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Abstract

Measurement of the LHC beam profile using the Beam Gas Vertex detector

by Dipl.-Ing. Benedikt WÜRKNER, BSc

The Beam Gas Vertex (BGV) demonstrator was developed for the Large Hadron Col-
lider (LHC) to demonstrate the feasibility of a beam profile measurement device us-
ing a tracking detector to reconstruct beam-gas interactions. It has been successfully
installed on beam 2 in 2015. If the evaluation of the concept using the demonstra-
tor is successful, the design will be optimized, manufactured and installed on both
beams for the HL-LHC upgrade that will be performed between 2024 and 2026.

My main contributions to the BGV project were the analysis of data taken by the
detector, optimization of the reconstruction algorithm based on this data, the devel-
opment and qualification of the beam size measurement algorithms, the alignment
of the detector as well as the development of adequate monitoring.

As a first step the applicability of the usage of beam-gas interactions for beam
size measurements was shown. The results showed that the assumed number of
tracks per interaction detected by the setup was too low to apply vertexing as the
method of measuring the beam size. Thus the correlation method was used to cal-
culate the beam size and all the properties of the BGV were qualified using this
method. It could be shown, that the achievable precision of the BGV depends on
the number of events acquired down to a limit of a few µm. Futhermore I was able
to measure many different kinds of beams allowing for the characterization of the
BGV in changing conditions. It has been shown, that the BGV is capable of perform-
ing bunch by bunch measurements as well as averaged results with the limit for the
number of bunches that can be acquired at the same time currently determined by
the available computing capacity.

As a final step the results acquired with the BGV were compared to other beam
size measurement devices already installed in the LHC.
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Zusammenfassung

Measurement of the LHC beam profile using the Beam Gas Vertex detector

von Dipl.-Ing. Benedikt WÜRKNER, BSc

Der Strahl-Gas-Vertex (Beam Gas Vertex, BGV) Detektor ist Messgerät am LHC (Lar-
ge Hadron Collider Großer Hadronen Beschleuniger), das entwickelt wurde um die An-
wendbarkeit der Messung von Strahl-Gas Kollisionen als Methode zur Bestimmung
des Strahlprofils zu bestätigen. Die Installation am Strahlrohr 2 des LHC wurde 2015
erfolgreich abgeschlossen. Mittelfristig ist das Ziel, dass im Falle einer erfolgreichen
Bestätigung das Design verbessert wird und dann zwei neue BGV hergestellt und
auf beiden Strahlrohren des LHC installiert werden. Dies soll zwischen 2024 und
2026 durchgeführt werden, da der LHC im Rahmen des HL-LHC (High Luminosity
LHC) Upgradeprogramms ebenfalls verbessert wird.

Der Hauptteil meiner Arbeit und somit mein Beitrag zum Projekt waren die Da-
tenanalyse der genommenen Daten, die Anpassung des Rekonstruktionsalgorith-
mus basierend auf den genommenen Daten, die Entwicklung und Qualifikation des
die Strahl-Größe bestimmenden Algorithmus, die präzise Positionsbestimmung des
Detektors und die darauf basierenden Korrekturen sowie die Entwicklung von pas-
senden Grafiken zur Darstellung der Ergebnisse.

Als ersten Schritt habe ich die Anwendbarkeit der Methode anhand von gemes-
senen Daten nachgewiesen. Die Resultate haben gezeigt, dass die Anzahl an Spuren
pro Strahl-Gas Kollision zu gering ist um mittels Vertexrekonstruktion die Strahlgrö-
ße mit ausreichender Genauigkeit zu berechnen. Daher wurde eine zweite Methode
untersucht, die sogenannte Korrelationsmethode. Diese erlaubt es anhand der Kor-
relation zwischen Spuren des selben Ereignisses die Strahlgröße zu bestimmen und
ist dabei annähernd unabhängig von der Messgenauigkeit. Dies konnte auch nach-
gewiesen werden, da unter Anwendung der Korrelationsmethode die statistische
Messgenauigkeit nur von der Anzahl der gemessenen Ereignisse abhängt bis zu ei-
nem Limit von ein paar µm. Weiters war es mir möglich viele verschiedene Strahl-
arten zu messen und dadurch den BGV in vielen verschiedenen Ausgangslagen zu
charakterisieren.

Es konnte gezeigt werden, dass der BGV in der Lage ist, den Strahl paketweise
zu messen sowie natürlich auch den Durchschnitt über alle Pakete. Das momentane
Limit für die maximale Anzahl an Paketen die individuell gemessen werden kön-
nen ist nur von der vorhandenen Rechenkapazität limitiert und wurde bereits im
Rahmen des 2019/20 Upgradezyklus verbessert.

Als letzten Schritt wurden die Ergebnisse mit anderen Strahlmessgeräten vergli-
chen.

HTTPS://WWW.TUWIEN.AC.AT
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Chapter 1

Introduction

1.1 The BGV - A Demonstrator

The LHC Beam Gas Vertex (BGV) detector is a non-invasive beam profile monitor
envisioned to be used as part of the high luminosity LHC upgrade (HL-LHC)[1].
The concept was originally developed as part of the LHCb experiment at CERN and
the feasibility was first confirmed there before a dedicated detector was commis-
sioned [2]. The current LHC BGV Demonstrator is constructed of parts taken from
the LHCb experiment to reduce the costs of the setup as well as using the experties
present in that collaboration.

The main goal was to demonstrate the feasibility and applicability of the working
principles as a beam instrumentation device. To this end a dedicated detector was
installed at beam 2 of the LHC. A detailed description of the detector layout can be
found in chapter 3 on page 21.

1.2 Layout of work

In this thesis I will describe the design of the BGV detector and the measurements
that can and have been performed.

The second chapter gives an overview of the accelerator complex at CERN with
its current crown jewel, the LHC, where the BGV is installed.

The third chapter describes the BGV detector in detail including hardware design
considerations, simulation and data processing

The fourth chapter goes into details about the data selection, treatment and some
basic statistical information regarding the nature of the data.

The fifth chapter describes the beam profile measurement methodology, espe-
cially the correlation method, and how the results are obtained.

In the sixth chapter the results of the two data taking years are presented and
compared to other beam size measurement devices.

Finally in the seventh chapter a summary is given and the knowledge that could
be relevant for the future final system is presented.

My main contributions to the BGV project were
The implementation of monitoring algorithms for data taken with the BGV, pre-

viously only monitors comparing simulated data with reconstructed data were im-
plemented. As a part of this the relevant plots needed to be chosen, the required
data exported and displayed.

Implementation of the beam size measurement algorithm, the correlation method,
and the corresponding methodology of independent slices in time

The alignment of the detector planes with respect to each other and the beam
reference system using only the relative information available to them.
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Chapter 2

The CERN accelerator complex

This chapter covers the basics of particle accelerators including the main compo-
nents of synchrotrons (radio frequency cavities and bending magnets). A simple
linear approximation for the particle motion is taken to develop the equations de-
scribing the motion of particles along the reference beam orbit. As a part of this
important accelerator concepts such as the beta function and normalized emittance
are introduced. Furthermore the accelerator chain supplying the LHC is discussed
and the chapter finishes with a description of existing beam instrumentation devices
that were used to evaluate the performance of the BGV demonstrator.

2.1 Accelerator physics

2.1.1 Energy mass equivalence

The rest mass of an elementary particle can be represented as an Energy according
to E = m · c2 [3].

The commonly used definition of a particles mass is therefore m = E
c2 with the

units GeV
(m s�1)2 where commonly the constant c is used as a unit (c = 1). Using this

the rest mass of the electron becomes me = 0.5 MeV and the rest mass of the proton
becomes mp = 938 MeV. Thus it requires a minimum of the respective energy to
create a given particle.

Colliding two particles of a given mass in the rest system of the particles allows
for all their kinetic and rest energy to be used for the creation of particles. The prob-
ability for any given particle to emerge from a collision is defined as the branching
fraction of the possible particles. These can also be predicted by physics models
making them a very attractive possibility to check how well a theory describes real-
ity.

To generate heavier particles from the only two known stable particles (electron
and proton) one needs to accelerate them to energies high enough to create the de-
sired particle(s) at a sufficiently high probability.

2.1.2 Basics of particle acceleration

A charged particle of charge e is subject to a force according to Lorentz’ law:

~F = e(~E +~v ⇥ ~B) (2.1)

wherein ~E and ~B are the electric and magnetic field vectors and ~v is the velocity of
the particle. Longitudinal electric fields can therefore be used to accelerate (or decel-
erate) a charged particle in the direction of the electric field gradient while magnetic
fields can be used to apply a perpendicular force to change the particle’s trajectory.
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A particle of one elementary charge passing through an electrical potential dif-
ference of 1 V gains (or deposits) an energy of 1 eV which translates into a change of
momentum. This principle is applied in particle accelerators to accelerate a particle.
In the case of the accelerators used at CERN, which are relevant for this thesis, this
is done using radio frequency (RF) cavities.

X

Y
S

x(s)

y(s)

Ideal Beam Path

Individual Particle Trajectory

FIGURE 2.1: Coordinate system of the beam. The coordinate system
follows the beam trajectory along s with the x coordinate being per-
pendicular to the trajectory while pointing away from the centre of

the accelerator and the y coordinate pointing upwards.

The most important magnets used in particle accelerators are dipoles and
quadrupoles for guiding and focusing the particles respectively. The coordinate
system is usually defined along the particle trajectory with the position given as s
and the perpendicular components for any s given by x(s) and y(s) respectively (see
figure 2.1). By design the magnetic field has a null component in the s direction and
therefore it can be expressed as

~B = Bx~i + By~j (2.2)

with~i and~j as the unit vectors of the transverse plane.
Expanding the x and y to the first order gives

Bx = Bx(0, 0) +
∂Bx

∂x
x +

∂Bx

∂y
y (2.3)

By = By(0, 0) +
∂By

∂x
x +

∂By

∂y
y (2.4)

the field components in a linear form which will be used to develop the beam motion
equations.

Dipole magnets are designed to provide a constant field By in the gap of the
magnet where the beam pipe is placed. The bending radius r of a particle with
change e and momentum p travelling in the x-plane comes from the equilibrium
between the centrifugal and centripedal Lorentz forces

r =
p

eBy
. (2.5)

Quadrupole magnets are designed to have a gradient field leading to a change
in force applied based on the particles position. The force rises linearly with the
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distance from the centre. From Maxwell’s equation ~r⇥ ~B = 0 it follows that

∂Bx

∂y
=

∂By

∂x
(2.6)

which leads to a quadrupole focusing in one axis while de-focusing in the other.
By placing two quadrupoles with alternated polarities consecutively in an accelera-
tor system a net focusing effect can be achieved in both transverse directions. The
most common structure is the so-called FODO cell with a horizontally focusing (F)
quadrupol, followed by a drift space (O), followed by a horizontally defocusing (D)
quadrupole which is in turn again followed by another drift-space (0). The length of
the required drift-space can be calculated from geometrical optics and needs to be
small compared to the magnets focal length for a net focusing effect.

The space between the FODO cells consists of either dipoles to bend the particles
on a trajectory around the accelerator ring or of straight sections where experiments
or beam instrumentation devices are positioned. Additional higher order magnets
(sextupoles, octopoles, ...) are also added to the accelerator to correct for imper-
fections of the respective lower order magnets. Their higher order corrections are
beyond the scope of this thesis which will only consider a linear approximation.

To develop a mathematical formulation for a FODO cell we will now only con-
sider one plane of the transformation performed by a quadrupole since the perpen-
dicular plane is equivalent to a DOFO cell. The transformations can be seen like the
transformation performed by a thin lens which can be represented as the following
matrices for optical lens systems

"
1 0
� 1

f 1

# "
1 0
1
f 1

# 
1 L
0 1

�
(2.7)

for focusing, defocusing and propagation respectively.
Constructing a FODO cell out of these matrices gives:


1 L
0 1

�
·
"

1 0
1
f 1

#
·


1 L
0 1

�
·
"

1 0
� 1

f 1

#
=

"
1 � L

f �
L2

f 2 2L + L2

f
� L

f 2 1 + L
f

#
(2.8)

Consequently the whole lattice of an accelerator can be constructed out of similar
matrices leading to a matrix M describing all the elements of an accelerator. The
description of the particle motion after n revolutions is given by Mn. To have a
stable motion of particles with the initial conditions x0 and x00 the quantity

Mn


x0
x00

�
(2.9)

must remain finite for all n. As shown in [4] the stability condition for this is simply

� 1  1
2

Trace(M)  1 (2.10)

which applied to equation (2.8) corresponds to

� 1  1 � 1
2

✓
L
f

◆2
 1 (2.11)
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which simplifies to: ����
L

2 f

����  1. (2.12)

This gives the rather simple condition that the focal length f needs to be at least half
the drift space length L.

2.1.3 Transverse linear motion

The reference orbit described in the previous section is the mathematically perfect
orbit around which the magnetic lattice is constructed. If a particle’s starting posi-
tion (x0,y0) and slope (x00,y00) are non-zero it performs oscillations around the refer-
ence orbit. These so-called Betatron oscillations will be described in this section using
a simplified first order approximation with decoupled transverse planes (i.e. inde-
pendent x and y). A complete derivation is given in [4] with the most important
results given here for completeness.

Taking the Lorentz law in the absence of an electric field one starts with

d~p
dt

= e~v ⇥ ~B. (2.13)

By neglecting the radiative (synchrotron) losses the momentum can be represented
as ~p = gm~̇R with ~R = (r + x, y) as the position vector of the particle. The left hand
side of equation (2.13) thus becomes

d~p
dt

=
d
dt

gm~̇R = gm~̈R. (2.14)

After a lengthy derivation which can be found in [4, p. 66] we arrive at the equa-
tions of motion in the two transverse planes

x00 +
h 1

r2(s)
+

1
Br

∂By(s)
∂x

i
x = 0 (2.15)

y00 � 1
Br

∂By(s)
∂x

y = 0 (2.16)

where the time-dependence of the motion equation has been replaced by a depen-
dence on s, the position along the reference orbit. An additional important point is
the introduction of the parameter Br which is called magnetic rigidity which is equal
to the ratio p/e (follows from equation (2.5) on page 4).

