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Abstract

This Master’s thesis work in Space Engineering was conducted at CERN

under the Compact LInear Collider (CLIC) study and it is divided into three

major tasks.

• Optimization of the CLIC Beam Delivery System (BDS) at 500 GeV.

Uncorrected higher order aberrations lead to a blow up in the beam

size at the IP, yielding as a consequence reduced luminosity. The cor-

rection of these aberrations is done using particle tracking codes and

optimization algorithms having the beam size as the figure of merit.

• Design of a new Final Focus System at 3 TeV. A new Final Focus Sys-

tem with a larger distance to the Interaction Point needs to be created

as an alternative to the nominal design. The capabilities of this new

system are studied and compared to the nominal design.

• Test of tuning procedures for the Final Focus System at 3 TeV. The

inevitable presence of misalignments in the magnet position will affect

the machine performance negatively. In this thesis a number of tuning

procedures have been implemented and tested.

This thesis presents the results of the optimization of geometrical aberrations

in the Beam Delivery System at 500 GeV, an alternative Final Focus System

design at 3 TeV and finally the tuning procedures and results for the nominal

design at 3 TeV. A variety of studies have been carried out on the optimized

500 GeV BDS as well as on the new 3 TeV FFS. These studies determine

the behavior of the systems and their capabilities.
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1 INTRODUCTION

1 Introduction

Curiosity is an important part of the natural behavior in humans. The pursuit of

knowledge and the desire of revealing the secrets of the universe are the driving

factors that lead amazing projects such as the Apollo program, the International

Space Station (ISS) or The Large Hadron Collider (LHC) among many other

great achievements of humanity. While some put their efforts in outer space,

some others put their efforts in the smallest components of our universe. How-

ever the results of each area of study complement each other.

To be able to observe the smallest components of matter, particles are made

to collide at almost the speed of light. To achieve this speed, particles are accel-

erated by gigantic machines as is the case for the 27 km long circular accelerator

LHC. There are two main types of accelerator, circular and linear. The choice of

which to use depends on the following three criteria:

• When a charged particle travels around a circular accelerator, part of its

energy is emitted as electromagnetic radiation, called synchrotron radiation.

This is due to the centripetal acceleration [1]. The instantaneous rate of

power emitted by a particle is given by (1.1) [2]

P =
2

3

e2c

4πǫ0

β4

R2

E4

(mc2)4
, (1.1)

where β = v
c
, R is the machine’s radius and E is the particle’s total energy.

The emitted power is inversely proportional to the fourth power of the

particle’s mass. For the same energy and the same machine radius an

electron, weighing 1836.15 times less than a proton, will emit 1013 times

more radiation. Here either heavier particles are chosen as the colliding

particles or a larger radius is needed. The LHC has a circumference of

27 km and collides protons.

• Analyzing the post-collision particle production is not a trivial task. Hadrons

are made of a number of quarks while leptons are elementary particles.

Therefore the number of possible final states for a collision between hadrons

is larger than for a collision between leptons.

• In a circular accelerator the particles pass every revolution through the

same accelerating section of the accelerator, while in a Linear Accelerator

(LINAC) they only pass once. This means that the accelerating gradient

in a linear accelerator needs to be high to maintain the total length of the

LINAC short.
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1.1 CERN 1 INTRODUCTION

At the moment there are two major projects aiming for a linear electron/positron

collider, the International Linear Collider (ILC) and CERN’s Compact LInear

Collider (CLIC), each with a different accelerating technique. While ILC stretches

over 38 km and achieves final energy of 1 TeV, CLIC extends over 48 km and

reaches a final energy of 3 TeV.

1.1 CERN

The European Organization for Nuclear Research (CERN) was founded in 1954 [3]

by 12 European countries. It was situated at the French-Swiss border a couple

of kilometers outside Geneva as shown in Fig. 1.1. Today CERN has 20 mem-

bers states, 18 of them in the European union. After almost 60 years CERN is

known for pushing technology forward in a wide range of fields. Several Nobel

prizes can be linked to CERN and the invention of the World Wide Web confirm

this fact. At the beginning CERN’s laboratories studied the atomic nucleus, but

soon after high-energy particles physics took over and the construction of several

accelerators started. Both linear and circular accelerators have been constructed

at CERN. Some of the old accelerators are still used today as pre-stages to the

LHC. The LHC holds today the record for the highest energy yet achieved in a

particle accelerator, 1.75 TeV per beam.

Even though CERN’s members states are European, their research is available to

an international level. In the LHC the different detectors are extensive projects

and they include thousands of people from all around the world. CERN offers a

wide variety of educational programs at the undergraduate, graduate and PhD

level. Every year hundreds of students arrive to CERN for a period of three

months under the Summer Student program. Final year projects are allowed at

CERN under the Technical Student program. There is as well a high number of

PhD students doing their research at CERN’s facilities.
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1.2 CLIC 1 INTRODUCTION

Figure 1.1: Map of the CERN site and surroundings.

http://lhc-proj-qawg.web.cern.ch/lhc-proj-qawg/LHCQAP/Instructions/MS-

TD-guide.html (retrieved July 2010).

1.2 CLIC

One of the purposes of the experiments in the LHC is to probe the existence of

the Higgs boson [4]. If it is found further experiments would be needed to do

cleaner and more precise measurements. This was also the case of the Super Pro-

ton Synchrotron (SPS) and the discovery of W ± and Z0. The properties of these

new particles were measured in better detail by LEP. Both ILC and CLIC are

linear electron-positron colliders. These particles are leptons, their after-collision

particle production is cleaner and easier to study than for hadrons in the LHC.

The CLIC study is currently (2010) in its feasibility study phase. This phase
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1.2 CLIC 1 INTRODUCTION

should be finished at the beginning of 2011 when the Conceptual Design Review

(CDR) is to be presented.

The main problem of a linear accelerator is how to accelerate particles to the

TeV level while keeping the total length short (50 km) and the gradient of the

accelerating structures around 80 MV/m. CLIC’s approach to this task is a new

strategy consisting of acceleration of two beams [5]. The first beam, called the

Drive Beam, runs parallel to the colliding beam called the Main Beam. The Drive

beam is a high current beam that is decelerated while passing through special

Power Extraction and Transfer Structure (PETS). The Radio Frequency (RF)

power generated is then used to achieve the 12 GHz RF, 100 MV/m gradient

needed to accelerate the Main Beam to a nominal energy of 1.5 TeV or 3 TeV

center-of-mass. Since this is new technology CLIC Test Facilities (CTF1, CTF2,

CTF3) were constructed at CERN to experimentally validate this accelerating

approach.

Figure 1.2 shows the general layout of CLIC. As it can be seen the structure

is symmetric. The first 21 km are referred to as the LINAC and is the acceler-

ating part of the machine. The Beam Delivery System (BDS) is situated right

after the LINAC. The BDS does not contain any accelerating structures and it is

divided into three parts, Diagnostics section, Collimation section and Final Focus

System (FFS).

The Diagnostics section comes directly after the LINAC. Here the properties

of the incoming beam are measured. The Collimation section cleans the beam by

removing particles with energies or trajectories outside a predetermined range.

The FFS decreases the beam size as much as possible before the beam reaches

the Interaction Point (IP). The IP is located in the center of the detector and

here collisions between the electron and positron beams take place.

The machine is being designed to run at two different energies, 500 GeV center-

of-mass and the nominal design for an energy of 3 TeV center-of-mass. The idea

is to run the machine at 500 GeV at the beginning for a period of time before

increasing the energy to 3 TeV. The different energies need different acceleration

gradients as well as different BDS designs.

The most important parameter of the machine is the luminosity it can deliver.

Luminosity is a measure of the collision rate and has units per area per time [6].

The higher the luminosity, the higher the number of collisions. For the LHC this
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1.2 CLIC 1 INTRODUCTION

parameter is 1034 cm−2s−1 while this value is 1.4×1034 cm−2s−1 for the 500 GeV

design and 2.0 × 1034 cm−2s−1 for the 3 TeV design [5].

Figure 1.2: CLIC General Layout.

http://clic-study.web.cern.ch/CLIC-Study/intro.html (retrieved July 2010).
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2 BEAM TRANSPORT THEORY

2 Beam transport theory

2.1 Linear optics

A charged particle with velocity v traveling through an external electric field E

and a magnetic field B is affected by the Lorentz force

F = −e (E + v × B) . (2.1)

In the BDS there is no electric field, the particles have a velocity close to the

speed of light c and the magnetic strength of the elements is in the region of 1 T.

Figure 2.1 shows the coordinate system that will be used in this description.

The definition is that particles move in the positive s-direction while x and y are

perpendicular to the direction of motion.

Figure 2.1: Coordinate system, In red, a hypothetical path of a particle.

In a LINAC and in the BDS particles move mainly in the s-direction. Then the

assumption of vs ≈ v ≈ c is valid. Given that the BDS does not accelerate the

particles the energy is constant and consequently d
dt

vs = 0. A magnetic field

parallel to the direction of motion has no effect on the particle and therefore

assumed to Bs = 0.

These assumptions combined with the Newton’s second law of motion (taking
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2.1 Linear optics 2 BEAM TRANSPORT THEORY

into account relativity) yield

F =
d(p)

dt
(2.2)

d(γmv)

dt
= −ev × B, (2.3)

where m is the invariant mass of the particle and γ is the relativistic factor

γ = 1√
1−β2

, β = v
c
. Following the assumption of β being constant then

d(γm)
dt

= 0, yielding

γm
d(vx)

dt
= evzBy

γm
d(vy)

dt
= −evzBx. (2.4)

In this case one is more interested in knowing the behavior of the particle as a

function of its position s rather than as a function of time. Using

s = vt;
d2x

dt2
=

d2x

ds2
v2;

d2x

ds2
= x′′, (2.5)

Eq. (2.4) is transformed into:

x′′ =
eBy

γmv

y′′ =
−eBx

γmv
. (2.6)

As an example assume the magnetic field around the particle being that of a

quadrupole of length l, placed at s = 0 and with a magnetic field satisfying

Bx = gy and By = gx (see the Appendix) thus Eq. (2.6) becomes

x′′ − kx = 0

y′′ + ky = 0, (2.7)

where k = eg
p

is the magnetic strength normalized to the particle’s momentum, g

can be either negative or positive depending on the quadrupole, in this case g < 0.

Equations (2.7) govern the movement of the particle in the vertical and hori-
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2.1 Linear optics 2 BEAM TRANSPORT THEORY

zontal planes. A complete solution for the horizontal plane x is:

x(s) = x0 cos(
√

|k|s) + x′
0

sin(
√

|k|s)
√

|k|
x′(s) = −x0

√

|k| sin(
√

|k|s) + x′
0 cos(

√

|k|s). (2.8)

Here s = 0 is the entry of the quadrupole where the particle had x0 and x′
0 as

initial conditions. At s = l the particle exits the quadrupole with the position

x(l) and angle x′(l).

