bu(s) is the central function in the description of transverse beam dynamics, and is called the

27 (2.20)

betatron function. It varies with s and depends on the magnetic elements in the accelerator.
By deriving v in Eq. it can be shown that [Wie99)
a2 = yu® 4 2aun’ + Buu'? . (2.21)

This expression is the parametric definition of an ellipse with surface 7 a2, which is known as

the Courant-Snyder Invariant.
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The shape and the orientation of this ellipse are defined by the so-called Twiss parameters,
which are pure functions of the magnet configuration [Tur95]
1 0Bu(s) 1+ai(s)

Bu(s), ay(s) = 95 Yu(s) = T(S) (2.22)

A physical interpretation of Eq. is that at the position s, the accessible points of the particle

in phase space u,u’ lie on the border of an ellipse, defined by the Twiss parameters and a,.

[\

For every turn through the circular machine, the particle’s position on the border of this ellipse
is different and depends on the betatron phase advance over one full turn. Following Eq. [2.18]

the largest amplitude in u is obtained if the cosine equals 1, thus

Umax(8) = au v/ Bu(s). (2.23)
In the same way, the largest possible slope is given by

Unnax(8) = @ V/Yu(5) - (2.24)

The basic quantities are now derived. For simplicity, the index u will not be used any more from
now on. However, all of the following considerations are still valid for both transverse directions.
The matrix in Eq.[2.14]can also be deduced inversely, if the initial Twiss parameters Sy, o, Yo, the
final parameters (3, a, v and the betatron phase advance Ay = ¢ — 1)y between the concerning
positions are known. Using the general solution to Hill’s equation, the initial conditions for C'(s)
and S(s) and the definition ¢ = 27, the transfer matrix is deduced to [Hin08]

M % (cos Ay + ap sin Agp) Vv Bo B sin Ay

—ag

im cos Ap — %ﬁ sin Ap 1/% (cos Ap — o sin Ayp)

Since the ellipse of accessible u,u’ states is transformed as well, it is of particular interest how

(2.25)

this transformation can be quantified. It can be shown that the transfer matrix M for the
(B, a,v)T vector of the Twiss parameters is in a simple relation with the matrix elements of the

matrix M for the transformation in phase space [Tur95]
B(s) 2 —25C¢  §2\ [Blso)

a(s) | = | —CC" SC"+8'C =S8 | |also) | = M(B(s0),als0),7(s0))" . (2:26)
~(s) c" —-25'C’ S ~(s0)
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2.1.5 Betatron Tune

In circular accelerators, the variable () denotes the number of betatron oscillations which are

performed by a particle that moves once along the whole ring of circumference C' [Hin08|

1 s+C 43
Q_5?L 3 (2.27)
The stability of the beams strongly depends on the value of the tune. Since magnet misalign-
ments are unavoidable in a real machine, it is essential to design the machine configuration in
such a way that the tune does not coincide with a resonance. Resonances occur, for example, if
the tune is an integer (first order resonance), half integer (second order resonance), and so on.
Furthermore, there are coupling resonances which forbid to choose @, = @, in first order. The
resonance conditions, summarizing the tunes which have to be avoided, are given by [Wie99)

p=nQu, (2.28)

p= l Qw +m Qy y
where p,l,m,n € Z, and [[|+|m| = n is the order of the resonance. All resonance conditions can

be graphically represented in a tune diagram where the fractional parts ¢, and g, of the tune

are represented on the two axes. Such a tune diagram up to the order of 7 is shown in Fig. 2.3

Fractional Tune g,

0.0 0.2 0.4 0.6 0.8 1.0
Fractional Tune ¢,

Figure 2.3: Tune diagram up to 7*® order [Fit12]. Only the fractional part of the tune is shown.
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In the LHC, resonances up to 12" order must be considered, so the accessible ranges for the

tune are very narrow. The tune, used for both beams in the LHC (at collision) is [BT04]
Q. =5931,  Q,=64.32. (2.29)

These values have to be kept constant, even if the magnet configuration is locally changed.
If the phase advance over one part of the ring is modified, the difference in phase will have to

be compensated in other parts of the machine.

2.1.6 Periodic Dispersion

The general solution of the equation of motion is the sum of the solution of the homogeneous

part and one particular solution of the inhomogeneous equation [Wie99]
u(s) = up(s) + ui(s) . (2.30)
The following particular solution of the inhomogeneous equation can be deduced [Hin0§|

ui(s) = n(s)§, (2.31)

is the relative momentum deviation from the design momentum. The function

where £ = %

n(s) is periodic with period C, and is referred to as the periodic dispersion function
n(s)=n(s+C). (2.32)

Like the Twiss parameters, the periodic dispersion is a function of the machine configuration.
The physical meaning of Eq. is that particles with non-zero momentum deviation have an
additional amplitude which is proportional to the relative momentum deviation £ and the value
of the dispersion function. At a given position s, the periodic dispersion is a function of 3(s),

the bending elements and S-functions in the entire machine, and of the machine tune [Hin08]

Besides the definition of the periodic dispersion function, Eq. elegantly describes the first

order tune constraint (@ # n), since the denominator goes to zero for integer tunes. Later-

n(s) =

on, the local dispersion is introduced, occurring if formerly ideal particles lose momentum in
consequence of a particle interaction at the IP (see Chap. [4.2.1)).
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2.2 Transverse Dynamics of Particle Beams

In a real accelerator, the beams consist of a large number of particles. From that fact, a lot of
new physics arises, compared to a single particle description. The following chapter, however,

concentrates on the aspects which are important for the high g*-optics development.

2.2.1 Transverse Emittance

In the description of a particle beam, one very important parameter is the transverse beam size
at any given position s. The particle density in transverse phase space is (in an idealized model)
a Gaussian for both, u and u/, as shown in Fig. 2.4 Since the Twiss parameters are defined
by the machine configuration, the orientation of the phase ellipses with the accessible states are
the same for all particles. The only individual parameter for every particle is a, which is related
to the area of the individual phase space ellipse. Furthermore, Eq. 2.23] shows that the largest
possible amplitude of u(s), for a given machine configuration at a fixed position s, is a pure
function of a. To determine the beam size, the root mean square argnms can be considered. The
square of this quantity is defined as the RMS emittance of the particle beam [Tur95].

e = (@) s - (2.34)

In consequence, for one transverse direction, the RMS beam size of the particle beam is

o(s) =+/epf(s). (2.35)

F/ \

Figure 2.4: Schematic illustration of the particle distribution in phase space with the 1 o ellipse.

The particle density can be described by a Gaussian for either of the canonical coordinates.
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In the framework of the description by Hill’s equation, a is a constant for every particle, so
ayg = € is not changing while the beam moves in the machine (Liouville’s Theorem), if the
acting forces are purely conservative [Hin08]. However, there are non-conservative effects which
change the beam emittance. Examples for such processes are intra-beam scattering, beam-beam
interaction or synchrotron radiation [Wie99]. A drastic change of the emittance occurs during
the ramp of a beam. While ramping, the emittance shrinks as [+ rises (relativistic S-value
and Lorentz factor 7), so € is a momentum dependent quantity. In order to be able to compare

emittances at different beam energies, the normalized emittance is defined as [Hin08]

ey = Bve. (2.36)

Since the beam size is directly related to /e, the available aperture in the vacuum pipes, in

terms of the beam size o, is much larger top energy than at injection energy.

2.2.2 Beam Size

Also the longitudinal particle density can be described by a Gaussian. The RMS-value of the

squared relative momentum spread is defined by [BT04]

(62) = <<p_ppp>2>ms , (2.37)

where p is the ideal momentum and p, is the momentum of the individual particle. Thus, the
total RMS beam size is given by [Hin08]

o(s) = VeB(s) +12(s) (2) (2.38)

where 7(s) is the periodic dispersion function at the position s.



16 2. PARTICLE ACCELERATOR PHYSICS

2.3 Beam Optics

The matrix formalism, describing transformations of the (u,u’)” vector, is similar to the for-
malism of ray transfer matrices, used for the description of photon beams in presence of
lenses [Tra07]. The magnet configuration in an accelerator is therefore referred to as an op-
tical configuration. In the following, a general description is given for the transformation of the
(u,u’)T vector, but once the transfer matrix M is known, the generalization to the transfer

matrix M of the Twiss vector (B,a,7)" can easily be done by means of Eq. m

2.3.1 Drift Spaces

The most simple case for a transfer matrix is obtained for the drift space with k = p~! = 0, so
if there are no magnetic forces acting at all [Wie99]
1 d
Marise = . (2.39)
0 1

Particles in a drift space just move linearly, while keeping the initial divergence. The betatron
function is proportional to the square of the RMS beam size, so the evolution of the S-function

in a drift space is a parabolic function with respect to s (see Chap. [2.3.4).

2.3.2 Quadrupoles in Thin Lens Approximation
A focal length f can be assigned to a quadrupole of effective length L and strength & [Hin08]
f=(kL)™'. (2.40)

If the focal length of the quadrupole is much larger than the effective length, the matrix in
Eq. defined by Eq. and Eq. can be approximated by the simple form [Hin08]

1 (2.41)

1 0
fl

This is the transfer matrix of a thin lens in geometrical optics [Tra07]. The focal length in

horizontal direction is the negative of the focal length in vertical direction and vice versa

fx = *fy . (2.42)

If f < 0, the quadrupole is focusing in the respective plane, if f > 0 it is defocusing. The thin
lens approximation allows the analysis of different arrangements of quadrupoles in a very simple

way. It is used in the following for the calculation of different quadrupole lattices.
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2.3.3 FODO Lattice

The FODO lattice is a periodic arrangement of focusing and defocusing quadrupoles, used
for the transport of particle beams, while maintaining the transverse beam dimensions small.
Considering quadrupoles of focal length +f, placed at a distance d from each other, the total

transfer matrix for one period, starting at the centre of a focusing quadrupole, is given by [Tur95]

1 0 1 d 1 0 1 d 1 0
MFropo = . . ) (2.43)
Pl 1 0 1 7 1 0 1 bl 1

If uf, = 0, the transformation by the matrix Mpopo leads to a periodically modulated (u,u)”
vector with period 2d. Corresponding to this, a particle beam which is matched to a = 0 at the
centre of the first FODO quadrupole, will have an oscillating S-function with the same period .