The term 1
r2(s) is the “centripetal” term originating from the x plane being the

bending plane. For large accelerators it is usually small in comparison to the gradi-
ent term.

The motion equations both resemble a simple harmonic oscillator

x00 + K1(s)x = 0 (2.17)
y00 + K2(s)y = 0 (2.18)

with the difference, that the “spring constant” depends on the position in the ac-
celerator. The parameter Ki can be considered constant within each component of
the accelerator leading to the solutions of an harmonic oscillator being applicable in
each individual component.
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These solutions can be represented as matrices in the same way as equation (2.8)
on page 5 with the solution for K = 0 being the matrix for a drift-space of length L


x
x0

�

out
=


1 L
0 1

� 
x
x0

�

in
. (2.19)

For K > 0 over a distance L the solution for the equation of motion is a harmonic
oscillator as given by


x
x0

�

out
=

"
cos(

p
KL) 1p

K
sin(

p
KL)

�
p

K sin(
p

KL) cos(
p

KL)

# 
x
x0

�

in
, (2.20)

whereas for K < 0 the result is


x
x0

�

out
=

"
cosh(

p
|K|L) 1p

|K|
sinh(

p
|K|L)

�
p
|K| sinh(

p
|K|L) cosh(

p
|K|L)

# 
x
x0

�

in
. (2.21)

Consequently the optical lattice of an accelerator can be constructed by placing
a combination of elements with appropriate K in distances L so that the stability
criterion equation (2.10) on page 5 is fulfilled.

A second solution for the linear motion equation can be found by using Hill’s
equation [5] which correspond to the solutions for a harmonic oscillator with a pe-
riodic function as the constant. This equation is applicable for the case that for the
equation of motion

x00 + K(s)x = 0 (2.22)

exists a distance C such that
K(s + C) = K(s). (2.23)

This condition is fulfilled in circular accelerators giving way to the applicability of
this solution. The repetition distance C can be as large as the circumference of the
accelerator but is typically of the size of a FODO cell.

The solution, as provided by Hill, is of the form

x = Aw(s) cos[y(s) + d] (2.24)

with A and d as the two constants of integration indicating the initial conditions.
One can require w(s) to be a periodic function with the periodicity C to fulfill the
required conditions.

Substituting the general solution equation (2.24) in equation (2.17) on the facing
page gives

0 = A(w00 � wy02 + Kw) cos(y + d)� A(wy00 + 2w0y0) sin(y + d). (2.25)

Since the functions w and y need to be independent of d to be a general solution
(since d depends on the initial conditions) we require that the coefficients of the sine
and cosine vanish independently. Taking the coefficient of the sine term and multi-
plying by w gives

w2y00 + 2ww0y0 = (w2y0)0 = 0 (2.26)

which can also be expressed as

y0 =
k

w(s)2 (2.27)
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with k as an arbitrary constant of integration. Inserting equation (2.27) on the previ-
ous page into the coefficient of the cosine in equation (2.25) on the preceding page
yields the differential equation that w must satisfy:

w3(w00 + Kw) = k2. (2.28)

If one rewrites equation (2.24) on the previous page to

x = w(s)(A1 cos y + A2 sin y) (2.29)

with the derivative

x0 =
✓

A1w0 +
A2k
w

◆
cos y +

✓
A2w0 � A1k

w

◆
sin y) (2.30)

then the initial conditions x0, x00 at s = s0 give the constants A1 and A2 as follows

A1 =
x0

w
(2.31)

A2 =
x00w � x0w0

k
. (2.32)

This motion equation can also be represented using the matrix form as used pre-
viously leading to


x
x0

�

s0+C
=

"
cos DyC � ww0

k sin DyC
w2

k sin DyC
(ww0/k)2�1

w2/k sin DyC cos DyC + ww0

k sin DyC

# 
x
x0

�

s0

. (2.33)

The phase DyC is calculated by integrating along the path by the period C

y(s0 ! s0 + C) = DyC =
Z s0+C

s0

k ds
w2(s)

. (2.34)

Due to the periodic nature of w(s) the integral does not depend on the choice of s0.
Taking a close look at equation (2.33) it becomes apparent that the main depen-

dencies w and w0 both scale with the arbitrary constant k. We therefore introduce the
following variables which were first developed by Courant and Snyder [6]

b(s) ⌘ w2(s)
k

, (2.35)

a(s) ⌘ �1
2

d b(s)
ds

, (2.36)

g(s) ⌘ 1 + a(s)2

b(s)
. (2.37)

Placing these in equation (2.33) yields


x
x0

�

s0+C
=


cos DyC + a sin DyC b sin DyC

g sin DyC cos DyC � a sin DyC

� 
x
x0

�

s0

(2.38)

This gives the general solution of the equation of motion which contains the pe-
riodic beta function hence the name.
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Updating equation (2.24) on page 7 the equation of motion can now be written
as

x = A
q

b(s) cos[y(s) + d] (2.39)

with the constant k absorbed into the constant A.

2.1.4 Beta function

The Courant-Snyder parameter b(s) is a periodic function with a periodicity C which
is historically also called betatron function named after the betatron oscillations of a
bunch of particles. It can be used to calculate the phase advance in an accelerator by
using equation (2.34) on the preceding page with

y(s1 ! s2) =
Z s2

s1

ds
b(s)

. (2.40)

To calculate the number of betatron oscillations performed during a full turn of
the accelerator, the so-called tune, one needs to calculate the ring integral of equa-
tion (2.40) like

n ⌘ 1
2p

I

s

ds
b(s)

. (2.41)

Following from equation (2.39) it is clear that the local amplitude of the particles’
oscillation around the reference orbit depends on

p
b(s). Therefore the extent of the

beam at a given location in the accelerator can be given as a function of b which will
be discussed in the next section.

2.1.5 Emittance

After only dealing with the movement of a single particle in a particle accelerator so
far, we will now characterize an ensemble of particles. Such an ensemble of particles
can generally be described by a density function in six dimensions,

r = j(x, px, y, py, s, E) (2.42)

in which x, y, s are the three space coordinates of the three planes. px, py are the
momenta in the corresponding directions while E is the particle energy.

Using E = gm0c2 the relativistic particle momentum can be represented as

p = gm0v =
E · v

c2 (2.43)

with px ⇡ px0 and py ⇡ py0 as the momenta in the respective directions. For the
situation of stable energy in an accelerator the momenta are constant and therefore
commonly replaced by the slopes of the respective coordinates

r = j(x, x0, y, y0, s, E). (2.44)

Since we continue to neglect the coupling between the three axis we can consider
this six dimensional space as three independent sub-spaces (x, x0), (y, y0) and (s, E).

We will now develop the transverse phase space (x, x0) which can in the same
way be applied to the (y, y0) phase space.
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If we again start from equation (2.39) on the preceding page and remove the
trigonometric functions by at first constructing

a(s)x(s) + b(s)x0(s) = �A
q

b(s) sin[y(s) + d] (2.45)

and then squaring both equations we get

x2 = A2b(s) cos2[y(s) + d] (2.46)

a(s)2x(s)2 + b(s)2x0(s)2 + 2a(s)b(s)x(s)x0(s) = A2b(s) sin2[y(s) + d]. (2.47)

Summing the two equations gives

x2 + a(s)2x(s)2 + b(s)2x0(s)2 + 2a(s)b(s)x(s)x0(s) = A2b(s) (2.48)

which can be simplified to

A2 = g(s)x(s)2 + 2a(s)x(s)x0(s) + b(s)x0(s)2 (2.49)

which looks exactly like the equation for an ellipse

ax2 + 2bxy + cy2 = d. (2.50)

From analytical geometry, the area of an ellipse is

pdp
ac � b2

(2.51)

which for this case equals to

pA2
p

bg � a2
= pA2. (2.52)

The constant A2 is called the emittance of the particle defined as

# = A2 =
Ellipse area

p
. (2.53)

It follows that the area of the ellipse given by the Courant-Snyder parameters is
constant under the given conditions (constant energy, linear approximation). Since
the functions a, b and g depend on the location s the actual shape of the ellipse
depends on the current position along the accelerator but the area of the ellipse (i.e.
the particle emittance) remains constant.

Extrapolating this behavior to many particles ([4] page 81) shows that for many
particles equation (2.49) becomes

g(s)x(s)2 + 2a(s)x(s)x0(s) + b(s)x0(s)2 = #rms. (2.54)

Following from the RMS value via the definition of the variance it also follows that

#rms =
s2

x(s)
b(s)

(2.55)

with b the betatron function at the location s and sx the beam size. Consequently b
and sx vary along the accelerator to respect the invariance of the emittance.
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2.1.6 Normalized emittance

To consider the behavior of emittance during acceleration we need to move away
from the previous assumption of constant energy. The divergence of a particle given
by x0 = px/ps depends on the ratio between transversal and longitudinal compo-
nents of the momentum. During acceleration, which is performed using longitudi-
nal electric fields, the longitudinal momentum is increased but the transverse com-
ponent remains unchanged. A first order approximation of the momentum increase
is therefore Dp = Dps with a divergence increment given by

x0 + Dx0 =
px

ps + Dps
=

px

ps

h
1 + Dps

ps

i ⇡ x0
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which leads to
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The normalized emittance is generally defined as:
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where the Lorentz factor gL = E/(m0c2) is the ratio between the energies of the par-
ticles and their rest mass, while the relativistic factor br = v/c scales their velocity to
the speed of light. D is the dispersion function describing off-momentum particles.

The normalized emittance is invariant with the momentum and location making
it a true invariant along the whole length of the accelerator and during its operation
cycle. This provides the great advantage that it can be measured by independent in-
struments based on different parameters at individual locations and then compared.

2.1.7 Luminosity

As discussed in section 2.1.1 colliding two beams of particles in their centre of mass
(cms) frame allows for their total kinetic energy to be converted into particles of
higher mass. To this end beams of particles are made to circulate in opposite direc-
tions in particle colliders such as the LHC (section 2.2.5). Each collider has one or
more interaction regions where the trajectories of the particles are made to intercept.
When two particles collide many different reactions are possible, each is character-
ized by a cross-section s which can be split into elastic and inelastic cross-section
and depends on the centre of mass energy[7].

The interaction rate at the collision point depends on the total cross-section s

ṅ = L · s (2.59)

and scales with the proportionality factor L called luminosity. The luminosity con-
tains all the information of the actual beam parameters and is therefore a quantity
depending solely on the accelerator and its configuration. It is therefore usually used
to compare the production capabilities of accelerators with each other.

For two colliding bunches containing n1 and n2 particles at a crossing angle of
zero with a repetition frequency f the luminosity is given by

L = f
n1n2

4psxsy
(2.60)
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FIGURE 2.2: CERN accelerator complex

with sx and sy the standard deviations of the Gaussian beam profiles at the inter-
action point. This mathematical formulation for zero degrees of crossing angle is
a geometric quantity that depends only on the overlap volume of the two beams.
When the crossing angle is changed this overlap region changes. Additional beam-
beam interactions can increase or lower this rate as well.

Luminosity is given in units of cm�2s�1 while the cross-section has the units of a
surface usually given in barn1 with 1 b = 1 ⇥ 10�28 m2.

Using equation (2.55) on page 10 it is now possible to represent the luminosity
as a function of the transverse emittances # i and the betatron functions b⇤

i at the
interaction point leading to

L = f
n1n2

4p
q

#xb⇤
x#yb⇤

y

(2.61)

2.2 Accelerators at CERN

The particle accelerator complex at CERN is composed of many individual accelera-
tors that are tightly linked to efficiently accelerate particles in a multi stage approach.
In figure 2.2 an overview over the full complex is given. In this section a short de-
scription of each accelerator is given with the main focus on the LHC where the BGV
is located. The focus of the description is placed on the acceleration of protons since
this is the most common scenario for the LHC and thus the BGV.

1Named after the farm building during the time of the Manhattan Project to have a secretive unit
for the cross-section of a nucleus.
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2.2.1 Linear Accelerator (LINAC)

The linear accelerator is the first step in the accelerator chain. Protons are accelerated
using LINAC2 while LINAC3 is used for ions.

The first step before any acceleration can begin is the isolation of the protons.
This is done by using a duoplasmatron [8] wherein a plasma is generated from hy-
drogen gas. Using electric fields the positively charged protons are extracted into
the linear accelerator.

LINAC2 [9] is a 37 m long linear accelerator. It uses radio-frequency cavities
structured in three drift tubes to accelerate protons from the duoplasmatron with a
beam intensity of up to 180 mA which is currently the highest intensity achieved for
a proton beam. Once the protons are accelerated up to an energy of 50 MeV they are
injected into the Booster.

2.2.2 Booster (PSB)

The proton synchrotron booster was constructed to increase the number of protons
the PS can receive [10]. It consists of four superimposed synchrotron rings that ac-
cept the 50 MeV protons coming from LINAC2 and accelerate them to 1.4 GeV. The
circumference of the Booster is 157 m which is exactly one quarter of the PS circum-
ference to allow for the injection of the four layers into the PS.

2.2.3 Proton Synchrotron (PS)

The construction of the proton synchrotron was finished in 1959 and it is therefore
the longest running accelerator at CERN [11]. It has a circumference of 628 m and
nowadays mostly accelerates protons coming from the PSB from 1.4 GeV to 26 GeV.

Additionally the PS is responsible for creating the bunch structure for the LHC
by employing RF gymnastics [12] to split the six bunches, injected from the PSB in
two iterations (4+2), into 72 bunches. To achieve this goal at injection energy each of
the six bunches is split into three by increasing the harmonic of the PS from h = 7 to
h = 21 leading to 18 filled buckets. This beam is accelerated to the nominal 26 GeV.
On this plateau the harmonic is doubled twice consecutively leading to h = 84 with
one bunch each in the first 72 buckets. This beam is then extracted towards the SPS.