The complete solution for the horizontal and the vertical planes is shown in

Eq. (2.9) in matrix form:

(

x

x′

)

s=l

=





cos(
√

|k|l) 1√
|k|

sin(
√

|k|l)

−
√

|k| sin(
√

|k|l) cos(
√

|k|l)





(

x0

x′
0

)

(

y

y′

)

s=l

=





cosh(
√

|k|l) 1√
|k|

sinh(
√

|k|l)
√

|k| sinh(
√

|k|l) cosh(
√

|k|l)





(

x0

x′
0

)

. (2.9)

The solutions for the y-plane are similar to those of the horizontal plane but not

completely equal given the difference in sign in Eq. (2.7). It should be mentioned

that these results are based on the assumption that k < 0, since g < 0. If g > 0

then the solution for the y-plane would look like the one for the x-plane and vice

versa [7]. Equation (2.9) shows that the initial position and angle of the particle

at point s = 0 are transformed into the final position and angle at point s = l

via the transformation matrices Mx and My:

Mx =





cos(
√

|k|l) 1√
|k|

sin(
√

|k|l)

−
√

|k| sin(
√

|k|l) cos(
√

|k|l)





My =





cosh(
√

|k|l) 1√
|k|

sinh(
√

|k|l)
√

|k| sinh(
√

|k|l) cosh(
√

|k|l)



 . (2.10)

Figure 2.2 shows the position and angle at two different points for a hypothet-

ical trajectory. It has been shown that a quadrupole can be described by two

matrices, Mx for the horizontal plane and My for the vertical plane. Drifts and

dipoles can be described by transformation matrices in the same way by doing

the corresponding description of the magnet in Eq. (2.7).
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2.1 Linear optics 2 BEAM TRANSPORT THEORY

Figure 2.2: Particle path at two different positions slong s.

General Solution

The general case involves a particle with momentum p = p0(1 + ∆p
p0

) positioned

outside the reference orbit at a distance r = ρ + x, where p0 is the design mo-

mentum. Including this in Eq. (2.4) yield [8]

x′′ − (k − 1

ρ2
)x =

1

ρ

∆p

p0

y′′ + ky = 0, (2.11)

where ρ is the local radius of curvature, ∆p is the difference between the parti-

cle’s momentum p and the design momentum p0. The general solution for this

differential equation reads

x(s) = x0C(s) + x′
0S(s) + D(s)

∆p

p0
, (2.12)

where C(s) and S(s) are sinus-like functions and they satisfy the condition

C
′′

+ K(s)C = 0; S
′′

+ K(s)S = 0. (2.13)

D(s) is the Dispersion function and is the particular solution to the inhomoge-

neous equation

D
′′

+ K(s)D =
1

ρ(s)
. (2.14)

The Dispersion function can be obtained from C(s) and S(s) as

D(s) = S(s)

∫ s

s0

1

ρ(t)
C(t) dt − C(s)

∫ s

s0

1

ρ(t)
S(t) dt. (2.15)

10



2.1 Linear optics 2 BEAM TRANSPORT THEORY

For Eq. (2.12) to be valid, C(s) and S(s) need to be linearly independent. There-

fore the Wronskian determinant W needs to meet the condition

W =

∣

∣

∣

∣

∣

C S

C
′

S
′

∣

∣

∣

∣

∣

6= 0. (2.16)

The derivative of the Wronskian vanishes as

dW

ds
=

d(CS
′ − C

′

S)

ds
= CS

′′ − C
′′

S
′

= −K(CS − SC) = 0. (2.17)

This implies that W is constant in s. Thus its value is determined everywhere

by the initial values C(0), S(0), C
′

(0) and S
′

(0). Equation (2.12) at s = 0 yields

C(0) = 1, S(0) = 0, C
′

(0) = 0, S
′

(0) = 1, D(0) = D
′

(0) = 0, (2.18)

and the Wronskian is

W = 1. (2.19)

A general transformation matrix M can be now be defined as

M =









C(s) S(s) D(s)

C ′(s) S′(s) D′

0 0 1









. (2.20)

The matrix M has a Wronskian W = 1 which is constant for the entire length of

the magnet. Such transformation matrices are called symplectic. The importance

of this property will appear later in this section.

Finally the general solution for the horizontal plane can be written as









x

x′

∆p
p0









s=l

=









C(s) S(s) D(s)

C ′(s) S′(s) D′

0 0 1

















x0

x′
0

∆p
p0









. (2.21)

Equation (2.21) implies that the position and angle of a particle can be obtained in

a piecewise manner. In a given sequence of dipoles, drifts, quadrupoles etc (often

referred to as the lattice), each element is described by a couple of matrices

Mx(k, l), My(k, l). Then the position and angle of a particle can be tracked

along the lattice in a piecewise manner if the initial conditions are known (see

Eq. (2.22)):

11



2.1 Linear optics 2 BEAM TRANSPORT THEORY

(

x

x′

)

s=l1

= Mx(k1, l1)

(

x0

x′
0

)

(

x

x′

)

s=l2

= Mx(k2, l2)

(

x

x′

)

s=l1
(

x

x′

)

s=l2

= Mx(k2, l2)Mx(k1, l1)

(

x0

x′
0

)

. (2.22)

Phase-space

A particle’s position and angle can be represented by a point in phase-space. As

the particles travel through the lattice, its position and angle are transformed and

its position in phase-space changes accordingly. Figure 2.3 shows two particles in

phase-space at locations s = 0 and s = l.

Figure 2.3: Representation of two particles in phase-space before and after trav-
elling through a a magnet. Left: initial state. Right: final state.

An interesting property of the transformation matrix in Eq. (2.21) is the fact that

the area enclosed by an arbitrary shape in the phase-space plane is constant after

the transformation. This is due to the symplectic nature of the matrix. In Fig. 2.3

the length of the vectors is not preserved in the transformation. However, the

area enclosed by them is preserved yielding A1 = A2. To prove this let the two

particles in Fig. 2.3 be u, v with momentum p = p0, have the initial conditions

us=0 =

(

u0

u
′

0

)

; vs=0 =

(

v0

v
′

0

)

. (2.23)

The area A1 between this two vectors is

A1 =
|u × v|

2
=

|u0v
′

0 − u
′

0v0|
2

. (2.24)

12



2.1 Linear optics 2 BEAM TRANSPORT THEORY

As the particles pass through the magnet, their initial conditions are transformed

as

us=l = Mus=0; vs=l = Mvs=l

and M is

M =

(

C(s) S(s)

C ′(s) S′(s)

)

. (2.25)

Now the area A2 being the one enclosed by the transformed vectors is

A2 =
|(Mu) × (Mv)|

2
=

∣

∣

∣

∣

∣

(

Cu0 + Su′
0

C ′u0 + S′u′
0

)

×
(

Cv0 + Sv′
0

C ′v0 + S′v′
0

)∣

∣

∣

∣

∣

2
=

=
|u0v

′

0 − u
′

0v0|
2

= A1, (2.26)

thus showing that the area in phase-space is maintained constant throughout the

transformation. For practical cases, where millions of particles are involved, it is

often unnecessary to know the position and angle of every single particle. If the

initial position and angle of all particles can be described by a shape in phase-

space at s = 0, then this shape can be transformed and the final position and

angle of all particles can be described at s = l.

A very useful shape is an ellipse with parametrization in phase-space (x, x
′

) given

by

γx2 + 2αxx′ + βx′2 = a2 = ǫ, (2.27)

where a2 is 1/π times the ellipse’s area as long as we impose the condition

γβ − α2 = 1. (2.28)

As the particles state changes (positions and angle) the phase-space ellipse is

transformed. At s = l the new ellipse is described by new parameters as

γ0x2 + 2α0xx′ + β0x′2 = a2 = ǫ. (2.29)

13



2.1 Linear optics 2 BEAM TRANSPORT THEORY

x’

x

s = 0 x’

x

s = l

Figure 2.4: A set of points representative of a beam in phase-space enclosed by

a phase-space ellipse. Left: initial state. Right: final state.

Figure 2.4 shows phase-space ellipse enclosing all particles before and after a

transformation. The ellipse’s shape is transformed but the area a2 remains un-

changed. It is then possible to compare both ellipses at the entry s0 and at the

exit of the magnet at sl:

γ0x2
0 + 2α0x0x

′

0 + β0x
′

0

2
= γlx

2
l + 2αlxlx

′

l + βlx
′

l

2
. (2.30)

Assuming D = D
′

= 0 in Eq. (2.21) then x0 can be expressed in terms of xl as

x0 = S
′

xl − Sx
′

l

x
′

0 = −C
′

xl + Cx
′

l. (2.31)

Finally the ellipse parameters βl, γl, αl at sl can be obtained as:









βl

γl

γl









=









C2 −2SC S2

−CC
′

SC
′

+ S
′

C −SS
′

C
′2 −2S

′

C
′

S
′2

















β0

γ0

γ0









. (2.32)

This shows how the ellipse parameters can easily be calculated in a piecewise

manner along the lattice. The ellipse’s area is called emittance ǫ = a2. It is

constant if the beam’s energy is kept unchanged. In practical cases it is difficult

to define an ellipse containing all particles. A smaller ellipse containing a fraction

of all particles is used instead.

Now it is possible to calculate the properties of a family of particles as they

travel through a lattice as long as the initial conditions are well described. The
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2.1 Linear optics 2 BEAM TRANSPORT THEORY

initial condition of a group of particles can be described by a two-dimensional

Gaussian distribution as

f(x, x′) =
1

2πσxσx′

e
−x2

2σ2
x

− x′2

2σ
x′

2

. (2.33)

An ellipse enclosing a percentage of the particles can be expressed in terms of

σx, σx′ :

X2

σX
2

+
X ′2

σ2
X′

= 1. (2.34)

From Eq. (2.33) it can be calculated that an ellipse defined by Eq. (2.34) encloses

39.3% of all particles. Such an ellipse can be rotated by an angle θ and described

in x, x
′

coordinates as

σ2
x′x2 − 2rσx′σxxx′ + σx

2x′2 = ǫ2. (2.35)

Comparing Eq. (2.35) with Eq. (2.27) one obtains

σx =
√

βǫ (2.36)

σx
′ =

√
γǫ. (2.37)

Here
√

β represents the beam envelope and it is proportional to the RMS of the

beam σx, while
√

γ is proportional to the beam’s divergence σ
′

x. If ǫ is constant

then the β-function can be calculated at any point using Eq. (2.32) while the

beam size is obtained via σx =
√

βǫ.

The parameters β, α and γ are called the twiss-parameters [7] and they are

related to each other as

βγ − α2 = 1

α = −1

2

dβ

ds
. (2.38)

The matrix notion shown here is also obtained in linear optics, where a lens is

described by a matrix that acts on the light beam. For this reason this results

are often referred to as beam linear optics. The twiss-parameters are very useful

as a first step to design a lattice. However they can only be used for magnets

with linear fields such as drifts, dipoles and quadrupoles.
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2.2 Nonlinearities

Drifts, dipoles and quadrupoles have linear magnetic fields. The magnetic field

of sextupoles is described by

Bx(x, y) = g′xy

By(x, y) =
1

2
g′(x2 − y2). (2.39)

Since the field is not linear Eq. (2.6) cannot be solved analytically. Non-linear

functions can however be expressed by an infinite sum of terms (i.e. Taylor se-

ries). Using this expansion it is possible to calculate the behavior of a beam as

it passes through non-linear magnets.