The betatron phase advance per period A, can be deduced to [Hin08]

Ay, = % sin! {izdf] : (2.44)

The p-functions of a matched beam for some FODO periods of the LHC arcs are shown
in Fig. 25l The magnetic elements of the LHC beam line are shown on top of the figure.
In the following, representations of beam parameters are shown with the beam line layout on
top, to facilitate the assignment of the quantity to the magnetic elements in the machine. The

blue and red boxes indicate focusing and defocusing quadrupoles, respectively.
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Figure 2.5: Betatron functions in the FODO cells of the LHC arcs (blue for horizontal, red for
vertical). The quadrupoles which are focusing/defocusing in z-direction are labeled with F and

D, respectively. Two successive quadrupoles are separated by three cells of bending dipoles.
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2.3.4 Quadrupole Triplet and 3*-Value

The particle beams are squeezed at the Interaction Point, in order to have the same beam
size in both transverse directions. Focusing in both directions can be achieved by means of a
quadrupole triplet. The triplet consists of three quadrupoles, where two successive magnets are
placed at a distance d from each other. The negative focal length f. of the quadrupole in the
centre is approximately half of the focal length f, of the outer quadrupoles [Wie99]

f:fo%_2fc' (2.45)

The resulting transfer matrices are different in the two planes z and y

d? d d? d

o 124 2d<1+7> o 1-24 Qd(l—?>
/y ~ d d d2 ’ v/z = d d 2
~24 (17?> 124 24 (1+7) 1-24

(2.46)

However, in the approximation of large focal lengths d < f, these two matrices become identical.

Both can be expressed as a matrix of a single thin lens, with a focal length of [HinOg]

d
fopy = f% (2.47)

Ideally, the beam dimensions after the triplet should reach a minimum at the Interaction Point,
thus o = 0 (parameters at the collision point are denoted by a * in superscript). Starting at
the beam waist, the transition to any point before the triplet is described by the matrix of a
drift space (see Eq. . If o = 0, the B-function at any position s is given by [Hin08]

(s — s%)?

g

describing a parabola with minimum at s*, which is shown for different S*-values in Fig. 2.6

B(s)=pB"+ (2.48)

Besides the [*-value, the beam divergence at the collision point is of particular interest.

The general expression for the divergence is given in Eq.

uRMs = VeV, (2.49)

which is in the special situation of o* =0

upms(8¥) = \/; (2.50)

This means that the divergence at the collision point decreases as /3* rises.
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Figure 2.6: Left: S-functions around a beam waist for different 5*-values. Right: Beam dimen-

sions around a beam waist for different 5*-values (ey = 3.75 umrad at 7 TeV, no dispersion).

2.4 Phase Space Matching

The actual machine configuration is determined by k(s) and p(s), while the lengths of the drift
spaces and the magnetic elements are fixed with the configuration of the accelerator. Every
machine configuration possesses specific eigenfunctions of the Twiss transfer matrix M of either
a specific section or the entire machine [Hin08|]. Colliders like the LHC have different regions with
experiments or functional units (Insertion Regions, IRs) which are separated by the regions with
periodic FODO lattices (see Chap. [3.2). At every transition between two successive sections (1)
and (2), the optical functions «, 8,n,7" must be matched [Wie99)

(a, B,m,1) 1y = (o, 8,1, ) 2) - (2.51)

If the local optical configuration is changed in one region, the optical functions at the end of
the region must be matched to the requirements of the following section [Wie99]. Mismatched
optics in a part of a circular accelerator will negatively affect the betatron functions in the whole

machine.
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2.5 Beam-Beam Effects

2.5.1 Crossing Angle

In the collision regions, where the two counter-rotating beams share a common vacuum pipe,
the bunched particle beams usually have more than one potential bunch encounter. Besides the
Interaction Point, where two bunches should meet, there are many parasitic bunch encounters,
where interactions could take place. If the beams are not supposed to collide at all, for example
when a beam is stored or ramped, the two beams are fully separated by a separation bump
(see Chap. [3.4.3). To bring the beams into collision, the separation bump is switched off [BT04].

However, in the collision mode, the two beams must still have a sufficiently large separation at
every potential encounter except at the Interaction Point, in order to avoid secondary collisions
and strong beam-beam perturbations. Such secondary interactions can be avoided if a crossing
angle is applied [Cha99| (see Fig. 2-7)and Fig. [2.8). The separation at the parasitic bunch-bunch

encounters depends on the bunch spacing and on the crossing angle of the two beams.

Due to the crossing and separation schemes, the actual orbit of the two beams is not in the
centre of the magnets. The orbit is characterized by the transverse positions x and y of the
beam centre in the transverse coordinate system. The angle which is enclosed by the ideal
trajectory (which is defined by the magnets) and the axis through the beam pipe centre at the
IP location is defined as ¢ /2. The full crossing angle is the angle between the ideal orbits of

the two beams, so f¢ if the two beam orbits are symmetric [Cha99].

Pacman bunch Pacman bunch
12.5 ns

3.75m

——  Head-on
collision

long-range
collisions

I Ax

Figure 2.7: Bunch structure of two colliding beams with parasitic encounters. The separation

Az depends on the bunch spacing and on the crossing angle 6. Graphics taken from [B™12al.
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Figure 2.8: Three dimensional 1 ¢ beam envelopes in collision mode at IR2 of the LHC.

2.5.2 Long-Range Beam-Beam Interaction

One of the most limiting factors for luminosity (see Chap. is the beam-beam interac-
tion [CASO06]. The dense particle bunches are carrying large amounts of electric charge.
In the regions of a particle accelerator where two counter-rotating beams share a common vac-
uum pipe, these bunches interact while passing by each other. At every bunch encounter, the
electromagnetic force acts on the other bunch and gives a radial kick, which leads to a tune
change of the corresponding particles [CAS06]. For very large separations, this tune shift can

be quantified by means of the so-called long range beam-beam tune shift parameter [Cha99]

(e ¢y — 1 ZNro (B:,—5y) ((Az)? — (Ay)?)
VS 2y ((Az)? + (Ay)?)? ’

(2.52)

where Z is the charge of the particles, N is the number of particles per bunch, r( is the classical
proton radius, v is the Lorentz factor, §; is the betatron function at the collision point, and
Ax and Ay are the separations in the two respective planes. The long range beam-beam tune
shift parameter can be used to quantify the strength of the beam-beam interaction, and to com-
pare different machine configurations or accelerators. A simple criterion for adequate separation
is that the beam-beam separation at the first parasitic encounter is larger than 5.5¢ to 7o and
the tune shift parameter is smaller than 1073 — 10~* [Cha99]. However, this criterion is not

exclusive and not respecting all aspects of the interaction (e.g. nonlinearities).
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2.6 Luminosity

The two most important quality factors for a collider are the top energy and the luminosity.
The latter is a quantitative approach to the number of interactions per time, which take place
if a certain beam configuration is applied. In particular, the luminosity £ (in units of cm=2s~1)

is related to the average number of interactions per time unit by [Hin08]

dN;
=L 2.53
a7 (2.53)
where o is the cross section for the respective interaction. For frontal collisions (6c = 0) of
round beams (8% = 8; = 8y, and € = €, = ¢,), the luminosity is given by the expression [Cha99]
N1 Ny
Lo=fk , 2.54
o= fkp Ireh (2.54)

where f is the revolution frequency of the particles, N; and N» are the number of particles
per bunch in Beam 1 and Beam 2, respectively, k; is the number of bunches circulating in the
machine, € is the emittance and 8* is the betatron function at the collision point. A crossing
angle reduces the luminosity, because the collisions are not frontal in this case. The total

luminosity is then the product of the expression in Eq. with a correction factor F¢
L=LyFc, (2.55)

where the correction factor is a function of the crossing angle 6, the transverse RMS beam size
o* = 0, = o, and the longitudinal RMS beam size o; [Hell0]

1 1
Fo = : . (2.56)

* 0, [%
\/1—|—(‘;ltanzc> \/1—1— (%tan70>

For very small angles 0 and o* < oy, the expression in Eq. can be approximated by

For — . (2.57)
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2.7 MAD - Methodical Accelerator Design

2.7.1 MAD-X

MAD (Methodical Accelerator Design) is an accelerator code which is developed at CERN since
1983 [MADal. The current version, which is used for the calculations in this thesis, is MAD-X.
The software allows the optics design and evaluation for various types of particle accelerators.
The definitions of the accelerator sequence with specification on the different magnetic and non-
magnetic elements can be loaded from external files. Such sequence files are available at the
CERN servers for every machine of the CERN accelerator complex (see Chap. [3.1)). A specific
strength is assigned to every magnet in the sequence. Also, the strength values for the individual
configurations which are regularly used in the LHC, are available on the CERN servers. After
loading one strength file, the individual magnet strengths can be changed by loading a second
strength file or by using the interactive shell. This allows modifying the magnet configuration
in one region, while the unvaried optical configuration in the rest of the machine is used.

One very important tool for the optics development is the matching module. This module allows
to find the corresponding magnetic strengths which are needed to fulfill defined constraints of the
optical configuration. The matching is carried out numerically, by means of different selectable
algorithms. The result depends on the number of variables, on the allowed ranges of the variables,
and on the number and type of boundary conditions. For each matching, MAD-X calculates a
penalty function which is the sum of the square of all the deviations from the quantities under
constraint [MADal].

If the user provides a strength and a sequence file, the MAD Twiss module can calculate different
beam parameters, such as the a, 5, y-functions, but also the beam orbit positions in horizontal
and vertical direction x and y. Furthermore, specific functions of the beam parameters can be
defined and calculated. Apart from this, the machine aperture with known tolerances can be
loaded, which allows the calculation of ny (see Chap. [3.7). The output of a Twiss calculation is
usually saved in an external file which can be loaded by other software. MAD provides a plotting

module for the creation of postscript files with plots of the desired quantities in a specific region.