2.2.4 Super Proton Synchrotron (SPS)

The SPS was the first accelerator built underground at CERN. It is located roughly
40 m below both french and swiss territory in a tunnel with 6.9 km circumference.
After its commissioning in June 1976 the SPS was first used as a proton accelerator
reaching energies of up to 400 GeV. Only a few years later, in 1981, it was modified
to be used as a proton-antiproton collider. In 1991 the SPS was adapted again to
allow for the acceleration of electrons and positrons for the LEP experiment while at
the same time still providing protons for fixed target experiments.

The main upgrades for the SPS to be used as injector for the LHC were the up-
grade and qualification of the 450 GeV beam energy as well as a new extraction sys-
tem for these energies towards the two extraction lines leading to the LHC. All of
the upgrades applied to the SPS for LHC operations are described in Ref. [13].
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2.2.5 Large Hadron Collider (LHC)

The LHC is currently the largest particle accelerator on earth and is housed in a
tunnel of 26.66 km circumference [14] located between 80 and 130 m underground.
It was constructed in the tunnel which previously housed the LEP [15] accelerator
and its construction was completed in 2007. Contrary to the previously described
accelerators the LHC is designed as a collider with two beam pipes allowing for the
acceleration of bunches with the same charge both clockwise and anti-clockwise at
the same time. The main structural and functional component of the LHC is the
superconducting dipole. Each of the 1232 dipoles is 14.3 m long and in total they
make up 17.6 km of the LHC structure. Their main objective is to bend the particles
on a trajectory around the accelerator as described in section 2.1.2 on page 3. Of the
focusing quadrupoles 360 are installed in the ring and with their length of 3.3 m each
they make up about 1.2 km of the LHC.

The LHC is split in eight equally spaced arcs with straight sections in between
them. The arcs contain most of the magnets and bend the beam to form the full circle
while the straight sections contain the experiments, injection and extraction kickers,
RF cavities, beam instrumentation, collimators and more. Eight access shafts num-
bered clockwise starting in the south allow access to the straight sections of the ac-
celerator tunnel. In four straight sections the beams are made to collide by directing
them towards each other. These are the locations of the four experiments (1-ATLAS,
2-ALICE, 5-CMS, 8-LHCb). The remaining four access shafts allow access to other
important components of the accelerator such as momentum cleaning (point 3), the
RF cavities (point 4), the beam dump (point 6) and the betatron cleaning (point 7).

CMS

ALICE

ATLAS

LHCb

RF-cavities

Momentum
cleaning

Betatron
cleaning

Beam
dump

BGV location

FIGURE 2.3: Overview of the LHC layout showing the location of the
four Experiments as well as the location of the four additional access

points.
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The LHC is designed for the energy range from 450 GeV to 7000 GeV per beam
but at the time of this thesis only a maximum of 6500 GeV has been achieved.

By design the revolution frequency is 11 245 Hz following from its circumfer-
ence and the speed of the particles being basically the speed of light (b = v/c =
0.999999989587645).

The RF system of the LHC is operating at 400 MHz with a harmonic number of
26.66km/(c/400 MHz) = 35640 which equals the number of RF buckets. The tenfold
increase in frequency is done to keep the space occupied by each RF bucket short and
thereby limit the area a bunch can populate. Only the first of every 10 RF buckets is
populated thus the LHC effectively runs at 40 MHz which is equal to a distance of
about 7.5 m between filled buckets. Additionally of the 3564 buckets offered by the
accelerator only 2808 can be filled with bunches due to limitations with the injection
and extraction kicker magnets [16]. The rise-time of the injection kickers requires
almost 1 µs (39 buckets) while the extraction kickers towards the beam-dumps need
three times as long requiring for the last 119 buckets to be left empty. The final gap
in the filling scheme is called the abort gap and is limited by the rise time of the
extraction kickers towards the beam-dumps at full energy.

FIGURE 2.4: Filling scheme of fill 7334. The kicker rise times are nicely
visible as the separations between the trains of particles. The abort

gap at the end of the scheme is also clearly visible.

The filling procedure of the LHC requires the full accelerator chain to be work-
ing. At first a so-called pilot bunch is injected. A pilot bunch has 5 ⇥ 109 protons
which is equals to the amount of charge that can be lost in a magnet without caus-
ing a quench[17]. Once the pilot is circulating in the LHC and the beam optics are
confirmed, a first train of 12 nominal bunches is injected for additional checks. Once
these are completed the nominal injection procedure starts which injects two or three
trains of 48 bunches each into the LHC until 2556 bunches are circulating. Once the
injection is finished the LHC is ramped from 450 GeV to 6.5 TeV over the course of
around 20 min. Once the ramp is finished the so-called FLATTOP plateau is reached.
The next step is called SQUEEZE, where a betatron squeeze is performed[18], before
the beam is switched to ADJUST for small parameter adaptations and then finally to
STABLE [19].
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2.3 Beam optics and parameters for the BGV

The BGV demonstrator is located at point four of the LHC with the internal desig-
nation UJ43/C-07L4. A careful study of available locations was performed and the
current location was finally chosen for it’s similar b-values in x and y as well as their
stability during the energy ramp (see figure 2.5).

FIGURE 2.5: Plot of the b-function for 450 GeV at point 4 of the LHC
for x and y of beam 2 showing the location chosen for the BGV very

close to the crossing point of the two functions.

Due to the steep gradient of the bx function at the location the value varies be-
tween 124 m to 132 m over the length of the BGV gas target chamber which intro-
duces a 5 % error for the beam size in x.

From these b values follow the beam sizes the BGV needs to be able to measure.
For an emittance of 2.5 µm (which is the target normalized emittance for HL-LHC[1])
one can calculate the expected sizes using

sx =

s
#nbx

gRb
(2.62)

which follows from equation (2.58) on page 11.
The expected sizes are summarized in table 2.1.

Energy bx by s
expected
x s

expected
y

450 GeV 132.09 m 153.35 m 829 µm 894 µm
6.5 TeV 132.04 m 153.27 m 218 µm 235 µm

TABLE 2.1: Table of beta values and estimated beam sizes at the BGV
location for #n = 2.5 µm using equation (2.62),

2.4 Emittance measurement at the LHC

At the time of writing multiple different devices capable of measuring the beam
profile are installed at the LHC. As given by equation (2.55) on page 10 by knowing
the beta function at these locations the beam size obtained from the beam profile
can be used to calculate the emittance. The currently installed instruments and their
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positions are given in table 2.2 and their methods of operation are explained in the
following sections.

WS horizontal 1 (main) LHC.BWS.5L4.B1H2
WS horizontal 2 (spare) LHC.BWS.5L4.B2H2
WS vertical 1 (main) LHC.BWS.5L4.B2V1
WS vertical 2 (spare) LHC.BWS.5L4.B2V2
BSRT LHC.BSRT.5L4.B2
BGI horizontal LHC.BGIH.5R4.B2
BGI vertical LHC.BGIV.5R4.B2
BGV LHC.BGV.7L4.B2

TABLE 2.2: Emittance measurement devices at the LHC beam 2 and
their designations

2.4.1 Wire scanner (WS)

The principle of functionality of a wire scanner is based on a thin wire which is, as
the name suggests, used to scan the beam. This procedure is done perpendicular
to the direction the beam is travelling in and therefore allows for the measurement
of one transverse beam profile axis. To measure the full beam profile therefore two
perpendicularly scanning WS are needed. The wire is moved at speeds of multiple
metres per second limited by mechanical design constraints towards the actuators.
The wire can either be moved by a linear actuator with a lower maximum speed
(only a few meters per second) or a rotational motor capable of up to twenty meters
per second. The speed of the wire directly limits the intensity that can be measured
with it due to the energy transfer between the beam and the wire destroying the
latter by either melting or sublimating the material. The position of linear actuators
can be measured very precisely whereas the position for a rotating wire needs to be
calculated from the reading of the motor shaft position and requires some additional
effort.

Vacuum pipe

Beam

Wire scanner

WS movement

Particles generated by
beam-wire interactions

Scintillator

FIGURE 2.6: Schematic drawing of the principle of the wire scanner.

There are two possibilities to measure the beam based on the wire traversing it:

• Measurement of the secondary particle emission produced by the beam col-
liding with the wire which is proportional to the beam intensity at the wire’s
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position. The secondary particles are measured by a scintillating detector see
figure 2.6 on the preceding page.

• Current induced into the wire due to the beam particles creating secondary
electron emission in the wire.

For both options the position measurement as well as the signal measurement are
synchronized with the revolution frequency. The resulting measurements over the
position of the wire gives the beam profile in the corresponding axis.

The operating principle of a wire scanner is in general destructive towards the
beam but the effect is negligible if an adequate mode of operation is chosen [20]. Pa-
rameters that can be adapted are amongst others wire thickness, speed and material
as well as the repetition frequency, the limits for the LHC are given in Ref. [21]. The
monitoring of the wire position is the most difficult of the possible parameters and
therefore requires the highest precision to keep the error of the WS measurement
acceptable.

Generally wire scanners are considered to be very accurate due to the following
parameters

• High resolution based on the accuracy of the wire position measurement
(down to 1 µm).

• Direct measurement with the accuracy of the intensity solely based on the wire
position measurement.

• Very small statistical and systematic errors and high repeatability of results.

• Paired with read-out electronics of sufficiently high speed the measurement
can be performed on a bunch by bunch basis (currently in use in the LHC).

Of course there are some drawbacks that need to be considered:

• The resolution is determined by the wire diameter (36 µm for the LHC [22]).

• High energy depositions increase the chance of melting the wire which neces-
sitates higher speeds. Higher speeds are detrimental to the resolution since
fewer points are recorded per transition.

To summarize: The LHC has two WS per axis to enable redundancy and check
for consistency, with the first being considered the main and the second a spare.
When reducing the beam intensity the WS can produce very accurate beam profiles
but for higher intensities and/or energies the wire speed needs to be increased re-
ducing the precision. To monitor the emittance during physics fills of the LHC other
devices are necessary that are not limited by higher intensities.

2.4.2 Beam synchrotron radiation telescope (BSRT)

Synchrotron radiation is emitted by a charged particle when it is accelerated per-
pendicular to its trajectory. Due to energy conservation the emission of radiation of
course reduces the energy of the particles when they are bent. For the case of the
acceleration being perpendicular to the velocity of the particle - as it is the case for
dipoles - the total radiated power is given by

Ptot =
q2a2g4

6p#0c3 . (2.63)
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with q the particle charge and a the bending radius. Since g = E/mc2 the total radi-
ated power goes with m�4 which is the main limitation for circular lepton colliders.
From the ratio of masses between protons and electron, it follows that the energy
loss via synchrotron radiation for electrons is (mp/me)4 ⇡ 1013 times higher than for
protons.

In the LHC, synchrotron radiation is generally produced within the bending
magnets. Additionally two undulators (one per beam) are placed to be used by
the BSRT. Undulators are special magnetic structures that create (additional) syn-
chrotron radiation by wiggling the particle perpendicularly[23]. For the case of the
BSRT at the LHC the undulator is necessary for the energy range below 1.2 TeV be-
cause the SR due to the dipole is outside of the detectable spectrum of wavelengths.

undulatordipole D3
extraction mirror

beam

FIGURE 2.7: Sketch of the working principle of the BSRT.

The change in energy during acceleration shifts the emitted wavelength of the
synchrotron radiation which changes the peak of the emission. Additionally, since
the source of the SR changes from the undulator to the dipole also the focal point
moves by 2.8 m. These changes need to be corrected for by adjusting the optical
system to change the focal point and applying a correction factor for the change in
the wavelength. The BSRT measures the photon beam size emitted at the location
of the SR generation (e.g. the undulator or the dipole). Due to the optic parame-
ters the measurements provided by the BSRT are not absolute and need to be cross-
calibrated with the wire scanner for the corresponding energies (i.e. 450 GeV and
6.5 TeV). These calibrations also need to be repeated frequently to account for drifts
by performing a special calibration run.

Due to its non-invasive nature the BSRT can run continuously and, coupled with
readout electronics of sufficiently high speed, provide bunch by bunch measure-
ments. It is currently the only instrument capable of providing these kinds of mea-
surements [24].

2.4.3 Beam-Gas Ionization Monitor (BGI)

As the name suggests the BGI uses the ionization of gas molecules caused by the
passing beam to measure the transverse profile. This ionization rate is proportional
to the beam intensity. The electrons freed by the ionization are accelerated towards a
positive electrode using a high electric field while at the same time being locked in a
magnetic field that forces them on straight trajectories to limit the dispersion during
transport (see figure 2.8 on the next page). The electrons are amplified using a Micro
Channel Plate (MCP) and then directed on a phosphor screen where the electrons
are converted to photons. The photons are guided out of the vacuum vessel using
a prism and recorded using a CCD camera. To increase the ionization rate a gas
injection system is installed which can be used to locally increase the pressure in the
vacuum vessel.
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FIGURE 2.8: Schematic of the BGI as it was installed in the LHC.

Two basically identical BGI instruments were installed in the LHC, one for the
vertical and one for the horizontal coordinate.

The operation of the BGI was plagued by multiple problems such as the uneven
wear-out of the MCP requiring a correction for the decrease in gain, high voltage
instabilities and calibration issues.

After some repairs and changes eventually it became apparent, that high impedance
problems caused by the geometric design of the BGI lead to localized heating. The
final decision was to remove it from the LHC and create a new design tackling all
known issues from the beginning. As a consequence the BGI was not in operation
at the same time as the BGV and therefore not available as a point of comparison.
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Chapter 3

Beam Gas Vertex detector

3.1 Design goals

The goal of the BGV is to measure the beam size with enough precision to calculate
the emittance with a precision of better than 5 %. The original goal was 5 % bunch
by bunch size within 1 min as well as 2 % average bunch size resolution within the
same timeframe [25].