The relationship between the coordinates of the beam at point s = 0 and s = f

can be written as

xf =
∑

jklmn

Xjklmnx0
jx′

0
k
y0

ly′
0

m
δ0

n, (2.40)

where xf represents any of the coordinates for both planes and Xjklmn are the

coefficients of the transformation matrix multiplied by the initial condition with

subindex 0. This is the general solution and it takes into account the coupling

between both planes x, y. It also includes the effect of the energy deviation in δ0.

In the simplest case, assuming uncoupled planes (l = m = 0) and truncating the

sum at the first order (q = 1), this becomes Eq. (2.21).

The coefficients Xjklmn can be obtained from the software package MAD-X [9]

together with the Polymorphic Tracking Code (PTC) [10] up to any desired or-

der [11]. The
√

〈x2
f 〉q corresponds to the RMS size σxf

taking into account the

effect of higher order aberrations up to the qth order. If the contribution from

higher orders is low, then it is enough to use linear optics for calculations in the

beam line. Luminosity is one of the driving parameters in the CLIC project.

Luminosity is inversely dependent on beam size σx,y. Hence the importance of

reducing the higher order aberrations.
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3 BEAM DELIVERY SYSTEM

3 Beam delivery system

Currently CLIC is being designed to run at the two energies 500 GeV and 3 TeV.

Each energy needs different BDS designs but the design philosophy behind the

systems is the same. The BDS is located between the LINAC and the IP. The

BDS does not contain any accelerating structures as it receives a fully accelerated

beam from the LINAC. The BDS has two main purposes: to clean the beam from

particles with energies and orbits outside a certain range and to shape and focus

the beam. It is important that the beam size at the IP is as small as possible.

For this the BDS is divided in three parts, the Diagnostics section, the Collima-

tion section and the FFS. Figure 3.1 shows the 500 GeV and 3 TeV BDS layout

footprint with their different parts.
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Figure 3.1: 500 GeV & 3 TeV BDS layouts footprint. The BDS is divided in three
main sections: Diagnostics, Collimation and Final Focus.

The Diagnostics section is at the very entry of the BDS. It consists of a number

of instruments that measure and analyze the incoming beam from the LINAC.

The Collimation section consists of three bendings. Particles with a momentum

p 6= p0 have a bending radius different to the designed. Particles outside a certain

energy range are extracted from the beam. After the bendings a straight section

aligns the beam before delivering it to the FFS. In the FFS the particles are

packed together so that the beam size is as small as possible at the IP.
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3 BEAM DELIVERY SYSTEM

The CLIC requirements related to the BDS for both designs are shown in Tab. 3.1.

Table 3.1: CLIC design parameters at 500 GeV and 3 TeV.

Center-of-mass-energy CLIC 500 GeV CLIC 3 TeV

Total (Peak 1%) luminosity [cm−2s−1] 0.9 (0.6) 1034 5.9 (2.0) 1034

Repetition rate (Hz) 50 50

Bunch charge (109) 6.8 3.72

Bunch separation (ns) 0.5 0.5

Beam pulse duration (ns) 177 156

Number of bunches (Hz) 354 312

Bunch length (ns) σz 44 44

Hor./vert. norm. emittance (10−6/10−9 rad) 3/40 0.66/20

Hor./vert. final focusing β∗
x/β∗

y (mm) 10/0.4 4/0.1

Hor./vert. IP beam size σ∗
x/σ∗

y (nm) 248/5.7 40/1

CLIC is planned to be constructed around the year 2030 [5]. For this reason the

majority of the studies are based on computer simulations. Mainly two software

packages are used for the studies, MAD-X and PLACET. MAD-X is a strong

tool for lattice design. A wide range of analysis can be done with MAD-X.

However MAD-X is mainly used for Beam Linear Optics. To take into account

nonlinearities MAD-X is used together with PTC and MAPCLASS. PLACET

is used for analysis involving synchrotron radiation, misalignments or any study

involving luminosity.
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4 500 GEV BDS

4 500 GeV BDS

The Collimation section is located right after the Diagnostics section and stretches

over 2 km. Its purpose is to provide an aligned beam to the FFS. The BDS first

design is done from the beam optics point of view, only taking into account the

beta-functions along the lattice. When higher order aberrations are taken into

account the design does not longer satisfy the constraints. Two things need to

be done at this point. The first step is to reduce the higher order aberrations at

the FFS entry. The second step is to re-optimize the FFS taking into account

not only the beta-functions but also the higher order aberrations so that the

constraints at the IP are meet.

4.1 Collimation section optimization

The first calculations on the currents status of the system at the FFS entry are

shown in Fig. 4.1 (in red). It can be seen that for the vertical beam size σy the

final value is almost twice the value obtained from the optics (first order). All

other properties at the 10th order are in the acceptable 10% range. Optimization

of the Collimation section is needed.
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Figure 4.1: Horizontal and vertical RMS beam sizes (σx,y) and divergences (σx′,y′)

at the end of the Collimation section as a function of the maximum order con-

sidered. In red: original status. In blue: after-optimization status.
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4.2 FFS optimization 4 500 GEV BDS

The optimization of the Collimation section is done using MAD-X. Higher order

aberrations are included by letting PTC produce the transfer map up to the fifth

order. MAPCLASS is used to calculate the beam size and beam divergence at

the FFS entry. For the optimization MAD-X uses the minimization algorithm

SIMPLEX. This is an iterative procedure and depends on the number of con-

straints and variables. In this case there were two variables only. These variable

define the strength of a number of sextupoles placed in several parts along the

Collimation section. The matching is done having the beam size and divergence

as the figure of merit. The constraint was set to have the 10th order values no

more than 10% over the value obtained from the optics, the 1th order. Truncat-

ing the transfer map at the fifth order was enough to satisfy the constraint.

The after optimization results are also shown in Fig. 4.1 (in blue). All prop-

erties have been optimized but the vertical divergence which has been increased

by roughly 4%. However the overall behavior of the beam has been optimized.

4.2 FFS optimization

Now that higher order aberrations have been reduced at the FFS entry the op-

timization of the FFS can start. The luminosity is inversely proportional to the

beam size. Therefore it is important to have small beam size aberrations at the

IP. The beam divergence is less important here. The FFS has been designed based

on the local chromaticity correction scheme proposed in [12]. The scheme con-

sists in having two pairs of sextupoles (a pair for each plane) each pair separated

by 180◦ phase advance thus compensating for geometrical aberrations [11]. In

principle octupoles and decapoles could have been included in the FFS and used

to reduce the aberrations. However in this case it was enough to use quadrupoles

and sextupoles.

A first calculation of the beam size showed that the final horizontal beam size

σx at the 10th order was 50% larger than the first order value (see Fig. 4.2).

The vertical beam size σy was in the first order smaller than required by the

parameters (see Tab. 3.1). The final vertical beam size was three times larger

than the first order. The optimization procedure was done in two steps. First the

beta functions at the IP were optimized so that the beam size at the first order

is increased to the desired value. The second step aimed to reduced the higher

order aberrations. Reducing the beam size at the first order does not result in a

reduction of the beam size at higher orders. Often the result is the contrary. The

beta functions at the IP are optimized using only quadrupoles. Since MAD-X

alone is capable of calculating the beta-functions at the IP β∗, then PTC and
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4.3 Tunnel problem 4 500 GEV BDS

MAPCLASS were not needed in this first step.

 240

 260

 280

 300

 320

 340

 360

 380

 1  2  3  4  5  6  7  8  9  10

H
or

iz
on

ta
l B

ea
m

 S
iz

e 
σ x

 [n
m

]  

Maximum order considered

Original
Optimized

 2

 4

 6

 8

 10

 12

 14

 1  2  3  4  5  6  7  8  9  10

V
er

tic
al

 B
ea

m
 s

iz
e 

σ y
 [n

m
] 

Maximum order considered

Original
Optimized

Figure 4.2: Horizontal and vertical beam size (σx,y) at the IP as a function of the
maximum order considered. In red: original status. In blue: after-optimization
status.

After the first order beam size was brought up to the desired value the second

step started. The reduction of higher order aberrations is done in the same way

as for the FFS entry. The time it takes for the PTC to produce the transfer

map increases rapidly as the truncating order increases. At the same time during

a single matching procedure the transfer map is produced for every iteration.

Therefore the optimization was at first truncated at the fourth order. However a

blow up was observed for higher orders. The truncating order was increased to

the tenth order. This made the optimization very slow but the results shown in

Fig. 4.2 are satisfactory.

4.3 Tunnel problem

CLIC is planned to run at 3 TeV for several years but only a small period of time

at 500 GeV. A tunnel wide enough to fit both the 500 GeV and 3 TeV BDS is

not economically reasonable. For this reason the 500 GeV BDS has to be fitted

in the same tunnel designed for the 3 TeV BDS. This tunnel has a diameter of

4.5 m. Figure 4.3 shows the 500 GeV and 3 TeV BDS layouts and the tunnel that

houses them. It can be seen that the 500 GeV BDS is too close to the tunnel wall

thus not leaving enough space for other instruments. A change in the 500 GeV

BDS is needed.
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Figure 4.3: 500 GeV and 3 TeV BDS layout fitted inside the tunnel. The 500 GeV

BDS is too close to the tunnel wall, thus not leaving enough space for instruments.

The first approach was to reduce the bending angle of the dipoles in the FFS

(s ≈ −200 m). These dipoles are used to increase the dispersion in the FFS.

The dispersion is used by the sextupoles to reduce the machine’s total chromatic-

ity [13]. If the dipoles are weaker then the sextupoles need to be stronger to

reduce the chromaticity. Stronger sextupoles in turn increase the nonlinearity of

the system as well as the coupling between both transverse planes, an undesired

effect. The only possibility left is to rotate the entire BDS around the IP. This

rotation does not affect the behavior of the machine. However it changes the

crossing angle of the colliding beams at the IP. Whatever the crossing angle is,

the bunches are made to collide head-on with the help of crab cavities.

At first, a rotation around the IP of 0.4 mrad was studied but this rotated the

Diagnostics section away from the LINAC (see Fig. 4.4). It would be ideal if

the Diagnostics section of the 500 GeV and 3 TeV BDS designs were in the same

line. This condition cannot be achieved only by a rotation of the BDS around

the IP. It would also be necessary to change the bending angle of the dipoles in

the Collimation section. Modifying the dipoles is a direct change to the machine

and affects the machine behavior. However if it is possible to re-optimize the

machine to the nominal behavior then the BDS would fit better in the tunnel

and its Diagnostics section would have a better alignment towards the LINAC.
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500 GeV BDS in blue, 3 TeV BDS in red. The Diagnostics section of the rotated

BDS is not longer aligned with the Diagnostics section for the 3 TeV BDS.

A script for MAD-X was developed so that both the rotation angle around the IP

and the bending angle for the dipoles in the Collimation section would be varied

to meet the single constraint of having the Diagnostics sections of the 500 GeV

aligned with that of the 3 TeV. The simulations results concluded that a rotation

of the BDS by an angle of 0.7 mrad around the IP and a reduction of the bending

angle of the dipoles in the Collimation section by a factor 0.48 was necessary.

