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Abstract

The Large Hadron Collider (LHC) at CERN is a high energy storage ring that
provides proton and heavy ion collisions to study fundamental particle processes.
The luminosity production is tightly linked to emittance preservation in the accel-
erator. During the 2012 LHC proton run about 30 % of the potential luminosity
performance was lost through the different phases of the LHC cycle, mainly due to
blow-up of the transverse emittance. At the LHC design stage the total allowed
emittance increase through the cycle was set to 7 %. A breakdown of the growth
through the various phases in the LHC cycle is given, as well as a comparison with
the data from the LHC experiments for the transverse beam size. In 2012 a number
of possible causes and solutions of emittance blow-up in the LHC have been studied.
Among the sources are intra-beam scattering and 50 Hz noise. A possible remedy
for some of the growth is higher transverse damper gain. The results of the investi-
gations are summarized in this thesis. Measuring the emittance growth is a difficult
task with high intensity beams and changing energies. Accuracy and limitations of
the LHC transverse profile monitors will be discussed. An outlook for future LHC

upgrade scenarios with low emittance beams will be given.






Kurzfassung

Der Large Hadron Collider (LHC) am CERN ist ein Hochenergie Speicherring, in
dem Protonen und Schwerionen kollidieren um Elementarteilchen zu studieren. Die
Luminositédtsproduktion ist eng mit der Emittanzerhaltung in dem Beschleuniger
verbunden. Wahrend des LHC Protonen Runs 2012 gingen ungefihr 30 % der po-
tenziellen Luminositétsleistung in den verschiedenen Phasen des LHC Zyklus ver-
loren. Dies wurde hauptséichlich durch das Aufblasen der transversalen Emittanz
verursacht. Der Designwert fiir den gesamten erlaubten Emittanzanstieg durch den
Zyklus ist 7 %. Eine Aufschliisselung des Wachstums durch die verschiedenen Pha-
sen des LHC Zyklus sowie ein Vergleich mit den Daten aus den LHC Experimenten
fiir die transversale Strahlgrosse werden dargelegt. In 2012 wurde eine Reihe von
moglichen Ursachen und Losungen des Emittanzaufblasen im LHC untersucht. Un-
ter den Griinden sind Intra-Beam Scattering und 50 Hz Rauschen. Eine mogliche
Abhilfe fiir einen Teil des Wachstums ist hoherer transversaler Damper Gain. Die Er-
gebnisse der Untersuchungen werden in dieser Arbeit zusammengefasst. Das Messen
des Emittanzwachstums ist eine schwierige Aufgabe mit hohen Strahlintensitéten
und sich dndernder Energie. Genauigkeit und Beschrankungen der transversalen
Profilmonitore im LHC werden diskutiert. Es wird ein Ausblick auf zukiinftige LHC

Upgrade Szenarien mit kleinen Strahlemittanzen gegeben.
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1. Introduction

1.1. The Large Hadron Collider (LHC) at the CERN

Accelerator Complex

The Large Hadron Collider (LHC) [1] is part of the CERN (European Organiza-
tion for Nuclear Research) accelerator complex and its main purpose is to provide
particle beam collisions at high energies to find answers for unresolved questions in
fundamental particle physics [2]. Four large experiments are stationed in the LHC

interaction points to benefit from the collisions:

e ATLAS: A Toroidal LHC ApparatuS
e CMS: Compact Muon Solenoid
e LHCh: Large Hadron Collider beauty

e ALICE: A Large Ion Collider Experiment

The Standard Model of particle physics describes fundamental particles and in-
teractions that form the Universe. Some theories of the Standard Model still need
to be proven experimentally. One of these questions is the origin of the particles’
masses. The Higgs Field is the key mechanism to the concept of mass in the Standard
Model. The two LHC experiments ATLAS and CMS are searching for the Higgs
Boson to prove the existence of the Higgs Field. They could already record success-
ful results |3]. The LHC was able to achieve outstanding milestones in fundamental
particle physics in 2011 and 2012.

Another theory these experiments are testing is Supersymmetry, which could pos-
sibly explain dark matter and dark energy that make up 96 % of the universe and
cannot be described by the Standard Model.

The third LHC experiment, called LHCD, investigates the properties of antimatter
to explore the question of the Universe’s existence, for instance why there is more
matter than antimatter in the Universe.

Finally, the ALICE experiment uses the LHC beam collisions to detect the creation
of a quark-gluon plasma as it is believed to have existed just after the Big Bang, a

state of matter where no nuclei or nuclear particles exist.
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Figure 1.1.: LHC schematic layout [1]. Beam 1 circulates clockwise and Beam 2
counter-clockwise. The beams are injected through the transfer lines
(TI) from the SPS. The four interaction points with detectors are AT-
LAS, ALICE, CMS and LHCb. The LHC is designed with eight identical

arcs consisting in total of about 8000 superconducting magnets.

Moreover, all experiments look for clues of hidden dimensions of space as stated
in the String Theory.

Figure shows the LHC ring with the location of the four experiments ATLAS,
CMS, LHCb and ALICE. The schematic displays the two counter-rotating beams
and their four interaction points (IP). Beam 1 is circulating clockwise and beam 2
counter-clockwise.

The LHC has a circumference of about 27 km which makes it the world’s largest
accelerator. It is installed in the former LEP (Large Electron-Positron Collider)
tunnel which is located 70 to 140 m below the earth’s surface. The LHC is a hadron
collider with a design energy of 7 TeV per charge. The two rings of the LHC are
designed to be filled with protons (p) or ions (Pb). So far p-p, Pb-Pb and also p-Pb
collisions have been produced in the LHC.

Superconducting magnets and accelerating cavities are installed in the LHC sur-
rounded by a cryogenic system that makes the LHC the largest refrigerator in the
world. For the cooling, superfluid Helium at 1.9 K is used. Inside the LHC the

beam pipes are in a ultra-high vacuum with an internal pressure of 1071? atm.



1.1. The Large Hadron Collider (LHC) at the CERN Accelerator Complex

The LHC as part of the CERN accelerator complex is shown in Fig. [1.2l Most
of the other CERN accelerators are combined to the LHC injector chain producing
the beam for the LHC. This will be explained in the next section.

The LHC Injector Chain

The LHC cannot be run with beam energies below 450 GeV. The beam has to be
pre-accelerated in the LHC injector chain [4]. In the following the production of

high intensity proton bunches for the nominal case is explained. An overview is
given in Table

Extraction energy [GeV] | Number of bunches
Booster 1.4 6
PS 26 72
SPS 450 288
LHC 7000 2808

Table 1.1.: Nominal LHC beam production scheme from the Booster to the LHC.
The extraction energy (in the LHC: collision energy) and number of

bunches for every accelerator is listed.

The protons are produced, bunched and pre-accelerated in the linear accelerator
Linac2. Afterwards they enter the LHC injector chain with only circular accelerators.
From Linac2 the protons are transferred to the Booster with an energy of 50 MeV.

The Booster has four identical rings that can be filled with two proton bunches
each. For the nominal case only three rings are filled with one very high brightness
bunch each. The Booster extraction energy is 1.4 GeV. The bunches are accelerated
further to the Proton Synchrotron (PS). Two injections from the Booster (3 + 3
bunches) are needed to fill the PS ring with six bunches. Another nominal injection
scheme suggests a single extraction of six bunches from the Booster to the PS at
once with three rings of the Booster filled with two bunches. This single batch
injection was used only in the early part of the first LHC run. Afterwards the filling
scheme was changed to two batch injections from the Booster to the PS.

For the nominal bunch spacing of 25 ns the different radio frequency (RF) systems
in the PS are used to split the bunches from the Booster. The six bunches are
separated into 72 bunches, 25 ns spaced. The protons in the PS reach an extraction
energy of about 26 GeV before they are injected into the Super Proton Synchrotron
(SPS).

The SPS can be filled with four injections of 72 bunches from the PS. At flattop
energy of the SPS, which is 450 GeV, the protons are extracted towards the LHC
into two transfer lines (TI2 and TI8). The nominal batch consists of 288 bunches
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Figure 1.2.: The CERN accelerator complex . All CERN accelerators and exper-
iments with beam are shown. The acceleration chain of the protons to
the LHC is: Linac2 — Booster — PS — SPS — LHC.

with an intensity of 1.15 x 10! protons per bunch (ppb) and a transverse normalized
emittance of 3.5 um at 450 GeV injection energy.

For the nominal filling scheme 12 injections per ring are necessary to fill the LHC
with 25 ns bunch spacing to get a total number of 2808 bunches per ring.

Due to limitations created by electron cloud effects the bunch spacing in 2011 and
2012 was increased to 50 ns . That means the six bunches from the Booster are
split into only 36 bunches in the PS instead of 72. The final number of bunches in
the LHC for the filling scheme in 2012 was 1374.

Once the injection process into the LHC is completed, the proton bunches are
accelerated to 7 TeV in the nominal case and the beta functions at the experiments
are squeezed to a minimum. Then the beams go into collisions and the LHC becomes
a high energy storage ring. The protons collide at four points in the ring, where the
important LHC experiments are located: ATLAS, CMS, LHCb and ALICE.

The LHC is fully operational since 2010 * with reduced collision energy (3.5 TeV

'During the 2010 LHC proton run, the machine was commissioned with beam. First collisions at
3.5 TeV took place on March 30", 2010.



in 2011, 4 TeV in 2012). The design collision energy will be reached after the first
long LHC maintenance period in 2013/14.

1.2. Collider Performance and Emittance

The main parameter to measure the performance of a collider is the luminosity

L. The product of luminosity and interaction cross-section of the two beams o, is

directly proportional to the collision rate d_tp and indirectly proportional to the

transverse beam size at the interaction point:

dN
L=l (1.2.1)

The machine parameters define the luminosity. In a first approximation the lumi-
nosity is given by:

rev N N N N
[ freme NNy e NN, (1.2.2)
19

47 0109
where f,., is the revolution frequency, n; is the number of bunches per beam, N;
and Ny are the number of protons per bunch for beam 1 and beam 2 and o, and
0o are the transverse beam sizes of beam 1 and beam 2 at the interaction point,
respectively.

The LHC design peak luminosity at the interaction points of ATLAS (IP1) and
CMS (IP5) is 10** ecm™2s™! with a nominal collision rate of 19.02 events per bunch
crossing for a total cross section of 100 mb [1].

The transverse beam size is proportional to the square root of a parameter called
emittance €. The concept of emittance will be introduced in detail in this thesis. To
maximize luminosity, beams with a large number of bunches and high bunch intensi-
ties are required, as well as small transverse emittances. In an ideal synchrotron the
normalized transverse emittance is preserved. Disturbing effects lead, in general, to
emittance growth [6]. To achieve maximum performance, the LHC injectors have
to produce beams with as small emittances as possible. The challenge of the LHC
is to conserve the small emittances through the cycle until the beams are brought
into collision.

In this thesis the LHC performance in terms of emittance preservation will be
quantified. The different ways of measuring emittance will be introduced and the
emittance evolution through the LHC cycle will be discussed. Finally, solutions to
counteract the emittance growth in the LHC and an outlook to emittance blow-up

for future LHC beams will be given.






2. Introduction to Basic Accelerator

Physics and Concept of Emittance

This chapter is aimed at introducing the basic principles of high energy particle
accelerators. The linear transverse motion in the accelerator and the concept of

emittance will be discussed in detail.

2.1. Lorentz Forces

Charged particles gain energy by accelerating them in electromagnetic fields. The

driving force is the Lorentz force [7]:
ﬁ:e(ﬁ+ﬁx§) (2.1.1)

where e is the elementary charge, the vectors E and B are the electric and the
magnetic field vectors, respectively, and ¥/ is the velocity vector of the particle. Only
electric fields lead to an increased energy with & = [ Fdr for a particle with charge
e.

The construction of an accelerator determines the design orbit. To keep the par-
ticles on the reference path, which might be curved, bending and focusing magnets
are needed. Both bending and focusing is accomplished by electromagnetic forces.

The particles in high energy accelerators have velocities v ~ c. In this case:
|E| =c-|B|. (2.1.2)

So that a magnetic field of 1 T corresponds to an electric field of 300 MV /m. Electric
fields of this strength are technically not feasible. High energy accelerators therefore
rely only on magnetic fields for bending and focusing.

Beam dynamics and optics describe the evolution of the particle orbit under the
Lorentz forces. The main task in beam optics is to transport a charged particle from
an arbitrary starting point to a final point along the beam line. The collection of

bending and focusing magnets along the ideal path is called the magnet lattice.

IThe particle’s velocity @ is parallel to 7, the vector of the longitudinal particle motion, thus ¥ x B
is perpendicular to 7. Therefore the magnetic term cancels out in the energy relation.
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2.2. Betatron Oscillations

The coordinates in six-dimensional phase space describing the particle motion in an

accelerator are [7]

X(s) = . (2.2.1)

Ap
p

The ideal orbit for the charged particle beam designed by the beam transport system
is called the reference trajectory s. The deviation of a particle from the reference

path in the deflecting plane is u. Where u can be either x or y. The derivatives

dx
ds
s. The coordinate [ is the longitudinal displacement from the particle on the ideal
path and % is the relative momentum deviation from a particle with the ideal

momentum p. The geometrical coordinate system is displayed in Fig. 2.1} The

= and iy = Z—i’ describe the horizontal and vertical slopes with respect to

origin of the coordinate system (z,y,s) moves along the orbit of the longitudinal

particle motion.

From Newton’s second law the general equation of motion for a particle with

charge e in a magnetic field without acceleration (E = 0) is [6]

dy  d

Fow_d
it~ dt

mmm:e@x§) (2.2.2)
Assuming a planar circular accelerator with a curvature in the horizontal plane, the
coordinate system only rotates around the y-axis. The deflection angle is ¢ and the

path element of a curved trajectory with radius R is ds = Rdp.

If the magnetic field only has transverse components, B= (B:, By, 0), the equa-

tion of motion can be written as

o }1{ (e 5)-(1+ %)26%, (2.2.3)
Y = <1+}%> efx. (2.2.4)

The deduction can be found in [6]. With a small momentum deviation % the

evolution of the momentum to first order is

11 (1 _ %) , (2.2.5)

Pa P p



2.2. Betatron Oscillations
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Figure 2.1.: Geometric coordinate system (z,y, s) with the design orbit (red) and a

particle’s trajectory (blue).

where pg is the particle momentum which differs from the ideal momentum. As-
suming only horizontal deflecting dipoles with a strength }% and quadrupoles with

strength k£ the magnet field components can be written as

e 1 e
-B, = —= — kx, -B, = —ky. 2.2.6

Then Eq. and Eq. transform to

" = % (1+ %) ~(1+ %)2 (% - kg:) (1 - %) (2.2.7)

o= (15 ky (1_%). (2.2.8)

With z < R, y < R and % < 1 the equations simplify to the linear equations
of motion for a charged particle moving through the magnetic lattice depending on

the longitudinal position s in the accelerator

., 1 1A
x"(s) — x(s) <k(s) — RQ(S)) = R p (2.2.9)
y"(s) + k(s)y(s) = 0. (2.2.10)

These are the basic equations to calculate the particle motion through linear beam
optics [6].

1
R
non-dispersive trajectory, % = 0, the linear equations of motion transforms to a

In the special case where there is no bending of the beam, = 0, and for a
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homogeneous differential equation [7]
u"(s) F k(s)u(s) = 0. (2.2.11)

For any point s of the trajectory the solutions of Eq. [2.2.11] are

£
—~
»
~—
|

C(s)up + S(s)ug,
u'(s) = C'(s)ug + S'(s)ug, (2.2.12)

which can be written in matrix notation:

- , (2.2.13)
u'(s) \ C'(s) S'(s) ’ ug

-~
transfer matrix

where the index 0 describes the initial parameters at s = sg.