The Beam Gas Vertex (BGV) demonstrator consists of three main components
that work together to perform precise beam-size measurements. The final design
consists of

A gas target chamber replacing a section of beam pipe combined with an injection
system to allow for the variation of the gas pressure to choose the interaction
rate.

A trigger system capable of selecting events originating from within the gas cham-
ber and rejecting events originating from the other beam.

A high precision detector capable of detecting the tracks of particles exiting from
inside of the target chamber combined with a read-out system capable of pro-
cessing the data at sufficient speed.

3.2 Measurement principle

The measurement principle of the BGV relies on performing many measurements
and then gaining information based on statistical analysis of the collection of mea-
surements. The fundamental assumption is that the rate of beam-gas collisions is
directly proportional to the local density and thus the distribution of protons in a
bunch. Recording many beam-gas collisions allows for the statistical analysis of the
distribution of locations of beam-gas interactions.

3.2.1 Distribution of independent measurements

The individual triggers registered by the trigger system (section 3.4 on page 25) are
independent measurements. The localized frequency of the interactions directly rep-
resents the density of particles at a given location. To gain insight into the localized
distribution, the tracks originating from the location need to be reconstructed as
described in section 4.1 on page 35. When accumulating multiple measurements
the distribution of these measurements represents the distribution of particles. The
higher the number of events the lower the influence of outliers and therefore the
higher the precision of the result. According to Poisson statistics the precision should
follow 1/

p
N with N the number of events used.
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3.2.2 Treatment of multiple collisions per triggered event

Following from equation (3.4) with the parameters N = 1.1 ⇥ 1011 protons/bunch,
sphys = sinel

pNe and Q = p
kBT · 2 m the probability for a beam-gas interaction is 0.0158

for the highest energy and gas pressure values possible. Consequentially the prob-
ability for two beam-gas interactions to happen at the same passing of a particle
bunch is 2.496 ⇥ 10�4 (or ⇡ 2.5 Hz/bunch for the LHC revolution frequency). Dou-
ble collision events therefore are only a small contribution to the overall number of
events.

Since the BGV event selection criteria are optimized for single collision events
most of these events are already filtered by the cluster filters of the HLT since they
have approximately double the amount of clusters. In case they are not filtered by
the cluster limits the beam size algorithm (see section 5.2 on page 51) is designed
to differentiate between multiple vertices by using the z coordinate of the point of
closest approach (POCA) of the tracks. Thus the precision is even improved in the
cases of two or more collisions per event.

3.3 Gas target

The target for the BGV is a dedicated volume where the pressure inside of the vac-
uum of the LHC can be locally increased to in turn increase the beam-gas interaction
rate.

3.3.1 Beam-gas interactions

The vacuum system of the beam pipes in the LHC achieves a very low pres-
sure of the order of 10�9 Pa (10�11 mbar). This pressure corresponds to around
105 particles/cm3. When a proton beam is circulating in the LHC it continuously
interacts with these residual gas molecules in the beam pipe. This leads to a loss of
protons in the bunches and therefore beam intensity. These beam-gas interactions
are due to either the electromagnetic or the strong force acting on the particles with
the kind of interaction provoking different results. If the interaction is electromag-
netic the most likely scenario is coulomb scattering (an elastic interaction) which
changes the trajectory of one or more protons in the bunch leading to them not
following the ideal trajectory of the accelerator anymore. Their behaviour therefore
becomes unpredictable and they are lost somewhere along the path of the acceler-
ator. If on the other hand a strong interaction (which is inelastic) takes place the
interaction creates a shower of secondary particles around the interaction vertex.

The probability for a beam-gas interaction to happen depends on the number of
particles in the bunch Nbunch, the total density of the gas in the beam pipe Q and
the cross section sphys of the process. The total material density is the local density r
integrated over the length of the relevant volume

Q =
Z

r(z)dz. (3.1)

The local density can be calculated from the ideal gas equation

pV = NkBT (3.2)

which transforms to
N
V

= r =
p

kBT
. (3.3)
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The total probability is therefore given by

µ = sphys · Nbunch · Q. (3.4)

The rate of interactions is therefore given by the repetition frequency f and the prob-
ability µ

R = f · µ = f · sphys · Nbunch · Q. (3.5)

The cross section sphys for the case of the LHC depends on the hadronic spp which
depends on the collision energy and has been measured extensively for proton-
proton collisions [7]. The proton-nucleus interactions can be approximated with
spA ⇡ spp · A0.71[26], where A is the mass number of the target gas. The unit of this
cross-section is a surface area which in particle physics is commonly given in the
unit barn with 1 b = 1 ⇥ 10�28 m2.

The total cross-section of the interactions is comprised of the elastic and inelastic
components

stot
pp = sel

pp + sinel
pp . (3.6)

When calculating the influence of the BGV on the beam life time the total contribu-
tion stot

pA needs to be considered whereas for the BGV event rate only sinel
pA is relevant.

This stems from the fact that elastic collisions have such a forward direction that
they cannot hit the detector panels positioned outside of the beam pipe.

stot
pp sel

pp sinel
pp stot

pNe sinel
pNe

498 GeV 40.11 6.75 33.36 336.50 279.87
4 TeV 43.00 8.20 34.80 360.75 291.95

10 TeV 48.00 9.00 39.00 402.70 327.19

TABLE 3.1: Particle cross-sections in mb taken from [7] or calculated
using spA ⇡ spp A0.71[26] with A = 20

3.3.2 Design of the target volume

The gas target system of the BGV was developed based on the following require-
ments:

• Fairly uniform longitudinal gas density over a length of at least 1 m,

• Uniform gas density over the transverse size of the beam (⇡ 1 mm),

• Control of the gas pressure (i.e. beam–gas interaction rate), by tuning the gas
flow,

• No impact on the LHC operation: negligible beam losses and no orbit instabil-
ities,

• Low mass, high coverage exit window for the beam–gas interaction prod-
ucts (radiation length x/X0 of about 1% or less, polar angle range 10 mrad
to 100 mrad),

• Thin, reduced beam pipe diameter in the BGV detector region, to increase the
coverage of high-energy, very forward particles.

A detailed description of the proposed BGV parameters can be found in [27].
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Among the possible choices for a gas only inert gasses could be considered. Con-
sidering all noble gasses led to the following considerations. Helium was discarded
as it is used for cooling of the Magnets and its usage would hinder leak detection.
Neon and Argon have a mass in the useful range for collision purposes but Argon
is also used for leak detection so its usage was discouraged as well. Up the periodic
table we also have Krypton and Xenon which have a very high mass and therefore
higher cross-section for beam-gas interactions. Due to their high particle multiplicity
and higher saturation effects on the ion pumps they would increase the complexity
of the clustering and additionally limit the lifetime of the vacuum setup and were
thus discarded. The final choice therefore was Neon.

The gas injection system uses a controlled flow valve to increase the pressure in
the target chamber up to 1 ⇥ 10�7 mbar. The distribution of the gas in the volume
is very even with vacuum pumps in front of the volume and behind the detector
making sure, that the pressure is only increased locally.

The gas volume itself consists of two parts. A 1873 mm long cylinder made
out of 3 mm thick stainless steel (316N) and an aluminum structure made out of
alloy AA2219. In beam direction the shape begins with a 5� tapering angle from
the default beam pipe diameter (58 mm)and increases up to a diameter of 212 mm
(fig: 3.1c). The shape then continues at that size up to the full length.

(A) Aluminium exit window
and thinned beam-pipe.

(B) Perpendicular view includ-
ing attachment flange.

(C) Main chamber of the BGV
with it’s tapering shape to grad-
ually increase the diameter and

attachment flange on the left.

FIGURE 3.1: The two parts of the gas-target chamber of the BGV.

Attached to this cylinder is the aluminium structure (figure 3.1a and 3.1b) which
reduces the diameter via a conical shape to 52 mm. This shape is the exit window
designed to allow for the passing of the collision products out of the beam vacuum.
During the transition from the outer diameter to the thinned beam pipe the window
also linearly reduces its thickness from 3.2 mm to 0.9 mm. This is done over a dis-
tance along the beam pipe of about 28 mm[28] which can be seen in figure 3.1b. By
changing the material to aluminium (alloy AA2219) and also reducing its thickness
to 0.9 mm the radiation length (x/X0) is lowered to about 1 % (Aluminium has a ra-
diation length of ⇡ 89 mm). AA2219 has a yield strength similar to that of steel but
an approximately five times higher radiation length.

To calculate the rate of interactions in this about 2 m long volume we take equa-
tion (3.5) on the preceding page with f = 11 245 Hz (LHC revolution frequency [14]),
N = 1.1 ⇥ 1011 protons/bunch, sphys = sinel

pNe and Q = p
kBT · 2 m. By injecting neon

into the gas volume the local pressure can be increased up to p = 1 ⇥ 10�7 mbar giv-
ing a theoretical interaction rate of 227 Hz (total) out of which 185.2 Hz are inelastic.

The influence of the locally increased pressure and therefore higher interaction
rate on the beam half-life time due to the gas injection is in the order of years and can
therefore be neglected (1.1 ⇥ 1011 protons per bunch with a collision rate of 227 Hz
⇡ 10 Years).
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3.4 Trigger system

A dedicated trigger system (Level 0: L0) is used to select beam-gas interactions that
occured in the interaction region. This section describes the components and their
layout and logic.

3.4.1 Trigger hardware setup

The trigger signals are generated by four scintillator panels positioned at three dif-
ferent positions along the beam pipe. Scintillator panels consist of scintillating fibres
in which light is emitted when a charged particle passes through them. Due to the
coating of the fibres the light is mostly reflected internally and guided along the fi-
bre to a photo multiplier where the signal is amplified. Two panels are positioned
in-front of the gas volume (VETO), one right after the SciFi detector (SIGNAL) and
one three meters downstream after that (CONFIRM) (see fig 3.2).

���������	
�	����
��

FIGURE 3.2: Drawing of the three main components of the BGV to
scale with the positions of the trigger panels along the beam pipe.

The scintillator panels are 30 cm ⇥ 30 cm squares with a thickness of 1 cm with
the fibres connected to a 60 mm diameter photomultiplier tube assembly (Hama-
matsu type H1949-51). The signals are transported via coaxial cables over a distance
of 60 m to the service tunnel where the electronics crate is housed. To align the sig-
nals roughly in time the signals from the VETO and SIGNAL planes are delayed by
⇡20 ns and ⇡10 ns respectively by adding the appropriate length of cable to their
connections. The remaining spread in the arrival times is caused by the different
lengths in the scintillating planes that the generated light needs to travel before it
hits the PMT. The PMT itself has a rise-time of about 1.5 ns.

(A) Difference in time between the SIGNAL
and CONFIRM planes of the BGV after cor-
recting for the time of flight using cables of

appropriate length.

(B) Linear increase of the trigger rate with the
change of the gas pressure when injecting gas.

FIGURE 3.3: Plots showing the timing behaviour of the L0 trigger as
well as the scaling of the trigger rate with the gas pressure.
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The analog signals are then passed through a constant fraction discriminator
(CFD, CAEN V812) for digitization. The digitized signals are then passed to a pro-
grammable logic unit (CAEN V2495) where they are aligned in time with about 1 ns
of precision figure 3.3a on the previous page.

3.4.2 Event selection

A decision algorithm in the logic unit allows for the definition of a trigger mask
based on the four input signals. By default a L0 trigger signal is emitted when the
SIGNAL and CONFIRM planes have measured a signal and the VETO planes did
not. The rejection of VETO signals prevents the acceptance of beam-gas collisions
that happened in front of the interaction volume. The coincidence of SIGNAL and
CONFIRM inhibits triggers from random noise sources in the panels as well as par-
ticles originating from beam 1 of the LHC.

3.5 High precision detector

The precision tracking detector of the BGV consists of scintillating fiber panels posi-
tioned outside of the beam pipe in two stations separated by almost 1 m of air (see
figure 3.2 on the preceding page). The analog signal pulses of the fibers are read out,
amplified and transported to the service tunnel for digitization.

3.5.1 Scintillating fibre panels

Scintillation is the name for the effect of the emission of photons when an energy
deposition occurs from a particle by ionization. The amount of light produced be-
haves almost linearly with the energy deposited by the particle. The detecting planes
of the BGV are constructed out of round, double-cladded scintillating fibres (SciFi)
with a diameter of 250 µm. The panels were assembled at EPFL as part of the effort
for the production of the ones for the LHCb experiment and are mostly equivalent.
I will be giving a fair description of the panels for an extensive description of their
construction procedure please refer to [29].

The fibres are taken from the roll provided by the manufacturer and transferred
on a target roll with a circumfence of 3 m with the goal of creating an even structure.
All the fibres are then glued together using a epoxy glue with added TiO2 powder
to reduce cross-talk between the individual fibres. For the BGV either four or five
of these layers are rolled on top of each other to increase the light yield and cast
together using a casting glue. These slightly pyramidic shapes are then cut into
slices of 256 fibres next to each other forming an active area of 65 mm width with
320 mm height. Two SiPM arrays of type H2014 [30] with 128 channels each are
mounted together and then fixed to one side of the mat to cover the 256 fibres. The
other side of the mat is covered with a mirror to increase the light-yield. Between
the two SiPMs is a small dead area of the width of about one fibre which needs to be
accounted for in the reconstruction.

Four of these sets of 256 channels are put next to each other to form a BGV SciFi
layer. A 97 mm ⇥ 97 mm cut-out at one corner of the mirror-side of the SciFi layer
allows positioning close to the beam-pipe and thus a better azimuthal acceptance.
Fixing two of these layers together with an angle difference of 2 degrees creates a
module. This second layer is refered to as prime layer and is used to facilitate pattern
recognition [31].
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FIGURE 3.4: Drawing of one BGV module

3.5.2 Geometric layout

The BGV is constructed by placing eight of the modules described in the previous
subsection in precise locations around the beampipe. Two modules are put together
with 90� of rotation with respect to each other to form a detecting station capable of
delivering four coordinates (X, X0, Y and Y0, see fig: 3.5a).