Given the dipole strength change, it is mandatory to re-optimize the machine.

The strategy used is to re-optimize the Collimation section so that the beam size

and divergence at the FFS entry are the same as before. See Fig. 4.1 (blue).

If this is achieved the FFS is unaware of the modification and does not need

to be re-optimized. This optimization showed that matching the sextupoles in

the Collimation section was enough to retrieve the beam properties at the FFS

entry. A control simulation revealed that the FFS behaves in the same manner

as before. Table 4.1 shows the numerical values for the beam size and divergence

at the FFS entry and at the IP after the rotation and re-optimization. Observe

that the beam size and divergence at the IP and finally the luminosity are similar

to values obtained before the rotation of the machine, even though the FFS had

not been re-optimized.
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4.4 Luminosity and beam profile at the IP 4 500 GEV BDS

Table 4.1: Comparison of the beam properties at the FFS entry and at the IP for

the original BDS and the rotated BDS at 500 GeV. The beam size at the IP and

the luminosity are the same as for the original version but the BDS fits better in

the tunnel.

Original New (rotated)

FFS entry

σx [µm] 18.53 18.53

σy [µm] 0.666 0.666

σpx [10−9] 334.0 333.7

σpy [10−9] 138.16 135.83

IP
σ∗

x [nm] 246.52 246.35

σ∗
y [nm] 5.844 5.923

Luminosity [1034 cm−2s−1] 1.04 1.02

4.4 Luminosity and beam profile at the IP

For luminosity calculations PLACET is used instead of MAD-X. The major dif-

ference between them is that while MAD-X is given the initial twiss-parameters,

PLACET is given the actual initial beam distribution. A group of macro particles

satisfying the initial conditions represents the beam. Each macro particle is then

tracked through the lattice and the beam distribution can be studied at any point.

In PLACET, only one beam is tracked along the lattice but for luminosity calcu-

lations, where two beams are needed, PLACET clones the beam profile at the IP

from the tracked beam and lets guinea-pig [14] calculate the luminosity. For the

500 GeV design the total luminosity was calculated to L0 = 1.02 × 1034 cm−2s−1

while the peak luminosity is L0peak = 6.6 × 1033 cm−2s−1 yielding a 10% higher

luminosity than required.

Beam profile

At the IP, the beam size is calculated by taking the RMS for the vertical and

horizontal planes from the particle distribution. In fact this is how MAPCLASS

calculates the beam size. The presence of outsiders in the distribution has a great

impact on the RMS value. A better result is obtained when a Gaussian is fitted

to the horizontal or vertical distribution. For this a histogram is created showing

the vertical and horizontal distribution of the particles at the IP. The sigma ob-

tained from the Gaussian fit is often lower than that obtained from MAPCLASS.

Figure 4.5 shows the histogram and the fitted Gaussian for the vertical and

horizontal beam size. The obtained values for the horizontal beam size is
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4.5 Bandwidth 4 500 GEV BDS

σx = 243 nm and σy = 5 nm for the vertical. These values are lower than

the values obtained from the MAD-X optimization (see Tab. 4.1) and also lower

than the required values. Figure 4.5 is shown in a logarithmic scale to facilitate

spotting fit errors. It is interesting that the vertical distribution large tails, sug-

gesting the distribution is a deformed Gaussian. This deformation is attributed

to non-linearities having a stronger effect on the vertical beam size than on the

horizontal.
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Figure 4.5: Vertical and Horizontal beam size at the IP. In red: the particle
distribution. In blue: a fitted Gaussian. The vertical position distribution is a
deformed Gaussian

4.5 Bandwidth

The magnets in the BDS are designed for beams with a nominal energy of 250 GeV

per beam. The beam size at the IP has been optimized for beams with the nomi-

nal energy. Thus the highest luminosity is expected at this energy. A beam with

an energy different from the nominal experiences a different external force from

the magnets. As a consequence the beam has an orbit different to the design or-

bit. The final distribution at the IP differs also from the nominal one yielding a

lower luminosity. How luminosity varies as the energy of the beam varies defines

the bandwidth of the machine.

A bandwidth study was carried on where the energy of the beam was defines

as p = p0(1 + dp) and dp was varied in a range from −1% to 1%. Figure 4.6

shows the relative total and peak luminosity as a function of dp. It can be seen

that the behavior of the machine is not symmetric. The system has a higher lumi-

nosity for beams with an energy below the nominal dp < 0 than for dp > 0. While

the maximum total luminosity is achieved for beams at the nominal energy, this

is not the case for the peak luminosity. For beams with an energy 0.1% higher
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4.6 Apertures 4 500 GEV BDS

than the nominal the peak luminosity reaches a maximum. This luminosity is

<1% higher than for beams with nominal energy.
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Figure 4.6: 500 GeV bandwidth. Peak and total relative luminosity as a function

of the beam energy deviation dp.

4.6 Apertures

The aperture is the inner radius of the magnet and it depends on the beam size.

The aperture of the magnet has to be large enough to fit the beam inside. Off-

momentum beams with an energy deviation of maximum 1% should also fit in

the magnets.

The beam size along the lattice can be calculated from the beta-function using

σ =
√

β ǫ + (D σdp)2, (4.1)

where D is the dispersion function and σdp is the beam’s energy spread. As men-

tioned before for the CLIC study the energy spread is assumed to be σdp = 0.5%.

Another approach to calculate the beam size is to track a large number of par-

ticles along the BDS. This is done using PLACET. At every dipole, quadrupole

and sextupole the beam size and beam offset are determined from the the vertical

and horizontal distributions. The beam size is the RMS of the distribution while

the beam’s offset is the average. To include an off-momentum beam the tracking
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4.6 Apertures 4 500 GEV BDS

is done for three beams, one with the nominal energy and two more with 1%

lower/higher energy. Figure 4.7 shows the horizontal beam sizes calculated using

both methods. Both methods are in agreement except in places where the disper-

sion is large. The value of σdp plays an important role here. A better agreement

is achieved when σdp = 0.3.
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Figure 4.7: Horizontal beam size as a function of the longitudinal position s along

the BDS. The red curve shows the beam size obtained using the beta-functions.

The other curves show the beam size obtained by tracking the beam along the

BDS.

The difference in energy for the off-momentum beams does not affect the beam

size notoriously, except in the FFS. To allow enough space for the beam, the

aperture is defined as the largest value between 14σx and 55σy. As the beam

travels along the BDS the beam’s center moves in the transverse plane. This is

called the beam’s offset and needs to be added to the aperture.

As the head of the beam passes through the BDS, it induces an electromag-

netic field in the beam pipe. This field dissipates rapidly but it still affects the

tail of the beam. A separate thesis to this one [15] has shown that a minimum

aperture of 12 mm is needed for an energy of 250 GeV so that that the negative

effects of the induced e.m. can be neglected. The final apertures are calculated

using the PLACET approach and setting a minimum aperture of 12 mm. Fig-

ure 4.8 shows the the estimated needed aperture fitted inside the aperture. An
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4.7 Magnet strength 4 500 GEV BDS

extra 1.1 mm has been added to the aperture, 1.0 mm for the thickness of the

beam pipe and 0.1 mm for the misalignment error of the magnet.
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Figure 4.8: Magnets apertures along the BDS. In blue the minimum needed

aperture, defined as max(14σx,55σy). The minimum allowable aperture for the

magnets is 12 mm.

4.7 Magnet strength

The magnet transformation matrices Mx, My are defined only by the magnet

length l and gradient k. So far these parameters have been allowed to take any

value. However, in real life when constructing magnets, the maximum magnetic

field of a magnet is a limiting factor. With the technology available today, mag-

nets with a peak field of two Tesla are achievable. In the CLIC study this peak

field has been limited to Bmax = 1.5 T. The strength of a dipole is the same

anywhere in the dipole. Therefore the aperture has no effect in the Bmax. The

strength of a dipole is obtained as

Bdipole[T ] =
1

ρ

p

e
, (4.2)

where p is the particles momentum, e is the charge of the electron and ρ is the

radius of curvature for the dipole. This equation is often rewritten so that the
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4.7 Magnet strength 4 500 GEV BDS

momentum units are given in GeV per speed of light units c.

Bdipole[T ] =
1

ρ[m]
3.33 p[GeV/c]. (4.3)

The momentum for this case is p = 250 GeV/c. The value of ρ is given by

MAD-X for every single dipole and Bmax can be calculated. In the case of

quadrupoles and sextupoles the magnetic field varies with the distance from the

center of the magnet and Bmax is obtained by calculating the magnetic field at

the outermost point. The outermost point is the magnet aperture calculated

in the previous section. For the calculation of the maximum magnetic field the

following equations are used

Bquadrupole[T ] = k1 p[GeV/c]3.33 Ap, (4.4)

Bsextupole[T ] = k2 p[GeV/c]3.33
Ap2

2
, (4.5)

where k1 and k2 are the gradients of the quadrupole and sextupole respectively.

Ap represents the aperture of the magnet. Here Bmax was calculated for all

dipoles, quadrupoles and sextupoles in the BDS. Figure 4.9 shows the maximum

magnetic field for all elements along the BDS. All dipoles and sextupoles and the

majority of all quadrupoles satisfy the condition Bmax < 1.5 T.
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Figure 4.9: Magnetic peak field for all magnets along the BDS. Magnets with a

magnetic peak field over 1.5 T need to be modified.
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The magnets with Bmax > 1.5 T are all quadrupoles in the Diagnostics section.

A way to reduce Bmax is to reduce k1 at the same time as the magnet length l

is increased accordingly. The kick received by the particle as it passes through a

quadrupole depends on the magnets integrated strength k1 × l. If k1 is reduced

by a factor 2, then l needs to be increased by the same factor keeping the kick

seen by the particle constant, but reducing Bmax. A complete table with the

gradient and fields for all magnets is shown in the Appendix.

4.8 500 GeV BDS used for a different energy

Recently it has been proposed to allow the 500 GeV BDS design to run with

an energy 50% lower than the nominal 250 GeV per beam and with a lower

charge. It should be mentioned that this study is not the same as the bandwidth

study. In the bandwidth study the BDS is designed for beams with an energy of

250 GeV and the study observes how the luminosity varies as the energy of the

beam is varied. In this study the strength of the magnets is reduced accordingly

to the beam’s energy yielding a different design. This study was done by letting

PLACET track beams with different energies and charges. For each energy the

luminosity was calculated. As the energy was reduced so was the total charge of

the beam. The results obtained are shown in Fig. 4.10.
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A reduction in luminosity was expected as the beams energy and charge are

reduced. However the lowest luminosity was not expected to be an order of

magnitude lower than for the nominal energy. This study also shows that the

beam size at the IP increases as the energy is reduced. Beam size optimization

could be done but the improvement is not expected to increase the luminosity

in a large manner. Figure 4.11 shows how the horizontal and vertical beam size

vary as a function of the beamss energy.
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5 3 TeV L* = 6.0 m FFS

Currently there are four different designs for the CLIC 3 TeV BDS. The main

difference between them is the distance between the last quadrupole and the IP,

L∗. Therefore the designs are often called by their L∗ value. The original design

has a L∗ = 4.3 m. However this distance was reduced and the L∗ = 3.5 m

design was created. The L∗ = 3.5 m is the nominal design. A study done in 2008

revealed a stabilization issue [16] since the last quadrupole would be placed inside

the detector. The study suggested a larger L∗. For this reason the L∗ = 8.0 m

design was proposed as a solution but its sensitivity to transverse misalignments

was too high. A new design with L∗ = 6.0 m has shown to be comparable to

the nominal design L∗ = 3.5 m in many aspects. The design process, simulations

studies and results for this L∗ = 6.0 m FFS are discussed in the following sections.