Solution of Hill’s Equation

The particle trajectory in the horizontal plane is solution to the homogeneous dif-
ferential Hill equation:
z"(s) — k(s)z(s) = 0. (2.2.14)

The function z(s) defines a transverse motion around the design orbit, called be-
tatron oscillation. The oscillation amplitude and phase depend on the longitudinal

position s in the accelerator. The Hill equation is solved with the ansatz:

x(s) = a- q(s) cos(¢(s) + @), (2.2.15)

where a is the constant amplitude of the oscillation and ¢ is the constant initial
phase. Inserting this solution into Hill’s equation, Eq. [2.2.14] yields

q"(s) —a(s)v/(s)* — k(s)als) =
2¢'(s)'(s) + q(s)0"(s) =

0, (2.2.16)
0. (2.2.17)

Integrating Eq. [2.2.17|leads to

w(s)z/os ar (2.2.18)

— k(s)q(s) =0, (2.2.19)

10



2.3. Dispersion

with the definition
B(s) = ¢*(s). (2.2.20)

Thus the solution to Hill’s equation z(s) and its derivative 2’(s) with respect to s,

as well as the phase 1(s) are

xz(s) = av/P(s)cos(v(s) + @), (2.2.21)

(s) = — ;(3) (a(s) cos(¥(s) + ¢) + sin(y(s) + ¢)) , (2.2.22)
T odA
o) = | oL (2.2.23)

where (3(s) is the well-known beta function. The definition of «a(s) is:

als) = —Bés). (2.2.24)

The derivative 5'(s) is taken with respect to s. The functions a(s), 5(s) and ¥ (s)
are called lattice or optics functions. They are defined by the magnetic structure of

the accelerator.

The number of betatron oscillations per revolution 27 is called the tune @ [6]:

1 [ adx
Q:% a0y (2.2.25)

where L is the circumference of the accelerator.

In matrix notation the transfer from a starting point sq with optical functions ay

and [y to the end of the structure where the optical functions are a(s) and 3(s) is

\/ Bﬁ(cos AP + agsin Avp) v/ BBo sin Ay

M — 0

(a0 — ap) cos A — (1 4+ apar) sin Avp B A s A ;
NN 5 (cos Ay) — asin A)

(2.2.26)
with the phase advance A of the betatron oscillation between s and sg. In this

way any point of the particle trajectory in the accelerator can be calculated.

2.3. Dispersion

In the six-dimensional phase space a particle on the design orbit also has the ideal
momentum p. Inside a bending magnet with homogeneous magnet field and no

gradient, however, particles with momentum offset move on different trajectories.

11
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For a particle with a momentum offset p # (0 the equation of motion becomes

1 1 Ap
;U// + ﬁlC R p (231)

where R is the radius of curvature of the particle trajectory. Introducing a dispersion
function D(s) for which % = 1 yields

1 1
D" —D(s) = —. 2.3.2
(5) + = D(s) = T (23.2)
This is an inhomogeneous differential equation that can be solved with the already
known solution of the homogeneous equation and any particular solution to the
inhomogeneous equation. The deduction can be found in [6]. Finally the dispersion

function can be written as

D(s) = Dgycos <R> + Dy R sin (R) +R <1 — cos (%)) : (2.3.3)
D'(s) = —% sin <R> + Dy, cos (R) + sin (}%) : (2.3.4)

In regions with non-zero dispersion the transverse position of the particle with mo-

mentum deviation 22 changes to

Ap

To(s) = (s) +xp(s) = x(s) + D(s)==,

(2.3.5)

with an offset xp(s) with respect to the position x(s) of a particle with no dispersion.

The dispersive trajectory is determined by L 6.

2.4. Emittance and Emittance Preservation

The solution of the linear equation, Eq. [2.2.21] has the invariant of motion in phase
space [0]
v(8)2*(s) + 2a(s)x(s)z' (s) + B(s)x"(s) = a* = const., (2.4.1)

where ma? is the area of the ellipse and « , 3 and v are the optical functions, also

referred to as twiss parameters. The relation between those three functions is:

1+ a?
v
o4

The invariant is called Courant-Snyder invariant. Equation describes a skew

(2.4.2)

ellipse in phase space (x,z’) as shown in Fig. For a periodic lattice, such as a
circular machine, where f(s + L) = B(s), a(s + L) = a(s) and v(s + L) = 7(s), a

particle’s position and angle after one period must again lie on the same ellipse as

12



2.4. Emittance and Emittance Preservation

b X'(s)
AB) = a7 () =

= & ¥x(S)

ILE— x(s)
|

E(s) = a/Bx(s)

I
™
=
=
=
~
5]
-

Figure 2.2.: A phase space ellipse in the horizontal plane. E(s) is called beam en-

velope, A(s) divergence.

on the previous pass.

For a beam of particles, there is a whole family of similar ellipses, centered around
the origin. All ellipses have the same orientation. A particle which is contained
inside an ellipse returns to a point inside the ellipse on a consecutive of the periodic

motion through the accelerator. The emittance ¢ is defined as the ellipse
ya? + 20z’ + Ba? = ¢, (2.4.3)

containing a fraction of particles of the beam. This ellipse will always contain

the same fraction of beam on consecutive turns. In case of a Gaussian particle

Ne x? y?
o (£ E) e
Yy

2mo,0y

distribution

with the horizontal and vertical beam sizes o, and o, the emittance for a particular
plane is defined as the ellipse with the fraction of beam contained within one o,

(u = z,y). The beam envelope E(s) of this ellipse equals therefore

E(s) = 0y = Veubuls). (2.4.5)

Another important parameter of the phase space ellipse is the beam divergence A(s):

_ . 1+ a?(s) ST
A<s>—\/ (—5u(8) ) Jer®). (2.4.6)

The emittance of the particle beam e, is then defined in a statistical way: it

is the ellipse which contains the particles within one standard deviation around the

13
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mean of the Gaussian distribution such that its beam envelope yields [6]

o*(s)

Bls)

The emittance is energy dependent. The conserved quantity, the normalized emit-

en = <i) e, (2.4.8)

mopcC

Estat = € =

(2.4.7)

tance, is defined as:

where p is the momentum and my is the particle’s rest mass. As proven by Liouville’s
Theorem, the normalized emittance stays constant during acceleration for particles

in an accelerator [8], as derived in the next section.

The unit of the emittance used in this thesis is [um]. Note that other conventions

sometimes use [mm-mrad].

2.4.1. Liouville’s Theorem

The area of the ellipse containing always the same fraction of the beam, meaning
the emittance, remains constant when the particle beam is transformed through
the accelerator. This is the principle of Liouville’s Theorem [8]. It postulates the

conservation of a particle density in phase space for non-dissipative systems.

To prove this theorem, it has to be verified that the total time derivative, %, of

a particle phase space density vanishes, which means that the phase space density

stays constant under the influence of conservative forces.

A conservative system with a general set of coordinates (q1(t), ..., ¢.(t), p1(t), ..., pa(t))

can be described by the Hamiltonian H(q,...,qu,p1,---,Pn) and the Hamiltonian

equations [7]:

0q; ) OH opi ) oH
ot 1T op, or T T oy, (249
First, the total derivative of the phase space density p(qi, ..., qn,P1,---,Pn) is cal-
culated:
d 0 dp 9g; dp Op;
do-_ Op 5~ 0006 = Op Op:
op dp . Ip .
= — —q; ;. 2.4.10
o o g .
dp : Lo oy .
To prove that p vanishes, a phase space current -p is defined with @(qy, . . . , Gn, P1, - - -

The continuity equation for this current is
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2.4. Emittance and Emittance Preservation

stating that the total number of particles in the beam is constant. Equation [2.4.11

gives

_ Op d(pg;) d(ppi)
0 = afL; 0q; +Z op;

7

0 = a—§+zi:a—;%+02i:agi+zi:a—;pi+028§i-

Inserting Eq. [2.4.10] yields
dp g Op;
0 = —

_dp 0*’H O?’H
0= % * pz (an‘api B apﬁ%)’

7 J/
~~

=0

which proves the invariance of the phase space density.

(2.4.12)

(2.4.13)

(2.4.14)

(2.4.15)

(2.4.16)
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3. Causes for Emittance Blow-Up

For the luminosity of a collider, it is important to produce and preserve small emit-
tances. Contrary to Liouville’s Theorem, the emittance can blow up in an acceler-
ator. There are effects that cause the transverse beam size to increase or decrease.
The total allowed emittance increase in the LHC is 7 % [4]. Each effect that increases
the emittance has to be studied thoroughly and kept at minimum. In this chap-
ter some effects leading to measurable emittance growth in the LHC are discussed.

Other diffusion and scattering processes are explained in [9].

3.1. Injection Mismatch

One of the import effects of emittance growth is injection mismatch. During the
transfer and injection to the LHC, errors can occur that lead to emittance growth.
Steering errors, injection oscillations and the complementary transverse damper sys-
tem will be discussed. A full list of possible LHC injection errors can be found in [10].

To preserve the beam quality from the injectors to the LHC, it is necessary to
match the beam trajectory, amplitude functions and dispersion functions at the
transfer from one accelerator to the next. Amplitude function mismatch is caused
by focusing errors while the displacement from the design orbit at injection is caused

by steering errors that create injection oscillations [9).

3.1.1. Focusing Errors

A beam has a mismatched amplitude function when the twiss parameters of the
beam, a, § and ~, are not the same as the lattice functions, ag, 8y and 7y, at the
injection point to the LHC. Errors in the SPS, the transfer line or the LHC can lead

to such betatron mismatch. Then the emittance increase due to focusing errors is

88—0 = % (B0 + Boy — aap), (3.1.1)

where ¢y is the beam emittance with perfectly matched lattice functions and ¢
the beam emittance with betatron function mismatch. This emittance blow-up
depends on the incoming emittance. If the initial beam distribution is Gaussian, the

mismatched distribution will still be Gaussian, but with a larger phase space ellipse.
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3. Causes for Emittance Blow-Up

The amplitude function must be severely mismatched to increase the emittance

significantly [9].

3.1.2. Steering Errors and Transverse Damper

If the particle phase space distribution is transferred mismatched with a displace-
ment from the ideal orbit the phase space area increases. With non-linear magnetic
field components the betatron oscillation frequency depends on the oscillation ampli-
tude. As a result of the incoherent particle motion, the beam distribution filaments
and over time the emittance increases. Injection with an offset from the ideal or-
bit causes injection oscillations. These injection oscillations blow up the transverse
emittance by

£ 14 lAa:Z + (BAZ + aAx)?

€0 2 Beo

where Az and Ax’ are the displacements in phase space from the ideal orbit at

1
=1+ §Ae2, (3.1.2)

the injection point, o and 3 are the twiss parameters of the emittance ¢ after fila-
mentation, and ¢; is the emittance of the incoming beam. The filamentation time
7¢ in the LHC is 68 ms [11]. The emittance increase is independent of the initial
emittance. Assuming incoming beams with a Gaussian distribution, the emittance
growth from steering errors afflicts the phase space ellipse. The particle distribution
can be disturbed severely so that it is no longer Gaussian [9).

The LHC has to allow a certain margin for injection oscillations due to shot-by-
shot variations and drifts of the transfer lines, and SPS extraction and LHC injection
kicker ripples ! [12]. Injection oscillation amplitudes of up to + 1.5 mm occur before
correction. To guarantee emittance preservation at injection, the steering errors are
compensated by damping the injection oscillation through an external system that
provides a damping time 7; much smaller than the filamentation time, 7, < 7;. At

the presence of a damping system, the emittance blow-up due to steering errors is

ERES N <—1 ) . (3.1.3)
€0 2 1+ 7¢/7a

The LHC transverse damper system (ADT) can damp oscillations of up to 4 mm in
less than 50 turns. The transverse damper gain can be adjusted to vary the damping
time if needed [12].

In the LHC there are four independent ADT systems for each beam and plane.
The four ADT pick-ups measure the bunch position and kick the bunches back onto
the ideal orbit on the next turn [13].

An example measurement of injection oscillations damped by the ADT is shown in

Fig. [3.1] At injection of Fill 1268 the transverse injection oscillations are measured

'For SPS extraction and LHC injection fast pulsed kicker magnets are used.
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3.1. Injection Mismatch
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Figure 3.1.: LHC injection oscillations of beam 1 and beam 2, horizontal and vertical,
damped by the ADT, Fill 1268 . The images show the measurement
of the ADT pick-ups located at the quadrupoles Q7 (green) and Q9
(blue), which are located on the left or right side of IP4 in the LHC,

and an exponential fit of the data.

with ADT pick-ups. The oscillation amplitude is decreasing quickly due to the
damper.

The damper has to be able to deal with bunch-by-bunch differences of trajectory
oscillations. Due to various kicker ripples the injection oscillations can vary signif-
icantly between different bunches, see Fig. 3.2l The LHC transverse damper has a
bandwidth of 20 MHz with the kick strength varying according to a first order low
pass filter (-3 dB at 1 MHz) [14], see Fig. [3.3

The damping time applied for physics fills at injection in 2012 was 20 to 25 turns.
For the ramp the gain was reduced. The damping time at the start of the ramp was
about 100 turns for physics fills in 2012.

3.1.3. Dispersion Errors

Similar to the treatment of steering errors, the dispersion function of the transfer
line can be mismatched at injection to the LHC. This produces trajectory mismatch

for off-momentum particles. For a beam with relative momentum spread %, the
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3. Causes for Emittance Blow-Up

Horisontal parameters over bunches

E
E
&
=
s
1] T T T T T T
3100 3150 3200 3250 3300 3350
bunch ID
Vertical parameters over hunches

1.6

1.4
= 1.2
E 1
E
E 1 B

0.6

0.4 _M

I].2 - e

1} T T T T T T
3100 3150 3200 3250 3300 3350
bunch ID

Figure 3.2.: Bunch-by-bunch injection oscillation amplitudes for beam 2 horizontal
and vertical. Courtesy L. Drosdal, CERN, Geneva, Switzerland.

R ; — ldeal lowpass
0 — UL L I .| ——Measured in Freq. domain !
P EREE P : — Calculated from step response

Amplitude (dB)

il i
10°
Frequency (MHz)

Figure 3.3.: ADT bandwidth . ADT signal chain frequency response calculated
from the step response (via the HOM (higher order mode) port).
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3.2. Intra-Beam Scattering (IBS)

emittance increase is

(3.1.4)

£ 1AD? + (BAD' + aAD)?) (Ap)2
g — .
€0 2 Beo p
Again g is the emittance of the matched beam and ¢ is the emittance with the twiss
parameters « and [ and the dispersion errors AD and AD’. Any small deviation
from the ideal dispersion function can blow up the emittance, if the momentum

spread of the beam at injection is large enough [9].

3.2. Intra-Beam Scattering (IBS)

There are various diffusion and scattering processes that afflict the beam. The
particles in the beam can interact with the residual gas in the vacuum chamber
which can lead to increasing emittance and beam losses. Also scattering among the
particles in a bunch can cause the beam sizes to grow. This is called intra-beam
scattering (IBS) and will be explained in more detail.

Intra-Beam Scattering is multiple Coulomb scattering of the particles within a
bunch [15]. The collisions change the momenta of the particles. Due to dispersion, a
change in energy will cause a change in the betatron amplitude and thus, a coupling
between betatron and synchrotron oscillations. Above transition, transverse and
longitudinal emittances will grow. The IBS growth times for the transverse and

longitudinal planes scale like [16]:

1 ricN A
X . <f$,y,Ap (ﬁ$7ﬁy7€m78y7?p7nx)> . (321)

Teyap  V'EELEL

This formula gives the emittance growth times due to IBS effects for the transverse
planes (x,y) and the momentum spread Ap. The classical particle radius is rg, ¢
is the speed of light, and N is the number of particles in the bunch. The longitu-
dinal emittance is €. The functions f,, A, are averaged over the magnetic lattice
and depend on the optics parameter, for instance beta function, emittance, relative
momentum deviation and periodic dispersion function? ,.

IBS is more important for proton accelerators than electron machines which have
radiation damping that counteracts IBS. In a hadron collider, IBS can limit the
luminosity lifetime.

In the LHC the dispersion is large in the horizontal plane (design maximum hori-
zontal dispersion in the arc is 2.018 m [1]) and negligible in the vertical plane. Thus
IBS emittance growth is only expected in the horizontal plane. In case of coupling

the vertical emittance can also be increased by IBS.