(A) Two modules are put together to provide
a four coordinate measurement.

(B) The presence of the beam1 pipe neces-
sitates the placement of the modules in that

way.

FIGURE 3.5: CAD drawings of the BGV modules showing their place-
ment with respect to each other and to the beam pipes.

One of each of these detecting stations, with modules containing four layers of
fibres, are placed on above and below the beampipe as close as possible to the exit
window of the gas target chamber. One metre downstream an equivalent setup is
placed with the main difference, that the modules contain five layers of fibres to
increase light-yield.

The modules are placed 45� rotated with respect to the horizontal plane to max-
imise coverage while having to leave space for the beam 1 pipe (see fig: 3.5b).
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FIGURE 3.6: Placement of all modules around the beam pipe.

3.5.3 Cooling

The BGV sensors and front-end electronics are exposed to background radiation
generated by beam losses and beam-gas interactions. Radiation damage leads to
an increase in the optical attenuation of the scintillating fibres, but the effect on the
detector performance is insignificant due to the small size of the modules. This does
however not hold true for the neutron fluence which increases the SiPM dark count
rate [29]. This necessitates cooling of the SiPMs in order to maintain an acceptable
noise cluster rate [32, 33].

The expected radiation fluence and dose can be estimated from the predicted rate
of beam-gas interactions, giving a yearly charged-particle fluence of 4 ⇥ 1010 cm�2

in the region of the BGV tracker. This is the integrated fluence at radii between
22 cm and 26 cm around the LHC beam pipe, where the BGV SiPMs are located.
Since most charged particles are highly energetic (more than 1 GeV), this fluence
can be translated into about 2 ⇥ 1010 neq cm�2 (where neq stands for ’1 MeV neutron
equivalent’) and to a dose of the order of 1 Gy/Year.

A single-phase cooling system is installed to cool down the SiPMs. A brief
overview of the system is given here, while a more detailed description can be found
in [32, 33]. The cooling system is composed of a commercial refrigerator unit located
in the service tunnel and cooled by ambient air. This is operated in a closed loop
with C6F14 fed into a pair of 25 m long transfer lines before reaching the main man-
ifold located inside the LHC tunnel. The manifold provides 4 parallel output loops
for detector cooling, each individually tunable by a manual needle valve. C6F14 is
chosen both for its thermal properties and radiation resistance. The power dissipa-
tion per module has been measured to be approximately 20 W (dominated by heat
leaks).

A typical flow of 20 l min�1 with a supply temperature of �15 �C at the refriger-
ator is used to achieve a detector temperature of approximately �10 �C. The refrig-
erator’s control system keeps the cooling fluid temperature stable within less than
0.1 �C. Temperature variations between different SiPMs are also measured to be less
than 0.1 �C. The SiPM cold-boxes as well as the main manifold are flushed with dry
air in order to prevent water vapour condensation.
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3.5.4 Analog readout chain

The 128 analog signals emitted by each SiPM are read-out using the radiation tol-
erant Beetle front-end chip which was developed for LHCb [34]. Each of the 128
channels is sampled synchronously with the 40 MHz LHC bunch clock and stored
in an intermediate storage pipline to allow for some time for the trigger signal to
reach the beetle chip. Since the Beetle chip was designed for usage with silicon sen-
sors, which have a relatively small input signal (about 104 electrons per MIP) the
signals originating from the scintillating fibres (about 107 electrons per MIP) need to
be attenuated to fit into the dynamic range of the Beetle chip. This is achieved by
using an RC-circuit that provides an attenuation of about 300x [31].

Upon receival of a trigger signal the corresponding storage cell position is
marked for readout and an internal multiplexer transfers the signals via four ports
time-multiplexed with the LHC frequency (40 MHz) to the repeater boards. This
time-multiplexing limits the maximum data transmission rate to 40 MHz/32 =
1.25 MHz without accounting for overhead. Since the beam-gas interaction rate
maxes out at 227 Hz/Bunch (see section 3.3.1) the total L0 trigger rate for up to 2808
bunches is 637 kHz and thus well below this limit. The transfer rate therefore does
not limit the overall read-out speed of the setup.

The repeater boards, which are placed a few metres of cable length away from
the detector, buffer the signal, amplify it and then send it via 60 m of cables to the
read-out Board (TELL1, originally developed for LHCb[35]) which is located in the
LHC service tunnel, outside of the radiation environment. In total there are eight
TELL1 boards, each handling the signals from one SciFi module.

The management of the readout is done by the ODIN read-out supervisor board
which was also developed for LHCb and has been configured with a firmware that
is optimized for BGV operations. ODIN handles the input signal coming from the
L0 trigger, matches them to the LHC bunch number and checks if the TELL1 boards
are all in a ’ready’ state by means of the capacity monitoring board HUGIN. If there
is capacity available ODIN distributes internal trigger signals to the TELL1 boards
prompting them to read-out the Beetle chips.

The supply of low voltages for the repeater boards and the beetle chips as well
as the high voltage which is used to bias the SiPMs is provided by CAEN voltage
supply boards (four A2518, one A1539 and one A1535D) placed in a crate in the
service tunnel.

3.6 Data processing and analysis

This section describes how the analog data is received by the TELL1 board, digitized
and several raw data corrections are applied. Furthermore the clustering algorithm
and how the data is transmitted via the gigabit ethernet connection to the HLT com-
puting farm is explained. Finally the different functions the HLT can perform are
described and the data processing procedure is given.

3.6.1 Data correction, digitisation and clustering

The analog signals received by the TELL1 board are digitized using a 10bit ADC. [36]
These raw values are then corrected using a chain of corrections which are applied
in the reverse order of the introduction of the distortions due to the read-out chain.
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Raw data corrections The raw data is corrected by applying the following steps in
the given order. A short overview of each step will be given here, for a complete
explanation please refer to [37].

1. Pedestal subtraction The value corresponding to “no signal” in the ADC is non-
zero. To subtract it from the measured value a calibration measurement is
performed without any signals. The average value per channel over all cali-
bration events is the pedestal which is subtracted from the raw values during
standard runs.

2. Header correction Four pseudo-digital bits precede the 32 analog values for each
analogue link which contain header information. The values of these bits in-
fluence the first data values transmitted. For this correction it is assumed that
only the last two header bits influence the first two data channels. Depending
on the four possible combinations of the header bits the deviation is measured
during calibration and then applied during standard runs.

3. Common mode noise suppression Noise introduced in the analog link varies from
event to event and can therefore not be calibrated against. To remove this noise
the average of all values in one analog link is calculated for each event and then
subtracted. Since channels can (and should) have hits only values close to the
zero-value are considered in the average.

4. Channel correlation correction Two phenomena have been identified to create a
correlation between channels due to cross-talk between signals. The first is
cross-talk between the two channels transmitted consecutively in the analog
link (offset of five channels). The second is due to the lines on the front-end
board.

For a given channel i the signal amplitude A(i) is corrected by subtracting
a fraction xj!i of the signal amplitude of a neighbouring channel j. Mea-
surements have shown that the most significant correlations (more than 10 %)
comes from channels i + 3 and i + 5 and therefore only these are corrected for:

Acorrected(i) = Araw(i)� xi+3!i · Araw(i+3)� xi+5!i · Araw(i+5). (3.7)

The correction algorithms are calibrated in the laboratory, tested on raw data and
implemented in the TELL1 boards.

Clustering Once all raw data corrections are applied a cluster-finding algorithm is
run that combines neighbouring channels into clusters if they fulfill certain criteria
[38, 39]. The algorithm consists of four steps and is also illustrated in figure 3.7b on
the next page:

1. Identify channels with signal amplitude above a seed threshold (seed channels),

2. Identify channels with signal amplitude above a neighbour threshold (neighbour
channels),

3. Form clusters from adjacent seed channels and, at most, one neighbour chan-
nel on the left and one on the right (total size limited to four channels).

4. Discard clusters with total signal amplitude below a given sum threshold.
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The clustering thresholds are defined per SiPM and have been fine-tuned with the
results presented in [31]. They are optimized towards detection efficiency while
limiting the average number of noise clusters to below 1.5 noise clusters per module
per event.

particle

pixel

fibre

channel

fired pixel
photon

pos

signal
amplitude mean position

(A) Signal generation due to a charged par-
ticle passing through a five-layer SciFi panel
as seen from the perspective of the SiPM. The
particle is detected by multiple fibres produc-
ing a signal in multiple pixels of the SiPM.
Only the sum of signals for the 104 pixels of

one SiPM channel is read out.

SiPM channel

Amplitude

Seed threshold
Neighbour threshold

Removed by
sum threshold

(B) Clusters are recognized when a channel
has a signal of more than the seed threshold and

accepted if the sum threshold is met.

FIGURE 3.7: Illustrating the cluster creation and recognition in the
SciFi panels.

The information of the cluster is stored into 14 bits, 11 bits to identify the refer-
ence channel and the remaining three to store the relative offset (inter-strip-position)
in units of 1/8th of a strip width (corresponding to 31 µm).

The data of each TELL1 is packaged together and sent to one of the analysis
threads running on the HLT nodes via gigabit ethernet. The package contains either
only the (corrected) ADC values (non-zero suppressed [nzs]), the cluster information
as calculated by the clustering algorithm (zero suppressed [zs]) or both.

For non-zero suppressed data the event-transfer-rate via gigabit ethernet maxes
out around 3.3 kHz. The theoretical maximum equals to 4078 Hz but does not ac-
count for protocol overhead. For zero suppressed data the theoretical limit is at
around 47 kHz. The practical limit is currently unknown since the bottleneck has
shifted to the available cpu capacity of the computing farm.

3.6.2 Online and offline data processing

The data processing and analysis system of the BGV is based on the LHCb analysis
framework(GAUDI), specifically on the Boole(v29r7) package [40]. Many modules
such as the raw decoder, the cluster maker and the SciFiEvent were copied from
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FIGURE 3.8: Comparing fundamental cluster plots between simu-
lated and recorded data. It is important to note that for recorded data,
presumably due to effects caused by beam 1, the cluster multiplicity

is slightly elevated in comparison to simulation.

LHCb and used for the BGV with only minor adaptations. Additional modules for
BGV-specific cases were developed over the course of the project to facilitate pattern
recognition, event filtering and monitoring.

The main design idea of the GAUDI software architecture is based on Algorithms
which commonly manipulate data objects and store data objects of either the same
type or a different one. Algorithms are registered in the required order with the ap-
plication manager which instantiates the correct version and executes the algorithm at
the appropriate point in time. Multiple algorithms can be combined into a sequence
which can be added or removed from the main sequence of the application manager
as one entity. The storage of data is handled transparently using the so-called Tran-
sient Event Storage(TES) system which works on an event-by-event basis keeping
the relevant data available. Commonly an algorithm accesses one or multiple TES
branches, performs the relevant action such as filtering, tagging or more advanced
calculations and then stores the result back into a new TES branch. The relevant data
is processed on an event by event basis with the TES containing only the values for
one Event at a time. A persistency service is in charge of storing selected data in a
persistent form once an event has been analyzed. These persistent forms can take
multiple forms, for the BGV only LHCb raw data files (mdf) as well as ROOT [41]
files were used.

The differentiation between offline and online analysis originates from the source
of the data.

Online refers to the data originating directly from the TELL1s and the algorithms
being run directly on the processing infrastructure.

Offline signifies, that the source of the data is some form of persistence storage,
usually a mdf file on a disk. This allows for detailed studies of the whole
analysis process by analyzing the same data in different ways and comparing
the results.

Depending on the type of data stored (zs, nzs or both) different analysis are possi-
ble. If the input is nzs data then different noise-cuts and thresholds for the clustering
algorithm can be applied to optimize these low-level parameters. Due to the lower
data rate as well as the higher processing time (since the filtering and clustering
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are now done in software) this data is only moderately useful for actual beam-size
measurements.

Zero suppressed data can be processed significantly faster and allows for rapid
and dynamic parameter optimization due to the reduced processing time and higher
amounts of data per second. All results presented in chapter 6 on page 63 are from
the analysis of zs data.

3.6.3 Online event selection (HLT)

The HLT used for the BGV consists of six computing blades (type HPE ProLiant
BL460c). One of the blades is a dedicated control board (BGVCTRL) managing the
remaining five and orchestrating the data transfers between the nodes. The persis-
tency service is executed on the BGVCTRL thus all output files are stored on the
RAID1 system of this blade only. The remaining five boards provide a total of 92
cores for the BGV analysis. Once a run is started, the control interface initializes 10
analysis threads per blade which are then offered to the ODIN control board as avail-
able capacity. Whenever a package is received by a thread the available capacity is
reduced by one. Once a thread has completed the requested analysis and transmit-
ted the results to the BGVCTRL board the available capacity is incremented by one
to signal the availability of the thread.

Once a package is received by a thread it decodes the content and performs a
selectable sequence of filters and algorithms. The following filters and algorithms
have been developed for the BGV

Filters

Total cluster count This very fast filter ensures that the event contains a mini-
mum amount of clusters to even be able to fulfill the next conditions while
also limiting the maximum amount of clusters in the event. Events with a
very high amount of clusters take disproportionally longer to reconstruct
in comparison to their contribution to the result.

Module cluster count Each module needs to have at least two clusters to be
able to reconstruct two tracks which is the basic requirement for any kind
of BGV measurement. Additionally an upper bound is implemented per
module to remove events where one module shows an uncharacteristi-
cally large occupancy.

Total track count For an event to be accepted for beam size calculations at
least two tracks need to have been found.