5.1 L* = 6.0 m FFS design

The L∗ = 6.0 m FFS was designed by scaling the L∗ = 4.3 m FFS design.

Even though the main difference in the design is the distance between the last

quadrupole and the IP, this is not the only change done. It’s better to rescale the

entire FFS, therefore every length dependent parameter in the FFS is multiplied

by the same factor 6
4.3 ≈ 1.4.

The entire L∗ = 6.0 m FFS is then 40% larger than the L∗ = 4.3 m FFS. Since

the initial beta functions at the FFS entry are also increased by the same factor

then this factor is also seen in the beta-functions at the IP β∗. Subsequently an

enlargement of the beam size at the IP is observed. For this reason the new FFS

needs to be optimized with two major constraints, first to bring down the size

of the beta functions at the IP and second to reduce the high order aberrations.

The Collimation section for the L∗ = 6.0 m and the L∗ = 4.3 m designs are the

same. The matching section between the Collimation section and the FFS needs

to be modified so that the incoming beta-functions from the Collimation section

are transformed into the scaled beta functions at the entry of the FFS.

The optimizations of the FFS to bring down the beta function and to reduce

the high order aberrations were done simultaneously using MAD-X together with

PTC. Since the twiss-parameters and the first order beam size are related to each

other as σ =
√

βǫ, the beta function can be optimized by putting a constraint in

the beam size at the first order. To bring down the beam size at the first order,

quadrupoles are used as variables. Even though this reduction is done quickly

with quadrupoles not all solutions are satisfactory. Many of the solutions with
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5.1 L* = 6.0 m FFS design 5 3 TEV L* = 6.0 M FFS

a small first order beam size have a blow up for the higher orders. Sometimes

the blow up is too large and it cannot be reduced with sextupoles, octupoles and

other higher order magnets. Instead another solution, using only quadrupoles, is

sought so that the blow up is as small as possible and thus giving the higher order

magnets a chance to reduce the aberrations. When such a solution is found, the

optimization continues now using mainly higher order magnets. After a while

quadrupoles are included as variables again hoping to find better and better so-

lutions. The reason why not all variables are used at once is simply time saving.

As the number of variables increases the optimization algorithm used by MAD-X,

simplex, needs more time to test each of the variables. The results of the FFS

optimization procedure are shown in Fig. 5.1. The horizontal beam size reaches

a final value of σx = 49.1 nm, this being only 1% larger than the first order. The

vertical beam size reaches a value of σy = 1.06 nm and is 17% larger than the

first order value but only 5% larger than the required value (see Tab. 3.1). The

horizontal beam size has a very small blow up but its value is 22% larger than

the required. Several starting conditions and variables combinations were tried

in the optimization but the final horizontal beam size always reached this value.

It is unknown if a better beam size can be obtained.
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Figure 5.1: Horizontal (left) and vertical (rigth) RMS beam sizes at the IP as a
function of the maximum order considered.

After the FFS optimization the next step is to modify the matching section be-

tween the Collimation section and the FFS. This modification transforms the

incoming beam from the Collimation section, where the beta-functions have not

been scaled, into a beam that has scaled beta-functions. This matching section

consists of four quadrupoles. Matching them to satisfy the constraint was done

without major difficulty.

A first luminosity calculation for the L∗ = 6.0 m design was done using PLACET.
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5.2 Bandwidth 5 3 TEV L* = 6.0 M FFS

The total luminosity was calculated to L0 = 6.4 × 1034 cm−2 s−1 while the peak

luminosity reached a value of L0peak = 2.3 × 1034 cm−2s−1. The achieved lumi-

nosity is larger than required (see Tab. 3.1). The first design for the L∗ = 6.0 m

has been created. Further studies revealed weaknesses in the system. Small

changes were done to the lattice to solve the problems. The observed problems

and the changes made are explained in the following sections.

5.2 Bandwidth

The L∗ = 6.0 m FFS is designed for beams with a nominal energy of 1.5 TeV.

The BDS is required to accept off-momentum beams with energies 1% higher

or lower than the nominal. As the beam energy deviates from the nominal the

luminosity decreases. A Bandwidth study was carried on for the L∗ = 6.0 m

design and the results are shown in Fig. 5.2 (left). This study revealed that for

the current design luminosity is low for beams with lower energy. The bandwidth

of the machine is too short to be acceptable. Hence a change is needed in the

design. To solve this problem re-optimization was done in MAD-X. MAD-X and

PTC can be set to do their calculations based in a certain energy distribution.

The previous optimizations were done assuming a square distribution with a

total energy spread of 1%. Using an energy spread of 1.5% was expected to give

better results. The new optimization had the beam size at the IP as the figure

of merit. After this optimization procedure reached an acceptable beam size the

bandwidth study was run again and the results show a notorious improvement

in the bandwidth as seen in Fig. 5.2 (right). The bandwidth of the L∗ = 6.0 m

is now comparable to the bandwidth of all others designs (see Fig. 7.1 in the

comparison section).
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Figure 5.2: Bandwidth for the 3 TeV L∗ = 6 m design. Total and peak luminosity

as a function of the energy deviation dp. Left: original version. Right: optimized

version.
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5.3 Luminosity and beam profile at IP

As the bandwidth of the machine was improved some changes were done to

the machine in turn affecting the total and peak luminosity. The current to-

tal luminosity was calculated to 5.0 × 1034 cm−2s−1 while the peak luminosity

is 2.1 × 1034 cm−2s−1. The total luminosity for this design is 17% lower than

the required, however the peak luminosity is 7% higher. The original design had

both higher peak and total luminosities than the current design (see Tab. 7.1).

However the reduction in luminosity in exchange for an acceptable bandwidth

was a necessary trade-off.

Beam profile

To calculate the beam size at the IP, 60,000 particles were tracked along the

entire BDS. The beam sizes were calculated from the particle distribution at

the IP. The histogram with the respective Gaussian fit can be seen in Fig. 5.3.

The horizontal beam size was estimated to be σx = 57 nm and the vertical as

σy = 1.1 nm. Again, as seen for the 500 GeV case, the vertical beam size does

not fit as well to a Gaussian as the horizontal beam size does. The horizontal

beam size is 50 times larger than the vertical beam size making it less sensitive

to deformations.
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Figure 5.3: Horizontal (left) and vertical (right) beam size at the IP. In red:

particle distribution. In blue: Gaussian fitted to the core of the distribution.

5.4 Apertures

The magnet’s aperture depends on the beam size. As it was explained in the

apertures section for the 500 GeV, the beam sizes can be calculated via the beta

functions or by tracking beams along the BDS. The tracking is done in PLACET
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5.4 Apertures 5 3 TEV L* = 6.0 M FFS

and this approach is preferred since it takes into account the beam’s offset. Three

beams are tracked, one with the nominal energy and two more with an energy

deviation of 1%.

The aperture is calculated as the largest value between 14σx + offsetx and

55σy + offsety where offsetx,y is the distance from the center of the magnet

to the beam center. For an energy of 1.5 TeV the minimum allowable aperture

needed to neglect wake field effects has been estimated to 10.0 mm [15].
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Figure 5.4: Estimation of the needed apertures via the vertical beam size (top)

and the horizontal beam size (bottom). The beam with higher energy (dp = 1%)

dominates both in the Collimation and in the FFS.

The calculated apertures are shown in Fig. 5.4. In the Collimation section the

aperture is defined only by the horizontal beam size. The apertures in the FFS

are defined by the vertical beam size. The vertical beam size for a beam with an

energy deviation of dp = 1% is almost five times the beam size for a beam with

nominal energy. This is unexpected and the reason behind this blow up is not

yet fully understood.
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Magnets in the Collimation section are used a number of times in different loca-

tions along the BDS. This is the reason why some magnets have a larger aperture

than they really need. Building a large number of magnets with the same design is

more economically reasonable than having custom made magnets. However this

might need to be changed depending on the magnetic peak field of the magnets.

5.5 Magnet strength

The magnets in the 3 TeV BDS are stronger than in the 500 GeV BDS. However

the maximum allowable magnetic field is maintained to 1.5 Tesla. For a few

magnets an upper limit of 2 Tesla is acceptable, i.e. the magnets in the Final

Doublet (FD). Octupoles and decapoles have been included in the L∗ = 6.0 m

BDS design. The peak field for these magnets is calculated as

Boctupole[T ] = k3 p[GeV/c]3.33
Ap3

6
(5.1)

Bdecapole[T ] = k4 p[GeV/c]3.33
Ap4

24
, (5.2)

where k3 and k4 are the octupole and decapole gradient respectively and Ap is

the aperture obtained in the previous section.
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Figure 5.5: Magnetic peak field for all magnets in the 3 TeV L∗ = 6.0 m BDS.

Top: Higher order magnets. Bottom: Dipoles and Quadrupoles.
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Figure 5.5 shows the estimated magnetic field for all magnets in the BDS. The

results show clearly that magnets need to be modified. As it was explained in

the 500 GeV section the peak field can be reduced if the gradient is reduced at

the same time as the magnet’s length is increased. This works well for magnets

close to the maximum allowable peak field. Thus it can be used for almost all

quadrupoles. For sextupoles, octupoles and decapoles a stronger solution is to

reduce the aperture of the magnet. If the aperture for the sextupole magnet

reaching 40 T (see Fig. 5.5) is reduced from 10 mm to 2 mm the magnetic peak

field is reduced by a factor 25. If the aperture is reduced by the same factor for

an octupole the magnetic field is reduced a factor 125.

The last quadrupole QD0 is the stronger magnet in the BDS. For this mag-

net both the gradient and the aperture need to be reduced. A last resource is to

reduce the allowable energy deviation for the off-momentum beams. As seen in

the aperture section, as the momentum deviation increases, so does the needed

aperture in the FFS.

5.6 Final-Doublet displacement

The Final Doublet (FD) is composed by the last two quadrupoles QF1 and QD0.

These are very strong and any error in their design has a strong impact on the

luminosity. Simulations have shown that transverse misalignment in the order of

nano-meter would reduce the luminosity drastically [16]. It is important to know

how longitudinal misalignments affect the luminosity as well. A study was carried

on where errors were introduced in the longitudinal position of each magnet in

the FD.