2If the magnetic lattice is periodic, the dispersion function has a periodic solution.
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3. Causes for Emittance Blow-Up

IBS becomes less import at higher energies. Higher beam intensities and smaller
transverse and longitudinal emittances increase IBS growth rates [17]. For transverse
emittance preservation of protons at the LHC, IBS plays a role only in the horizontal
plane during the injection plateau. However, the longitudinal plane is also affected.

At the LHC design stage the following IBS emittance growth rates for IBS in

regions with non-zero dispersion in the ring were assumed [1]:

Injection | Collision
RMS beam size in arc [mm] 1.19 0.3
RMS energy spread AE/E [107] 3.06 1.129
Horizontal emittance growth time [hours] 38 80
Longitudinal emittance growth time [hours] 30 61

Table 3.1.: IBS growth times at injection energy of 450 GeV and collision energy of
7 TeV with LHC design values.

3.3. Noise

Another emittance blow-up source is noise. Random power supply noise and ground
motion can introduce random energy changes and therefore also increase the emit-
tance in the presence of dispersion |16]. For instance, dipole magnets can produce
field noise that gives small random kicks to the beam. Ground motion can kick the
beam angularly when the quadrupoles are misaligned. These kicks, averaged over
many turns, cause the betatron oscillation amplitude and, hence, the emittance to

grow, proportional to the square of the kick angle 0:

d {r?)
dn

= 3(6%), (3.3.1)

where n is the number of turns and r is the amplitude in phase space. For the

random dipole noise ((AB)?), the averaged kick over many turns yields:

(6*) = AB)ZZ% (3.3.2)

over the length of the dipole [ with bending radius R and magnetic field By. This

yields an emittance growth rate of

de
dt

((AB)*I?)

BRT (3.3.3)

= Bht ot

where f,., is the revolution frequency of the circular accelerator.
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The angular kicks from the quadrupoles with a ground motion amplitude of

((Ax)?) are given by ,
(6*) = «Af—f”, (3.3.4)

with f being the quadrupole focal length. Considering this effect, the emittance

increases over time with a growth rate of

de 1 (Az)?)
% - 56][.1”61) f2 . (335)
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4. The LHC: Cycle, Parameters and

2011 Emittance Preservation

This thesis investigates emittance preservation through the LHC cycle from SPS
extraction to LHC collisions. The LHC cycle with its different phases is described in
the following. The LHC proton run configurations in 2011, 2012 and for the nominal
case will be introduced and the results of the emittance preservation studies in 2011

are summarized.

4.1. The LHC Cycle

The operation of the LHC is divided into distinct phases linked to the main accelera-
tor activities. They are called operational modes. The operational LHC modes with
beam during proton physics are “injection”, “prepare ramp”, “ramp”, “Hattop”,
“squeeze”, “adjust” and “stable beams” [18], see Fig. [4.1]

For the most commonly used filling scheme in 2011 and 2012, 12 injections with
up to 144 bunches per injection were required per ring. The total LHC filling time
takes about 30 minutes. When the injection process is finished the machine enters
the mode “prepare ramp”. In this mode the transverse damper gain is reduced to
allow a good tune signal during the ramp, as all LHC ramps are run with a tune
feedback system. The tune is measured by the Base-Band-Tune (BBQ) system [19).
In preparation for the ramp different machine components are loaded with the ramp
functions. Then the beam energy is increased. The ramp from injection energy
of 450 GeV to collision energy in 2011 (3.5 TeV) and 2012 (4 TeV) takes about
15 minutes. Once the flattop energy is reached and the pre-squeeze checks are
completed, the 5* squeeze is initiated. The beta function at the collision points (/5*)
is minimized to achieve high luminosities. The squeeze takes about 15 minutes. In
2012 the p* at IP1 (ATLAS) and IP5 (CMS) was squeezed from 11 m to 0.6 m. In
IP2 (ALICE) and IP8 (LHCb) the * was squeezed to 3 m. The squeeze is followed
by the mode “adjust” where the beams are brought into collision. The experiments
switch on their detectors as soon as the mode “stable beams” is declared. In general,
the machine stays in “stable beams” as long as possible. Each pass through the cycle
with its different modes is allocated a number, the fillnumber. The record time in
“stable beams” in 2012 was 22.8 hours (Fill 2692).
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4. The LHC: Cycle, Parameters and 2011 Emittance Preservation

LHC Cycle
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Figure 4.1.: The LHC cycle. The injection process from the SPS to the LHC takes
about 30 minutes. The injection plateau is followed by the energy ramp
(approximately 15 minutes). After reaching the flattop energy, the *
is squeezed from 11 m to 0.6 m at ATLAS and CMS (approximately
15 minutes) and, finally in “adjust”, the beams are brought into colli-

sion. In “stable beams” the experiments take data.

To pin down possible sources of emittance growth, it is necessary to collect data
in every phase of the LHC cycle. Therefore beam instrumentation to measure the
transverse emittance needs to be adjustable. A variety of instruments is installed in
the LHC. Their operation is explained in chapter [3]

4.2. LHC Parameters

To achieve high luminosities in the LHC, the injectors have to produce high bright-
ness beams which are conserved through the LHC cycle. The brightness B is the

ratio of bunch intensity N over transverse normalized emittance :

B=—. (4.2.1)

One of the reasons for the remarkable achievements of the LHC in its first running
years was the excellent performance of the LHC injector chain. Beams beyond the
design brightness could be produced. The injectors delivered beams with bunch
intensities of 1.7 x 10! protons and a transverse emittance of 1.5 um. Despite

the lower collision energy of 4 TeV per beam instead of the design value of 7 TeV,
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4.3. Emittance Blow-Up during the 2011 LHC Cycle

Nominal 2011 2012
Beam injection energy | 0.45 0.45 0.45
[TeV]
Collision energy per 7 3.5 4
beam [TeV]
Total number of 2808 1380 1374
bunches per beam
Maximum number of 288 144 144

bunches injected

Number of injections 12 (+1 pilot) 12 (+1 pilot) 12 (+1 pilot)
per fill and beam

Bunch spacing [ns] 25 50 50

Number of protons per | 1.15 x 10! 1.1-1.5 x 104 | 1.1-1.7 x 10%
bunch

Normalized transverse 3.75 2.4 2.4
emittance at collision

[pm]

p* at IP1/IP5 [m] 0.55 1.0 0.6

Number of collisions 2808,/2736,/2622 | 1331/0/1320 | 1368/0/1262
(IP1+1P5/IP2/IP8)

Maximum luminosity 1034 3.65 x 10% 7.7 x 1033
achieved [cm2s7!]

Table 4.1.: LHC proton run configuration in 2011, 2012 and for nominal LHC pa-

rameters.

peak luminosities of 7.7 x 10?3 cm~2s~! were reached in the LHC. The LHC design
luminosity is 10** cm=2s7!. Table summarizes the LHC run conditions in 2011
and 2012 and compares them to the design run configuration [1]. In the 2011 and
2012 proton run the bunch spacing was limited to 50 ns due to electron cloud
effects [5]. The main differences in run configurations from 2011 to 2012 are the
increased flattop energy from 3.5 TeV to 4 TeV and the smaller beta function at the
IPs. The * is squeezed to 0.6 m instead of 1 m in 2012. The peak luminosity could
therefore be increased from 3.65 x 1033 ecm=2s7! in 2011 to 7.7 x 10?3 cm 257! in
2012.

4.3. Emittance Blow-Up during the 2011 LHC Cycle

The challenge for the LHC is to preserve the high brightness beams coming from the
injectors through the cycle. That means maximizing transmission and minimizing

emittance blow-up. The largest fraction of the brightness reduction in the LHC in
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2011 and 2012 runs comes from emittance growth . The emittances were blowing
up significantly in 2011. The main results are summarized in the following :

e No emittance blow-up from the injection process, the transfer from SPS to

LHC, within measurement accuracy.

e During the LHC injection plateau the emittances grow in the horizontal plane,

consistent with intra-beam scattering (IBS).

e The emittance blow-up during the LHC ramp was more than 20 % for initial

emittances of 1.6 ym.

e During the LHC squeeze only beam 1 horizontal was indicating a large emit-

tance blow-up of more than 20 %.

Towards the end of the LHC proton run in 2011 the bunch intensity was increased
further and further to push peak luminosity. The data from the summer period and
the last month of proton operation in 2011 were combined to obtain the dependence
of emittance growth on bunch intensity, see Fig.[4.2 The absolute emittance growth
seems to be independent of bunch intensity [23].

® ® LHC
2.6 T T | T . . SPS

24+

emittance [um]

™ ® 1.77e-11%x + -0.64

{25 1.30 1.35 1.40 1.45 1.50
bunch intensity lell

Figure 4.2.: Bunch intensity versus emittance. Comparison of emittance from LHC
luminosity and emittance of 144 bunch wire scans in the SPS as func-
tion of bunch intensity. The absolute growth between SPS extraction
and LHC start of collisions seems to be roughly independent of bunch

intensity.
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5. Beam Instruments for Emittance

Measurements

Emittance cannot be measured directly. It is determined from the transverse beam
size through transverse profile measurements. This chapter discusses the different
transverse profile measurement systems in the LHC and presents the advantages

and disadvantages of the various instruments.

5.1. Transverse Profile Monitors

Three main types of profile monitors are installed in the LHC [1]:

IP4
Light extraction Bea'm 2
a7 Q6 Q5 D4 ﬁm g D3 ., D4Q5 Q6 Q7
i?l RF system —-.\
Undulator ;
WS ;
ws
. Undulator
\._— RF system H?I /I/
- BGI i @ -
Beam 1

Light extraction

Figure 5.1.: Schematic outline of IP4 (figure not to scale). The beam line in point
4 with RF cavities, quadrupoles Q4, Q5, Q6 and Q7, dipoles D3 and
beam instruments is presented. There are four wire scanners (WS) for
each beam, two for each plane, including a spare wire system. The
Beam-Gas Ionization Profile Monitor (BGI) also has a horizontal and
a vertical component for each beam. The Beam Synchrotron Radiation
Telescope (BSRT) works with a superconducting undulator at injection

energy and the dipole D3 at flattop energy.
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5. Beam Instruments for Emittance Measurements

e Wwire scanners,
e Beam Synchrotron Radiation Telescopes (BSRT) and

e Beam-Gas lonization Profile Monitors (BGI).

Transverse profile monitors are typically located at places with large beta func-
tions. The profile monitors in the LHC are positioned in interaction region 4 (IR4).
A schematic overview is given in Fig. |5.1}

There are also matching monitors for both rings positioned in the LHC in point
4 [1]. They are based on the principle of Optical Transition Radiation (OTR) screens.
In the LHC they can measure several beam profiles during a few turns for injection
mismatch studies. In the transfer line from the SPS to the LHC OTR monitors
and luminescence screens can be used to measure the transverse beam profile [1].
The analysis with matching monitors and transfer line screens will not be further

discussed in this thesis.

Transverse Profiles and Fitting
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Figure 5.2.: BSRT application transverse profiles. Two-dimensional transverse im-
age of beam 1 measured with the BSRT (top) with the reconstructed
horizontal and vertical profile (bottom). A Gaussian fit (orange curve)

is applied to the profiles (black curve).
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5.1. Transverse Profile Monitors
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Figure 5.3.: Wire scanner application transverse profile. A horizontal profile (blue
curve) of one bunch in beam 2 obtained from the wire scan is shown.
A Gaussian fit (red curve) is applied to the profile. On the x-axis the
position in [mm] is plotted. The y-axis displays the amplitude of the

signal in [a.u.].

The transverse beam size can be obtained either from a two-dimensional or a
one-dimensional image of the transverse beam profile. The BSRT camera measures
a two-dimensional distribution of the synchrotron light which is projected onto the
horizontal and the vertical axis to obtain the transverse profiles, see Fig. [5.2,

Wire scanners and BGI measure only one-dimensional profiles. Therefore an in-
strument for every plane is needed. An example of a horizontal beam profile from a
wire scanner measurement is shown in Fig. [5.3] In most cases the transverse beam
distribution is Gaussian.

Once the transverse beam profile is obtained it is fitted with a 5 parameter Gauss

function to obtain the beam size o:

f(x):d—i-hx—i-a-exp(—;_g) (5.1.1)

c 0

where d is the offset, k is the slope of the baseline, a is the amplitude, and b is the
mean of the Gaussian distribution. A horizontal beam profile measured with the
wire scanner and fitted off-line with a Gauss function is shown in Fig. [5.4]

The calculated o is the beam size value of the entire proton bunch intensity. In

dispersion free regions the emittance is obtained from the beam size and the beta
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5. Beam Instruments for Emittance Measurements

function at that point:

== (5.1.2)

To minimize the influence of the sometimes large bunch tails only data points
above a certain signal level (typically 20 % of maximum) are used. Thus merely the
core of the profile, which contains all data points above the line of the intensity cut,
is fitted with a Gaussian to determine the beam size, see Fig. In this way the
core emittance is calculated.

Another way to avoid fitting the bunch tails is to only fit data points within + 2o.
The procedure is: first fitting the whole transverse profile with a 5 parameter Gauss
function, and second taking only the measurement points in the region + 20 to fit

this part of the profile again with a Gaussian, see Fig. [5.5]
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Figure 5.4.: Transverse beam profile (left) with Gauss fit (right), measured with wire
scanner. The measurement points (blue) are fitted with a 5 parameter

Gauss (green).
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Figure 5.5.: Transverse beam profile with core Gauss fit (left) and a double Gaussian
fit (right). The measurement points (blue) are fitted with a 5 parameter
Gauss (green) and after a cut of the bunch tails (black) fitted again with

a Gauss function (red).
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5.1. Transverse Profile Monitors

5.1.1. Wire Scanner

Two sets of four wire scanners are installed in the LHC, one wire scanner for each
beam and plane and in addition a spare set of wire scanners [1]. The second pair is
used as a backup in case of damages of the operational instrument. The wires are
used to measure low intensity beams and serve as a calibration instrument for other
profile monitors. They are located downstream of the D3 magnet. Wire scanners
in the LHC are routinely operated in the “bunch mode” which gives one transverse
profile for each bunch.

The wire scanners are equipped with a 36 pum thick carbon wires attached to a
moving fork |24]. The transverse beam profile is scanned by moving the wire with
a linear motion through the beam. One wire scanner for the horizontal plane and
one wire scanner for the vertical plane are needed. In the LHC the wire crosses
the beam at a constant speed of 1 m/s. The general layout of a wire scanner is
shown in Fig.[5.6] The wire interacts with the proton beam and secondary particles
are produced. Their signal is measured outside the beam pipe with a scintillator.
Through optical filters the signal is transported to a photomultiplier (PM). The
transverse profile is reconstructed from the PM current and the position of the wire
fork, see Fig. [5.3] The wire scanner position is measured with a high precision
potentiometer. The potentiometer is also used for controlling the position of the
wire.

The wire scanner actually records two images per scan. It makes an “in” and
an “out” movement. That means the wire passes through the beam twice per
measurement. The obtained beam size is averaged over the in and the out scan.
Thus the error on the emittance contains the error from the fit, the error from
averaging of in and out scan and the error on the beta function. In addition, if
the emittance is averaged over several bunches in one batch, the error also includes
uncertainties from averaging.

The choice of wire material, wire thickness and scanning speed depends on the
beam current and the desired amount of secondary particle production. The wire in-
teracts with the beam several times per passage. Studies showed that the emittance
blow-up with commonly used wire parameters is negligible and does not perturb the
measurements [25]. A thin and fast wire will produce fewer secondary particles than
a slow and thick wire. The wire speed defines the precision of the measurement.
For a more accurate measurement a slower moving wire is preferred. For maximum
wire lifetime the energy deposition should be small and the material robust against
high temperatures. Typically carbon wires are chosen.