A user’s guide with the different functions can be found in [MADD].
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2.7.2 Madtomma

Due to the history of the MAD development and because of the complexity of the LHC ma-
chine, the use of MAD-X is quite unhandy and the post-processing of the obtained data re-
quires external software. An integrated environment for Wolfram Mathematica is developed by
John M. Jowett and others to use MAD-X within Mathematica, and to read in files from external
Twiss calculations [Jow97]. The software is a collection of packages which are under permanent
development and can be modified by the user. The framework of Mathematica allows the user
to automate the creation of MAD files and to follow up with an automated data analysis of the
output. Furthermore, the graphical tools in Mathematica can be used to visualize the beam
parameters. Most of the figures in this thesis, which show the evolution of beam parameters
over a specific region, have been produced by means of Madtomma. In particular, the possibility

to show a schematic drawing of the beam line in the region of interest is used for many figures.



3. The Large Hadron Collider

Introduction

The Large Hadron Collider (LHC) is the world’s largest and most powerful particle accelerator,
providing energies that have never been reached by any man-made accelerator before. The LHC
is a circular proton-proton (pp) and heavy-ion (Pb-Pb) collider with a circumference of 26.7 km,
designed for a centre of mass energy of /s = Z-14 TeVE] IBT04]. The collider was built at the
CERN research centre for nuclear physics, close to Geneva/Switzerland. For the installation,
the tunnel of the former Large Electron Positron Collider (LEP) was used, which is located
at a depth of 50-150m underground [Bac89]. At the end of 2009, the LHC outreached the
until then highest proton energy of 1.05 TeV per beam, reached by the Tevatron collider at the
Fermi National Accelerator Laboratory in the USA [CER09]. As yet, the highest centre-of-mass
energy the LHC has reached is /s = Z-8 TeV [CER12]. In 2012, until the end of pp operation
before Long Shutdown 1 (LS1), the LHC delivered an integrated luminosity of 23.3 fb~! to the
experiments. During the first 4 years of data taking at the LHC, many new observations could
be made, including the discovery of the new x;(3P) state [ATL11] and the observation a formely
unknown boson with a mass of approximately 125 GeV /c?, which could be the long sought Higgs
particle [ATL12].

3.1 The CERN Accelerator Complex

The LHC is installed at the end of a complex injector chain, where the particle beams are accel-
erated to the LHC injection energy of 450 GeV [BT04]. Apart from the LHC, other experiments
and accelerators are served by the pre-injectors, e.g. the antiproton decelerator (AD), the iso-
tope online detector (ISOLDE), and many more. In its entirety, the network of accelerators at
CERN is referred to as the CERN accelerator complex. The whole complex (status end of 2012)
is schematically illustrated in Fig.

1Z indicates the ion charge.
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Figure 3.1: The CERN accelerator complex [Lef08].

In proton operation, the beams start with a hydrogen source, connected to a linear accelerator
(LINAC2), which accelerates the protons to a kinetic energy of 50 MeV. This is the injection en-
ergy of the Proton Synchrotron Booster (PSB) which increases the kinetic energy up to 1.4 GeV.
After this, the protons are injected into the Proton Synchrotron (PS), where they are accelerated
to 26 GeV. From the PS, the particles are injected into the Super Proton Synchrotron (SPS)
which provides the acceleration to the LHC injection energy of 450 GeV.

Heavy-ions are initially accelerated to a kinetic energy of Z -4.2 MeV inside LINAC3. Then, the
ions are injected into the Low Energy Ion Ring (LEIR) to reduce the beam emittance by electron
cooling [LM93]. Once injected into the PS, the way to the LHC is the same as for protons.

3.2 LHC Layout

In the LHC, the two hadron beams move in distinct beam pipes in opposite directions
(Beam 1 clockwise, Beam 2 counterclockwise). The particles are kept on a circular trajectory
by 1232 superconducting dipole magnets which are operated at a temperature of 1.9 K and cre-
ating a magnetic field of up to 8.3 T [B¥04]. 474 quadrupole magnets, operated at either 1.9 K
or 4.5K (depending on the magnet type), are used for the beam focusing. Reaching the LHC
design energies requires a pressure of less than 10~ mbar inside the vacuum pipes [AW12].
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Figure 3.2: LHC and Insertion Region layout (based on [B™12a] and [BT04]).

The machine is divided into 8 octants, containing the Insertion Regions (IR), which host the
different experiments and functional units [B¥12a]. The experimental IRs itself can be subdi-
vided into different regions, depending on the functionality of the respective quadrupoles. From
outer to inner, these regions are the dispersion suppressor (DS) region, a matching section (MS),
a focusing triplet (T) section, and the magnet-free collision point region (IP), see Chap. and
Fig. 3.2] The inner part of the IR (starting from the MS) does not contain bending magnets, so
the beam pipes are straight in these regions (this section is called Long Straight Section, LSS).
Close to the four collision points of the LHC, both beam pipes are fused to a common vacuum
pipe, so the beams can be brought into collision (see Fig. [3.4). Two successive IRs are separated
by an arc, containing the bending dipoles and a periodic FODO lattice of quadrupoles [B¥12a].
The injection of the particle beams from the SPS into the LHC takes place at IR2 for Beam 1 and
at IR8 for Beam 2 [BT04].
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Figure 3.3: Optical configuration of the LHC in regular pp collision mode at LHC design energy.
The periodic FODO structure in the arcs, and the matched optics in the different IRs are clearly
visible. 3, in blue, 8, in red, 1007, in green.

The quadrupoles in every octant are labeled by their type and their position with respect to the
closest Interaction Point (IP). The IR quadrupoles are those from Q13 left to Q13 right of the
IP [BF04]. The positions of all insertions in terms of the distance from IP1, which is called the
global LHC s-variable, is given in Table B.1l The optical configuration in the whole machine is
shown in Fig. Since IR2 is the region of interest in this thesis, this region is discussed in
more detail in Chap. |3.5

3.3.1 Layout

Due to the bending magnets in the arc regions, the horizontal dispersion function at the be-
ginning of the IR is very large and must be reduced for the collision region. At the beginning
of every experimental IR, the DS, a section of 4 quadrupoles and 2 dipoles, provides a first
matching of the betatron functions and a reduction of the periodic dispersion function. This is
reached by a so-called missing dipole structure [B¥04].
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Figure 3.4: Layout of the right hand side of the IR1 Long Straight Section [B™04].

Thanks to this initial reduction, the horizontal dispersion functions can be brought to zero at
the IP, if all the bumps in the machine are switched off (see Chap. [3.4.3). Four independently
powered quadrupoles are installed between the DS and the low S-triplet, composing the matching
section. In this section, the optical functions are modified to match the requirements of the final
focusing quadrupole triplet [BT04, BT12al]. Between the matching section and the triplet, a set
of two dipoles is installed to guide the beams from the two separated pipes into the common
vacuum pipe and vice versa. In the triplet, the two beams are already moving in the same pipe.
The described properties apply to the four experimental regions IR1, IR2, IR5, and IR8. In the
functional insertions IR3, IR4, IR6, and IR7, the beams are always moving in two distinct beam

pipes and no triplets are installed (see Fig. 3.5 and Fig. [3.6)), because no collisions take place.

Table 3.1: Locations of the eight IRs of the LHC in terms of the global LHC coordinate.

Position s [m]

Region Start of DS IP End of DS

IR1 26111.7 0 547.2
IR2 2785.7 33324 3879.2
IR3 6117.5  6664.7 7211.9
IR4 9450.3  9997.0 10543.7
IR5 12782.1 13329.3 13876.5
IR6 16115.0 16661.7 17208.5
IR7 19447.0 19994.2 20541.4

IR8 22779.8 233154 23873.3
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3.3.2 Experiments and Functional Units
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Figure 3.5: Basic layout of the right hand side of TR4 [BT04].

The regions IR1 and IR5 are host of the ATLA@ and CMSﬂ experiments, respectively. Both
are high luminosity insertions which have been optimized for smallest 5*-values in proton runs
(6* = 0.55m at 7TeV). Their layout in terms of the quadrupole positioning is very similar.
In the pp high-luminosity mode, the g*-value at injection is 11 m for both regions. The two
experiments are dedicated to the search of new physics, e.g. the Higgs particle and SUSY.
Besides the CMS detector, the smaller TOTEM [] Roman Pot detectors are located in IR5. This
experiment is dedicated to the study of diffractive physics and to the measurement of the pp
cross-section (see Chap. [d). For these studies, a dedicated optical configuration with a very large
[B*-value is necessary. The optics for these measurements have 5*-values in excess of 1000 m.
A similar setup is installed in TR1 with the ALFAF| sub-detectors. The measurements in both
regions, IR1 and IR5, are realized at the same time [BT11].

The smallest experiment is the LHCiﬁ experiment, hosted in IR1, which measures the forward
energy and particle flow for an improved understanding of cosmic rays [LHC13].

The regions IR3 and IR7 contain beam collimation systems and are host of the primary and
secondary collimators. There are no collisions in these two regions, so the optics are optimized
for the collimation [B*04].

IR4 serves for the acceleration of the particle beams and hosts radio frequency and feedback
systems [BT04]. The accelerating cavities are installed in the former ALEPH[| cavern from
the LEP accelerator [BT04]. The region is not subject to serious optical constraints, but the
dispersion function at the cavities should be matched to be zero [AT08|. The current IR4 optics
at top energy, having a phase advance of AyIR/ Ai/JZI/R =2.143/1.870, are shown in Fig. 3.6

2A Toroidal LHC ApparatuS

3Compact Muon Solenoid

4Total Cross Section, Elastic Scattering and Diffraction Dissociation at the LHC
5 Absolute Luminosity For ATLAS

5Large Hadron Collider forward

7 Apparatus for LEP PHysics at CERN
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Figure 3.6: IR4 optics in the collision mode at top energy [BT04](global LHC coordinates). The
periodic dispersion is here denoted by D. Blue: 3, red: 3,. Dashed lines represent the periodic
dispersion (all bumps are switched off). Left: Beam 1, right: Beam 2.

IR6 is hosting the beam dumping system: In case of instabilities, or if the intensity of the beams
has decreased below a certain level, the beams are kicked into a 7m long segmented carbon
cylinder in a specially shielded environment [BT04].

The LHCblﬂ experiment, is hosted in TR8. Similarly to ALICE, the experiment houses a big
spectrometer magnet and the injection magnets for one of the two LHC beams (Beam 2). The

experiment is designed for the study of CP violation in charm and beauty particle decays.

8LHC beauty experiment
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3.4 Beam Properties in the LHC

3.4.1 Beam Parameters

Table 3.2: Beam parameters of the LHC in different standard operational modes [B704].