This study was carried on in two steps. In the first step the drift between the last

two quadrupoles was assumed to be perfect and constant. Thus the same error

was added to the longitudinal position of both magnets. A negative alignment

error means the entire FD has been moved backwards along the beamline. Thus

the distance to the IP has been increased. Figure 5.6 shows the total luminos-

ity normalized to the highest achieved value as a function of the error for both

designs L∗ = 6.0 m and L∗ = 3.5 m. The fact that a −40 µm error gives the

highest luminosity suggests that the IP is not located where the beam size is as

small as possible. Even though 40 µm is not big compared to the total length of

the last drift L∗ = 6.0 m, it is expected to be possible to align the elements to

the 10 µm range.

39



5.6 Final-Doublet displacement 5 3 TEV L* = 6.0 M FFS

From the highest luminosity point to the 2% luminosity loss point there is an

allowable width of 40 µm. The L∗ = 3.5 m design shows a similar behavior.

However its allowable misalignment from the maximum luminosity to the 2%

luminosity loss point is almost half that of the L∗ = 6.0 m design.
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Figure 5.6: Luminosity as a function of longitudinal misalignments in the Final-

Doublet for the L∗ = 3.5 m (blue) and the L∗ = 6.0 m (red) FFS designs. A

positive misalignment moves both magnets towards the IP.

In the second step of this study the misalignment of the quadrupoles is set op-

posite to each other. A negative error means that the quadrupole QF1 has been

moved backwards in the beamline while the quadrupole QD0 has been moved

forward closer to the IP and increasing the drift between these two quadrupoles.

Figure 5.7 shows the total luminosity normalized to the highest achieved value

as a function of the alignment error for both designs L∗ = 3.5 m and L∗ = 6.0 m.

Again the maximum luminosity is not achieved where the error is zero but instead

for an error of around 30 µm. For this misalignment the quadrupole QF1 has

been moved forward while the quadrupole QD0 has been moved backwards. The

drift between them has been reduced by 60 µm. This suggest, again, that the

last quadrupole QD0 should be moved backwards in the beamline, in agreement

with what the previous study showed. However this study shows an ambiguity

about the position of QD1. The first study shows that the highest luminosity is

achieved if it is moved backwards together with QD0, but now it suggest that

it should be moved forward. This contradiction suggests that the length of the
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drifts surrounding the last QF1 and QD0 could be optimized and approximately

2% of the luminosity could be gained.
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Figure 5.7: Luminosity as a function of longitudinal misalignments in the Final-
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5.7 Tuning

When the real machine is to be constructed alignment errors will be added to

the system. These misalignment will be both longitudinal and perpendicular to

the beam direction of motion. The system is more sensitive to perpendicular

misalignments since the strength seen by a particle depends on the particles po-

sition inside the magnet. If the magnet is misaligned the particles receive a kick

of a different magnitude than expected. Aligning the elements is called tuning

and it is the first step to take after construction to ensure that the constructed

machine behaves like the design predicts. There are several tuning approaches.

However for this lattice only one has been used, Blind-tuning. It is a tuning

strategy that uses any kind of minimization algorithm to satisfy a figure of merit.

The name “blind“ comes from the fact that the user needs to know very little

about the system. Simplex is used by PLACET as the minimization algorithm.

In the blind-tuning procedure a single beam is tracked through the machine and

the luminosity is calculated. After the luminosity is calculated the perpendicular

41



5.7 Tuning 5 3 TEV L* = 6.0 M FFS

position of a magnet along the FFS is changed and the luminosity is calculated

again. The change in luminosity is calculated and a new perpendicular positions

is applied to any other magnet. This process is repeated until either the figure of

merit reaches the target value or until the algorithm reaches a point where the

improvement stops.

Important parameters for the tuning are the magnitude of the misalignment,

the number of correctors to use and the figure of merit. The time needed by the

tuning to converge is proportional to the magnitude of the misalignment. For

this case the magnitude of the misalignment is unknown. In fact the goal of the

tuning study is to prove that the system can be tuned for a misalignment as large

as 10 µm. The correctors are the magnets used to tune the machine. In the real

machine the perpendicular position of magnets can be varied with electrical mo-

tors and the strength of the magnets can also be varied. The simplex algorithm

can then use three variables from every single magnet, two from the perpendic-

ular position and one from the magnet strength. The tilt of the magnet would

contribute with two more variables but this is outside the scope of this study.

The more correctors that are used the more time the blind-tuning takes.

The number of iterations is an important quantity since in real life each sin-

gle iteration represents a certain amount of time. Thus the lower number of

iterations needed the better. The misalignments in the lattice are simulated by

assigning to each magnet an x, y-positioning error that is extracted from the nor-

mal distribution N(µ, σ2), where σ is the magnitude of the misalignment and

µ = 0 for a natural distribution centered around zero. Since the assigned error is

a random value, a single run is not enough to define the machine’s tuning capa-

bility, several (100) runs are done.

The success ratio is defined as the percentage of runs that reach a final luminosity

greater than 80% of the machine’s luminosity L0. However since the machine’s

luminosity differs from the required luminosity, two success ratios are given. The

absolute success ratio is the percentage of runs that reach at least 80% of the

required luminosity, L0req, stated in Tab. 3.1. The relative success ratio is the

percentage of runs that reach at least 80% of the system’s own nominal luminos-

ity L0. The absolute and relative success ratios allow the comparison between

two different BDS designs. Figure 5.8 shows a histogram extracted from a real

tuning procedure for the case L∗ = 6.0 m. The y-axis shows the number of cases

reaching a certain luminosity, shown in the x-axis. The limiting luminosities for

the success ratios are also shown. The number of iterations needed is different
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for every run since the initial state of every case is different. The value expressed

here as the final number of iteration is the maximum number of iteration for all

runs.
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Figure 5.8: Tuning results for the L∗ = 6.0 m. The histogram shows the number
of runs reaching a cenrtain luminosity. Limiting ratios for the success ratios is
also shown.

Tuning the L∗ = 3.5 m FFS has proven to be a hard task for a σ = 10 µm

misalignment. Therefore a first study for the L∗ = 6.0 m assumed a smaller mis-

alignment of σ = 4 µm. This error was only added to the quadrupoles, while as

corrector only the perpendicular position of quadrupoles was used. The results of

this first study showed that after 10,000 iterations only 75% of all cases reached a

final peak luminosity higher than 80%L0peak, thus having a relative success rate

of 75%. A second study was done but with σ = 5 µm and using as correctors the

perpendicular position of quadrupoles and sextupoles. The results obtained are

better since after 11,000 iterations the relative success rate is increased to 92%.

This proves that adding extra correctors increases the number of iterations. How-

ever this increase is acceptable given the increase in relative success ratio. The

high success ratio suggests that the system can tolerate a larger misalignment.

Table 5.1 shows the results of several runs done with different misalignments. The

tuning study has shown that the L∗ = 6.0 m FFS design tolerates a misalignment

of 8 µm. Only quadrupoles and sextupoles are needed to reach the success ratio

of at least 80%.
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Table 5.1: FFS tuning results for the L∗ = 6.0 m design.
Misalignment Correctors Iterations Success ratio [%]

[µm] > 80%L0 80%L0req

4 Q Q 10,000 68 75

5 Q Q,S 11,000 91 91

6 Q Q,S 10,000 90 93

7 Q Q,S 12,000 87 92

8 Q Q,S 11,000 81 90
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6 3 TeV L* = 3.5 m FFS tuning

As mentioned before, there are currently a number of designs for the 3 TeV BDS.

However the L∗ = 3.5 m is the nominal design and it is the design that shows

the highest luminosity (see Tab. 7.1). Previous studies have also shown that the

L∗ = 3.5 m has an acceptable bandwidth and the beam size at the IP satisfies

the requirements. However the tuning of this design has shown to be a difficult

task for a misalignment of 10 µm. Several approaches have been tested to solve

this problem. While some of the strategies give good results in for example the

Collimation section, the same approach shows unsatisfactory results for the FFS.

The tuning approaches applied on this design have all the total luminosity as the

figure of merit.

6.1 Blind-Tuning

Blind-tuning was used as the first approach to tune the FFS of the L∗ = 3.5 m

design. The matching section at the beginning of the FFS was ignored in this

study. The misalignments were applied to the vertical and horizontal position of

all quadrupoles, sextupoles, octupoles and decapoles. Again the misalignments

were taken randomly from a natural distribution centered around zero and with

σ = 10 µm. As correctors the vertical and horizontal positions of all quadrupoles,

sextupoles, octupoles and decapoles were used. The tuning was done using the

same PLACET with the simplex method used for the tuning of the L∗ = 6.0 m

FFS with the total luminosity as the figure of merit.

The results for this tuning strategy show that after a maximum of 16,000 it-

erations 56% of the runs reach 80% of the machine’s nominal luminosity L0 while

at the same time 80% of all runs reach at least 80% of the required luminosity

Lreq (relative success ratio = 56%, absolute success ratio = 80%). The results

thus could be seen as successful since at least 80% of all runs reach at least 80%

of the required luminosity. However it would be better if a higher relative success

rate could be obtained.

6.2 Split elements

The total kick that a particle receives from a magnet depends on the magnets

integrated strength, that is the product between the magnet strength and its

length. If the magnets are split in two or more parts and each part is misaligned

independent of all other parts then the total received kick seen by the particles is

different than for the original magnet. To study this lattice with split elements,

Blind-tuning was used as the tuning procedure.
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6.3 Particle survivability 6 3 TEV L* = 3.5 M FFS TUNING

The results of this tuning approach showed that after 28,000 iterations a relative

success ratio of 52% can be achieved while the absolute success ratio is as high

as 82%. The larger number of iterations is attributed to the fact that there are

more correctors, since each split element is used as an independent corrector.

With more variables thus the simplex algorithm has many more possible paths to

test total number of iterations increases. Even though the number of iterations

have been increased by 50% the success ratios are almost the same.

6.3 Particle survivability

While trying to understand how the misalignments affect the beam it was ob-

served that a good portion of particles was lost at the very entry of the FFS, in

the first bending. The misaligned magnets push the particles out of the design

trajectory and the particles end up colliding with the beam pipe. The decreased

number of particles reaching the IP yield a reduction in luminosity. Figure 6.1

shows the FFS and the averaged particle population at six different points. The

low success rates seen in the two previous tuning approaches might be due to

the reduced number of particles at the IP. A first approach before starting any

luminosity maximization should ensure that the particles manage to arrive to the

IP.
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Figure 6.1: Averaged particle survivability in a misaligned 3 TeV FFS L∗ = 3.5 m

for 100 runs. The dispersion (in red) shows that the particle lost happens in the

first bending.

For this reason a particle maximization script was developed. In the real case

the particle population can be calculated by measuring the radiation emitted
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by particles in the beam as they collide with the beam pipe. The FFS is di-

vided in six regions and the particle survivability optimization is done piecewise.

When the particle population has reached an acceptable value in the first region

the population optimization continues for the second region and so on. At the

beginning the constraint for the particle population at the IP was set to 80%

of the initial particle population. However the simulations showed soon enough

that 100% of the particle population can be made to survive all the way to the IP

without difficulty. After the particle population reaching the IP is maximized the

normal luminosity tuning starts using the same blind-tuning strategy explained

before. Unfortunately the results of this two steps optimization did not show any

progress, even though all particles had arrived to the IP the success rates were

the same as before.