Algorithms

Pattern recognition Executes the pattern recognition as described in sec-
tion 4.1 and stores the tracks in the TES.

Event storage Stores selected data banks from the TES to an mdf raw data file
on disk for offline processing.

Publisher Calculates the correlation values as described in section 5.2 and
transmits the results to the control machine. The control machine collects
the results until a defined amount of time or data is reached, performs the
fits and publishes the results to the technical network.

Depending on the current mode of operation of the BGV a certain subset of algo-
rithms and filters is active.
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Protons Lead-Ions
Total cluster count 50  400 40  640
Module cluster count 2  50 5  150
Total track count 2  2 

TABLE 3.2: Selection parameters used for the BGV during the 2017
and 2018 runs.

Passthrough The HLT does not perform any actions except collecting the events
from all TELL1 and storing the raw data to disk. This raw data is defined by
the TELL1 configuration and can either be ADC data, clusters or both.

Combined mode The HLT applies the Total cluster count and Module cluster count
filters and stores the events that passed the filter to disk. The TELL1 are com-
monly configured to only transmit the cluster information.

Operational mode The HLT receives clusters only data and applies the filters and
algorithms in the order: Total cluster count, Module cluster count, Pattern
recognition, Total track count, Publisher with the aim of providing the best
result in the shortest amount of time.

Operational debug mode Performs exactly the same steps as the operational mode
but additionally calls the Event storage algorithm at the end.

The parameters for the filters applied in the HLT were chosen after an extensive
study of multiple data-samples and beam-types. They are given in table 3.2 and
differ for proton and lead-ion beams to accommodate the different behaviour of the
particle showers. These differences are discussed in detail in section 6.2.4 on page 68.

3.6.4 Filter efficiency/passing rate

Multiple steps of filtering are performed and additionally the available capacity
leads to throttling of the read-out rate in case of no availability of any component
in the chain. The individual steps and their absolute and relative filtering steps are
given in table 3.3.

Filter Rate [kHz] pass per step global pass
Theoretical rate 580.0 100.0 % 100.0 %
L0 trigger rate 458.0 79.0 % 79.0 %
HLT availability 22.4 4.9 % 3.9 %
Global cluster cut 17.4 77.7 % 3.0 %
Module cluster cut 11.6 66.7 % 2.0 %
Total track count 4.8 41.4 % 0.8 %

TABLE 3.3: Gives the absolute numbers and percentages of the indi-
vidual steps and their cuts

The biggest reduction in rate is happening at the level of the availability of the
HLT. This is due to insufficient computing capacity. To mitigate this problem addi-
tional CPU blades were installed in June 2019 but the increased rate could not be
tested before the conclusion of this thesis and would not be relevant for the results
presented here either.
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BGV track and vertex
reconstruction

During the hardware development period an extensive simulation was developed as
well which encompasses all of the components of the BGV. This full simulation was
used to develop the pattern recognition algorithm and the corresponding monitor-
ing algorithms. Additionally the simulated data was used to qualify the algorithm.

4.1 Pattern recognition

The clusters created in section 3.6.1 on page 30 ideally represent all particles that
have passed through the SciFi layers of the BGV. To find combinations of clusters
created by the same particle, which in turn was created by a beam-gas collision in
the gas volume, a pattern recognition algorithm needs to be used. There were two
pattern recognition algorithms developed for the BGV, BGVPattern and PatRecB.

4.1.1 Combinatorical approach (BGVPattern)

BGVPattern follows a combinatoric approach by creating all possible cluster combi-
nations between relevant planes with very few selections applied. It is described in
detail in [32] by the developer.

The detection efficiency of this algorithm is around 70 % but the computation
time scales rather poorly with the number of clusters. The originally expected av-
erage computing time was (15 ± 5)ms. Running the algorithm on a more recent
computer (i7-3770 CPU @ 3.40GHz) gave an average runtime of about 10 ms/event.
This still only equates to 100 events per second which was forseen some time ago and
lead to the development of a second, faster algorithm (PatRecB) by Plamen Hopchev.
It follows a different approach and amongst other things employs knowledge of de-
tailed detector properties to optimize the execution time. A detailed description of
the algorithm and the adaptations that had to be made to optimize the algorithm for
detector data is given in the next section.

4.1.2 Geometrical approach (PatRecB)

This is the pattern recognition algorithm currently in use by the BGV and used for
all results presented in this thesis. It was originally developed by Plamen Hopchev
and was originally soley based on the full simulation of the BGV geometry and the
clusters generated by the event generator. It is designed to take advantage of the
specific layout of the BGV to decrease computation time and reduce the amount of
fake tracks recorded.
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Since the BGV is symmetric when rotated by 180 degrees around the z-axis (ex-
cept of a small shift along the beam pipe) the pattern recognition algorithm can be
applied to the two halves separately with small parameter modifications for the TOP
and BOTTOM halves. Hence, to optimize the computation complexity the first op-
eration of the algorithm is to split the list of clusters into two blocks, one for the
top half and one for the bottom half of the detector. Within each of these halves the
clusters are split into the eight consecutive layers making up each half. To optimize
the speed and memory requirements of the algorithm the clusters are converted to
so-called Geometric Identities (GeoIDs). These are integer numbers representing the
position of a cluster on a layer while considering the additional distance created by
the gap between the SiPMs as well as dead areas (see sec. 3.5.1). They can generally
be considered like the consecutive channel numbers but are spaced almost perfectly
uniform.

Search windows

Search windows are used to reduce the number of clusters considered for a track
candidate. They are calculated by applying basic trigonometric functions to the
GeoIDs selected at a given stage with the aim of limiting the amount of GeoIDs
that need to be checked. They provide a rough estimate of the range a matching
GeoID could be located in and reduce the search range from 1035 GeoIDs per layer
to between 300 and 10 (depending on the number of GeoIDs already selected). The
exact parametrization of the search windows was at first done using the MC simu-
lation and once data was available additional small adaptations were performed to
optimize for acceptance vs runtime.

To mininize the amount of combinations that need to be checked, search win-
dows are calculated for each layer during pattern recognition. They are designed to
use the geometry of the BGV to aid pattern recognition. When a search window is
calculated all GeoIDs matching it are sequentially chosen and the following window
is checked with the new GeoID selected as an option (see also section 4.1.2 on the
next page).

Window 0 uses the position of the GeoID in the FAR station to estimate a range in
the NEAR station where hits of tracks originating from the gas volume can be found.
Depending on the current GeoID under investigation this can lead to a window size
of between 30 and 300 (see figure 4.2a on page 38).

WindowPV uses the slope between the GeoIDs of the first layer in the NEAR and
FAR plane to estimate the z-coordinate zPV of the primary vertex

zPV =
ifar ⇤ zfar � inear ⇤ znear

ifar � inear
(4.1)

with inear and ifar the GeoIDs in the near and far plane respectively. The precision
of this estimation depends significantly on the difference in GeoIDs (see figure 4.2b
on page 38) and breaks down completely when they have the same value as the
denominator becomes zero. Geometrically these GeoIDs represent tracks that are
parallel to the z-axis. To allow for recognition of these tracks a higher margin is used
for GeoIDs with an absolute difference of less than 12. The window is passed if the
estimated zPV is within the range of the gas volume plus margin.
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Window 1 uses the slope created by the two selected GeoIDs in the NEAR and
FAR layers to define a range for the prime layer which is rotated by 2� with respect
to the already chosen layers. As is clearly visible in figure 4.2c on the following
page the cutout window allows for the reduction of the window size for a part of
the range. The maximum range is defined by the maximal difference between the
GeoIDs of the normal and prime layer given by the rotation angle and the strip
length (340 mm · sin(2�) ⇡ 12 mm = 48 GeoIDs), see figure 4.1a.

Window 2 uses the three selected GeoIDs to estimate a range on the perpendicular
3rd layer of a station. This window is responsible to perform the switch from one
coordinate to the next and uses the available information from the overlap of the
GeoIDs in layers 0 and 1 to define the center of the search range for the layer 2
GeoID (see figure 4.1b). Due to the low angle the overlap region is rather large
encompassing 120 GeoIDs figure 4.3a on page 39.

12mm

(A) starting from a hit in layer 0 (red) it is clear
that the search window in layer 1 (dark blue)
has to be in the range of strips equivalent to

the 12 mm of offset.

(B) After selecting a GeoID in that range (yel-
low) the search window on the perpendicular

layer 2 (cyan) has to be in the green range

FIGURE 4.1: Graphical representations of search windows 1 and 2.

Window 3 uses the four selected GeoIDs to estimate a range on the last missing
layer of the station. This search window is very narrow as can be seen in figure 4.3b
on page 39.

The application of the Windows 1, 2 and 3 is collectively known as the com-
pletion of the two module assembly (2MA) since it performs the completion of one
station. After creating a list of 2MA combinations for the NEAR station a loop cal-
culates all possible 2MAs in the FAR station for each 2MA in the NEAR station and
performs a fast fit on the selected eight GeoIDs (after converting them back to clus-
ters). The best combination is added as a track candidate under consideration.

Once GeoIDs in the FAR station have been tried the algorithm finishes and a
precise fit is performed of all track candidates to get the final track parameters. If
the fit fails or the c2 value is greater than 100 the track is discarded.

Since the algorithm was developed against simulated data certain aspects of
real data could not be forseen or considered and thus the algorithm needed to be
adapted. The most prominent of these changes was the alignment of the fibre mats
glued to each other, the change of some search window sizes to better match the
actual alignment of the detector as well as the introduction of correct multiple scat-
tering and cluster size based errors into the fit.

Algorithm

The main pattern recognition procedure (see figure 4.4 on page 39) consists of the
following steps.
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FIGURE 4.3: The windows for the perpendicular planes of the NEAR
station.

• Select one GeoID in the first layer of the FAR station

• Select one GeoID in the first layer of the NEAR station

• Check if the difference between the GeoIDs is accepted in Window 0

• Check if the combination passes Window PV

• Find possible combinations of four GeoIDs by iteratively adding one per layer
in the NEAR station

• Iterate over these combinations and for each iteration find possible combina-
tions of 4 GeoIDs in the FAR station using the same algorithm as in the previ-
ous step.

• Perform a fast fit and accept only one combination per near station quad.

• Perform a four parameter fit of the accepted combinations and store those
which are below a c2 cutoff as accepted tracks.

FIGURE 4.4: Flowchart showing the order of operation of the PatRecB
algorithm. The representation of the BGV on the top is colour coded

to show which layers the windows correspond to.

4.1.3 Algorithm qualification

Using simulated data a thorough check of the pattern recognition algorithm was
performed and its behaviour qualified.
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Monte Carlo simulation

An extensive simulation of the BGV was developed based on the LHCb software
package GAUSS which uses GEANT4 [42] to simulate the particle-material interac-
tions. The proton-Neon interactions were produced by the HIJING [43] generator.
The full detector geometry as well as the gas target chamber were designed using
the LHCb geometry framework.

At first a collision between a proton and a Neon gas molecule is simulated with
the Neon at rest and the proton at a given energy (450 GeV or 6.5 TeV). The sec-
ondary particles created by this collision are followed on their path and upon pass-
ing through any material GEANT4 calculates the interaction in the relevant material.
If the material is part of a SciFi detector plane the generated photons are converted
into ADC values as it is done by the detector hardware. A software clustering al-
gorithm then creates clusters to match the information that is available for the hard-
ware detector.

Reconstructability criterion

To accurately qualify the capabilities of the reconstruction algorithm a filter was de-
vised to decide if a particle is reconstructible or not. This reconstructability criterion
requires the particle to:

• be charged

• originate from the primary vertex

• live long enough to travel until after the far station and

• have created at least eight hits, with all of these hits being either in the top or
in the bottom half of the detector.

Using these criteria the acceptance of the detector is modelled intrinsically. Fig-
ure 4.5 shows the the angular acceptance of the BGV perpendicular to the z-axis
compared to the angular distribution of particles originating from the primary ver-
tex.

FIGURE 4.5: Comparing
the pseudorapidity of
simulated tracks (red)
with the reconstructible
(blue) ones shows the
limited coverage of the
BGV. Additionally the
green curve shows the

reconstructed tracks.
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directional vector and the beam axis. A pseudorapidity of greater than five cor-
responds to an angle of less than 1.56� or a distance to the beam-axis of less than
26 mm after a length of 2 m. This corresponds to the minimum beam-pipe diameter
of 52 mm at the first detector station. A significant amount of very forward particles
is therefore impossible to detect for the BGV.

Additionally figure 4.6 shows the acceptance in the azimuthal angle as well as
the acceptance of the BGV along the z-axis with respect to all simulated particles.
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FIGURE 4.6: Comparison between all simulated tracks and the ones
that are able to be reconstructed based on the detector coverage.

The full MC simulation has been invaluable to the design process and the devel-
opment of the pattern recognition algorithms for the BGV.

Absolute efficiency

The absolute efficiency of the algorithm is given by the percentage of tracks that
should be reconstructable according to the reconstructability criterions defined in
section 4.1.3 on the facing page. This is evaluated by taking the clusters of one re-
constructable track and passing them to the pattern recognition algorithm. Ideally
this should lead to the algorithm returning the combination as there is only one com-
bination possible. If the algorithm failed to produce an output then the window at
which it failed to find the only cluster available is recorded as not passed. This is
done for all reconstructible tracks of one event individually. The output of the algo-
rithm is given in table 4.1 for one simulated sample of 300 000 events. It shows that
the pattern recognition only manages to reconstruct 89.4 % of the reconstructible par-
ticles. This defines the upper limit for the overall efficiency of the pattern recognition
algorithm.

Efficiency and Purity

Two very important characteristics of a pattern recognition algorithm are its effi-
ciency and purity. They quantify the performance of the pattern recognition algo-
rithm by applying the algorithm to a simulated data sample. Their definitions are:

Efficiency Percentage of reconstructible tracks that are reconstructed.