Protons Lead Ions
Unit Injection Collision Injection Collision

Energy [GeV] 450 7000 36900 574000
Relativistic ~ 479.6 7461 190.5 2963.5
Max. LuminosityH [em™2571] 1.0 - 1034 1.0 - 10?7
Num. of bunches 2808 992
Bunch spacing [ns] 24.95 118.58
Part. per bunch 1.15-10" 6.7-107
Beam current [A] 0.582 0.00612
Norm. emittance  [pmrad] 3.50 3.75 1.40 1.50
Bunch length oy [cm] 11.24 7.55 9.97 7.94
Momentum spread [1073] 1.90 0.45 0.39 0.11
g* at 1P2 [m] 10 10 10 0.55

“In ATLAS and CMS for protons, in ALICE for heavy ions.

The LHC can be operated in a large number of different modes and has a large dynamic energy
range (450GeV < Epeam < 7000 GeV).
configurations is given in Table B.2l From injection mode to the collision mode (see Chap. ,

the normalized beam emittance slightly increases. In design configuration, it is foreseen to have

An overview of basic properties at different beam

2808 bunches per beam circulating in the machine, which corresponds to a bunch spacing of
251ns or 7.495m. Up to now, these bunch spacings have only been realized in special machine
development runs. The nominal filling scheme for pp operation in the past running period was
using a bunch spacing of 50 ns or 14.9 m. The normalized emittances under real conditions were
much smaller (as low as ey = 2.0 umrad [KT11] at 3.5 TeV), than those which are considered
in the LHC Design Report, because the injectors were capable to deliver beams of a very good
quality to the LHC.
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3.4.2 LHC Cycle

During the LHC operation, specific conditions must be fulfilled for every step from injection
to collision. One full operational cycle of the LHC in high-intensity pp operation is shown in
Fig. 377l The different steps in one physics cycle are [BT03):

1. Filling of the machine: Injection of particle bunches from the SPS.
2. Ramping: Acceleration of the particle beams to the desired energy.
3. Squeeze: Transition from the injection to the collision optics.

4. Physics: Letting the beams collide in the Interaction Points.

5. Dump: Dumping of the particle beams in IR6.

6. Ramp down: Bringing the magnet currents down to zero.

7. Prepare Injection: Bringing the magnets to injection configuration.

This procedure is different if special running conditions are applied.

14000.0 - -9
Beam dump 8
12000.0 A
-7
Ramp down 10000.0 6
€ .
2 1 Physics 8000.0 Prepare| | 5 =
é Physics =
m 6000.0 -4
injecti -3
Preinjection 4000.0 -
plateau Lo
2000.0 A 1
Injection i
T T T GG T 0
-3000.0 -2000.0 -1000.0 0.0 1000.0 2000.0
Time [s
[s] Start ramp

Figure 3.7: LHC cycle in the standard high intensity mode [BT03].
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3.4.3 Separation and Crossing Bumps
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Figure 3.8: IR2 horizontal separation bumps (left) and vertical crossing bumps with spectrometer

magnet switched on (right). Blue: Beam 1, Red: Beam 2.

In the central part of the experimental IRs, where the two beams move in a common vacuum pipe,
separation and crossing schemes are applied to avoid unwanted interactions (see Chap. [2.5.1)).

During all the stages of the cycle where no collision is supposed to happen, the two beams are
fully separated by a separation bump which is created by the dipole corrector magnets (see
Chap. [3.5.3)). This bump can be either in the horizontal or in the vertical direction. In ALICE,
a horizontal separation bump is applied, which leads to a separation of 5o [BT04].

In the collision mode, the bunch-bunch separation at the parasitic bunch encounters is provided
by a vertical crossing bump, which is induced by the corrector dipoles and by the ALICE spec-
trometer magnet. The largest reachable crossing angle at LHC design energy is 0o = 300 prad.
The IR2 crossing and separation schemes in pp mode at LHC design energy are shown in Fig. [3.8

If the vertical bumps in the accelerator are switched on, the vertical periodic dispersion function
in the machine is non-zero. Additionally to the bumps induced by the orbit corrector magnets,
the spectrometer magnets in the two experiments ALICE and LHCb lead to deviations of the
ideal orbit and of the horizontal and vertical dispersion functions. The impact of the ALICE
muon spectrometer bump on the crossing angle is discussed in Chap. [3.6

For the calculation of the dispersion function, the bump settings in all IRs must be taken into
account. In the following, for every graphical representation of the periodic dispersion, the

corresponding settings will be indicated.
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3.5 Insertion Region 2

3.5.1 Layout
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Figure 3.9: Layout of the left hand side of IR2 (without dispersion suppressor and arc) [B¥12a].

The inner part of IR2 is shown in Fig. 3.9 All quadrupoles, except the triplet magnets,
are double bore magnets, with one quadrupole for each beam, installed in the same cryostat
(see Fig. B.10). The trim quadrupoles Q12 and Q13 are considered to be IR quadrupoles, but
are installed before the DS. The dispersion suppressor reaches from Q11 to Q8, the matching
section from Q7 to Q4, and the final focusing triplet from Q3 to Q1. The quadrupole positions,
but not the quadrupole types, are the same on the left and right hand side of the Interaction
Point. IR2 is an exceptional region because Beam 1 is injected between Q6 and Q5 on the
left hand side of the region. Therefore, additional magnets, the injection septum MSI and the
injection kicker MKI are hosted here. The aperture of Q5 on the left side is increased to pro-
vide more space for possibly mismatched beams [Bri99]. The separation/recombination dipole
magnets D1 and D2 are installed between Q3 and Q4, in order to guide the beams from the
common vaccum pipe to the separated beam pipes and vice versa. Before D2, the Zero Degree
Calorimeter (ZDC) is installed, which is part of the ALICE detector (see Chap. [3.6).

Figure 3.10: Profile of a LHC MQM double bore quadrupole .
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3.5.2 Quadrupole Magnets

Magnet Types and Properties

Table 3.3: Quadrupole magnet parameters in IR2 [BT04, [Brii99].

Long Straight Section Optical DS
Triplet Matching Section Dispersion Suppressor Arc Cell
Quad | Q1 | Q2| Q3 | Q4| Q5 | Q6| Q7| Q8 Q9 Q10 | Q11 | Q12 | Q13
Modules | 1 2 1 2 1 2 1 1 1 1
MQ4 |XL| L |[XL|Y |Y/M{/M |[M | ML | M/MJ9| ML | TL T T
L[m] |63]|55]|63 3.4 4.8 | 3.4/2.4° | 4.8 1.15 0.32
T K] 1.9 45 1.9 1.9 1.9
g [T/m] 215/220 160 200 200 110 110

“The prefix of the magnet denomination: MQXL, MQL, MQY,...
YLeft /right of IP2.
‘First and second module QA and QB.

Various types of magnets are used in the LHC, depending on the specific requirements in the
corresponding region. Every magnet type has a particular nominal gradient (see Table [3.3).
Some of the quadrupoles can be driven with both polarities, whereas others can only be operated
with one given polarity. Depending on the expected beam sizes, some quadrupoles are designed
as high aperture magnets (e.g. the MQY quadrupoles), but have a reduced nominal gradient.
The quadrupoles in IR2 have some meters of length and are cooled down to a temperature of
1.9K/4.5K. Some of the magnets are installed twice in a very short distance from each other
(referred to as one magnet split into two modules QA and QB). In the following, the magnet
strengths are given in terms of k (see Eq. , in units of m~2. In the LHC, each quadrupole
strength is assigned to a specific denomination, indicating the quadrupole’s type, position, and
which beam it is acting on. For example, the expression KQTL11.R2B1 denotes the strength of
the MQTL trim quadrupole Q11 right of IP2, for Beam 1. A complete table with all quadrupole
strength denominations and the respective allowed ranges in terms of k is given in Table [.1l in

the Appendix. Details on the different quadrupole types can be found in [BT04].
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Triplet Quadrupoles

Cryostat at 1.9 K

Q3 Q2 Q1
DFBX H H MQXA H [] MQXB H MQXB H MQXA
N K- | | | | | !
‘ \ 6.37 \ 2.985 | \ \ 5.5 2715 | 6.37
, 1.0
MCBXH/V TASB MCBXH/V MCBXH/V

MCSOX MQSX

Figure 3.11: IR2 low j-triplet, schematic arrangement (original drawing in [B104]).

The triplet quadrupoles are special magnets designed at KEKE] (MQXA, a single module magnet
used for Q1 and Q3) and at FNAIF;O] (MQXB, a two-module magnet used for Q2) [BT04]. They
are hosted in the same cryostat, together with corrector dipoles and skew quadrupoles, as shown
in Fig. The powering strength of the triplet quadrupoles is called KQX.L2 for the left side
and KQX.R2 for the right side of the IP. The two strengths must obey the constraint

KQX.L2 = ~KQX.R2. (3.1)

In addition to the main powering strength, which is related to the common current in the three
quadrupoles, the currents of the individual magnets can be adjusted by two independent triplet
trims with the strengths KTQX1.L2 and KTQX2.L2 (correspondingly .R2 for the right side).

R /2

Figure 3.12: Powering scheme of the triplet quadrupoles with the trims [BT01].

9k5-enerugi kasokuki kenkyii-kiko research centre, Tokio, Japan.
0Fermi National Laboratory, Chicago, USA
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Table 3.4: Circuit parameters of the three triplet power converters [BT01].

\ PC1 \ [8kA,8V] \ PC2 \ [6kA,8V] \ PC3 \ [+£600 A, +10 V]

Rl 0.6 m$2 R2 0.8 m R3 1.4 mQ)
1 380s D) 50s T3 65s

The powering scheme of the triplet magnets, including the triplet trims is shown in Fig.
Power converter 1 (PC1) provides the main supply of the triplet (KQX). PC2 is the trim supply
for quadrupole 2 (KTQX2) and PC3 for Q1 (KTQX1). The circuit parameters of the power con-
verters are given in Table 3.4l The arrangement of the triplet magnets with the shown cabling
imposes constraints on the currents of the trims. The maximum current of PC2 is the differ-
ence Ipco = Al = 4780 A, between the maximum currents of MQXB and MQXA. The power
converter for the trim of Q1 is independent and can produce a current of Ipc; =600 A [BT04].
Also the KTQX strengths should be anti-symmetric on both sides of the IP.