6.4 Different misalignment

As a sensitivity study it was proposed to divide the FFS in two parts and give the

first part a misalignment of σ = 2 µm and σ = 10 µm to the second part while

using the same Blind-tuning strategy explained before. The relative success ratio

is 86% while the absolute success ratio is 99% after 15,000 iterations. These high

success ratios are expected given the lower misalignment applied to the first part.

However this shows that the last part of the FFS can be tuned even with a 10 µm

misalignment as long as the first part delivers an acceptable beam.
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7 Comparative studies

To be able to compare the different BDS designs with each other a couple of

studies have been carried out. The purpose and results of these studies are

shown in this section.

7.1 3 TeV BDS luminosity and bandwidth

For the 3 TeV case, there are currently four BDS designs. The four designs are

named after their L∗ value. The luminosity achieved by each design is shown in

Tab. 7.1. It can be seen that the luminosity tends to decrease as L∗ increases.

Table 7.1: Total and peak luminosities for each design.

L∗ Total luminosity Peak luminosity

[m] [1034 cm−2s−1] [1034 cm−2s−1]

3.5 6.9 2.5

4.3 6.4 2.4

6.0 5.0 2.1

8.0 4.0 1.7

The bandwidth of the system defines how the luminosity varies as the energy of

the beam is varied. For CLIC the energy of the beam is to vary around 1% from

the nominal 1.5 TeV per beam.
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7.2 Dipoles 7 COMPARATIVE STUDIES

Figure 7.1 shows the relative luminosity as a function of the energy deviation

dp = p−p0

p0
. For this studye dp is varied in a range from -1% to 1%. All designs

show a similar behavior. From the bandwidth point of view, any of the FFS can

be used for the 3 TeV energy case. However there are many other parameters to

take into account before choosing one of the designs.

7.2 Dipoles

In the design phase, the magnetic field in the dipoles has been assumed to be

perfect. The real dipoles however will contain errors, a tolerance constraint needs

to be set. Due to the symmetry of the dipole, two types of errors are expected,

dipolar and sextupolar. The dipolar error of the dipole is simply the magnetic

field having a different magnitude than desired. A study was carried out to

analyze how the luminosity depends on the dipolar and sextupolar errors in the

dipoles. Only the dipoles in the Collimation section were taken into account since

the majority of all dipoles are located there.

Dipolar error

The dipolar error study was carried on using PLACET. The dipolar error was in-

cluded by adding a zero-length dipole after each dipole in the Collimation section.

The magnetic field of the new dipole was changed successively as the luminosity

was calculated for the different values.
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7.2 Dipoles 7 COMPARATIVE STUDIES

Figure 7.2 shows the relative luminosity as a function of the dipolar error. The

study was carried out for the 500 GeV BDS as well for the 3 TeV L∗ = 3.5 m and

L∗ = 6.0 m designs.Both BDS for the 3 TeV energy case show a similar erratic

behavior. However the L∗ = 6.0 m seems to tolerate dipolar errors better than

the L∗ = 3.5 m. The luminosity response for the 500 GeV BDS is less erratic.

Therefore it is used to define the tolerance of all three systems. A 2% luminosity

loss is set as a threshold point. For a dipole the magnetic errors are expressed as

b1 =
Bdipolarerror

Bdipole

. (7.1)

By this study the tolerated dipolar error in the dipoles has been estimated to

b1 = 0.9 × 10−4.

Sextupolar error

The sextupolar error study was carried on using PLACET. In the same manner

as it was done for the dipolar error the sextupolar error was included by adding a

zero-length sextupole after each dipole in the Collimation section. The magnetic

field of the new sextupole was changed successively as the luminosity was calcu-

lated for the different values. The magnetic strength of a sextupole depends on

the aperture of the magnet. The sextupolar error is calculated for an aperture of

10 mm.
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7.2 Dipoles 7 COMPARATIVE STUDIES

Figure 7.3 shows the relative luminosity as a function of the sextupolar error in

the dipoles. The study was carried out for the 500 GeV BDS as well for the 3 TeV

L∗ = 3.5 m and L∗ = 6.0 m designs. The same 2% luminosity loss threshold point

is used to estimate the tolerance for the sextupolar error. A sextupolar error on

a dipole is expressed as

b3 =
Bsextupolarerror

Bdipole

. (7.2)

For the 500 GeV BDS the luminosity seems to be unaffected by the sextupolar

error, at least up to b3 = 40×10−4. For the 3 TeV energy case, both BDS show a

decrease in luminosity as b3 increases. The L∗ = 6.0 m BDS tolerates an error of

b3 = 20 × 10−4 while the L∗ = 3.5 m has the lowest tolerance of all three designs,

estimated to b3 = 6 × 10−4. The acceptable error is set to the lowest acceptable

value, thus ensuring that the effects of the sextupolar errors are neglectable for

all designs. The overall tolerance to a sextupolar error in the dipoles is set to

b3 = 6 × 10−4.
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8 CONCLUSIONS

8 Conclusions

Optimization of the 500 GeV BDS

The 500 GeV design has been optimized by means of reducing the geometrical

higher order aberrations that affect the beam size. The beam size at the IP has

been calculated via MAD-X and PLACET. In both cases the beam size satisfies

the requirements. The luminosity and bandwidth have also been found to be

acceptable.

Furthermore the 500 GeV BDS has been modified so that it now fits better

in the tunnel. The modification also aligns the Diagnostics section with LINAC.

For this the BDS has been rotated 0.7 mrad around the IP and the strength of

the bending dipoles in the Collimation section has been reduced by a factor 0.48.

The crossing angle of the beams at the IP has been reduced from 20.0 mrad to

18.6 mrad. The impact this has in the aftercollision beam dumps was studied

and shown not to be a major concern [17].

3 TeV FFS L* = 6.0 m

A new FFS for the 3 TeV with a distance between the last quadrupole and the IP

of L∗ = 6.0 m has been created. The new design is proposed as an alternative to

the nominal FFS design. The L∗ = 6.0 m has a beam size at the IP larger than

the required. However its luminosity meets the requirement. The new design has

also shown an acceptable bandwidth as well as promising tuning capabilities.

3 TeV L*=3.5 m FFS tuning

A range of tuning procedures have been carried out on the L∗ = 3.5 m. The

studies have shown that more advanced tuning procedure are needed in order to

achieve higher success ratios. Particle survivability has shown to be a task easy

to achieve, but it does not contribute to an increased success ratio. The last

part of the FFS, containing the Final Doublet, is less sensitive to misalignments

than expected. It can in fact be tuned with good success ratios if it receives an

acceptable beam from the preceding parts in the FFS.

53





9 FUTURE WORK

9 Future work

The 500 GeV BDS shown here satisfy the conservative requirements for CLIC.

A design satisfying the nominal requirements has not yet been created. Such a

design can be created from the design shown in this thesis. The current 500 GeV

BDS design has the Diagnostics section aligned with the Diagnostics section of

the nominal 3 TeV BDS design. The 3 TeV BDS nominal design has a total length

of approximately 3 km while the 3 TeV L∗ = 6.0 m design is 400 m longer. If

the 3 TeV L∗ = 6.0 m BDS design is chosen as the nominal design, the 500 GeV

needs to be modified so that it fits in the same tunnel with Diagnostics sections

realigned.

The current L∗ = 6.0 m FFS design has shown to be comparable to the nominal

design and it shows promising tuning capabilities. A large number of magnets

in the system need to be modified in turn to reduce their peak magnetic field.

Tuning procedures including a larger misalignment magnitude should be done as

well. Misalignments should be added to sextupoles, octupoles and decapoles. The

z-displacement study showed that the luminosity can be increased a few percent

if the drifts surrounding the quadrupoles in the final-doublet are optimized from

the luminosity point of view.
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Appendix

Drifts, dipoles and quadrupoles can be described as matrices using Eq. (2.11).

Drift

For a drift of length l the bending radius is infinite, 1
ρ

= 0, and the gradient k = 0

yielding the differential equation

x′′ = 0

y′′ = 0. (A.1)

Thus a drift is described as

Mx = My =









1 l 0

0 1 0

0 0 1









. (A.2)

Dipole

A dipole has a bending radius ρ, a gradient k = 0 thus yielding the differential

equation

x′′ +
x

ρ2
=

1

ρ

∆p

p0

y′′ = 0. (A.3)

The matrix description is then

Mx =









cos ϕ ρ sin ϕ ρ(1 − cos ϕ)

−1
ρ

sin ϕ cos ϕ sin ϕ

0 0 1









My =









1 l 0

0 1 0

0 0 1









, (A.4)

where ϕ = l
ρ
. In this dipole the magnet’s ends are perpendicular to the trajectory

of the beam.
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Quadrupole

The magnetic field of a quadrupole with gradient g is described as

Bx(x, y) = −gy

By(x, y) = −gx. (A.5)

The matrix description is then

Mx =





cos(
√

|k|l) 1√
|k|

sin(
√

|k|l)

−
√

|k| sin(
√

|k|l) cos(
√

|k|l)





My =





cosh(
√

|k|l) 1√
|k|

sinh(
√

|k|l)
√

|k| sinh(
√

|k|l) cosh(
√

|k|l)



 . (A.6)

Table A.1: Description of all magnets in the 500 GeV BDS.

Name s Length Gradient Unit Aperture Peak field

[m] [m] [mm] [T]