Wire heating limits the beam intensity with which the wire scanners can be used in
the LHC. In theory the carbon wire should be able to take 2 - 3 x 10! charges/mm

before sublimating. There is also another reason for limited intensity in the LHC.
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Vacuum pipe Particles generated by the

_
interaction of beam and wire

>

\ scintillator

Vertical movement,
Horizontal with another scanner

Beam

Vertical wire scanner

Optical filters
Wire position

Transverse beam profile Photomultiplier
PM current (PM)

Preamplifier

Figure 5.6.: Schematic drawing of the different components of a wire scanner. The
basic operational principle of a vertical wire scanner is displayed. The
wire scanner consists of a fork with a wire that moves through the beam

and produces secondary particles which are measured with a scintillator.

The LHC magnets are superconducting. The particle showers produced by the wires
passing through the beam can introduce a magnet quench, a sudden transition from
superconducting to normal conducting [6].

All things considered the theoretical wire scanner intensity limit should be 1/4
of the nominal intensity at injection energy and 1/8 of the nominal intensity at
7 TeV [25].

In reality these limits had to be adjusted. Including scan safety margins the limit
is 5 x 10 charges/mm in the LHC calculated from the number of charges in the
ring, wire diameter, wire speed, revolution frequency and transverse beam size.
Thus at 450 GeV injection energy it is possible to scan the first 50 ns 144 bunch
batch coming from the SPS with an intensity of about 1.5 x 10! protons per bunch.
At 4 TeV flattop energy the total measurable bunch number with wire scanners is
reduced to about 30 with this bunch intensity.

Due to a broken wire in September 2012 the wire scanners were changed to the
spare system. The new wires are still thicker. Thus the secondary particle produc-
tion is higher and some beam dumps occurred due to increased beam losses. The
intensity limit for the wire scanners had to be reduced even further. For safety rea-
sons wire scans of the first 50 ns 144 bunch batch were not possible anymore and the
4 TeV flattop energy wire scan limit was about 20 bunches with bunch intensities

of about 1.5 x 10 ppb and 50 ns bunch spacing.
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5.1. Transverse Profile Monitors

5.1.2. Beam Synchrotron Radiation Telescope (BSRT)

Upstream of the D3 superconducting dipole magnet, on each side of the IP, a syn-
chrotron light monitor is installed; one for beam 1 and one for beam 2. BSRT
measurements are continuous, automatic, passive and compatible with high inten-
sity operation.

The synchrotron light is produced by a superconducting undulator or the D3
dipole itself depending on the energy. The light is extracted 26 m downstream of the
entrance of the D3 dipole giving a two-dimensional transverse image of the beam [1].
As shown in Fig. a magnetic chicane, between the D3 and D4 magnets, widens
the beam separation to have enough space for RF cavities. The D3 dipole deflects
the beam by an angle of 1.57 mrad with a maximum field of 3.9 T that gives an
orbit radius of R = 6 km for 7 TeV protons. In the drift space to dipole D4 the light
diverges from the proton beam. The photons are collected by an extraction mirror
and pass through a vacuum viewport to the optics outside the beam line where the
actual telescope is located. The optical system is adjustable to the radiation source,
undulator or dipole. Finally, an image-intensified camera measures the transverse
beam profile by counting the photo-electrons emitted from a photocathode. The
schematic outline of the optical system is given in Fig. [5.7]

The BSRT produces useful transverse profiles at 450 GeV injection energy and
up to 7 TeV flattop energy. Beam images are taken continuously. At 450 GeV the
synchrotron radiation has to be intensified by a superconducting undulator placed
1 m from the dipole. At collision energy the light is extracted from the bent proton
beam at the dipole.

At injection energy, the dipole provides far too little visible light for measurements
(the critical wavelength of the dipole spectrum at 450 GeV is A, = 0.23 mm). A
short superconducting undulator with 2 periods of A, = 28 cm is installed before the
D3 magnet [27]. The peak of the light spectrum from the protons is at 610 nm. The
BSRT camera can only measure the visible wavelength spectrum from 400 to 700 nm.
If the undulator is kept as the light source during the ramp and at flattop energy,
the photon wavelength does not peak in the visible wavelength range anymore and
the BSRT detector would not be able to function. Thus the light source has to be
changed to the D3 dipole. At flattop energy of 7 TeV, the critical wavelength of the
dipole spectrum is A\, = 61 nm.

During the ramp the light source switches from undulator to dipole. Then the
longitudinal radiation extraction position shifts by 2.8 m so the optical focus changes.
It is impossible to maintain focus and alignment while moving the mirrors. Instead
an optical delay line lengthens the photon trajectory to keep the entering optical
path constant [27]. Yet, at intermediate energies where both light sources produce

visible light, image blurring is a concern, since the image system cannot be focused
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Figure 5.7.: Schematic drawing of the BSRT. The basic outline of the BSRT optical
system is shown. The synchrotron light from the particle beam passes
through an optional optical delay line and continues to the BSRT cam-
era. Part of the light is used for the Abort Gap Monitor (AGM) [24], a
Longitudinal Density Monitor (LDM) and a DC camera. These de-
vices will not be explained further. Courtesy G. Trad, CERN, Geneva,

Switzerland.

on both. Meaningful beam size measurements from the BSRTs can only be obtained

at 450 GeV and flattop energy, not in between.
The LHC BSRTs measure bunch-by-bunch transverse profiles and are calibrated

with wire scanners. Even though the BSRT system gives several degrees of free-
dom for optimization of resolution and accuracy for different beam intensities and
energies, there are intrinsic calibration limitations, for instance, diffraction, possi-
ble misalignment and focusing errors. Therefore the measured beam size at the
BSRT 0,,cq4s has to be corrected with a calibration factor o... to agree with the

wire scanner measurement [29]:

0=V O-’rQneas - 0-307“7" (513)

The errors on the beam size from the BSRT measurement include systematic errors
from optical magnification and energy dependent systematic errors from imaging.
Originally a scan took about 5 s per bunch. A physics beam with 1374 bunches
was fully scanned in ~ 2 hours, which is obviously not practical. Since May 2012,
after a software update, fast scans were available. Transverse beam profiles of 3 to

4 bunches per second could be obtained in this way. The total physics beam can
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5.1. Transverse Profile Monitors

therefore be scanned in about 7 minutes.
Since September 2012 only BSRT for beam 1 is working. No beam profiles for

beam 2 were available until the end of the 2012 proton run.

5.1.3. Beam-Gas lonization Monitor (BGI)

The Beam-Gas lonization Profile Monitor (BGI) also provides transverse profiles in
a non-destructive way. It can measure the transverse beam profile in the LHC in all
four planes continuously over the whole energy range from 450 GeV to 7 TeV for
physics beams, including the ramp . Thus the BGI complements the BSRT. The
transverse beam size is obtained from the velocity spectrum of the electrons which
are created and accelerated when the beam ionizes the residual gas. An electrical
field deflects the electrons to an anode with a Micro Channel Plate (MCP) where
the position of the electrons is measured. The electron distribution at the MCP
reflects the transverse particle distribution of the beam. Through a phosphor screen
the electron distribution is converted to a photon distribution, so that it can be
viewed by a CCD camera linked to a prism . The basic principle of the BGI is
shown in Fig. [5.8

Calhodq grid . « Negative electrode
Resistors .l E B I
Electrodes R
+ lons
Window | by I Beam
. Electrons
CCD Camera I I V.
e — N Positive electrode
y N MCP
. Phosphor screen
Prism
y

+ Vacuum tank/
‘ ground cage
X

Figure 5.8.: Schematic drawing of the BGI . Electrons ionized from the rest gas

through the beam (s-direction) are accelerated up or down (in + y-

S

direction) due to the electric field which is created by applying a high
voltage at the electrodes. Linked to the anode are a MCP, a phosphor
screen, a prism and a CCD camera to measure the transverse profile of

the beam.
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5. Beam Instruments for Emittance Measurements

The ionization rate is proportional to the beam intensity. The BGI only has a
lower intensity limit which changes with time of the MCPs in operation. With fresh
MCPs the sensitivity for protons can reach a few bunches. But after some years in
operation, the LHC BGI cannot measure beams with intensities lower than about
600 bunches. The BGI integration time is about 0.1 seconds and it measures the
average beam size for all bunches [32].

Subsystems of the BGI are gas injection, high voltage system, magnets and imag-
ing system. In the past the BGI was not operational due to high voltage instabilities
that caused vacuum interlocks and consequently beam dumps. This problem could
be solved in the beginning of the 2012 run. The energy dependent calibration of
the LHC BGI is not satisfying yet so no data was used for beam size results. Also
both BGIs of beam 1 were damaged in 2012. Nevertheless an emittance blow-up
during the ramp could be measured with the BGIs in 2012 for beam 2 horizontal
and vertical, see Fig. 5.9 The absolute numbers can, however, not be trusted yet.
A fully working BGI is foreseen for after the first long LHC maintenance period in
2013/14. Tt will then monitor continuously on-line the average transverse beam size
of the beams [21}32].

Beam 2 Horizontal, Core Fit, Fill 3020

Beam 2 Vertical, Core Fit, Fill 3020
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Figure 5.9.: BGI measurement of beam 2 horizontal and vertical during ramp of
physics Fill 3020 with 1374 bunches. The cores of the transverse profiles

are fitted with a Gaussian.

5.2. Measurement of the Beta Function with
K-Modulation

The most commonly used method to measure beta functions in the LHC is the turn-
by-turn phase advance measurement with beam position monitors (BPMs) after
exciting a transverse oscillation [33]. In point 4 the phase advance between the
BPMs is not optimal resulting in a large uncertainty on the 5 values from this

method. Therefore a different method called k-modulation was used to measure the
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5.2. Measurement of the Beta Function with K-Modulation

beta functions at individually powered quadrupoles in IR4. The method will be

explained in the following.

K-Modulation

In a circular accelerator the change of the quadrupole focusing strength Ak shifts
the tune @ of the machine by [6]:

so+l
AQ = i/ : AkpB(s)ds, (5.2.1)

4 /g,
where [ is the magnetic length of the quadrupole and S is the beta function at
the quadrupole. The quadrupole strength is altered by changing the current of the
quadrupole. The tune shift is proportional to the mean [-value in the quadrupole
and thus: A
AQ ~ 4—k (B) 1. (5.2.2)
s
After coupling correction, the tune has to be measured as accurately as possible

before and after the quadrupole strength change. Then the average beta function

in the quadrupole () yields
4 AQ
(B) = T AR

Typically several points are measured such that the function AQ (Ak) can be ob-

(5.2.3)

tained. The slope of the curve is proportional to the beta function, see Fig. [5.10

and Fig. |5.11| as examples.
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Figure 5.10.: K-modulation results for quadrupole RQ5 R4 B1. The quadrupole
current (line) and evolution of the vertical (red dots) and horizontal
tune (green dots) are plotted. Courtesy G. Trad, CERN, Geneva,

Switzerland.
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Figure 5.11.: K-modulation results for quadrupole RQ5 R4 B1. The horizontal and
vertical tune of beam 1 versus the quadrupole current is plotted. From
the slope the horizontal and vertical beta function from k-modulation
at RQ5 R4 B1 are obtained. Courtesy G. Trad, CERN, Geneva,

Switzerland.

Beta function measurement 2012 in IR4

Several individual powered quadrupoles can be found around the transverse profile
monitors in point 4. Quadrupoles RQ5 L4 B1, RQ5 R4 B1, RQ6 R4 B1, RQ7 R4
B1, RQ5 R4 B2, RQ5 L4 B2 and RQ6 L4 B2 were k-modulated to measure the beta
functions at these quadrupoles. The beta functions were measured for all beams
and planes at 450 GeV, 4 TeV and with squeezed optics.

To obtain the  values at the transverse profile monitors, the measured optics
functions at the quadrupoles are transported to the instruments using linear transfer

matrices. Table 0.1l summarizes the results obtained from k-modulation for wire

S [m] Model | Injection || Model Flattop Squeeze
WS 1H 165.48 | 181.2 &£ 6.45 || 165.48 | 159.2 £ 6.45 | 161.7 £ 7.50
WS 1V 287.81 | 287.1 £ 4.22 || 287.81 | 288.2 £ 10.90 | 274.8 £ 5.72
WS 2H 123.51 | 1242 £ 2.04 || 123.51 | 118.7 £4.20 | 114.3 £ 6.20
WS 2V 404.55 | 420.7 £ 3.33 || 404.55 | 438.7 £ 4.10 | 410.4 = 1.33

BSRT 1H || 178.14 | 199.9 £ 9.75 || 172.97 | 165.4 £ 5.35 | 174.5 £ 7.77
BSRT 1V || 192.09 | 189.0 £ 4.94 || 214.60 | 207.5 &£ 3.10 | 206.5 £ 4.20
BSRT 2H || 127.54 | 126.5 £ 3.00 || 127.09 | 122.1 £6.20 | 126.2 £ 2.70
BSRT 2V || 332.83 | 354.0 £ 2.72 || 334.61 | 358.8 & 3.90 | 340.0 &+ 4.55

Table 5.1.: Beta functions from k-modulation at the wire scanners (WS) and the
BSRT light sources (undulator at 450 GeV and dipole at 4 TeV) for
every plane at injection energy, flattop energy of 4 TeV and for squeezed
optics. The measured beta functions are compared to the LHC design

values.
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5.3. Emittance from Luminosity and Luminous Region

scanners and the BSRT light sources (undulator at 450 GeV and dipole at 4 TeV)

and compares them to the nominal beta functions.

5.3. Emittance from Luminosity and Luminous

Region

The luminosity is defined as the overlap of the two colliding beams with time de-

pendent beam density distribution functions p; of beam 1 and py of beam 2 [34]:

L x NINQK' //// pl(x,y,s,—30),02(x,y,S,so)dxdydsdso, (531)

where K is the kinematic factor

K =\/(v] — 03)2 — (07 x 03)2/c2. (5.3.2)

—

For head-on collision at s; = 0 and same particle velocities v]7 = —v5 U, the

luminosity can be written as

L= 2N1N2frevnb'////oo P12(2) p1y(Y) P15 (5—50) P2e (T) P2y (Y) p2s (8+50) drdydsdsg.
(5.3.3)

For Gaussian particle distributions applies:

1 2
pi(u) = exp (—22;?) , (5.3.4)

V2ray,
o)

1
ps(s£s9) = exp [ — 202

V2o

with ¢ = 1,2 and u = x,y. The deduction can be found in the appendix. If oy, # 09,

(5.3.5)

and o1, # 09y, but still assuming same bunch lengths o1; & 04, the luminosity in

Eq. yields

o frevnb N1N2
o 2 2 2 '
\VOiz T 03, Oy + T3y

In the simple case where 01, = 09, = 0, 01y = 09y = 0, and 0, = 0, = 0, the

L (5.3.6)

luminosity can be written as

_ frevnb . N1N2 _ frevnb . N1N2

L .
4 o? 4 b*e

(5.3.7)

Equation [5.3.7] connects luminosity with emittance. In this way the luminosity
measurement together with beam and bunch intensity measurement can be used as

an indirect emittance measurement. Usually the emittances of the two beams and
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5. Beam Instruments for Emittance Measurements

two planes per beam are not the same. The emittance obtained from luminosity
is the convolution of the real beam emittances. From Eq. and Eq. [5.3.7 and
assuming 3* is the same for the horizontal and the vertical plane, the convoluted

emittance equates as:

2B%e = \/O’%x + 0§$\/ny + 03, (5.3.8)

1
e = 5\/8195 + €20/E1y + €2y (5.3.9)

The experiments also measure the luminous region, the horizontal beam size o,
and the vertical beam size o, at the interaction point. The beam size o, calculated

from the transverse size of the luminous region oy is
0w = V2015 (5.3.10)

The convoluted emittance from the luminous region, again assuming two Gaussian

beams with 01, = 09, = 0, and o0y, = 09y = 0, and equal 3%, is equal to

V2B%e, = yJod, + 02, (5.3.11)

1
= —VE + E2- 5.3.12
\/5 1 2 ( )

Luminosity Reduction Factor

If the collisions are not ideally head-on or the particle densities are correlated, the
luminosity formula becomes more complicated. This is the case in the presence of
a crossing angle, collision offset and the hourglass effect. The strongest luminosity
reduction comes from the crossing angle. In this thesis only the crossing angle is
considered.