Cabling

The double bore quadrupoles Q4-Q10 in the MS and the DS are imposed to an additional
constraint, due to the present cabling. In Fig. the cabling of the power converters for
the two channels of the double bore magnets is shown. Since the two coupled power converter
circuits have only one common return cable drawn back, the current in the left channel of the

double bore magnet may only be twice as strong as in the right channel, and vice versa [Burl3].

PC1 PC2
0 0
Y Y
1 1
N N

N D I

Figure 3.13: Cabling of the double bore quadrupoles [Burl2a]. Only one return cable is installed

between the two power converter circuits, which limits the accessible current in one channel as

a function of the current in the other channel.
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If the current in the left channel is denoted by I; and the current in the right channel by I,

the constraint can be summarized by
05<L/I; <2. (3.2)

The current ratio constraint limits the applicable optics in terms of B1/B2 symmetry, so the
optics of Beam 1 may not be too different from the optics of Beam 2. This constraint has to
be considered in the design of an optical configuration for the LHC. In principle, the ratio limit

can be abolished, if an additional cable is installed in parallel to the existing cable [Burl2al.
3.5.3 Corrector Magnets

Table 3.5: Vertical orbit corrector magnet types in IR2 [B704].

Magnet  Length [m] BmaXH [T]

MCBYV ~ 0.899  3.00/2.50
MCVCV 0904  3.11/2.33
MCVXV 0480 3.26

“At 1.9/4.5 K. The triplet corrector magnet MCVXYV is always operated at 1.9 K.

Several dipoles are used as corrector magnets to control the orbits of the particle beams [BT04].
They are individually operated and significantly shorter than the bending dipoles, which are
14.3m long [BT04]. An overview of the vertical corrector magnet types in IR2 is given in
Table Bl Apart from orbit correction, they are used to create crossing angle and separation
bumps. One exception of the shown corrector magnets is MCVXYV. It is installed behind every

triplet quadrupole (see Fig. [3.11]), and is acting on both beams in the common vacuum pipe.

3.5.4 Beam Optics and Properties
Injection

Since the injection of Beam 1 takes place in IR2, the injection optics in this region are subject
to many constraints. For example, the phase advances between the MKI and the TDI as well as
between the TDI, and the two auxilliary collimators must be matched to specific values [BT04].
Besides the phase advance constraints, the optics must obey the constraint imposed by the

available geometrical aperture. The S*-value at injection is 10 m.
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Figure 3.14: IR2 proton collision optics at LHC design energy. Red line: f;, blue line: f,,
dashed orange line: 100 - n;, dashed green line: 100 - n,. All bumps in the machine are switched
off. Left: Beam 1, right: Beam 2.

Collision

Since the optical configuration which is used at injection would imply a too large triplet current

at top energy, the collision optics have different properties, even if the §*-value is kept constant.

The collision optics for IR2 are shown in Fig. Since the ALICE detector can only handle a
limited amount of luminosity, the S*-value in nominal proton operation is not reduced to values
below 5* = 10m [Mor0O1I]. The total crossing angle in IR2 is the sum of the external bumps by
the corrector magnets and a bump which is created by the ALICE spectrometer magnet and

the compensating corrector bumps (see Chap. [3.6)).

During nominal pp operation at LHC design energy, a total crossing angle of
Oc = 175.8 prad (3.3)
is going to be applied. The betatron phase advance over the whole IR is for both beams
WA =2.991/2.844 . (3.4)

The triplet trims are not used in the standard configuration.
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3.6 ALICE - A Large Ion Collider Experiment

ACORDE ABSORBER MUON FILTER
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Figure 3.15: Schematic layout of the ALICE detector [ALI04a].

ALICE (A Large Ion Collider Experiment) is the experiment hosted in IR2. It is designed for
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the study of heavy-ion collisions but it is used to study collisions of protons, light-ions and p-Pb

collisions as well. The main purpose of ALICE is the study of an extreme state of matter with

deconfined quarks and gluons, the quark gluon plasma (QGP) [ALIO8a]. For the identification

and the analysis of the QGP, several signatures are studied [LAO5]. To be able to reconstruct
the properties of the QGP as well as possible, the detector was optimized for a good track

reconstruction, a good primary and secondary vertex reconstruction, as well as a good particle

identification capability. The detector is composed of 18 sub-detectors. The two sides (left and
right of IP2) are called A-Side and C-Side respectively. In a generalized way, the sub-detectors

can be subdivided into three groups, depending on the pseudo—rapidityEl range which they cover:

e Central Barrel: Covering the pseudorapidity range of —0.9 <7 < 0.9,
e Muon arm: Detection and identification of muons in the range —4.0 < n < —2.5,

e Forward detectors with a coverage of 1.7 < |n| < 5.1.

"The pseudorapidity is given by = — In [tan (g)] , where 6 is the polar angle between the particle’s momentum

vector and the beam axis [Par10].
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The elements of the central barrel are installed in a solenoid which was already used for the
L3 experiment at the LEP accelerator [L3 90]. It is an octogonal steel yoke with doors that
can be opened for maintenance, but which are closed during operation [Bul02]. The solenoid
magnet is operated at room temperature and creates a nearly homogeneous field of 0.5 T [Fab08]
which allows momentum measurements of charged particles. The LHC beam pipe goes through
the centre of the solenoid. The sub-detectors in the central barrel are arranged in a cylindrical
structure around the beam pipe. A short description of the detectors in the central barrel is
given in the following (from inner to outer).

The Inner Tracking System (ITS) is the innermost detector in the central barrel and comprises
several types of silicon detectors. The main task of the ITS is the precise track reconstruction,
down to transverse momenta of 150 MeV, the precise primary and secondary vertex reconstruc-
tion, as well as the identification of the charged particle [ALIT0].

The Time Projection Chamber (TPC) is the main tracking detector in the central barrel [ALI00].
The TPC is used for the measurement of the momentum of charged particles and the particle
identification at extreme particle multiplicities present in central heavy-ion collisions. It is the
slowest detector of ALICE and therefore the limiting factor for the read-out frequency [ALIO0].
The Transition Radiation Detector (TRD) allows for an excellent electron/pion separation and
an improved tracking at high transverse momenta. It is also used to trigger on rare pro-
cesses [ALIOL].

The Time of Flight Detector (TOF) is the outermost detector with full azimuthal coverage.
The detector provides particle identification by measuring the flight time. For this purpose, it
consists of a multigap resistive plate chamber array with good time resolution [ALI0O4al.

While ITS, TPC, TRD and TOF have a full azimuthal coverage, the central barrel hosts also
sub-detectors with limited azimuthal coverage [ALIO8a]. The High Momentum Particle Identi-
fication Detector (HMPID) is a detector based on proximity focusing Ring Imaging Cherenkov
counters, used to enhance the overall particle identification capability [ALIO8b]. The covered
pseudo-rapidity range is 0.6 < || and the covered azimuthal range is A¢ = 57.6°. The PHOton
Spectrometer (PHOS) is an electromagnetic calorimeter consisting of 17920 lead-thungstate
cristal detection channels [ALIO8b|, covering 0.12 < |n| and A¢ = 100°. The Electro-Magnetic
Calorimeter (EMCal) is a Pb-scintillator sampling calorimeter in a range of 0.7 < |n| and
A¢ = 107° [ALIO8b]. In the forward region, the Forward Multiplicity Detector (FMD) and
Photon Multiplicity Detector (PMD) are installed. The FMD covers a pseudo-rapidity range of
1.7 <|n| <5.1. It is installed on both sides of the central barrel and is used to measure charged
particles which are emitted at small angles with respect to the beam axis [ALIO8b]. The PMD
measures photons in the pseudo-rapidity range 2.3 <n < 3.7 [ALIOSb].
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To filter events which are based on cosmic showers, a muon trigger called ACORDE (ALICE
COsmic Ray DEtector) is placed on top of the L3 solenoid magnet [ALIO4a].

The Zero Degree Calorimeter (ZDC) is installed twice in a longitudinal distance of £115m from
the IP. It is used to measure neutrons and protons from the interaction to reconstruct the initial
configuration of a collision [ALIO8b]. In heavy-ion and p-Pb operation, the ZDC limits the
reachable crossing angle in IR2 to ¢ =60 urad [V.J12]. In pp operation, a larger crossing angle
must imperatively be applied, because more bunches are circulating in the machine.

The TO detector is a trigger detector to supply main signals to the L0 trigger [ALI04b] and to
deliver an early wake-up to the TRD. It provides also the start signal to the TOF detector. The
VO detector provides multiplicity information and luminosity control [ALIOSD].

On the C-Side, right behind the central barrel (downstream, with respect to Beam 1), the muon
arm is located. The muon arm is composed by an absorber, a spectrometer magnet, a tracking
system, a muon filter, and trigger chambers [ALIO8D].