Purity Percentage of reconstructed tracks that are matched to a simulated particle.
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Filter passed
Window PV 98.3 %
Window 1 (NEAR) 96.9 %
Window 2 (NEAR) 93.4 %
Window 3 (NEAR) 92.2 %
Window 1 (FAR) 91.8 %
Window 2 (FAR) 89.5 %
Window 3 (FAR) 89.4 %

TABLE 4.1: Shows the percentage of reconstructable tracks passing
each window consecutively for a simulated sample of 200 µm. Note
the larger jumps at both times between the windows 1 and 2. These
are the windows responsible for the estimation of the panels which

are rotated by 90�.

To have a clear picture the events are grouped by the number of reconstructible
tracks they contain. Each event is then passed to the pattern recognition algorithm
which returns all the reconstructed tracks (i.e. all combinations of eight clusters
found). A matching algorithm then checks the clusters of each reconstructed track
against the clusters of each reconstructible track. If all eight clusters match, the re-
constructed track is marked as matched, otherwise as not matched. We can thus
formulate the definitions as:

efficiency =
matched tracks

reconstructible tracks
(4.2)

purity =
matched tracks

matched + not matched
. (4.3)

The results of these calculations are shown in figure 4.7 on the next page. The
figure shows, that the efficiency is above 70 % for the most important range of 2 to 6
tracks per event, since events with zero or one track cannot be used for calculations.
The highest possible value for the efficiency is the aforementioned 89.4 %. This limit
is completely independent of the number of tracks per event and just influenced by
the pattern recognition algorithm.

The reasons for some tracks not being found come down to the search windows.
For computational speed reasons they are chosen to be as narrow as possible to re-
duce the amount of combinations that need to be checked. This leads to particles
that fulfill certain edge cases to not be included in the search window and therefore
not found. This trade off is accepted to improve the overall speed of the algorithm
and thus the BGV.

As for the purity the increase in reconstructible tracks comes with an increase
in occupancy. Some of the clusters in the detector are created by tracks that cannot
be reconstructed. These additional clusters are also used by the algorithm during
reconstruction leading to tracks including clusters that were not created by the same
particle. This leads to so called ghost tracks, tracks that are recognized by the system
but are not actually created by one single particle. Figure 4.8 shows the percentage
of matched clusters for all recognized tracks of a simulated sample. What is espe-
cially important to note is, that quite a large percentage of tracks do not contain any
clusters of reconstructible tracks.

The fact that clusters not belonging to one track are combined together like this
is an intrinsic problem of the number of tracking stations available and cannot be
alleviated in the current system.
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FIGURE 4.7: Shows the efficiency(green circles) and purity (blue
squares) of the pattern recognition algorithm as a function of the
number of reconstructible tracks. The red bars show fraction of events
with the respective number of tracks in a simulated sample with

200 µm and 300k Events.
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FIGURE 4.8: Showing the percentage of clusters matched for a recon-
structed track with eight clusters. It shows that 66 % of recognized
tracks match perfectly to one reconstructible and 17.9 % have not a

single cluster in common with any reconstructible track.
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4.2 Track fitting

Since the BGV does not have a magnetic field and is also only capable of measuring
the same coordinate at two locations in z a track is described by a line as point (x, y, z)
and vector (tx, ty, tz). To estimate the most optimal parameters for a recognized
track the parameters x, y, tx and ty are fitted to the eight selected clusters. The
parameter tz is set to 1 to define the direction of the track to be in positive z direction.
The position in z is defined as the minimum between the near and far station with
different parameters for the top and bottom halves.

A weighted least squares fit is performed by minimizing the squared distance of
the track to all eight clusters

min
8

Â
i=i

d2
i · wi (4.4)

with wi the weight of each cluster. The weights are given as wi =
1

s2
i

with s2
i the sum

of squared errors relevant for each cluster i. It is calculated as a linear combination
of the cluster resolution (s2

cluster) and the multiple scattering error (s2
MS(p, z)).

The cluster resolution of the SciFi modules used by the BGV was measured dur-
ing a beam test. The resulting shit were (38 ± 3)µm for the normal and (43 ± 4)µm
for the prime layer [31]. The resolution used for each cluster is calculated from the
cluster size and its weight distribution based on

scluster =
0.25p

12
Â q2

i
(Â qi)2 (4.5)

with q the charge measured at a strip i of a given cluster.
The multiple scattering error depends on the momentum of the particle as well

as the distance of extrapolation from the scattering surface. The error introduced by
multiple scattering as a function of the momentum of the particle can be calculated
using

s(p) =
13.6 MeV

pb

s
X
X0


1 + 0.088 log10

✓
X
X0

◆�
(4.6)

as per [44]. b in this case is the relativistic beta which can be approximated with 1
for most collision products and X/X0 is the depth of scattering material in units of
radiation length. The error a distance z after the scattering surface is given by

sMS(p, z) =
q

z2 · s2(p) (4.7)

for a given radiation length. The extrapolation error as derived in [32, Equation 2.7]
is given by

sextrap(z) =
p
(z2 � z)2 + (z1 � z)2

z2 � z1
scluster (4.8)

with zi the positions of the NEAR(1) and FAR(2) planes along the z-axis.
To finally calculate the error of a track at a given position z in the gas target

volume we combine the two equations equation (4.7) and (4.8) to form

sIP(z, p) =
q

sextrap(z)2 + s2
MS(p, z) (4.9)

shown in figure 4.9 on the next page.
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FIGURE 4.9: Extrapolation and multiple scattering errors for the BGV
for a secondary particle energy of 9 GeV.

The multiple scattering introduced by the exit window as well as the near station
is considered in the far station by adding the corresponding error. Since the MS error
depends on the energy of the particle creating the track, which cannot be measured
by the BGV, an energy assumption needs to be made. Following from the simulation
it is known that 50 % of the particles in the coverage of the BGV are in the range from
0.5 GeV to 7 GeV see figure 4.10a. Investigations with different attempts of estimated
errors using monte carlo data show, that the optimal assumption for the energy of a
track is 9 GeV as shown in figure 4.10b.
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age.
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sample using different assumptions for par-
ticle energy reveals the optimal point around

9 GeV

FIGURE 4.10: Using the momentum information available from sim-
ulation to estimate the optimal parameters for track fitting.

Therefore it was decided to use the value for 9 GeV for the fit since it is the mean
value for the number of entries per momentum. As a consequence of this, tracks
with higher energy have an overestimated error leading lower precision achieved
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than possible. For tracks with lower energy a higher precision than actually possible
is assumed which can lead to a higher c2 value during the fit thus removing them.

4.3 Vertexing algorithm

To reconstruct a vertex at least two tracks are required. The addition of more tracks
increases the precision of the found vertex known as the vertex resolution.

The BGV vertexing algorithm starts by selecting the first track and checking it’s
shortest distance to the next track. If this shortest distance is below 0.5 mm the two
tracks are considered a starting pair, otherwise the next track is compared to the first.
If a pair is chosen the centre on the line of closest approach between the two selected
tracks is considered as a temporary vertex. Consecutively the distance of all remain-
ing tracks is computed to this temporary vertex and if the distance is below the limit
the temporary vertex is updated to the point closest to all tracks under considera-
tion using the geometric mean. Once all tracks have been considered, the temporary
vertex is stored as an accepted vertex and all associated Tracks are marked as used.

4.4 Detector alignment

Great care was taken in placing the components of the BGV at the designated lo-
cations. An extensive metrology study was performed to control all aspects of po-
sitions within the layers, modules and the modules with respect to each other [32,
Appendix A]. To operate at the high precision possible with the BGV a software
alignment of the internal components was necessary. The difficulty with this process
is the lack of a reference frame due to the low number of measurements available
per coordinate (effectively only two per coordinate). To overcome these limitations
a multi-step approach was devised that uses all known parameters of the BGV and
performs alignment steps consecutively until the whole BGV is aligned.

To align the layers with respect to each other cluster residuals were used. The
cluster residual is the distance of a cluster to the track of the particle it was created
by. Additionally the concept of unbiased cluster residuals was introduced which are
the distance of the cluster to the track without actually using them when fitting the
track. Two individual levels are employed to allow for individual corrections.

• Fit using seven clusters and calculate the distance to the eighth for all layers.

• Fit using six clusters of three modules and calculate the distance to the remain-
ing two clusters on the fourth module.

The first allows to correct for offsets between the two layers of one module with the
cluster residuals giving similar values on the same module once they are aligned.
The second allows to position the module with respect to the other three modules,
most importantly the other module of the station it belongs to.

The alignment of the modules with respect to each other was performed using
the results from the vertexing algorithm (see section 4.3) because the important pa-
rameters for alignment are the mean position and slope of the vertices in the volume.
These values can be gained from the simple vertexing algorithm despite its short-
comings regarding beam size measurements discussed in section 5.1 on page 51.

A first noticeable improvement when performing simple alignment steps is the
increase in tracks found by the pattern recognition algorithm. This is due to the pre-
fit performed during recognition where a c2 cut is performed to select only tracks
with an acceptable fit quality.
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Following from the higher number of tracks found also more vertices are found.
This again improves the alignment capabilities since more information is available
to calculate the next alignment step. To increase the accuracy of the alignment every
step was performed twice making use of the higher statistics available.

The alignment is a critical component of the BGV performance. When not
aligned the results returned by the BGV for the beam size are not correct since the
correlation method requires the beam to be centered around the z-axis for the results
to make sense.

4.4.1 Alignment corrections

Using Cluster residual plots

Movement of panels within a module, this is generally an alignment of the SiPMs
of the normal and prime layers with respect to each other. This movement creates
an offset when moving from normal to prime layer that is constant with respect to
the other layer thus creating a constant shift in the mean value of the differences
between the two layers. This alignment step is complicated by the fact that shifts in
one layer influence the offsets in the other layers.
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FIGURE 4.11: Difference of the residuals of normal and prime layer
of one module on a per track basis to correct for the offset between
SIPMs on normal and prime layers. After correction the tail visible in
b on the left side is gone but the offset is not yet corrected as this is

done in the next step.

Once the difference between two layers has been minimized the absolute offset of
the parent module to the perpendicular neighbour-module needs to be minimized.
To achieve this each module is moved perpendicularly to the strip direction of its
normal layer.

Movements of modules with respect to each other, generate a constant offset
when switching from one module to the next, this is to some extent equivalent to
window 2 which does not actually consider misalignment at all.

Using vertex alignment plots

The vertex alignment is performed with a slightly modified vertexing function that
looks for vertices in the top and bottom halves independently. This allows to com-
pletely disentangle the two halves and align them individually.

Movements of stations with respect to each other change the positions of the ver-
tices along the z-axis to shapes that are not parallel to the z-axis. The most apparent
effect is a slope in x and y direction as shown in figure 4.12 on the following page.
Fitting a linear function to the profile of this result gives the slope of the difference
between the NEAR and FAR station.
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FIGURE 4.12: After performing only the cluster residual alignment
the vertices have a large slope.

To perform the correction the first step is to move one station with respect to
the other in a way that minimizes this slope. This needs to be done for the top and
bottom halves independently leading to two independently aligned halves. After
performing this first correction the number of vertices found increases significantly
due to the higher number of tracks found. To improve the alignment further the
procedure is repeated with the now higher amount of values and the previous cor-
rection values are adapted using the new results.

The next step is to move the independent halves with respect to the z-axis with
the goal of minimizing the difference between the centre of the reconstructed vertices
and the beam axis figure 4.14 on the next page. This correction is a perpendicular
shift leading to an overlapping of the vertices in the two halves.
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FIGURE 4.13: After performing the alignment of the near station with
respect to the far station and moving the whole bottom layer to its
appropriate location the vertices are centered on the z-axis. Addi-
tionally the significantly increased number of entries with respect to

the previous figure is visible.

As a final check the vertexing algorithm is changed to find vertices using both
tracks from the top and bottom half at the same time.

4.4.2 Application of alignment

The parameters resulting from these procedures are then used to move the objects in
the geometry model of the analysis framework to as closely as possible resemble the
positions of the physical modules of the BGV in the tunnel. These geometry values
are used throughout the analysis for all fitting procedures during the reconstruction.
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FIGURE 4.14: Requiring vertices to have tracks from top and bottom
gives the confirmation that the combined alignment suceeded.

Additionally, since the first search window requires the information on the strip
closest to the beam pipe centre this value is updated after the alignment is performed
to achieve the highest possible efficiency of the search windows. Since all remaining
search windows are relative to the GeoIDs selected in the first step this correction
propagates automatically.

4.5 Summary of performance with real data

After performing the alignment of the BGV the performance of the algorithm is eval-
uated and compared to the simulated dataset. One of the fundamental comparisons
is the track multiplicity per event when applying the same cluster filtering limits
to simulated data as they are applied to acquired data in the HLT (see table 3.2 on
page 34) but not filtering by tracks. The result shown in figure 4.15 shows a rea-
sonable equivalence between simulated and acquired data. One can also use the
reconstructible track multiplicity from figure 4.7 on page 43 as a point of compari-
son which also matches very well with the exception of the events with no tracks.
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FIGURE 4.15: Comparison of the track multiplicity of simulated and
real data. The real data sample is only filtered using the cluster filters

to provide a complete picture of all events.
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Another comparison of reconstructed tracks with predictions can be performed
by comparing the DOCA error calculated using equation (4.9) on page 44 and shown
in figure 4.9 on page 45 with figure 4.16. The extrapolation error is calculated using

sx(z) =
q

s2
x + (z � z1)2 · s2

tx
(4.10)

with s2
x and s2

tx
taken from the covariance matrix of the four parameter fit described

in section 4.2 on page 44. An equivalent equation can be constructed using sy and
sty . Again the prediction matches the values calculated from the measurements very
closely.
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FIGURE 4.16: Plotting the extrapolation error of the track at the POCA
over the z-coordinate of the POCA shows, that the expected extrap-
olation error (see figure 4.9 on page 45) matches closely to the one

calculated using the covariance matrix of the track fit.
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Chapter 5

Beam profile measurement

This chapter explores two possible methods to perform a beam size measurement
using the tracks provided by the BGV and reviews the benefits and shortcomings of
each.