In the LHC there are many circulating bunches with short bunch spacing. To
prevent unwanted interactions, the two beams collide at an angle of ¢ =290 urad.
If the beams therefore do not fully overlap the luminosity has to be multiplied by a

reduction factor S [34]:
I = frevnb . NlNZ

4 B*e

For small crossing angles, o, > o0,,, and crossing in the horizontal plane, the

. S. (5.3.13)

luminosity reduction factor becomes

S ~ . (5.3.14)

An example calculation shows the quantitative influence of this effect. Assuming
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5.4. The LHCb System for Measuring the Overlap with Gas (SMOG)

that, for ideal head-on collisions of the nominal LHC proton beams, the LHC lumi-
nosity is 1.2 x 10%* cm~2s~!. The effect of the crossing angle reduces the luminosity
to 0.973 x 103* cm~2s7! with an estimated factor S = 0.835, derived from nominal
LHC beam parameters.

Equation determines the instantaneous luminosity with a reduction factor
due to the crossing angle. From that the convoluted emittance can be obtained by
knowledge of all other parameters. Nominal values are assumed for crossing angle
¢, B* and revolution frequency f,.,, see Table [5.2, with approximated uncertainties

of 15 % error on * and 15 urad error on the crossing angle.

Crossing angle [urad] 290
f* in IP1 and IP5 [m] 0.6
Revolution frequency [kHz| | 11.245

v at 4 TeV 4264.392

Table 5.2.: LHC collision parameters in 2012.

In the LHC, bunch intensity, bunch length and luminosity are measured. The
bunch intensities are monitored with a Fast Beam Current Transformer (FBCT)
[1]. The longitudinal bunch size is measured with the LHC Beam Quality Monitor
(BQM) [1] and the luminosity is quantified by ATLAS and CMS.

5.4. The LHCb System for Measuring the Overlap
with Gas (SMOG)

At the LHCDb experiment, located in IP8 in the LHC, a new method to determine
the absolute luminosity has been developed using a beam-gas imaging method. It
is based on vertex reconstruction of beam-gas interactions. The beam-gas imaging
method at LHCD is called System for Measuring the Overlap with Gas (SMOG).
The experiment combines the LHCb vertex locator (VELO) with the gas injection
system.

The luminosity is obtained from measuring the beam shapes and overlap. For
emittance studies the beam-gas imaging at the LHCb VELO can be used to mea-
sure transverse beam profiles. The VELO determines bunch-by-bunch beam sizes in
a relatively short time. Bunch profiles can be obtained within minutes with a statis-
tical error of less than 1 % [35]. The beam-gas imaging method is non-destructive.
A dedicated gas injection system creates a pressure bump in the VELO which allows
fast beam profile measurements. A gas with a high atomic number is chosen (Ne) to

achieve higher interaction rates and thus improve the vertex resolution. The vertex
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Figure 5.12.: Schematic drawing of the LHCb VELO, . The thick arrows rep-
resent the circulating proton beam directions. The thin arrows show

example beam-gas and beam-beam interactions.

detector is positioned closely around the interaction point. A schematic overview
can be found in Fig. [5.12

To measure the transverse profiles the vertex position is plotted in the x-s plane
and the y-s plane. Single bunch profiles are acquired from the projection of the
vertex distribution onto the plane perpendicular to the proton beam trajectory .
To determine the emittance from the beam profiles, a Gaussian core fit is used, as
explained in section [5.1.1] The nominal beta function at IP8 (3* = 3 m) is used to
determine the transverse emittance, assuming a 5* error of 15 %.

The SMOG experiment does not need colliding bunches. Through beam-gas in-
teraction all bunch profiles can be obtained, colliding and non-colliding bunches.
Currently, the disadvantage of this high precision beam size measurement is that
the VELO can only be closed when “stable beams” is declared. The SMOG exper-

iment can only be enabled during collision of proton beams.
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6. Emittance Preservation at the
LHC in 2012

Emittance preservation studies in 2011 revealed a 20 to 30 % growth of the transverse
normalized emittance from LHC injection to collisions. At the LHC design stage the
total allowed emittance increase through the cycle was set to 7 %. One of the goals
during the 2012 LHC run was therefore to understand and counteract the blow-
up. In the frame of this thesis several emittance preservation investigations were
performed in 2012. Some of the causes of the emittance growth were found. They
are presented in this chapter along with possible solutions for emittance blow-up
during the LHC cycle. The results are also published in ,,.

Convoluted Emittance WireScan vs. CMS Luminosity

convoluted emittance [;m]

fillnumber

® @ CMS
¥ ¥ LHC Wire Scan

Figure 6.1.: Overview of the emittance evolution in 2012. Convoluted, average emit-
tance of the first 144 bunch batch measured with wire scanners at LHC
injection (yellow stars) compared to the emittance calculated from CMS
peak luminosity (green dots). The periods of the technical stops are
marked with TS. Towards the end of 2012, after Fill 3287, no more wire

scans at injection for physics fills were possible due to a broken wire.
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A summary of the total emittance blow-up from SPS extraction to LHC collisions
for physics fills in 2012 is given in the following. Only fills with 1374 bunches per
ring and 50 ns bunch spacing were taken into account. Physics beam emittances are
measured at two points of the LHC cycle: wire scans are performed after the first
144 bunch batch injection and indirect measurements of the emittance are obtained
through the measurement of luminosity and luminous region at the end of the cycle.

Figure shows the evolution of the emittances in collision (green dots) and
after injection (yellow stars) for the different physics fills in the 2012 proton run.
The injectors managed to produce beams of record brightness, especially with the
introduction of the Q20 optics in the SPS after TS3 ! [38]. Emittances of 1.5 um
with bunch intensities of up to 1.7 x 10! were injected into the LHC. However, the
emittances at collision stayed around 2.3 pym on average, corresponding to a blow-up
of up to 40 %.

To find out where the emittances are growing in the LHC cycle and to track down
the sources of the blow-up, measurements at all different parts of the cycle were

performed:

e at injection into the LHC,
e at the 450 GeV LHC injection plateau,
e during the LHC ramp to 4 TeV flattop energy and

e during the LHC 8* squeeze.

Low intensity test cycles were used to allow wire scanner measurements through
the cycle. The LHC BSRTs gave insights into the emittance evolution during the
injection plateau and at 4 TeV. Also ATLAS and CMS luminosity and luminous
region, as well as LHCb SMOG data were used to shed light on the emittance
blow-up in the LHC. The findings are presented in this chapter.

6.1. Emittance Evolution through the Cycle -

Overview

Many test cycles with a low number of bunches were carried out. The evolution
of the emittances through the different phases was measured with wire scanners at
these occasions. A typical example is shown in Fig. The emittance growth for

all measured cycles in 2012 is similar.

!The SPS changed from the so called Q26 optics to Q20 optics to lower the tune and therefore
the transition energy in the machine for reasons of longitudinal bunch instabilities. After this
change the emittances from the injectors are even smaller, from 1.8 pym to 1.5 pm.
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6.1. Emittance Evolution through the Cycle - Overview

Beam 1 Horizontal, Core Fit, Fill 3217 Beam 1 Vertical, Core Fit, Fill 3217
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Figure 6.2.: Emittance growth through the LHC cycle for beam 1 and beam 2, hor-
izontal and vertical. The average emittance of six bunches per batch
is measured with wire scanners, Fill 3217. Vertical dashed lines indi-
cate the start of the squeeze (black) and the start of “adjust” (green).
Batch 1 is colliding in LHCb, batch 2 in ATLAS and CMS.

Figure [6.2] displays the wire scan emittance measurements of the four planes
for Fill 3217. Two six bunch batches per ring with bunch intensities of about
1.6 x 10'* ppb and 50 ns bunch spacing were injected, ramped, squeezed and brought
into collision. The emittances in the horizontal plane blow up more than the vertical
ones. Beam 2 horizontal grows more than beam 1 horizontal. Most of the blow-
up seems to come from the injection plateau and the ramp. The total emittance
blow-up from injection to collision for all planes is calculated in Table [6.1]

For this particular fill some growth occurs towards the end of the squeeze, which
is not negligible for beam 1 horizontal. The measurements in Fig. [6.2] carry on past
the beam mode “adjust” where beams are brought into collision. From the point on
when “stable beams” is declared, the machine parameters cannot be changed any
more to improve emittance preservation. Therefore emittance growth during the
period of collisions is not treated further in this thesis. It was tested elsewhere .

The rest of the chapter is dedicated to the emittance blow-up during the different

phases from SPS extraction to LHC collisions.
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6. Emittance Preservation at the LHC in 2012

Einjection [um] | Ecortision [pm] Ae [pm]
B1H Batch 1 1.33 £ 0.04 1.79 £ 0.08 0.46 + 0.12 (35 %)
Batch 2 1.34 £ 0.04 1.77 £ 0.08 0.43 + 0.13 (32 %)
B1V Batch 1 1.37 £+ 0.03 1.69 + 0.03 0.32 4+ 0.06 (24 %)
Batch 2 1.39 + 0.03 1.66 £+ 0.04 0.27 4+ 0.07 (20 %)
B2H Batch 1 1.46 + 0.04 2.12 + 0.10 0.66 + 0.14 (45 %)
Batch 2 1.60 + 0.03 2.21 £ 0.11 0.60 £+ 0.14 (38 %)
B2V Batch 1 1.45 + 0.03 1.65 £+ 0.03 0.21 £+ 0.06 (14 %)
Batch 2 1.60 + 0.02 1.87 £ 0.03 0.27 £ 0.05 (17 %)

Table 6.1.: Emittance growth through the LHC cycle measured with wire scanners,
Fill 3217. Emittances are averaged over six bunches per batch. Wire
scans at the end of the cycle are taken at peak luminosity. At the start
of collisions beam 1 vertical showed instability. The growth for beam 1

vertical is therefore larger than measured during other test fills.

6.2. Injection into the LHC

The emittances coming from the injectors have bunch-by-bunch variations. Due to
the beam production mechanism, the transverse emittances are blowing up more
for some bunches in the injector chain. Figure [6.3| shows a wire scan for beam 2
horizontal of the first 144 bunch batch injected into the LHC. The four different PS
batches, consisting of 36 bunches each, are injected successively into the SPS. The
last batches (PS batch 3 and 4) have smaller emittances than the first batches (PS
batch 1 and 2), because they were produced later in time.

The injection process is typically one of the biggest sources of emittance blow-up
due to many possible effects of injection mismatch. Special types of screens, inserted
into the beam pipe, capable of turn-by-turn profile measurements are normally used
to measure the injection mismatch. These monitors are called “matching monitors”.
The LHC matching monitors installed in point 4 could not be made operational in
the 2011 and 2012 runs. Instead, the wire scan measurements of 144 bunch batches
before extraction in the SPS are simply compared to wire scan measurements of the
first 144 bunch batch in the LHC.

The SPS is equipped with the same type of linear wire scanners as the LHC. Even
though the SPS wire scanners can do bunch-by-bunch measurements, the routine
operational mode is “turn mode” which gives one average profile for all bunches. The
SPS wire scanners are at locations with very small beta functions. The beam sizes at
the wire scanner locations are typically 0.3 to 0.6 mm. Together with the fact that

the speed of the wire passing through the beam cannot be reduced further due to
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6.2. Injection into the LHC

' Emittances [16/09/12 11:01:17) =
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Figure 6.3.: Emittances at LHC injection of the first LHC batch consisting of 144
bunches for beam 2 horizontal. The first six bunches are not counted.
The horizontal axes displays the bunch number, the vertical axis the nor-
malized emittance in um. The emittances measured with wire scanners

in the LHC show bunch-by-bunch differences created in the injectors.
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Figure 6.4.: SPS single profile from wire scans of 144 bunches in horizontal and

vertical plane at SPS extraction energy of 450 GeV.
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Figure 6.5.: SPS combined profiles from wire scans of 144 bunches in horizontal and

vertical plane at SPS extraction energy of 450 GeV.
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6. Emittance Preservation at the LHC in 2012

issues with saturation, only a few points of the profile are available for a single bunch
scan. An example is given in Fig.[6.4] Due to a small shot-by-shot beam jitter, the
mean of the particle distribution of consecutive scans will be measured at slightly
different positions. Overlaying all these profiles and fitting the sum increases the
precision of the measurement significantly. Figure 6.5 shows the result of combined
profiles in the SPS in the horizontal and vertical plane. This method was also used
to obtain the SPS numbers in Fig. [6.6]

Figure [6.6| shows an example of measurements in the SPS (red) and in the LHC
(blue). The measurements in the LHC are bunch-by-bunch and filled into a his-
togram. The LHC emittance values in Fig. are obtained from averaging all
bunch emittances.

Within the measurement accuracy the emittances at SPS extraction and LHC
injection are the same. The measurement error, which includes only the error of the
fit, is larger than indicated on the plots of Fig.[6.4], Fig.[6.5 and Fig. [6.6] but difficult
to quantify. Typically 10 % accuracy of the emittance measurement is assumed.

Many measurements have been carried out in this way with similar results. As

Fill 2917, emittance from SPS and LHC wirescan (144 bunches)
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Figure 6.6.: Emittances at SPS and LHC. Wire scan histograms of bunch-by-bunch
emittances at LHC injection (blue bars) compared to average emittances
of 144 bunches at SPS extraction (red dot).
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6.3. The LHC Injection Plateau

was already the case in 2011, the emittances in the vertical and horizontal plane are
conserved within measurement precision at injection from the SPS into the LHC.
This is the result of the excellent matching of the transfer lines to LHC injection point
optics and the extremely good performance of the transverse damper system. The
effect of the partly large injection oscillations coming from transfer line trajectory
instabilities is kept well under control with the LHC transverse damper [13].

6.3. The LHC Injection Plateau

The LHC transverse emittances grow slowly when the beams are circulating at
450 GeV. The growth is stronger in the horizontal plane and does not necessarily
manifest itself in the vertical plane. Figure displays horizontal emittances of
beam 1 as a function of time at the injection plateau for seven individual bunches
with different initial emittances. The measured growth rate corresponds to about
10 % growth within 20 minutes. Simulations suggested that the largest fraction
of this growth can be attributed to intra-beam scattering (IBS) [41]. Using the
measured beam parameters as initial values, the emittances increase by 8 % in

20 minutes in IBS simulations.

Fill 2544, Beam 1H, plus fit

e [um]

Figure 6.7.: Horizontal emittance growth of beam 1, Fill 2544, at 450 GeV for in-
dividual bunches with different initial emittances and bunch intensi-
ties. The bunch with the smallest emittance had an intensity of about
0.8 x 10! ppb, the bunch with the largest emittance had an intensity of
about 1.9 x 10! ppb. For emittances in between, the bunch intensity
was increased in steps of 0.2 x 10! ppb from the smallest to the largest
value. Emittances of the seven bunches are measured with the BSRT
(dots). An exponential fit (lines) of the emittance blow-up is applied

for every bunch.
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Figure 6.8.: IBS simulations versus measurements of beam 1 horizontal and vertical.
Relative emittance growth of beam 1 horizontal and vertical at the injec-
tion plateau for six 50 ns bunches with bunch intensities of about about
1.6 x 10! ppb measured with wire scanner (dots) and compared to IBS
simulations with same initial conditions (lines), Fill 2994. Courtesy M.

Schaumann, CERN, Geneva Switzerland.

In 2012 the emittance evolution of beams with different parameters circulating
at 450 GeV was compared to IBS simulations. An example is shown in Fig. [6.§]
The horizontal and vertical emittances of six 50 ns bunches with bunch intensities
of about 1.6 x 10 ppb were measured with wire scanners. The results of the
IBS simulations are plotted as well. The simulations were performed with the same
initial emittance, bunch length and intensity as measured for these bunches. The
emittance growth is well predicted with IBS, but slightly faster than the simulation
in the horizontal plane. A possible explanation could be noise. The results were
cross checked with measurements from BSRT giving similar agreement.