The muon spectrometer magnet is always switched on [AF+12] and creates a permanent bump
in the beam orbit, which is by default compensated by external corrector magnets. The spec-
trometer bump with the corresponding correcting bumps leads to a so-called internal crossing
angle in ALICE, which is a function of the energy and the particle type, described by the
relation |[AFT12]

490 prad

95 ec 2:i77
pec/ Z - E/TeV

(3.5)

where Z is the ion charge and E is the beam energy in TeV. The impact of the muon spectrometer
magnet on the total crossing angle has to be considered in the crossing bump design. The total
crossing angle can be written as the sum of the crossing angles by the external corrector magnets

and the spectrometer bump
etot = espec + eext . (36)

To keep the pile-up in the TPC and the silicon detectors in the ITS at low rates, the luminosity

should not exceed a certain level. The acceptable luminosity during pp-operation is [Mor01]
Loiax = 5-10%%em 2571, (3.7)

With 8* = 10m, the luminosity in high-intensity pp runs with the largest number of bunches
and the design parameters in Table will be

L£=55-10%cm?s !, (3.8)

so techniques for additional luminosity reduction will have to be applied [Mor01].
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3.7 Geometrical Acceptance of the LHC

The available aperture in the LHC is evaluated by means of an algorithm, which calculates a
so-called n; function |[JRO6], which is related to the settings of the primary collimators. The n,
and n, functions are normalized coordinates, defined by [JO97]

£ Y

r -_ v 3.9
(1+ kpa) 0n T 1t kpa) oy (3.9)

Ny =
where z,y are the transverse coordinates, kg is the B—beatin@ and o (see Eq. is the
RMS beam size. A large number of collimators is used to protect the machine from halos and
secondary particles, in order to avoid magnet quenching due to the heating which is related
to the energy loss of the particles in the cold magnets. The collimators can be subdivided
into primary, secondary and tertiary collimators, where the primary and secondary collimators
are installed in IR3 and TR7. Apart from the collimation in the two transverse directions,
the primary collimators (T'CP) provide skew collimation, leading in total to a collimation in
form of a regular octagon. The TCPs are used to absorb the primary beam halo, whereas the
secondary collimators absorb the hadronic showers from this interaction. The halo starting from
the edge of the primary collimators is called secondary halo, whereas the one starting from the
edge of the secondary collimators is called tertiary halo. Besides the secondary and tertiary
halo, the hadronic showers move from the primary and secondary collimators. These particles
are absorbed by the tertiary collimators which protect the triplet magnets of the experiments.
By definition, the primary collimators are set to n1 = n; = ny; = Nggew, Which defines the
primary aperture |[JR96]. The secondary aperture is defined by ny. The ratio of the primary
and secondary aperture is [JRIG]

na/n1 =7/6. (3.10)
The minimum tolerable setting of the TCPs, including an operational margin is [JR96]
spec

PP 7 (3.11)

For each position in the ring, the required TCP settings for protection against the secondary
halo can be calculated as a function of the beam pipe dimensions, including tolerances, the beam
size and the offset. If the required TCP setting n1(s) at the position s is [BT04]

ni(s) > nPe, (3.12)

then the aperture is considered to be safe at this position. Aperture calculations in terms of the

ni-function are natively integrated into MAD-X.

12k is the relative difference between the measured and expected S-value kg = %.



4. Diffractive Physics

Introduction

At high energy collisions in hadron colliders, interactions can be observed, where large rapidity
gaps An occur in the final state. Such interactions are proccesses of the strong force and are usu-
ally referred to as diffractive events. The particle which is expected to be exchanged during such
interactions is called the Pomeron [DT02]. At LHC energies, about 40%—50% of the cross section
in hadron-hadron interactions is based on diffraction [HS13, BV(9]. Historically, the Pomeron
was introduced to explain the rising cross section at pp-collisions, which could otherwise not
have been explained by the Regge-theory. This theory describes the hadron-hadron cross section
by the exchange of related families of mesons and predicts a cross section which decreases with
~ 57045 where /s is the centre of mass energy [Cou99]. Whereas the experimental data from dif-
ferent experiments (e.g. the UA8 experiment) indicate the existence of the Pomeron, there is so
far no strong experimental evidence for the existence of the C-odd counter-part of the Pomeron,
the so-called Odderon [Cou99]. The Pomeron is predicted to be charge- and colourless [DT02).

- ® Double P . ..
@ X b . Pomeron P e oF .
Elastic Scattering ‘[p o Exchange P
/p/ T . . . ) ) (DPE) D T -10 -5 ° s M
- -10 -5 L) 5 0 M p
(o]
e .  ———

@ . b o . -.: .. Single + Double \“%M 0 |° . Ce :
Single Diffraction P or o« v Diffraction H - 4 -. . ..
(SD) N . o (SDD) , o o o

M -10 -5 ° s M (;5:‘/ /\% M, -0 - ° s oM
P

@ P % R ° S : ® . : Multi ?ﬁ‘:% o * . .. .

. . P 0, "ete (AN [0, Pomeron E oFe o . .
Double lefractlonp '- . .o Exchange /'J"’ . . -. .: .
(D) -1 -5 ° 5 LLI | ) s ‘x -1 -5 0 5 1 M

Figure 4.1: Event topologies of different diffractive events with the pseudo-rapidity and
azimuthal distribution of the interaction products [BV09].
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Some of the possible diffractive topologies are shown in Fig. Single Pomeron exchange pro-
cesses can be subdivided into elastic scattering @, single diffractive dissociation @ and double
diffractive dissociation @ Double Pomeron exchange processes can lead to central diffrac-
tion @ and central diffraction with the break up of a proton @ Higher order processes
involve more than two Pomerons.

Processes with the exchange of more than one Pomeron can lead to the production of a central
system with new particles, which results in a momentum loss % > 0 of the interacting particles.
Studies of the angular distribution of scattered particles can give information about the cross
sections due to Pomeron exchange, as a function of the four-momentum transfer |¢|. There are
still many open questions in relation to these diffractive processes, which motivate measurements
of soft collisions at LHC energies [HS13, BV09]. The main task in these measurements is the

determination of |t| and £ = %, which are referred to as the diffractive parameters.

4.1 Diffractive Parameters

The four-momentum transfer is the square of the four momentum difference before and after the
interaction. In the case of elastic scattering, this is the same for both particles (for processes

with multi-Pomeron exchange, the ¢-values are in general different for the two protons) [Parl0]

t=(p1—p3)® = (p2 — p1)*. (4.1)

In the approximation of very low £-values and very small scattering angles 6, the absolute value
of t can be derived to be [Parl0]

It| ~ |p1 ps| sin? @ ~ p*H*. (4.2)
The angle 6 can be expressed in terms of its horizontal and vertical component
2 2, p2
0" =0;+0,. (4.3)

The scattering itself is azimuthally symmetric, so all the particles with a given |t|-value are

located at the surface of a cone with an opening angle of 26, schematically shown in Fig.

Initial State Final State P3

D1 D2
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-
-

Figure 4.2: Particle momenta before and after an interaction.
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Interaction Point

Figure 4.3: Azimuthal symmetry of the scattering at the IP. For a given |t|-value, a particle

moves at the surface of a cone with opening angle 260 ~ 2 |—t2|
P

The second diffractive parameter is the fractional momentum loss

p—pp A
= p_ 2P (4.4)
p p

where p,, is the real particle momentum, and p is the design momentum. By definition, elastic

processes have ¢ = (0, while inelastic interactions have £ > 0.

4.2 High B*-Optics

An effective measurement of diffractive events at a particle accelerator requires specifically ad-
justed beam optics with large 5*-values. Up to now, dedicated optics with * = 90m, 500 m, and
1000 m have been successfully implemented in IR1 and IR5, for the TOTEM and ATLAS-ALFA
experiments (see Fig. [4.4). In these special configurations, no crossing angle is applied.

For such frontal collisions, the number of bunches in the machine is limited to 156. With this

bunching scheme, the first potential bunch encounter after the IP is in a region where the two
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Figure 4.4: The TOTEM * = 90m optics (Beam 1 in global LHC coordinates). The IP-RP
phase advance to the second RP station is matched to Ay, /Ay, = 0.5/0.25.
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beams are fully separated and moving in different beam pipes. Besides the large 5*-values, these
configurations require specific phase advances between the IP and the very forward detectors.
During the design of such a configuration, several approaches allow the optimization of the

measurement at low |t|-values.

4.2.1 Measurement Optimization

The detection of the scattered particles will be realized by means of Roman Pot (RP) detectors
which are described in the next chapter. This detector type measures the transverse position of
the scattered particles very close to the beam centre. Two RP stations, labeled with the indices
1 and 2 are considered at different distances from the IP. Regarding Eq. and taking into
account the dispersion of the magnets between IP and RP, the total particle transfer from the
IP to the two RP stations can be described by a 8 x 5 matrix

T Vel Lxl 0 0 DIOC

wl
01 U Ly 0 0 D «

Y1 0 0 v Ly Dy Z*

o | | 0 0 vy Ly D yj | (45)
T9 Vo Lgo 0 0 DLOQC .

02 Vo Ly 0 0 D &

Yo 0 0 wvy2 Ly D;OZC .

Oy2 0 0 vy L, D

where x;/y; are the horizontal and vertical positions at the RP station ¢, and 6,/ 6y are the
angles of incidence at the RP station ¢. The quantities which are labeled by a * are the parameters
at the IP. The D'"°-functions are the local dispersion functions for the dispersion which occurs
due to the magnets between the IP and the detector. This local dispersion is different from the
periodic dispersion defined by Eq. because it does not take the magnet configuration in the
rest of the ring into account. This is visualized by the following scenario: Consider a particle
moving towards the IP with design momentum p. Due to an interaction with another particle,
the particle loses a fraction Ap of its momentum. After this, the particle moves towards the
detector and is registered. Since the particle was not subject to any dispersive offset when it
was at the IP, there is no reason to take into account the magnet configuration in other parts

of the machine than between IP and detector.



4.2. HIGH pB*-OPTICS 49

For a given RP station, the particle position is then given by

r=vpa* + L, 0" + D¢, (4.6)
y=vyy* + Ly 05 + D¢ (4.7)

The so-called optical length L and the parameter v are the essential parameters for the opti-
mization of the measurement. Following Eq. the elements L and v are defined for one

transverse direction by the expressions

v:\/gcos(%rAw) , L =/Bp*sin(2mA) . (4.8)

Here, (8 indicates the betatron function at the position of the RP, and A is the betatron
phase advance from the IP to the RP detector station. The measurements should be sensitive
for very small [t|-values and there should be no dependence on the particle position at the IP.
Since v is the component which projects the position at the IP to the position at the RP, this
quantity should be zero. Furthermore, the dependence on the scattering angle 6* should be very
large, so the optical length L should be as large as possible. Both conditions are fulfilled if the
B*-value is as large as possible and if the IP-RP phase advance is matched to be Ay = 0.25.
An optical configuration with this phase advance is parallel to point focusing. Besides the
argument of maximizing L, the large 5*-value leads to a small beam divergence at the IP. For
the measurement of small scattering angles, it is necessary to have as many particles in parallel

to the beam line as possible, so the beam divergence should be minimized.