FQD 6.0 0.500 -133.983 T/m 12.00 1.608

FQF2 11.5 0.500 -128.773 T/m 12.00 1.545

FQD2 17.0 0.500 21.285 T/m 12.00 0.255

TQF 17.5 0.500 189.718 T/m 12.00 2.277

TQD 27.4 1.000 -97.339 T/m 12.00 1.168

TQF2A 36.8 0.500 170.567 T/m 12.00 2.047

TQF2B 37.2 0.500 170.567 T/m 12.00 2.047

TQD2A 40.8 0.500 -140.241 T/m 12.00 1.683

TQD2B 41.3 0.500 -140.241 T/m 12.00 1.683

TQF3A 44.9 0.500 93.397 T/m 12.00 1.121

TQF3B 45.4 0.500 93.397 T/m 12.00 1.121

TQD3A 49.0 0.500 -130.776 T/m 12.00 1.569

TQD3B 49.5 0.500 -130.776 T/m 12.00 1.569

TQF4A 53.0 0.500 171.436 T/m 12.00 2.057

TQF4B 53.5 0.500 171.436 T/m 12.00 2.057

TQD4A 62.9 0.500 -148.323 T/m 12.00 1.780

TQD4B 63.4 0.500 -148.323 T/m 12.00 1.780

TQF5A 72.8 0.500 95.117 T/m 12.00 1.141

TQF5B 73.3 0.500 95.117 T/m 12.00 1.141

TQD5 83.2 1.000 -91.379 T/m 12.00 1.097

60



Table A.1 – continued from previous page

TQF6A 101.8 0.500 43.107 T/m 12.00 0.517

TQF6B 102.3 0.500 43.107 T/m 12.00 0.517

TQD6A 121.0 0.500 -33.039 T/m 12.00 0.396

TQD6B 121.5 0.500 -33.039 T/m 12.00 0.396

TQF7A 140.2 0.500 32.925 T/m 12.00 0.395

TQF7B 140.7 0.500 32.925 T/m 12.00 0.395

TQD7A 159.4 0.500 -32.925 T/m 12.00 0.395

TQD7B 159.9 0.500 -32.925 T/m 12.00 0.395

TQF8A 178.6 0.500 33.142 T/m 12.00 0.398

TQF8B 179.1 0.500 33.142 T/m 12.00 0.398

TQD8 198.2 1.000 -85.636 T/m 12.00 1.028

TQF9 203.0 1.000 -125.769 T/m 12.00 1.509

TQD9 206.0 1.000 111.203 T/m 12.00 1.334

SXEC2 546.7 5.000 6.932 T/m2 19.09 0.001

B4A 684.1 135.625 -0.001 T 18.37 0.001

B4B 689.8 135.625 -0.001 T 18.83 0.001

QDEC 708.5 10.000 -1.476 T/m 12.00 0.018

SYEC2 711.7 10.000 -21.681 T/m2 12.00 0.002

B3A 849.1 135.625 0.006 T 12.00 0.006

B3B 854.8 135.625 0.006 T 12.00 0.006

QFEC 861.0 10.000 1.476 T/m 19.24 0.028

QF1BC 868.3 2.000 85.226 T/m 12.00 1.023

QD1BC 872.8 4.000 -69.428 T/m 12.00 0.833

QF2BC 886.5 2.000 22.429 T/m 12.00 0.269

SEXIT 886.7 1.000 -16500.000 T/m2 12.00 1.188

QDBCOL 1084.7 4.000 -112.022 T/m 12.00 1.344

QCBCOL 1113.6 9.000 -100.100 T/m 12.00 1.201

QFBCOL 1132.2 9.000 72.757 T/m 12.00 0.873

BTFQ1 1142.6 2.500 -42.430 T/m 12.00 0.509

BTFQ2 1149.5 2.500 22.495 T/m 12.00 0.270

BTFQ3 1162.0 2.500 -8.384 T/m 12.00 0.101

BTFQ4 1174.5 2.500 1.346 T/m 12.00 0.016

QMD11 1183.5 2.000 92.841 T/m 12.00 1.114

QMD12 1189.7 2.000 -79.986 T/m 12.00 0.960

QMD13 1198.9 2.000 70.343 T/m 12.00 0.844

QMD14 1208.1 2.000 -42.979 T/m 12.00 0.516

QF8 1217.0 1.981 -94.956 T/m 12.00 1.139
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QD7 1228.1 1.981 48.140 T/m 12.00 0.578

SFFB4 1249.5 21.031 0.003 T 12.00 0.003

QD6C 1251.8 1.981 -27.351 T/m 12.00 0.328

QD6B 1292.6 3.962 -16.882 T/m 12.00 0.203

SF6 1328.9 1.000 1377.446 T/m2 12.00 0.099

QF5B 1333.4 3.962 14.762 T/m 12.00 0.177

SD5 1360.9 1.000 114.312 T/m2 12.00 0.008

QF5A 1383.2 3.962 13.718 T/m 12.71 0.174

SF5 1384.5 1.000 -437.474 T/m2 12.16 0.032

QD4B 1397.3 1.981 -9.056 T/m 12.00 0.109

SD4 1398.6 1.000 1746.097 T/m2 12.00 0.126

QD4A 1400.9 1.981 -9.101 T/m 12.00 0.109

SFFB3 1519.7 89.916 -0.009 T 12.00 0.009

QF3B 1522.0 1.981 2.086 T/m 12.00 0.025

SFFB3B 1540.6 18.288 -0.009 T 12.00 0.009

QF3A 1542.9 1.981 9.383 T/m 12.00 0.113

SFFB2 1561.5 18.288 -0.009 T 12.00 0.009

QD2 1563.7 1.981 -10.966 T/m 12.00 0.132

SFFB1 1582.3 18.288 -0.003 T 12.00 0.003

SFFSB1 1656.7 73.152 -0.003 T 13.82 0.003

SFFSB1A 1675.3 18.288 -0.003 T 16.07 0.003

SFFSB1B 1693.9 18.288 -0.003 T 18.37 0.003

SF1 1710.8 0.610 -1094.214 T/m2 20.46 0.229

QF1 1715.1 3.996 22.174 T/m 19.64 0.436

SD0 1719.7 0.610 3949.004 T/m2 12.00 0.284

QD0 1723.3 3.353 -63.698 T/m 12.00 0.764

Table A.2: Description of all magnets in the 3 TeV BDS.

Name s Length Gradient Unit Aperture Peak field

[m] [m] [mm] [T]

FQD 12.0 1.000 -200.975 T/m 10.00 2.010

FQF2 23.0 1.000 -193.160 T/m 10.00 1.932

FQD2 34.0 1.000 31.927 T/m 10.00 0.319

TQF 35.0 1.000 284.577 T/m 10.00 2.846

TQD 54.8 2.000 -146.008 T/m 10.00 1.460

TQF2A 73.5 1.000 255.851 T/m 10.00 2.559
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Table A.2 – continued from previous page

TQF2B 74.5 1.000 255.851 T/m 10.00 2.559

TQD2A 81.6 1.000 -210.362 T/m 10.00 2.104

TQD2B 82.6 1.000 -210.362 T/m 10.00 2.104

TQF3A 89.8 1.000 140.095 T/m 10.00 1.401

TQF3B 90.8 1.000 140.095 T/m 10.00 1.401

TQD3A 97.9 1.000 -196.165 T/m 10.00 1.962

TQD3B 98.9 1.000 -196.165 T/m 10.00 1.962

TQF4A 106.1 1.000 257.154 T/m 10.00 2.572

TQF4B 107.1 1.000 257.154 T/m 10.00 2.572

TQD4A 125.8 1.000 -222.485 T/m 10.00 2.225

TQD4B 126.8 1.000 -222.485 T/m 10.00 2.225

TQF5A 145.6 1.000 142.675 T/m 10.00 1.427

TQF5B 146.6 1.000 142.675 T/m 10.00 1.427

TQD5 166.3 2.000 -137.068 T/m 10.00 1.371

TQF6A 203.7 1.000 64.661 T/m 10.00 0.647

TQF6B 204.7 1.000 64.661 T/m 10.00 0.647

TQD6A 242.0 1.000 -49.558 T/m 10.00 0.496

TQD6B 243.0 1.000 -49.558 T/m 10.00 0.496

TQF7A 280.4 1.000 49.388 T/m 10.00 0.494

TQF7B 281.4 1.000 49.388 T/m 10.00 0.494

TQD7A 318.8 1.000 -49.388 T/m 10.00 0.494

TQD7B 319.8 1.000 -49.388 T/m 10.00 0.494

TQF8A 357.1 1.000 49.714 T/m 10.00 0.497

TQF8B 358.1 1.000 49.714 T/m 10.00 0.497

TQD8 396.5 2.000 -128.454 T/m 10.00 1.285

TQF9 406.1 2.000 -188.654 T/m 10.00 1.887

TQD9 412.1 2.000 166.804 T/m 10.00 1.668

OCTEC3 742.1 1.000 2296187.183 T/m3 10.00 0.383

SXEC2 1093.3 10.000 11.082 T/m2 22.03 0.003

B4A 1368.3 271.250 -0.003 T 21.20 0.002

B4B 1379.6 271.250 -0.003 T 21.73 0.002

OCTEC4 1402.1 1.000 -2270311.976 T/m3 10.00 0.378

QDEC 1417.1 20.000 -2.213 T/m 10.00 0.022

SYEC2 1423.3 20.000 -26.920 T/m2 10.00 0.001

B3A 1698.3 271.250 0.011 T 10.00 0.011

B3B 1709.6 271.250 0.011 T 10.00 0.011

QFEC 1722.1 20.000 2.213 T/m 22.20 0.049
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QF1BC 1736.5 4.000 127.839 T/m 10.00 1.278

QD1BC 1745.5 8.000 -104.142 T/m 10.00 1.041

QF2BC 1773.1 4.000 33.644 T/m 10.00 0.336

SEXIT 1773.5 1.000 850092.191 T/m2 10.00 42.505

QDBCOL 2169.4 8.000 -168.034 T/m 10.00 1.680

QCBCOL 2227.3 18.000 -150.150 T/m 10.00 1.502

QFBCOL 2264.4 18.000 109.135 T/m 10.00 1.091

BTFQ1 2285.3 5.000 -59.895 T/m 10.00 0.599

BTFQ2 2299.0 5.000 15.068 T/m 10.00 0.151

BTFQ3 2324.0 5.000 24.988 T/m 10.00 0.250

BTFQ4 2349.0 5.000 -32.981 T/m 10.00 0.330

QMD11 2361.6 2.800 -62.638 T/m 10.00 0.626

QMD12 2370.3 2.800 -39.086 T/m 10.00 0.391

QMD13 2383.2 2.800 183.068 T/m 10.00 1.831

QMD14 2396.1 2.800 -175.045 T/m 10.00 1.750

QF8 2408.5 2.774 261.259 T/m 10.00 2.613

QD7 2424.1 2.774 -82.419 T/m 10.00 0.824

SFFB4 2454.0 29.443 0.003 T 10.00 0.003

QD6C 2457.2 2.774 -12.374 T/m 10.00 0.124

QD6B 2507.7 5.547 -146.186 T/m 10.00 1.462

SF6 2558.5 1.400 16832.082 T/m2 10.00 0.842

QF5B 2564.9 5.547 46.903 T/m 10.00 0.469

OCT2 2610.5 1.000 108591119476.524 T/m4 10.00 45.569

QF5A 2634.5 5.547 42.094 T/m 12.18 0.513

SF5 2636.3 1.400 -271.934 T/m2 13.24 0.024

OCT1 2651.4 1.000 -569316.677 T/m3 22.01 1.012

QD4B 2654.2 2.774 -27.683 T/m 23.17 0.641

SD4 2656.0 1.400 15620.816 T/m2 23.60 4.350

QD4A 2659.2 2.774 -28.004 T/m 23.87 0.668

SFFB3 2825.6 125.882 -0.009 T 16.58 0.009

QF3B 2828.8 2.774 6.747 T/m 10.00 0.067

SFFB3B 2854.8 25.603 -0.009 T 10.00 0.009

QF3A 2858.0 2.774 27.963 T/m 10.00 0.280

SFFB2 2884.1 25.603 -0.009 T 11.61 0.009

QD2 2887.3 2.774 -33.267 T/m 12.01 0.399

SFFB1 2913.3 25.603 -0.003 T 12.28 0.003

SFFSB1 3017.4 102.413 -0.003 T 13.68 0.003
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SFFSB1A 3043.4 25.603 -0.003 T 14.08 0.003

SFFSB1B 3069.5 25.603 -0.003 T 14.51 0.003

SF1 3093.2 0.853 -10045.873 T/m2 14.92 1.118

QF1 3099.2 5.594 67.880 T/m 18.13 1.231

SD0 3105.6 0.853 36223.356 T/m2 25.52 11.800

QD0 3110.7 4.694 -195.001 T/m 25.94 5.058
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