In general, filling for physics takes about 30 minutes for the 12 injections. Because
of the emittance growth at injection, batch-by-batch differences of the emittance

are expected at the end of the filling. The different batches are injected at different
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6.3. The LHC Injection Plateau

moments. Therefore they do not all suffer from the same blow-up. This effect
introduces batch-by-batch differences in the specific luminosity. The specific bunch
luminosity L. is defined as the bunch luminosity L over the product of the bunch

intensities of the two beams, N7 and Nj:

L

Lypee = ——. 3.1
P N1N2 (63 )

The specific batch luminosity is simply the average specific bunch luminosity of all
bunches in one batch.

Batches that stay longer at injection have a larger emittance blow-up and their
specific luminosity is smaller than batches that spend less time at the injection
plateau, see Fig. [6.9} Averaged over all bunches, emittance blow-up due to IBS is,
however, still the smallest contribution to the total observed growth through the

cycle.
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Figure 6.9.: Specific batch-by-batch luminosity of a physics fill (Fill 3203). The
specific batch luminosity is plotted as a function of the injection time
from the first injection. The data points are fitted with a line, the slope
is given in the legend. Last injected batches suffer less from emittance

blow-up due to IBS and therefore have a higher specific luminosity.

6.3.1. Possible Cures for Emittance Growth at 450 GeV

A very effective way of reducing the emittance blow-up at the injection plateau would
be to shorten the time spent at injection. The LHC filling time could be reduced by
at least 30 % by introducing dedicated LHC filling cycles in the injectors. Currently

the injectors run several cycles in parallel to LHC beam production. As an example,
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|4 SPSPagel:
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Figure 6.10.: SPS supercycle in 2012 composed of one fixed target cycle for North
Area physics, one CNGS (CERN Neutrinos to Gran Sasso) cycle and
one LHC cycle with 4 injections of 144 bunches. This was the typical
filling cycle of the 2012 LHC run. The total time of the cycle is 43.2

seconds.

Fig. shows a picture of the standard SPS supercycle used for LHC filling.
A dedicated filling cycle would, however, have significant impact on the physics
program in the injectors. The LHC beams in the injectors need namely additional
time for preparation outside the filling period as the injector beam parameters are
pushed to their stability limits. Currently this would take too much time from other
physics programs. Dedicated filling cycles could become an option in case of better

reproducibility in the injectors [23].

Fighting IBS: RF Batch-by-Batch Blow-Up

In the LHC a method has been developed to reduce the effects of IBS by decreasing
the six-dimensional phase space density of the particle distribution. The so called
RF batch-by-batch blow-up increases the bunch length by inducing RF noise which
increases the longitudinal emittance. The effects of IBS are stronger for higher
densities in six-dimensional phase space. If the longitudinal emittance of each batch
at injection from the SPS is blown up, the IBS transverse emittance growth should

be reduced.
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6.3. The LHC Injection Plateau

The longitudinal blow-up only affects newly injected batches, not circulating ones.
After each injection, phase noise is injected in the cavities in a periodic time window.
The cavity field on the injected RF buckets is modulated with a rise time of 1 us
so that the bunch lengths increase up to a certain target value. The noise spectrum
covers a narrow spectral band around the synchrotron frequency suppressing exci-
tation in the tails of the longitudinal distribution and debunching. The excitation is
reduced when the average bunch length of the injected batch approaches the target
length [42].

RF batch-by-batch blow-up was tested successfully during a machine test period
near the beginning of the 2012 run. Figure shows a test fill where four batches,
consisting of 12 bunches each, were blown up longitudinally and two batches were
left to natural growth. The mean bunch length is plotted as a function of the time
at injection. Since October 2012 longitudinal blow-up is used for physics fills. To
reveal the impact on emittance growth the specific batch-by-batch luminosity of
selected physics fills with and without the RF batch-by-batch blow-up is compared,

see Fig. [6.12 The average specific luminosity per batch versus time of injection
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Figure 6.11.: RF batch-by-batch blow-up. Bunch length evolution during batch-by-
batch blow-up test: six 12 bunch batches were injected. The first (blue)
and last batch (yellow) were left to natural blow-up. The other batches
(green, red, cyan and purple) were blown up individually right after
injection with a target bunch length of 1.6 ns. Courtesy T. Mastoridis,
CERN, Geneva, Switzerland.
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CMS Batch-by-Batch Specific Luminosity
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Figure 6.12.: Specific CMS luminosity calculated from CMS peak luminosity and
bunch intensity at collision, averaged per batch and plotted as a func-
tion of injection time from the first injection for fills with (dots) and
without RF batch-by-batch blow-up (stars). Linear fits are plotted as
well. The slopes can be found in the legend.

is shown. The slope of the measurement points is a measure for the strength of
the emittance blow-up at injection. For fills with RF batch-by-batch blow-up one
would expect smaller slopes. Fills 3133, 3203 and 3207 are not blown up. The
incoming bunch length is typically 1.2 to 1.3 ns for physics bunches. Fills 3220,
3223 and 3236 have a RF batch-by-batch blow-up with a target bunch length of
1.4 ns. The average slope is slightly smaller for fills with longer bunches but there is
no clear improvement. More statistics is needed to make a definite statement. The
longitudinal blow-up for physics fills was put into operation only at the end of the
2012 proton run.

6.3.2. Effect of the Transverse Damper Gain at 450 GeV

At injection, the LHC transverse damper is operated with a very high gain to keep
emittances small after injection due to injection oscillations and possible other ef-
fects. When filling is finished and the mode “prepare ramp” is entered, the gain is
reduced to allow for a sufficient tune signal which is measured with LHC Base-Band-
Tune (BBQ) monitors [19]. The LHC ramps are run with a tune feedback system
which obviously requires a reliable tune signal. The operational damping times in
the LHC for physics fills in 2012 are mentioned in section [3.1.2]

The effect of the change in gain on emittance growth was measured in a dedicated

test. For Fill 2546 single bunches with an intensity of about 1.4 x 10! ppb were
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Figure 6.13.: Transverse damper gain effect on emittance growth at 450 GeV,
Fill 2546. BSRT measurements of beam 1 horizontal (beam 2 ver-
tical) of one bunch with an intensity of about 1.4 x 10" protons at
injection energy with changing horizontal (vertical) ADT gain from
nominal high injection gain to low ramp gain and back to high gain.

The emittance growth in the different segments is fitted linearly.

injected. The transverse damper gain was kept at high gain (= injection gain) for 10
minutes while continuously measuring the emittance with the BSRT. Then the gain
was lowered to the “prepare ramp” gain for 10 minutes and afterwards increased
again for 10 minutes. Figure[6.13|shows the results for beam 1 horizontal and beam 2
vertical. The emittance evolution is displayed as well as the damper gain function.
The emittance values are fitted with a linear regression in the different measurement
periods to guide the eye. The slope of the fit for the vertical plane clearly increases
when moving to lower damper gain. The higher damper gain reduces or even removes
the emittance growth. In the horizontal plane the blow-up mainly originates from
IBS which the damper has no effect on. The slope of the growth only changes

slightly between the different gains.

This result triggered two questions: Could an increased damper gain during the
ramp reduce the emittance blow-up, and what causes the blow-up in the vertical
plane at 450 GeV, as seen in Fig. [6.13] during the period with lower damper gain?
The first question is treated in section [6.4.1] The latter question will be answered

in the following.
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6.3.3. Influence of 50 Hz Noise

The LHC tune spectrum reveals many noise lines. In Fig. a LHC beam spectrum
measured with the BBQ system is shown. Some of the noise lines are the 50 Hz
main harmonics. The LHC operational tunes [1] are given in Table . The injection
tunes are used from injection to the beginning of the squeeze. With a fractional tune
of 0.28 and a revolution frequency of 11.245 kHz, the horizontal tune sits on top
of a 50 Hz line (f,., x 0.28 = 3148.6 Hz). Thus the beam is slightly excited by
this 50 Hz noise. The LHC equipment responsible for the 50 Hz noise in the beam
spectrum has not been identified. Besides magnets or other instruments also field

currents in the beam pipe can create noise that disturbs the beam.

The effect of noise on emittance growth was studied during a dedicated experi-
ment, Fill 3159. For this fill 6 + 6 bunches with bunch intensities of 1.3 x 10! ppb

and 50 ns bunch spacing were injected per ring. The transverse damper was switched
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Figure 6.14.: LHC beam spectrum for the nominal tune (0.28 in the horizontal plane)
measured with the BBQ for beam 1 horizontal (top) and vertical (bot-
tom). The frequency of the nominal tune is displayed (blue diamond).
The horizontal tune sits at 3149 Hz and the signal has a large ampli-
tude due to 50 Hz noise (approximately -20 dB).
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6.3. The LHC Injection Plateau

off. For a period of 10 minutes the beam was kept at the nominal fractional hori-
zontal tune of 0.28 while the emittances were measured. Then the horizontal tune
was moved to 0.283 (f,e,- 0.283 = 3182.3 Hz), which should be far enough from a
50 Hz line, see Fig. [6.15 Again the settings were kept for 10 minutes. The series
of measurements was finished with another 10 minutes at the nominal horizontal
tune. Figure summarizes the results. The emittance evolution measured with

wire scanners for beam 1 is shown. Not only the emittances in the horizontal plane

Injection | Collision
Horizontal tune 64.28 64.31
Vertical tune 59.31 59.32

Table 6.2.: LHC horizontal and vertical tune at injection (to flattop) and collision

(from start of squeeze).
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Figure 6.15.: LHC beam spectrum for a different tune (0.283 in the horizontal plane)
measured with the BBQ for beam 1 horizontal (top) and vertical (bot-
tom). The frequency of the tune, 3182 Hz, is displayed (blue diamond).
The beam is oscillating less, as the amplitude is reduced (approxi-
mately -50 dB).
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Figure 6.16.: Emittance growth due to 50 Hz noise. Relative average emittance
growth of 6 + 6 bunches with bunch intensities of 1.3 x 10'! ppb and
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50 ns bunch spacing at injection energy for beam 1 horizontal and
vertical measured with wire scanners, Fill 3159. ¢( is the emittance at
injection into the LHC. The horizontal tune is displayed. The left plot
displays the results for batch 1 and the right plot for batch 2.

grow faster when at a horizontal tune of 0.28, but also the vertical ones due to
the relatively high coupling of |C~| &~ 0.005 during this fill (a factor 2 above the
coupling acceptable for physics fills). The emittance blow-up in the vertical plane
almost vanishes with a horizontal tune of 0.283. In the horizontal plane, however,
IBS keeps the emittances growing also at a tune of 0.283, but more slowly.

The 50 Hz noise and the fact that the horizontal tune sits on top of a 50 Hz
line could explain the slightly faster emittance growth in the horizontal plane than
predicted in IBS simulations. It could also be an explanation for the observed growth

in the vertical plane at 450 GeV at some occasions.

6.4. The LHC Ramp

In an ideal LHC the normalized emittance stays constant during the energy ramp,
whereas the geometrical emittance decreases with higher energy following Eq. [2.4.7]

Figure [6.17] shows how the normalized emittances behave in reality in the LHC
during the ramp. During a low intensity test fill with 6 4+ 6 bunches per ring wire
scan measurements were taken throughout the ramp. The test ramp is part of
Fill 3217 shown earlier when introducing the overall emittance growth during the
LHC cycle in section [6.1]

The measurements indicate significant growth of the emittances during the ramp,
which is larger in the horizontal plane than in the vertical plane and more pro-
nounced for beam 2 than for beam 1. For Fill 3217 the total average emittance
growth during the ramp is about 20 % for beam 2 horizontal, about 15 % for beam 1

horizontal, and approximately 5 % in the vertical plane for both beams. The de-

60



6.4. The LHC Ramp

Beam 1 Horizontal, Core Fit, Fill 3217
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Figure 6.17.: Emittance growth during the ramp for beam 1 and beam 2. Wire scans

in the horizontal (left) and vertical (right) plane during the ramp with

emittances averaged over six bunches in one batch, Fill 3217.

Einjection [um] | Ecoltision [m] Ae [pm]
B1H Batch 1 1.41 £+ 0.05 1.59 £+ 0.06 0.18 + 0.10 (13 %)
Batch 2 1.43 + 0.05 1.61 4+ 0.06 0.18 + 0.10 (13 %)
B1V Batch 1 1.43 + 0.02 1.53 £ 0.05 0.10 + 0.06 ( 7 %)
Batch 2 1.46 + 0.02 1.54 4+ 0.05 0.08 + 0.06 ( 5 %)
B2H Batch 1 1.52 + 0.02 1.81 £ 0.05 0.29 £+ 0.07 (19 %)
Batch 2 1.65 + 0.02 1.97 £+ 0.06 0.31 £ 0.08 (19 %)
B2V Batch 1 1.47 £ 0.01 1.56 £+ 0.01 0.08 £ 0.01 (6 %)
Batch 2 1.65 £+ 0.01 1.71 £ 0.01 0.07 +0.02 (4 %)

Table 6.3.: Emittance growth during the ramp for Fill 3217. The emittances at

the start of the ramp and at the end of the ramp are averaged over six

bunches per batch.

tailed values of the emittance growth during the ramp can be found in Table [6.3]

The observed growth is unlikely to be a measurement artifact. The measured beta

functions are used at injection and flattop and a linear interpolation between these

values for energies during the ramp is applied. Dispersion is not taken into account
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6. Emittance Preservation at the LHC in 2012

as it has been measured to be small (< 10 cm at injection, < 30 cm at flattop) 2,
Note that the absolute emittance blow-up through the ramp is roughly the same,

independent of the emittance value at the start of the ramp. Beam 2 had two

batches with different initial emittances, but their absolute emittance growth during

the ramp is similar.

6.4.1. Effect of the Transverse Damper Gain during the Ramp

While the causes of emittance blow-up during the injection plateau have become
clear, the sources of emittance growth during the ramp are not revealed yet. Re-
ducing the damper gain to allow for operation of the tune feedback system leads to
larger beam oscillation amplitudes which are picked up by the BBQ), see Fig. [6.18|
These could potentially lead to emittance increase. Hence a test ramp with larger
damper gain was carried out during the third machine development period in 2012.

As the tune feedback has to work for all LHC ramps, the damper gain cannot
just be increased across the machine, but for the majority of bunches only. The
possibility of a special damper gain modulation around the machine circumference
had to be developed, such that a few sacrificial bunches have lower damper gain,

whereas for the rest of the bunches the damper gain can be maximized [14].

BBQ Amplitudes, Fill 2254
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Figure 6.18.: BBQ amplitudes during the ramp (blue) with reduction of the trans-
verse damper gain (green) at the beginning of the ramp. The energy

is displayed as well (red).

2The beam size contribution from dispersion op to the observed beam size ooy = A /0123 + 0123 is

op = D 22 With 22 ~ 3 x 1074 at injection and % ~ 1 x 10~* at flattop energy, the
beam size from dispersion is op &= 60 pm at injection and op ~ 70 pm at flattop, whereas the
beam size from betatron motion is o5 ~ 600 - 700 pm at injection and og ~ 200 - 300 pym at
flattop, in the horizontal plane. The values in the vertical plane look similar.
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6.4. The LHC Ramp

The behavior of the emittances through the ramp with increased transverse damper
gain was investigated during Fill 3160. For this test ramp four six bunch batches
with bunch intensities of 1.3 x 10! ppb and 50 ns bunch spacing were injected per
ring. The gain as a function of 40 MHz RF bucket for the ramp looked like depicted
in Fig. [6.19) Table summarizes the ADT gain for the different batches for this
fill. The first batch had a very low damper gain to allow enough signal for the tune
feedback. The second batch had the typical low ramp gain which was used during
most of the ramps in 2012. Batch 3 and 4 were ramped with a very high trans-
verse damper gain. The gain function through the ramp for this test fill is shown
in Fig. [6.20] At low energies it is possible to apply a higher transverse damper gain

than at high energies due to saturation of the damper electronics.

For the test ramp the total intensity per ring was low enough to measure the
emittances with wire scanners. The results of the ramp of batches with different
damper gains are shown in Fig.[6.21l Beam 1 horizontal and vertical are displayed.

The emittance blow-up looks similar to previous measurements during the ramp, see

ADT gain mask (full scale -128/+127)

: 2 Programmed data
Window function :
S I :Bunchpresent ...... RS | |
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=
=
£
=
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Tirme (40MHz bucket)

Figure 6.19.: ADT ramp gain modulation for Fill 3160, beam 1. The gain modula-
tion function for beam 2 was identical, see appendix. Batch number 4

was not injected. The function was applied before starting the ramp.