4.2.2 Detection - Roman Pot Detectors

The detection of the very forward particles requires not only a dedicated beam optics
configuration, but also efficient and reliable detectors which can be brought as closely as possible
to the beam centre. In the regions of ATLAS and CMS, Roman Pot detectors are used for the
measurement of the very forward particles. This detector type was first used at ISR at CERN
in the early 1970s [Cou08]. Modern RP detectors use very thin silicon detectors, the so-called
edgeless silicon detectors [BV09], which can be individually steered around the beam centre
(see Fig. [£.5] for the profile of the detector). A set of seven edgeless silicon detectors at three
sides (two in vertical direction, one in horizontal direction) is installed in one Roman Pot (see
Fig. and Fig. [£.7). With the special conditions during the high-3*-operation for TOTEM
and ATLAS-ALFA, these detectors can be brought to a distance of 100 to the beam centre.

During high luminosity operation, the detectors have been moved to a distance of 14 o [Deil2].
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One RP detector station consists of two units which are placed at a longitudinal distance of 4m
from each other (see Fig. [£.6). In IR1, two detector stations are installed, one at a distance of
4147 m, and one at a distance of £220m from the IP. The RP positions in IR5 are similar.

A second set horizontal detectors is not required for the ALFA and TOTEM detectors, because
the horizontal phase advance is matched to A, = 0.5. In this case, the horizontal particle
distribution at the detector is not depending on the scattering angle. Since the particles can
only lose longitudinal momentum during an interaction (§ > 0) and the local dispersion is
a property of the machine settings, the particles are always deviated in the direction of the
installed horizontal detector on the outer side of the two beam pipes (see Chap. [6.1]).

For the very forward measurements at ALICE, the RP positions have to be assumed, because the
phase advance to the second detector station must be matched. This is discussed in Chap.

ym)

Edgeless Silicon Detector Profile

100
Beam Profile

Figure 4.5: Profile of the edgeless silicon detectors in one module of a Roman Pot station.
Here, the detector is at a distance of 100 from the beam centre. Only one horizontal detector

is installed on the outer side of the beam pipe. Figure based on [BV09).
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Figure 4.6: TOTEM Roman Pot station at 147 m distance from IP5. The two detector units
are installed at a distance of 4m from each other. Picture from [Hel1(].
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Figure 4.7: Left: Schematic view on the different layers of silicon edgeless detectors within one

N
J

Roman Pot unit [HelT0]. In reality, seven layers are used. Right: Roman Pot detector unit,
used in IR1 and IR5 with the two vertical pots and the horizontal pot [BV09].
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5. High 8*-Optics at ALICE

Introduction

The implementation of the high 8*-configurations in ATLAS and CMS is only approved for very
limited time scales, due to the reduction of luminosity in consequence of the larger S*-value
and the reduced number of bunches. For the same reason, a configuration with intermediate
B*-value, which would be compatible with the largest possible number of bunches, will also not
be applied in the regions of ATLAS and CMS.

On the contrary, the ALICE detector requires a reduction of the luminosity in pp-operation.
Therefore, ALICE would be capable to implement regular collision optics with a larger
B*-value, under the premise of compatibility with the high-luminosity mode of the LHC.
Such a configuration will require a crossing angle, and many assumptions (e.g. the required
bunch-bunch separation at the first parasitic encounter) will have to be made to determine
which optical properties are possible.

The running time for such a configuration could possibly be more than 100 days/year. Another
advantage of ALICE is the different detector design with respect to ATLAS and CMS. Thanks
to the sensitivity of ALICE for low transverse momenta, and the good particle identification
capability, the centrally produced systems of diffractive events could be fully detected and iden-
tified in the central barrel [Sch12l [HS13|. The simultaneous detection of the central system in
the ALICE central barrel and of the scattered protons in the very forward detectors could be
used as a trigger for multi-Pomeron exchange events, leading to a very low background [S™13].
This chapter describes the feasibility calculations for the g*-value, the matching and refinements
of the optical configuration, the evaluation of the boundary conditions and the matching of a

crossing angle.

53
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5.1 Boundary Conditions for the Optics Design

Besides the optimization of the measurement, many constraints imposed by the LHC in its
current set-up will have to be respected in the beam optics design. Some of these constraints
have been discussed in previous chapters, so only a brief summary will be given in the following.

Apart from this, the conditions for an optimal measurement are briefly summarized.

5.1.1 LHC Constraints

1. The quadrupole strengths have to lie within the allowed range. In order to have a flex-
ibility margin (£10%) during LHC operation, the magnet design limitations must be
tightened [BT04]. A lower limit of 3% of the possible magnet strength is imposed by the
power supply of the quadrupoles [BT04]. In terms of the nominal strength kpax of a given
quadrupole, the actual gradient & must fulfill the constraint [Giol2, [Holl3]

0.03 < k/kmax < 0.90. (5.1)

The individual gradient limitations for the different quadrupole types are listed in Table [T.1]
in the Appendix.

2. As discussed in Chap. the powering of the two channels in a double bore quadrupole
is not independent from each other. The ratio I /I of the quadrupole currents in the two

channels must fulfill the constraint [Burl3]
05< /L <2. (5.2)

However, the current ratio should not be pushed to the limit. Considering the required

10 % flexibility for each quadrupole, the limitation for operation is tightened to
0.56 < I /I, < 1.8. (5.3)

For simplicity, not the current ratio itself, but a normalized parameter Rjs is used in the
following, which is defined as
11/12 if 1 > I
Ry = . (5.4)
IQ/Il if I < Iy
Ry5 is larger than one for all I; and I, which facilitates the comparison of different ratios.
The considered currents I7 and Is are the absolute values of the currents which normally
have opposite sign with respect to each other. The current ratio constraint does not
apply on the independent trim quadrupoles (MQT- and MQTL-) and on the single bore

quadrupoles in the triplet region.
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. The beam-beam separation at the first parasitic beam encounter must be sufficient.

As shown in previous chapters, beam-beam effects are non-linear and not yet fully un-
derstood. Even though simple rules for the required separation can be deduced, a clear
statement on the required separation cannot be given. A conservative assumption for the

required beam-beam separation in the crossing plane is Ay = 120, [Her12].

. The beam dimensions must fit into the aperture of the LHC vacuum chambers. In addition

to the beam dimensions, the orbit excursions due to crossing and separation bumps must
be respected. The calculation of the available geometrical aperture is done by means of
MAD-X, in terms of the LHC-specific ny function. This function must stay above the
specified limit of ny = 7. For the presented calculations, the conservative estimation of

ey = 3.75 um rad, used in the LHC Design Report [BT04], is taken as reference.

. The LHC tune must be kept constant. Changes in the IR2 phase advance due to the

calculated beam optics will have to be compensated in other parts of the ring. In high
intensity operation, however, the phase advance between IP1 and IP5 should be matched
to reduce the impact of beam-beam interactions [HKO§|. Since the considered optics are
intended to be implemented during high-intensity operation, not only the machine tune

must be conserved, but also the phase advance between IP1 and IP5.

. The optical functions «, 3, n and i’ at the beginning and the end of the IR must be

matched to the boundary conditions imposed by the settings in the rest of the machine.

5.1.2 Requirements from the Measurement

1. To allow long time measurements, the optical configuration must be compatible with a

bunch spacing of 25 ns at a beam energy of 7 TeV. This condition imposes a limitation on
the achievable g*-value. Hereby it must be considered that the achievable crossing angle
is limited to 6 = 300 urad [BT04].

. The B*-value should be as large as possible, in order to obtain the smallest possible beam

divergence o* = \/e/B* at the Interaction Point and to be sensitive for the smallest

possible [t|-values.

. The betatron phase advance Ay between the IP and the second RP station should be

matched to a value as closely as possible to Ay = 0.25.
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5.2 Prerequisites

Based on the considerations in the previous chapters, the basic approach for the design of the

IR2 optics can be summarized in the following way:

1. Determine the largest possible 8*-value, as a function of the bunch spacing and emittance.
2. Determine the possible RP locations, in order to be able to match the IP-RP phase advance.
3. Define all matching constraints and variables.

4. Match optics with the desired 5*-value and IP-RP phase advance Av.

5. Rematch for refinement: Reduction of the required phase advance compensation.

Adjustments of specific quadrupole strengths. Optimization of the B1/B2 current ratio.

6. Check whether the LHC constraints are fulfilled by this optical configuration.

The first two steps are essential for preparing the matching and are discussed in this chapter.

5.2.1 Determination of 3*

Compared to the ALFA/TOTEM high S*-optics, the achievable *-value for ALICE is rather
limited, due to the small bunch spacing and the large required separation of Ay = 12 0. In order
to determine the achievable S*-value, certain assumptions must be made. A very important fac-
tor for the calculation of the beam separations is the beam emittance. For these calculations, the
conservative emittance from the LHC Design Report is assumed [BT04]. Hence, the calculated
[B*-values are only lower limits. Since the protons at LHC energies are moving very closely to
the speed of light, the distance of the potential bunch-bunch encounters as a function of the

bunch spacing s (in units of time) can be approximated by

c
dpp(8p) = st (5.5)

Using this relation, the potential bunch encounters are separated by

dbb(50 DS) = 7.48H1, dbb(25 IIS) =3.48m. (5.6)

Knowing that the relevant beam encounters lie inside the inner triplet region (after the triplet,

the separation/recombination dipoles are installed), the S-function at the position of the first
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beam encounter after the IP can be calculated using Eq. If dispersive effects are neglected,

the transverse beam dimensions at this encounter are given by
d2
o(dp) = /e Bdw) = Ve[ B* + ﬁ (5.7)
At the first encounter, the crossing angle 6¢ leads to a vertical beam-beam separation of
Ay(dbb) = deb tan (7T 90) . (5.8)
With the required separation S, (in terms of o) at the first encounter, the following relation can
be deduced

Ay(dpy)
2 s, (5.9)

Finally, an implicit relation for the largest possible 5*-value as function of dy, the required

separation S, the emittance and the available crossing angle is found

. Ay Ay(dp)\ >
v (FR) o)

Considering the required separation of S, = 12, a normalized emittance of ey = 3.75 pmrad,

an available full crossing angle of o = 300 urad, and the distance between the beam-beam

encounters of Eq. the following upper limits for the 3*-value are obtained

17.6m  for 25ns,
56.0m  for 50ns.

(5.11)

Compatible optics with 8* = 30m and 8* = 18 m have been derived for the two bunch spacings
of 50 ns and 25 ns respectively. The slightly too large 5*-value for 25ns compared to the value
in Eq. is chosen for convenience. However, both, the required separation and the emittance
were chosen very conservatively, so the separation will most likely be sufficient. Nevertheless,
the optics could be rematched if the value is considered to be too large. The impact on L, v,
and At due to such a rematch would be moderate.