Beam 1 and 2 | Transverse damper gain

Batch 1 Very low gain bunches: sacrificial, lower than operational gains
damping time ~ 300 turns

Batch 2 Low gain bunches: nominal prepare ramp gain
damping time ~ 100 turns

Batch 3 and 4 | High transverse damper gain
damping time ~ 25 turns

Table 6.4.: ADT ramp gain modulation for 4 batches, Fill 3160.
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6. Emittance Preservation at the LHC in 2012

Fig.[6.17] The growth in the vertical plane is smaller than in the horizontal plane.
The horizontal emittance blow-up for every batch is compared in Table [6.5 For all
batches of beam 1 the average growth in the horizontal plane during the ramp is
roughly the same, about 25 % for the very small initial emittances of about 1 pm.
There is no significant difference of blow-up for different transverse damper gains.
In conclusion the higher transverse damper gain had no measurable influence on the

emittance growth during the ramp for this fill.
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Figure 6.20.: ADT ramp gain functions for all planes, Fill 3160. The normalized
ADT gain as a function of the energy is plotted.
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Figure 6.21.: Ramp with different ADT gains. Average emittance of six bunches
per batch through the ramp and the squeeze for beam 1 horizontal
and vertical measured with wire scanners, Fill 3160. The bunches

had different transverse damper gains at the start of the ramp, see

Table .
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6.5. The LHC Squeeze

Beam 1 horizontal | Growth during ramp [pm)]
Batch 1 0.24 £+ 0.08 (23 %)
Batch 2 0.25 + 0.06 (23 %)
Batch 3 0.26 + 0.05 (27 %)
Batch 4 0.27 + 0.07 (27 %)

batches with different ADT gains, Fill 3160.

6.5. The LHC Squeeze

Beam 1, Fill 2994

Table 6.5.: Emittance growth of beam 1 in the horizontal plane during the ramp for

The B* squeeze is a delicate operation, where the optic changes, beta-beat and
chromaticity corrections are feed forwarded and the orbit feedback has to work
well to keep the beams on the reference trajectory. Nevertheless, unlike to 2011, no
significant growth seems to occur during the squeeze in 2012. The emittances stayed
constant throughout the squeeze within measurement precision for the largest part
of the 2012 run, except when singular bunches went unstable. A typical example
of the evolution of the beam sizes during the squeeze is shown in Fig. [6.22, BSRT
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Figure 6.22.: BSRT measurements during squeeze of low intensity Fill 2994 for

beam 1 and beam 2, horizontal and vertical. The average transverse

beam size of 32 bunches with 50 ns bunch spacing and bunch intensities

of 1.1 x 10! ppb is displayed.
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6. Emittance Preservation at the LHC in 2012

measurements for Fill 2994 are presented. The average beam size of 32 bunches with
50 ns bunch spacing and bunch intensities of 1.1 x 10! ppb is plotted.

Towards the end of the 2012 proton run a small blow-up at the end of the squeeze
for beam 1 horizontal was observed, but not always by the same amount. Figure|6.23
shows wire scanner measurements during the squeeze of beam 1 and beam 2 hor-
izontal for Fill 3217, a fill with 6 4+ 6 bunches per ring with bunch intensities of
1.6 x 10" ppb and 50 ns bunch spacing. The beam sizes in the vertical plane are
conserved. In the horizontal plane of beam 1 a small blow-up at the end of the
squeeze can be seen. This was cross checked with other measurements because of
the few data points. The BSRT measurements also confirm an emittance blow-up
for beam 1 horizontal, see Fig. [6.24]

Another example of emittance blow-up in the horizontal plane of beam 1 during
the squeeze is shown in Fig. for a physics fill, Fill 3264. The vertical emittances
are also conserved for physics fills. The sources for the emittance growth could have
been introduced with the change of LHC run conditions, such as octupole polarity

Beam 1 Horizontal, Core Fit, Fill 3217 Beam 2 Horizontal, Core Fit, Fill 3217
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Figure 6.23.: Wire scans during squeeze for beam 1 and beam 2 horizontal. Trans-
verse beam size evolution averaged for 6 + 6 bunches with bunch in-
tensities of 1.6 x 10! ppb and 50 ns bunch spacing, Fill 3217.
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Figure 6.24.: BSRT measurements during squeeze for beam 1 horizontal and vertical.

Transverse beam size evolution averaged for 6 + 6 bunches with bunch
intensities of 1.6 x 10 ppb and 50 ns bunch spacing, Fill 3217.
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Beam 1 Horizontal, Fill 3264
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Figure 6.25.: BSRT measurements during squeeze of physics Fill 3264 for beam 1
horizontal and vertical. The bunch-by-bunch transverse beam sizes are

displayed.

reversal, higher bunch intensities and chromaticity function adaptations, towards
the end of the 2012 proton run.

6.6. Measures against Emittance Growth

Emittance studies in 2011 and 2012 suggested possible solutions for emittance blow-
up during the LHC cycle. After technical stop 3 (TS3) several potential measures
against emittance growth became operational.

Since Fill 3220 the RF batch-by-batch blow-up is used for physics fills. First the
target bunch length of the longitudinal blow-up was set to 1.4 ns. As no improvement
in the peak luminosity was observed, the target bunch length was increased to 1.5 ns,
which did not lead to improvements in peak luminosity either. The target bunch
length (10 to 90 %) is reached in approximately 1 minute.

Because the gated BBQ system [43] became operational after Fill 3286, it was
possible to have fills with higher ADT gain for the ramp. The normalized ramp
gain as a function of energy is plotted in Fig. Also ADT high bandwidth is
used from flattop to the start of stable beams. The enhanced bandwidth provides
faster damping of high frequency modes, such that ideally damping of every bunch
individually is achieved with a bandwidth of 20 MHz [14]. Table summarizes
details of the measures taken at the end of the 2012 proton run for physics fills.

Figure|6.27|shows the influence of the different measures on the emittance at LHC
collision. The emittance at injection is plotted as well, where available, to give an
idea about the growth. The emittances at peak luminosity vary slightly. But one
can conclude that the way RF batch-by-batch blow-up was used at the end of 2012
did not improve the performance in a measurable way.

In Fig. the average emittance from luminosity over all bunches is shown.

Towards the end of the period shown in the figure the emittances of more and more
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Figure 6.26.: ADT ramp gain functions for all planes. The normalized ADT gain
as a function of the energy is plotted. The ADT ramp gain function
shown in the left plot was applied for physics fills during the 2012
proton run until the change (11-14-2012) to higher ramp gain towards
the end of the 2012 proton run (right plot).

RF batch-by-batch blow-up | Target bunchlength = 1.4 ns in ~ 1 minute
Target bunchlength = 1.5 ns in ~ 1 minute

ADT high bandwidth Measured enhanced frequency response
reaches beyond 20 MHz
bunch-by-bunch transverse damper

High ADT ramp gain Damping time ~ 25 turns at the start of
the ramp (nominal prepare ramp damper
~ 100 turns)

Table 6.6.: Details of measures against emittance growth: RF batch-by-batch blow-
up, high ADT bandwidth and high ADT ramp gain.

singular bunches blew up in the last part of the cycle due to instabilities most likely
from an interplay between high machine impedance, beam-beam effects and high
chromaticity for high bunch intensities [44-46]. Looking at the specific bunch-by-
bunch luminosity is therefore more useful to reveal the influence of the measures
taken.

Figure[6.28|depicts a comparison of the specific bunch-by-bunch luminosity of a fill
with low damper gain (Fill 3203) and a fill with high damper gain during the ramp
(Fill 3299). Indeed, the maximum specific bunch luminosity is higher with higher
ramp damper gain. With many bunches slightly unstable in Fill 3299, the average
specific luminosity, and thus the emittance, for all bunches is still similar to the
values with lower damper gain during the ramp. This increase of specific bunch-by-
bunch luminosity has been seen for most fills during the period with higher damper
gain in the ramp. In conclusion, the higher ramp damper gain seems to reduce

emittance blow-up.
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Influence of different measures against emittance growth. Convoluted
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tained from peak luminosity at CMS. Periods with different measures
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Figure 6.28.: Specific bunch-by-bunch luminosity for higher ADT ramp gain at peak

luminosity, plotted for a fill with nominal low ramp gain, Fill 3203

(left), and for a fill with higher ADT ramp gain, Fill 3299 (right).

Values for the maximum specific bunch luminosity are given in the

legend.
There is a short period around Fill 3280, see Fig. [6.27] where the emittances at

collision are reduced. Here only the high ADT bandwidth was used. Due to the

small number of fills during this period it is, however, not clear whether this is

not just a statistical fluctuation. More fills with these settings will be necessary to
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conclude.
In summary, from all possible measures to counteract emittance blow-up through

the cycle, only the higher damper gain during the ramp measurably reduces emit-

tance growth.
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Summary: 2012 Emittance Preservation at the LHC

e Injection into the LHC
No emittance blow-up from the injection process, the transfer from SPS to

LHC, within measurement accuracy.

e 450 GeV LHC injection plateau
During the LHC injection plateau the emittances grow in the horizontal plane,

consistent with intra-beam scattering (IBS).
— Possible solutions could be dedicated LHC filling cycles in the injectors.

— RF batch-by-batch blow-up as a cure against IBS emittance growth did

not improve the performance in a measurable way.

— The higher transverse damper gain has a positive effect on emittance

growth at the injection plateau.

— Additional growth during the injection plateau is caused by 50 Hz noise.

e LHC ramp to 4 TeV flattop energy
The emittance blow-up during the LHC ramp is the largest contribution to
the overall growth. The blow-up was stronger for beam 2 than for beam 1
and more pronounced in the horizontal plane than in the vertical plane. The

source of the growth during the ramp is not clear.

— For a test fill higher transverse damper during the ramp had no measur-

able influence on emittance blow-up.

— For physics fills higher ADT ramp gain might reduce the emittance growth.

e LHC j* squeeze
Only towards the end of the 2012 proton run beam 1 horizontal was indicating
an emittance blow-up at the end of the squeeze. The emittances in the vertical

plane are conserved.

— Higher ADT bandwidth as used in operation at the end of the 2012 proton
run could possibly reduce the total emittance growth through the LHC

cycle.
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7. Precision of Emittance
Measurements with Wire

Scanners

The transverse profile monitors have to measure the transverse beam size precisely
to be able to determine the emittance correctly. Typically an uncertainty of 10 % on
the emittance value is assumed. The wire scanner is the most accurate instrument
and the other profile monitors are calibrated against it. However, a complication in

choosing the optimum settings for the wire scanners was discovered in 2012.

Shrinking Emittance during the Ramp

Measurements through the ramp with wire scanners in the beginning of 2012 revealed
emittances partly shrinking with energy. Examples are shown in Fig. The
normalized emittance is plotted for different planes and different fills.

This unphysical behavior was observed during several ramps measured with wire
scanners. The measured emittances decreased by different amounts for the different
beams and planes. In addition, the shrinkage did not occur at the same point during
the ramp. No correlation between energy, plane and emittance decrease was found.

Incomplete understanding of the optics as explanation for the shrinking emittances
can be excluded. The beta functions were measured specifically. Dispersion was

found to be small.

Comparison with Emittance from Experiments

Another indication of the wire scanner issue is the different emittance measurement
results from wire scanners and luminosity, luminous region or the LHCb SMOG ex-
periment. During many low intensity test fills the different emittance measurement
methods could be compared.

Table|7.1|gives an example of measurements done at the start of collisions for a low
intensity fill, Fill 3217. Emittance values are obtained from wire scans and ATLAS

and CMS luminosity. They are compared to wire scans at injection. There is a
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7. Precision of Emittance Measurements with Wire Scanners

Beam 1 Horizontal, Core Fit, Fill 3014 Beam 1 Vertical, Core Fit, Fill 2722
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Figure 7.1.: Shrinking emittance during the ramp for different planes and fills. The
emittance decreases by different amounts and at different energies. Plots
of Fill 3014 and Fill 3160 depict the average emittance of six 50 ns
bunches. For Fill 2722 the average emittance of 12 50 ns bunches is

shown. During Fill 2778 only individual bunches were ramped.

large discrepancy between the emittance from luminosity and emittance measured
with wire scanners. The difference between wire scanner results and emittance from
luminosity for Fill 3217 is about 30 % as seen in Table (7.1} There is also a significant
disagreement between the ATLAS and CMS emittances for this fill. The errors are,
however, large.

During the third machine development period a fill was dedicated to not only
compare wire scans with data from luminosity and luminous region but also with
SMOG data. For Fill 3160 the emittances were measured with wire scanners and
SMOG for all planes, for colliding bunches and also non-colliding bunches. Figure[7.2]
summarizes the bunch emittances for two different timestamps.

To calculate emittances from wire scanner measurements the measured beta func-
tion from k-modulation for squeezed optics was used. For the emittance from exper-
iments the nominal §* was taken into account. Beam-beam effects slightly change
the optics during collision, but this effect is small and can be neglected [47]. The
largest discrepancy between the measurement methods can be found in the vertical
plane of beam 1. In general, the wire scanner emittances are smaller than the SMOG

emittances.
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7.1. Accuracy of the Wire Scanners

Econv ] | growth [pm)]

wire scan at injection | 1.43 4+ 0.03
wire scan at peak lumi | 1.88 + 0.06 | 0.45 £ 0.08
ATLAS 236 £0.35 | 0.93 £+ 0.38

CMS 2.63 £0.39 | 1.20 + 0.42

Table 7.1.: Emittance at peak luminosity calculated from ATLAS and CMS luminos-
ity compared to the convoluted emittance from wire scanners for Fill 3217
with six colliding bunches in ATLAS and CMS. The absolute average
growth during the LHC cycle is given.

The disagreement between the emittances obtained from wire scans and experi-
ments led to investigations of saturation effects of the wire scanner photomultipliers.

The results will be discussed in the next section.

7.1. Accuracy of the Wire Scanners

The comparison of various emittance measurement methods indicates that the wire
scanners measure too small emittances. First, a bump calibration of the wire scan-
ners in the LHC revealed that the wire scanners overestimate the profile position by
about 2 to 4 % for beam 1 and 2 to 3 % for beam 2. Hence the beam size could be
slightly underestimated, but the large discrepancy between the emittance measure-
ment methods cannot be fully explained with this result. Therefore the influence of
the wire scanner settings on the resulting beam size was examined.

Filter settings and voltage are not automatically chosen by the front end software
as a function of intensity and energy, but have to be set by the user. Wrong set-
tings can lead to saturated profiles due to saturation of the read out electronics or
saturation of the photomultiplier. Both induce wrong beam size measurements. Sat-
uration of the ADC (Analogue to Digital Converter) is easily detectable, see Fig. ,
and avoidable. The maximum accepted profile amplitude is 7500 a.u.. Profiles with
higher amplitudes are not taken into account in the off-line fitting routine.

To spot photomultiplier (PM) saturation is less obvious. The front end electronics
do not return any PM status signals. This will be provided by an upgraded version
of the wire scanner system after the first long maintenance period in 2013/14. Cur-
rently, the optimum working range has to be found through measurement campaigns.
An example of such a measurement for the Booster is given in the following.

While wire scanners, for example in the Booster, have a predefined saturation
curve, for LHC wire scanners there is no PM saturation curve available. Figure [7.4
shows beam sizes of the LHC beam measured with a Booster wire scanner as a

function of the wire scanner voltage. In this case, a good wire scanner working point
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7. Precision of Emittance Measurements with Wire Scanners
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Figure 7.2.: Comparison of emittance from SMOG data and wire scans. Bunch
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emittances for Fill 3160, with six colliding bunches in ATLAS and CMS
and six non-colliding bunches for two different timestamps and wire
scanner settings. Left plots: measurement at 10-12-2012 04:42. Right
plots: measurements at 10-12-2012 05:02.