In the following, the 5* = 18 m optics is discussed in detail, because it is compatible with the
LHC design filling scheme with a bunch spacing of 25ns. The §* = 30m optics are discussed
only briefly.
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5.2.2 Positioning of the Roman Pot Detectors

In the present set-up of the LHC, there are no Roman Pot detectors installed in the very forward
region of IR2. For the matching of the IP-RP phase advance A1), the detector positions must
be assumed. For ATLAS-ALFA, the Roman Pot stations are installed at a longitudinal distance
of £147m and +220m from the IP. The case of IR2 is slightly more complicated, because the
injection magnets are installed in this region. First matchings, considering the RPs at a distance
of 220m from the IP, showed that the phase advance cannot be matched to the desired value
of Ay = 0.25. Since the v-value is non-zero in this case, the precision of the reconstruction can
be improved if the measurement takes place at two different locations [Sch12], which makes the
installation of two detector stations advantageous. As shown in Fig. on the ALICE A-Side,
the RPs must be placed in a region which is not occupied by the injection magnets. Here, the
regions at longitudinal distances of —180m and —220m from the IP are considered. On the
ALICE C-side, the regions at distances of 150 m and 220m from the IP are suitable for the
installation of very forward detectors.

In Fig. [5.1] not all the elements in the IR are shown, so there is still the possibility of addi-
tional constraints, e.g. by vacuum elements. Once an optical configuration is existing, the most
appropriate detector locations can also chosen by the positions with the largest L-values. The
assumed detector locations are indicated by the black boxes in Fig. According to the stan-
dard nomenclature of the elements in the LHC sequence, the two Roman Pot stations at 150 m
and 220 m distance are labeled with RP1.R2B1 and RP2.R2B1, respectively. Correspondingly,
the stations on the left hand side are labeled with RP1.1.2B2 and RP2.1.2B2.
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Figure 5.1: Inner part of IR2, together with the considered detector positions on the ALICE
A-Side (top) and C-Side (bottom). Note that this drawing is not to scale. Drawing from [BT04].
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5.2.3 Optics Matchings

Table 5.1: Boundary conditions for the optics matchings by means of MAD-X.

Quantity Be By Qy Qy TNz My
Unit [m] [m] [m] 1072

Beam 1

Start of DS Left 168.7 35.09 -2.407 0.571 1.961 2.818
1P B* B* 0 0 0 0
End of DS Right 31.42 172.2 -0.515 2.347 0.996 1.290

Beam 2

Start of DS Left 31.42 172.2 0.515 -2.347 0.996 -1.290
P g Bt 0 0 0 0
End of DS Right 168.7 35.09 2.407 -0.571 1.961 -2.818

The boundary conditions of the optical parameters at the beginning and at the end of IR2 are
shown in Table 5.1l These conditions must imperatively be fulfilled by the optics, which has to
be taken into account during the matchings. In addition to the shown boundary conditions, the

phase advance between the IP and the second RP station at +220m is matched to

0.34 for p* =18m
Ay = : (5.12)

1/3  for f* =30m
These values have not been chosen arbitrarily, but several matchings showed that these phase
advances are the smallest ones that can be reached with considerable magnetic strengths and
B1/B2 current ratios. The corresponding phase advance of the nominal optics is approximately
Ay = 0.5. A priori, constraints on the phase advance over the IR were not imposed. Different
matching results were obtained by re-defining the allowed variable ranges or by limiting the
B-functions at different positions in the IR. In the post-selection, only matchings with a penalty
function of less than 10~ were considered, and priority was given to the results which required
the least external phase compensation. All matchings are done with all crossing, separation
and spectrometer bumps switched off. The quadrupole currents which have been varied for
the matching are summarized in Table[T.Il For the initialization, the LHC sequence and the

LHC proton collision optics at 7TeV was loaded.
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5.3 The B* = 18 m Optics

From the many matching results, the solution with the most convenient properties was chosen.
In particular, the presented optical solution was selected, because it combines a small penalty
function, small required phase advance compensation, good left /right anti-symmetry, moderate

quadrupole strengths, and admissible B1/B2 quadrupole strength ratios.

£* = 18 m optics are discussed in detail in the following chapters.

Ba» By [m]

Ba» By [m]

Figure 5.2: Horizontal (blue) and vertical (red) betatron functions of the 5* = 18 m configuration
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5.3.1 Optics Properties

Fig. shows the S-functions of the 5* = 18 m optics configuration. The optical functions are
shown on a larger scale in Fig. in the Appendix.

Both optics show significant peaks of the S-functions at Q6 on both sides of the IP (Beam 1 in
vertical direction on the left side, and in horizontal direction on the right side; vice versa for
Beam 2), which mainly results from the phase advance constraint to the second Roman Pot
station, located right before Q6 on both sides. The largest S-values in the IR are in the order
of # =1000 m, compared to 8 = 300 m in the nominal configuration with 5* = 10m. Therefore,
the geometrical aperture with the new configuration must be examined.

The p-functions are symmetric with respect to Beam 1 and Beam 2, but are mirrored at the IP.
Both individual configurations are roughly anti-symmetric with respect to 8, and 3,, which is
necessary due to the quadrupole current ratio constraint.

Fig. shows the periodic dispersion functions of the optics with all bumps in the machine
switched off. Whereas the horizontal dispersion takes large values in the arcs and is zero at
the IP, the vertical dispersion is always zero, due to the absence of vertical bendings in this
configuration.

The relevant optical parameters for the measurement of very forward particles are summarized
in Table[5.2l The configuration respects the boundary conditions on «, 3, 7,, and 7., at the
beginning and the end of the IR (the vertical dispersion function 7, is not matched, because
no vertical bendings are present in the considered machine configuration). In the regions of the

DS, the S-functions are transferred into the periodic modulation by the FODO structure.
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Figure 5.3: Periodic dispersion functions with all bumps in the machine switched off.

Blue indicates 7;, red indicates 7,. Left: Beam 1, right: Beam 2.
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Table 5.2: Optical parameters of the 8* = 18 m optics which are relevant for the tagging of very
forward protons. The beam sizes are calculated using the beam emittance of the LHC Design

Report. The quantity AQr defines the required external phase advance compensation.

Beam 1 Beam 2
Quantity Unit x Y x Y
B* m 180 180 180  18.0
Brp1 m 229.0 289.9 3145 333.3
BrP2 m 781.2 141.0 7812  141.0
QRP1 012 -264 -448  3.00
QRP2 717 180 -7.17  1.80
AQr 0.4754 0.4567 0.4676 0.4534
Atprp1 0.3073 0.2968 0.3271 0.3104
Atprp2 0.3400 0.3400 0.3400 0.3400
ORP1 pm 3414 3821  403.0 419.1
ORP2 pm  631.6  267.5 6348  272.3
Lgrpi m 60.0 69.1  66.6 719
Lrp2 m 100.1 42,5  100.1 425

5.3.2 Quadrupole Configuration

With the presented S* = 18 m configuration, all quadrupole currents fulfill the requirements.
The currents in terms of k are given in Table in the Appendix, whereas the relative currents
in terms of % of the nominal strengths are given in Table [5.3

The largest relative quadrupole strength is reached for KQ9.L2B2 with 90% of the nominal
current. The triplet strength KQX.L2 is reduced to 77.8% of the nominal strength. Contrary
to the nominal optics, the triplet trims are not set to zero in this configuration (see Table [Z.).
The quadrupole current ratios of the two quadrupole channels are shown in Table 5.3 as well.

The largest ratio is R1o = 1.73 for Q8 right of IP2, leaving a large enough flexibility for operation.
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Table 5.3:

Relative quadrupole currents for the ALICE pg* =

63

18 m configuration.

The right column gives the normalized current ratio of the two quadrupole channels (the ra-

tio is not calculated for the independent trim quadrupoles and for the triplet currents).

Beam 1 Beam 2
Rel. Strength Strength Label Rel. Strength  Strength Label Rio
| 51.6% KQT13.L2B1 e 629% KQT13.L2B2 -
e 85.2% KQT12.1.2B1 e 77.2% KQT12.1L2B2 -
| 13.5% KQTL11.L2B1 mmsm 84.9% KQTL11.L2B2 -
. 71.0% KQ10.L2B1 . 86.5% KQ10.L2B2 1.22
e 69.3% KQ9.L2B1 e 90.0% KQ9.L2B2 1.30
[ ] 24.5% KQ8.L2B1 - 40.2% KQ8.12B2 1.64
e 87.3% KQ7.L2B1 e 692% KQT.L2B2 1.26
| 62.3% KQ6.L2B1 L 57.3% KQ6.1.2B2 1.09
m 520% KQ5.L2B1 - 35.4% KQ5.L2B2 1.47
[ | 24.9% KQ4.L2B1 1 14.8% KQ4.1L2B2 1.69
e 77.8% KQX.L2 e 77.8% KQX.R2 -
| 14.8% KQ4.R2B1 [ | 24.7% KQ4.R2B2 1.67
[ 354% KQ5.R2B1 | 52.2% KQ5.R2B2 1.47
[ 57.5% KQ6.R2B1 . 63.6% KQ6.R2B2 1.11
. 67.7% KQT7.R2B1 . 88.8% KQT7.R2B2 1.31
| 38.8% KQ8.R2B1 [ | 224% KQ8.R2B2 1.73
e 69.3% KQ9.R2B1 . 69.6% KQ9.R2B2 1.01
o 86.6% KQ10.R2B1 e 729% KQ10.R2B2 1.19
. 709% KQTL11.R2B1 n 16.0% KQTL11.R2B2 -
B 87.7% KQT12.R2B1 e 89.0% KQT12.R2B2 -
. 642% KQTI13.R2B1 - 38.5% KQT13.R2B2 -
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5.3.3 Betatron Phase Advance

5. HIGH p*-OPTICS AT ALICE
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Figure 5.4: Betatron phase of the regular IR2 optics with §* =10m (dashed lines) and of the
matched 5* =18 m optics (straight lines). Blue for ¢, red for v,. Left: Beam 1, right: Beam 2.

In the 8* = 18 m configuration, the phase advance over the IR is strongly reduced wit