7.1. Accuracy of the Wire Scanners
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Figure 7.3.: ADC saturated profile (left) and non-saturated profile (right) of the
same beam measured with wire scanner during one measurement period.
Both profiles are fitted with a Gaussian. The obtained beam sizes, given

in the legend, are different.
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Figure 7.4.: Example of a photomultiplier saturation curve of a wire scanner in the
Booster [48]. The beam size is plotted as a function of the wire scanner
voltage. The saturation curve given by the wire scanner is shown in
green. Beam sizes measured with a good wire scanner working point are
red. Beam sizes measured with higher or lower wire scanner gain than

optimal are blue. Courtesy G. Sterbini, CERN, Geneva, Switzerland.

was found between gains of 700 V to 900 V (red) |48]. If the gain is reduced too
much, below 700 V, noise dominates. On the other hand, if the voltage is increased
above 900 V, the photomultipliers are saturating and the resulting beam size is too
small. The saturation curve given by the wire scanner (green) overestimates the
saturation. A good working point is between saturation levels of 65 to 120 %. For
optimum PM settings the maximum gain of the PM in the linear region of each

amplification stage should be used. In reality, in order to allocate some margin for
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7. Precision of Emittance Measurements with Wire Scanners

the pulse-to-pulse jitter of the beam current, a wire scanner gain between 800 V and
850 V for LHC beams in the Booster is advised.

The technical specifications of the LHC wire scanners advise a gain above 900 V
[49]. In the LHC a 20 to 10 % transmission filter and a gain of about 1000 V were
assumed to be the optimum wire scanner settings for nominal intensities at injection
energy of 450 GeV. Usually the transmission was reduced during the ramp, to avoid
ADC saturated profiles, and the PM voltage was lowered in several steps such that
at flattop energy of 4 TeV one would typically arrive with settings of 2 to 1 %
transmission and about 900 V PM voltage.

After discovering the puzzling results of the measurements discussed in the pre-
vious section, investigations were started in the LHC with the aim to define the
optimum settings for the LHC wire scanners at all energies, like introduced in the
Booster example. For this purpose the beam size was measured with the wire scan-
ners for different settings of PM voltage and transmission filter.

Figure shows an example of the measurements at injection and flattop energy
for beam 1 horizontal. They were repeated for all beams. In the left plot the
constant linear emittance growth at 450 GeV is due to IBS, but clearly gain and
filter changes have a significant influence on the emittance. The right plot shows the
same dependence of the measured emittance on wire scanner settings. All profiles are
Gaussian and not ADC saturated. PM saturation is suspected for certain settings.

Unfortunately, the situation is less clear than in the case of the Booster wire
scanners and the optimum settings for LHC wire scanners could not be derived.
Including the additional uncertainty on the beam size measurement from the de-
pendence on the wire scanner settings, the error on the emittance measurement is
therefore at injection up to 0.5 pum instead of approximately 0.1 ym (only coming

from difference between in and out scan, [ error and fitting error) and at flattop
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Figure 7.5.: Influence of wire scanner settings for beam 1 horizontal at injection
energy of 450 GeV, Fill 3159 (left), and flattop energy of 4 TeV, Fill 3160
(right). Average emittance of six bunches per batch measured with wire

scanner with variations of wire scanner filter and voltage.
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up to 0.8 pum instead of about 0.1 um. Because of the fact that the SPS measures
similar emittance values at extraction as the LHC at injection, the settings of the
wire scanners at 450 GeV are probably in the optimum range. The growth through
the ramp is, however, assumable larger. The emittance from luminosity still gives

the best indication.
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8. Outlook: Future LHC Beams

The remarkable achievements during the first LHC run were partly due to the choice
of running with 50 ns beams, which could be produced with a brightness beyond LHC
design values. The nominal 25 ns beam with a bunch intensity of 1.15 x 10! ppb
and an emittance of 3.5 pym has a brightness a factor three below the 2012 LHC
physics beams.

The LHC injectors have been developing new types of high brightness beams with
novel ideas for RF bunch splitting and batch compression in the PS. By reducing the
total splitting factor in the PS and injecting 4 + 4 bunches from the Booster, beams
with very low emittance (about 1 ym) and bunch intensities of 1 to 1.5 x 10" ppb
can be produced [50]. The proposed parameters for the high brightness 25 ns batch
compression beam result in similar brightness values as the 2012 50 ns physics beams.

The 2011 emittance preservation studies indicated constant absolute emittance
growth in the LHC independent of initial emittance and bunch intensities. A con-
stant emittance growth would compromise the potential improvement given by the
proposed low emittance beams.

Figure [8.1] shows the emittance growth through the LHC cycle as function of
bunch intensity for 2012 measurements. From 1.1 to 1.5 x 10! ppb the growth is
indeed constant, about 0.7 pum. For bunch intensities beyond 1.5 x 10! ppb the
growth increases with bunch intensity. It has not been investigated whether the
additional growth for higher bunch intensities already occurs during the ramp or
is mainly due to instabilities at the end of the squeeze or during the beam mode
“adjust”.

Two test fills, Fill 2994 and 3372, have been carried out with the new high bright-
ness beams. For Fill 2994 the eight Booster bunches were RF manipulated with
two bunch splittings to extract 32 low emittance bunches to the LHC. The bunch
intensity was 1.1 x 10" ppb and the initial emittance about 1 pm. For Fill 3372,
the Batch Compression, Merging and Splitting (BCMS) scheme [50] was used re-
sulting in 24 high brightness bunches with a bunch intensity of 1.5 x 10'* ppb and
an initial emittance of about 1 um. The blow-up through the cycle for these two fills
is also indicated in Fig. (green stars). Whereas for Fill 2994 the overall growth is
similar as surrounding points in the plot, the growth for Fill 3372 is below 0.5 pm.
Fill 3372 fell in a period where the higher damper gain during the ramp was already

operational, which could be an explanation for the lower growth.
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2.0 Emittance Blow-Up Injection - Collision
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Figure 8.1.: Bunch intensity versus emittance growth in 2012. Emittance growth
from injection to collision as a function of bunch intensity at collision.
Acg is calculated from the emittance from CMS peak luminosity and
convoluted average emittance of the first 144 bunch batch measured
with wire scanners at LHC injection. The high brightness fills (green
stars) are highlighted. The intensity is measured with the Fast Beam
Current Transformer (FBCT). The last fills of the 2012 proton run are

not included due to a broken wire.

Discussion

The proposed parameters for the high brightness 25 ns batch compression beam
and the maximum parameters for the LHC Injector Upgrade for the LHC High
Luminosity era give a similar brightness as the 2012 50 ns physics beams. The
IBS growth rates are therefore expected to be similar to what was observed in the
LHC in 2011 and 2012. RF batch-by-batch blow-up could be a solution.

As already suggested from 2011 emittance preservation studies, 2012 studies also
show that a good fraction of the observed growth (about 0.7 pm in 2012) is indepen-
dent of initial emittance and bunch intensity. This effect, if not cured, could spoil
the performance of the proposed 1 um beams obtained by PS batch compression.
The largest contribution of the growth occurs during the ramp in the horizontal
plane. The origin of this blow-up is not clear. The impact of higher damper gain

during the ramp requires further investigation.
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9. Summary and Conclusion

The first three-year LHC running period was a major success. With the high bright-
ness 50 ns beams a peak luminosity of 7.7 x 10%* cm~2s~! could be achieved, and
in total 29.2 fb™! of integrated luminosity were recorded in ATLAS and CMS. This
is a statement for the excellent performance of the LHC and its injector.

Nevertheless, 30 to 40 % of the potential performance of the 50 ns physics beams
was lost between injection into the LHC and bringing the beams into collision,
mainly due to emittance blow-up. The injectors prepared beams with a bunch
intensity of up to 1.7 x 10 ppb and a normalized emittance as small as 1.5 pum.
At collision the beams arrived with about 2.4 pym emittance.

For this thesis the emittance blow-up during the different phases of the LHC cycle
was studied, the origins investigated and possible cures tested.

Injection into the LHC does not cause any measurable emittance growth. During
the 450 GeV injection plateau the emittances grow slowly due to IBS and 50 Hz
noise. Both sources cause the beam to increase mainly in the horizontal plane. The
growth rates at injection are about 10 % in 20 minutes. In the presence of coupling
significant growth can also occur in the vertical plane.

Longitudinal RF batch-by-batch blow-up as a solution for IBS emittance growth
was tested and put into operation towards the end of the 2012 run. The improvement
on the difference between specific luminosity of the first batch with respect to the
last, and therefore less afflicted by IBS, batch was insignificant. More tests will need
to be performed during the second LHC run.

Most of the emittance growth occurs during the ramp. In 2012 the blow-up was
mainly observed in the horizontal plane and it was stronger for beam 2 than for
beam 1. The emittances in the horizontal plane increased by about 0.2 pum for
beam 1 and about 0.3 pum for beam 2. The blow-up mechanism has not yet been
identified.

Results from physics fills towards the end of the 2012 proton run showed that
higher damper gain during the ramp might reduce the blow-up. The specific bunch-
by-bunch luminosity of most fills during the period where higher ramp damper gain
was operational, was larger than before.

Towards the end of 2012 occasionally emittance growth was measured at the end
the 5* squeeze. The blow-up might have been introduced with the different opera-

tional running conditions during that period with inverted LHC octupole polarity,
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9. Summary and Conclusion

high chromaticity and high bunch intensity.

Measurements indicate that the emittance blow-up through the LHC cycle is
independent of the initial emittance and bunch intensity for bunch intensities up to
1.5 x 10* ppb and is about 0.7 pum for the 2012 4 TeV cycle. It increases with
bunch intensity for bunch intensities larger than 1.5 x 10! ppb. This result is
discouraging for the new very low emittance and high brightness beams from the
PS with emittances of about 1 pm. Origin and cures for the blow-up must be found
in the LHC to exploit the full potential of these new beams, which were tested for
the first time in the LHC in 2012.

In order to understand emittance growth in the LHC, more reliable transverse
profile measurement systems are needed. The optimum settings for the LHC wire
scanners could unfortunately not be established in 2012, resulting in large uncer-
tainties of about 0.8 um on the beam size measured at flattop energy of 4 TeV. Only
emittance data via luminosity measurement or beam-gas imaging with the LHCb
SMOG experiment gives a good indication of the emittance at the end of the LHC
cycle. More work is needed before and at the beginning of the second LHC run to
establish reliable emittance measurements with the LHC transverse profile monitor
systems. The emphasis should be put on passive instruments, which can measure

high intensity beams.
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Appendix A

Deduction of the Luminosity Formula

As derived in section the luminosity can be written as

L = 2N, Ny fyeuy / / / / 1o () g ()1 (5— 50) P2 () Py () p2s(5-+ 50) darlydislso.

(A.0.1)
The integrals are solved for Gaussian beam distribution functions:
1 _w?
(W) = e 29 A.0.2
pult) = (102
1 (siso)
ps(stsg) = 203 (A.0.3)

v/ 27ras

with ¢ = 1,2 and v = x,y. Then the luminosity yields

2N1N2frevnb (s=s0)?  (s+s0)?
L= 2"1 e 2"%6 2”196 2"2ye 23 e 2% dxdydsds.

(27)3013,094,01, 02,02
(A.0.4)

The general solution for this integration type is

/ e dt = \/g (A.0.5)

By summarizing functions with same coordinates the integral transforms to

2/ 2 2
y (o1, +o3,) 2452 T wo% 05
- zglﬁ% S S Gt 2n0t,03, | 2701, 2y o2
1293 e W% ¢  of dxdrdsdsy = 3 2 2 | 52 Vs
0_133. 023; Cl 2
Yy Yy

(A.0.6)
Inserting this solution into the luminosity equation (A.0.4)) finally gives
rev NN
= drem 1V2 (A.0.7)

27 2 2 2 '
V Oy T 05,4/ 01y + 03y
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Appendix B

Emittance Growth during the LHC Injec-

tion Plateau

10 Fill 2544, Beam 1V, plus fit
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Figure B.1.: Horizontal emittance growth of beam 1 vertical and beam 2 horizontal
and vertical, Fill 2544, at 450 GeV for individual bunches with different
initial emittances and bunch intensities. The bunch with the smallest
emittance had an intensity of about 0.8 x 10! ppb, the bunch with
the largest emittance had an intensity of about 1.9 x 10'! ppb. For
emittances in between, the bunch intensity was increased in steps of
0.2 x 10* ppb from the smallest to the largest value. Emittances of
the seven bunches are measured with the BSRTs (dots). An exponential

fit (lines) of the emittance blow-up is applied for every bunch.
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Appendix C

IBS Simulations

%—Relative Horizontal Emittance Evolution, Fill 2994-B2
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Figure C.1.: IBS simulations versus measurements for beam 2 horizontal and verti-
cal. Relative emittance growth of beam 1 horizontal and vertical at the
injection plateau for six 50 ns bunches with bunch intensities of about
about 1.6 x 10 ppb measured with wire scanner (dots) and com-
pared to IBS simulations with same initial conditions (lines), Fill 2994.

Courtesy M. Schaumann, CERN, Geneva Switzerland.
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Appendix D

Effect of the Transverse Damper Gain at
450 GeV
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Figure D.1.: Transverse damper gain effect on emittance growth at 450 GeV,
Fill 2546. BSRT measurements of beam 1 vertical (beam 2 horizontal)
of one bunch with an intensity of about 1.4 x 10! protons at injection
energy with changing horizontal (vertical) ADT gain from nominal high
injection gain to low ramp gain and back to high gain. The emittance

growth in the different segments is fitted linearly.
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Appendix E

Influence of 50 Hz Noise
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Figure E.1.: LHC beam spectrum for the nominal tune (0.28 in the horizontal plane)
measured with the BBQ for beam 2 horizontal (top) and vertical (bot-
tom). The frequency of the nominal tune is displayed (blue diamond).
The horizontal tune sits at 3149 Hz and the signal has a large amplitude
due to 50 Hz noise (approximately -20 dB).
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E. Influence of 50 Hz Noise

LHC - B2 - fill #2159 - no comment - LHC_FFT1_B2 - 2012-10-11 23:36:21

g
2 451
g 50 ¢
5
T 55
=
E -60
-65
-701
=751
2800 2900 3000 3100 3200 3300 3400 3500
frequency [Hz]
= V18 ol o e
LHC - B2 - fill #2159 - no comment - LHC_FFT1_B2 - 2012-10-11 22:36:21
g *
@ -45
Ei
£ 50+
E -551
i
g -60-
: -63
=70
-751
-804
- il
3300 3400 3300 3600 3700 3800
frequency [Hz]

Figure E.2.: LHC beam spectrum for a different tune (0.283 in the horizontal plane)
measured with the BBQ for beam 2 horizontal (top) and vertical (bot-
tom). The frequency of the tune, 3182 Hz, is displayed (blue diamond).
The beam is oscillating less, as the amplitude is reduced (approximately
-50 dB).
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Figure E.3.: Emittance growth due to 50 Hz noise.
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Relative average emittance

growth of 6 + 6 bunches with bunch intensities of 1.3 x 10! ppb

and 50 ns bunch spacing at injection energy for beam 2 horizontal and

vertical measured with wire scanners, Fill 3159. ¢ is the emittance at
injection into the LHC. The horizontal tune is displayed. The left plot

displays the results for batch 1 and the right plot for batch 2.



Appendix F

Effect of the Transverse Damper Gain dur-

ing the Ramp
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Figure F.1.: ADT ramp gain modulation for Fill 3160, beam 2. Batch number 4 was

not injected. The function was applied before starting the ramp.
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F. Effect of the Transverse Damper Gain during the Ramp

emittance [xm]

Figure F.2.: Ramp with different ADT gains.
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Average emittance of six bunches

per batch through the ramp and the squeeze for beam 2 horizontal

and vertical measured with wire scanners, Fill 3160. The bunches had

different transverse damper gains at the start of the ramp, see Table .



Appendix G

The LHC Squeeze
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Figure G.1.: Wire scans during squeeze for beam 1 and beam 2 vertical. Transverse
beam size evolution averaged for 6 4+ 6 bunches with bunch intensities
of 1.6 x 10! ppb and 50 ns bunch spacing, Fill 3217.
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