5.1 Vertexing method

One method to gain knowledge about the beam size and position is to reconstruct
the vertex of the collision between the proton of the beam and the gas-molecule. The
statistical distribution of these vertices is directly correlated to the size of the bunch.
The vertexing algorithm developed for the BGV is given in section 4.3 on page 46.

Even with this very generous acceptance region of 0.5 mm half of the events with
two or more tracks do not contain a recognized vertex as shown in figure 5.1a on the
following page.

The measured (raw) distribution is a convolution of the vertex resolution and the
beam sigma as given by

s2
raw = s2

beam + s2
vertex. (5.1)

Thus to calculate sbeam from the measured sigma the vertex resolution needs to be
known with high precision. At first there was no clear way of independently as-
sessing the vertex resolution and thus a second method, the correlation method de-
scribed in the next section, was used to calculate the beam size. Now, since the beam
sizes are known for any given run, the vertex resolution can be calculated and the
vertexing method revisited. The results, as shown in figure 5.2a on the next page,
reveal that the vertex resolution depends to a large degree on the number of tracks
used.

Additionally, it becomes immediately apparent that the vertex resolution in most
cases is larger than the sigma of the beam to be measured. Starting from vertices with
5 or more tracks measurements for x have a svtx lower than the measured values (ap-
prox 220 µm). For the y axis this limit is never reached. This introduces a significant
systematic error into the calculations leading to a very large error on the measure-
ment of sbeam. Additionally, vertices with 5 or more tracks in them make up around
0.09 % of all vertices (figure 5.1b on the following page) which themselves make up
only 54 % of all filtered events. A different method of calculating the beam size is
therefore required to achieve the goal of the BGV.

5.2 Correlation method

Another method of calculating the beam size is to use the correlation between the
tracks originating from the same vertex. This method was previously applied in the
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(A) Multiplicity of vertices per event for
LHC fill 7334. (B) Multiplicity of vertices with different numbers

of tracks for LHC fill 7334

FIGURE 5.1: Vertex multiplicities

(A) Shows the vertex resolution for four in-
dependent runs calculated separately for
the horizontal and vertical axis calculated
from s2

vertex = s2
raw � s2

beam. The values for
s2

beam are calculated using the correlation
method.

(B) Profiles of the raw vertices in x and y for vertices
with 4 tracks.

FIGURE 5.2: Vertex resolution plots
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FIGURE 5.3: The length of the side d can also be represented using
d = xPOCA cos a + yPOCA sin a by splitting the triangle in two.

CDF experiment [45] and also used as an additional source of information in the
CMS experiment [46].

5.2.1 Impact parameter

Any two lines in three dimensional space that are not parallel have a minimal dis-
tance to each other called the Distance Of Closest Approach (DOCA). Following
from this there is a point on each line that has the shortest distance to the other line,
the Point Of Closest Approach (POCA). The impact parameter is the DOCA between
a given line and the z-axis in three dimensional space. The POCA on the line is then
given by the coordinates (xPOCA, yPOCA, zPOCA). The DOCA vector is always perpen-
dicular to the z-axis allowing us to consider the situation in two dimensions using
(xPOCA, yPOCA). The distance is given by the hypotenuse of the triangle as given by

d = x cos a + y sin a (5.2)

which, as shown in figure 5.3 can be applied to the impact parameter (IP). Since one
doesn’t have the angle a of this triangle but only the angle j of the track in its x-y
projection the following conversion needs to be applied.

sin a = sin(j � p

2
) = cos(

p

2
) sin j � sin(

p

2
) cos j (5.3)

cos a = cos(j � p

2
) = sin(

p

2
) sin j + cos(

p

2
) cos j (5.4)

From these equations follow the following relations: sin a = � cos j and cos a =
sin j. Inserting this into equation (5.2) leads to:

d = x · sin j � y · cos j (5.5)

Another way of deriving this relation can be done by starting with the track
equation y = a · x + b. The slope of the track is given by a =

sy
sx

= sin j
cos j = tan j.

Using an arbitrary point of the track one can define py = px · tan j + b therefore
b = py � px · tan j. Another representation, using the distance where the track cuts
the x-axis (cx) and the angle a gives d = cx · cos a which (using the representation
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a = j � p
2 ) gives d = cx · sin j. Evaluating at the point where the track cuts the

x-axis we can say 0 = tan j · d
sin j + b which with our previous definition of b leads

to 0 = tan j · d
sin j + py � px · tan j. Solving this for d gives

d = px · sin j � py · cos j. (5.6)

Since we used an arbitrary point on the track for the definition this equation works
with any point on the track but always returns the minimal distance to the reference
point.

This can be used to calculate the offset of the beam center from the mathematical
center by plotting the track angle j over the impact parameter. As shown in fig-
ure 5.4 for a simulated sample the parameters x and y of the fit return an offset. The
offset is smaller than the simulated one due to the amount of ghost tracks present in
the sample.
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(A) Simulated sample shifted from the beam
axis by 0.6 mm in x. The DOCA-j fit returns
an offset smaller than expected. This is due to
ghost tracks as described in the next section.
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(B) After centering the beam on the coordinate
center (e.g. after the alignment has been per-

formed).

FIGURE 5.4: The impact parameter can be used to calculate the offset
of the beam center from the axis center. A fit using equation (5.5)
on the previous page for the parameters x and y returns the offset in

both.

5.2.2 Impact parameter correlation

We can evaluate the correlation between impact parameters of track pairs originating
from the same vertex as follows:

hd1d2i = h(xv · sin j1 � yv · cos j1) · (xv · sin j2 � yv · cos j2)i (5.7)

With d1d2 signifying the multiplication of two DOCAs from the same event and the
brackets signifying the averaging over multiple events. An equivalent calculation is
performed for the ji dependent terms where ji is calculated for each track i indi-
vidually. Thus at first the values for each pair of tracks recognized in one event are
calculated and then the average of the results are used.

Expanding this equation gives

hd1d2i = hy2i · cos j1 cos j2 + hx2i · sin j1 sin j2 � hxyi sin(j1 + j2) (5.8)
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which is equivalent to

1
2
(hy2i � hx2i) cos(j1 + j2) +

1
2
(hy2i+ hx2i) cos(j1 � j2)� hxyi sin(j1 + j2).

(5.9)
We can now define a rotation matrix between the local coordinate system and the

beam rotation coordinate system to fulfill the condition that the symmetric matrix

hz2

1i hz1z2i
hz1z2i hz2

2i

�

is diagonal (hz1z2i = 0).
By defining hz2

1i = s2
1 and hz2

2i = s2
2 and applying the rotation matrix to equa-

tion (5.9) we obtain

hd1d2i =
1
2
(s2

1 + s2
2 ) cos(j1 � j2) +

1
2
(s2

1 � s2
2 ) cos(j1 + j2 � 2a) (5.10)

with a being the angle of rotation between the beam frame and the accelerator frame.
It should be noted that the average IP correlation is independent of the IP mea-

surement resolution. By adding a random error e to each measurement, one gets:

h(d1 + e1)(d2 + e2)i = hd1d2i+ hd1e2i+ hd2e1i+ he1e2i. (5.11)

Assuming statistical independence between errors and measurements, hdieji =
hdiiheji and he1e2i = he1ihe2i, giving h(d1 + e1)(d2 + e2)i = hd1d2i (provided the
measurements do not introduce any systematic bias, hei = 0).

If the beam is circular equation (5.10) simplifies to

hd1d2i = s2
b · cos(j1 � j2) (5.12)

For the case of a non-circular beam as it is expected with the LHC the second
term in equation 5.10 with the usage of a fixed a allows for the calculation of the
difference between the two beam axis. By fitting the values s2

sum = 1
2 (s

2
1 + s2

2 ) and
s2

di f f =
1
2 (s

2
1 � s2

2 ) the individual s2
i values can be calculated:

s2
1 = s2

sum + s2
di f f

s2
2 = s2

sum � s2
di f f

(5.13)

The values s2
sum and s2

di f f can be calculated by fitting a line to the points in a
correlation vs cos(Dj) and cos(Sj) plot respectively (figure 5.5 on the following
page).

To determine the accuracy of the correlation method a simulated dataset of
300 000 collisions was generated using the full monte carlo simulation. The beam
size of the simulated sample was chosen to be 200 µm to be representative of the
smallest beam size to be measured by the BGV at LHC top energies (6.5 TeV).

The first step was to confirm that the mathematical model works by using the
MCTruth values, the perfect tracks originating from the interaction point. This data
is per definition without any measurement or reconstruction errors and should re-
turn the exact values simulated.
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FIGURE 5.5: Using the Monte Carlo truth values the applicability of
the method can be shown for a sample with a simulated round beam

of 200 µm.

For the values given in figure 5.5 the results are

s1 =
p

0.03945 � 0.00049 = 0.197 mm and
s2 =

p
0.03945 + 0.00049 = 0.200 mm

(5.14)

confirming, that the mathematical model can be used to calculate the beam size us-
ing BGV tracking data.

The next step was to impose the geometry and by extension the angular cover-
age of the BGV on the MCTruth values by switching to the usage of reconstructible
tracks (as defined in section 4.1.3 on page 40). This reduces the amount of tracks
available substantially as can be seen in the number of entries between figure 5.5
and figure 5.6.
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1− 0.8− 0.6− 0.4− 0.2− 0 0.2 0.4 0.6 0.8 1
)ϕΣcos(

0.04−

0.03−

0.02−

0.01−

0

0.01

0.02

0.03

0.04

300k Event MC Reconstructable

Entries  3887242

p0        0.00004±0.01028 − 

300k Event MC Reconstructable

(B) Correlation vs cos Sj fit

FIGURE 5.6: Correlation plots for only reconstructible tracks from the
same 200 µm MC sample.

Calculating the beam size from these fits the results are

s1 =
p

0.04 � 0.01 = 0.173 mm and
s2 =

p
0.04 + 0.01 = 0.224 mm

(5.15)

with a clear difference between the two sigma axies although a round beam was
simulated. Since the only change between the two calculations is the introduction
of the geometry of the BGV this effect must be due to the asymmetric coverage cre-
ated by the space required by the beam 1 pipe. The result comes out correctly if we
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impose the knowledge of the beams roundness on the calculation by using equa-
tion (5.12) on page 55 but we cannot assume this for BGV measurements in general.
It is therefore clear, that this effect will also exist in reconstructed tracks and needs
to be corrected for.

Continuing on with the same MC sample but this time using the tracks recon-
structed from the simulated clusters gives the result shown in figure 5.7.
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(A) Example of a correlation vs cos Dj fit
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FIGURE 5.7: Correlation plots for reconstructed tracks from the same
200 µm MC sample.

The results of this fit are giving the following values:

s1 =
p

0.0316 � 0.0075 = 0.155 mm and
s2 =

p
0.0316 + 0.0075 = 0.198 mm.

(5.16)

The change from reconstructible to reconstructed tracks includes a lot of changes,
amongst other things:

• Imprecision of each measured cluster applied to cluster measurements

• Multiple scattering error applied during track fitting

• Not all possible tracks are found (efficiency)

• Not all found tracks are actually created by one particle (purity)

All these additional factors need to be considered when examining this result.
The first three affect the precision of the measurement by introducing random errors
on the tracks. As previously shown these random errors don not actually influence
the result but do increase the amount of entries required to achieve the same preci-
sion.

On the other hand the fourth change, the introduction of ghost tracks, influences
the accuracy of the measurement. Since they are randomly distributed they are not
correlated to each other. Averaging over non-correlated track correlations leads to a
mean value of zero but since the beam size measurement depends on the slope of the
correlations an increase of values around zero decreases the overall slope. This leads
to an underestimation of the beam size as is shown in the values of equation (5.16) in
comparison to equation (5.15) on the facing page. To minimize the inclusion of ghost
tracks in the correlation calculation a limit was introduced requiring the distance
between the z-coordinate of the POCA of the tracks to be correlated to be less than
40 mm.
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5.2.3 Correction functions

To compensate for the under-estimation due to ghost tracks and the value offset due
to the asymmetric coverage a correction function needed to be developed. To this
end multiple different beam-sizes were simulated using the full MC simulation to
also categorize the behaviour with different beam sizes. The results of these efforts
are shown in figure 5.8 for the two axes independently.

(A) sMC
x vs srec

x (B) sMC
y vs srec

y

FIGURE 5.8: Reconstructed beam size srec plotted against the corre-
sponding MC generated beam size sMC. The red line is a quadratic fit
to the data. The two green squares are beam size estimations for two

additional MC samples that were not used in the line fit.

The numerical values for the correction function are

scor
x = 0.81(srec

x )2 + 0.53srec
x + 0.07 and

scor
y = 1.39(srec

y )2 + 0.72srec
y + 0.06 . (5.17)

The correction requirement introduces a systematic error into the measurement
that cannot be removed.

5.2.4 Beam size reconstruction of rotated, elliptical beams

The beam does not necessarily need to be aligned with the beam axis. Using equa-
tion (5.10) on page 55 the size of the two primary axis of such a beam as well as
the angle of rotation with respect to the beam axis can be calculated. To do this the
function needs to be fitted to the three parameters s2

sum, s2
di f f and a. The values for

sx and sy can again be calculated using equation (5.13) on page 55. Again, just as
with the fits described in the previous section, the values need to be corrected using
the simulated samples. The values for this function differ from the previous and are

scor
x = 0.65(srec

x )2 + 0.86srec
x + 0.02 and

scor
y = 0.79(srec

y )2 + 0.88srec
y + 0.03 . (5.18)

For the beam to exhibit a behaviour that can be considered rotated the beam sizes
need to differ for the two axis of the beam, giving the beam an elliptical shape. The
fit used returns the length of these two axis as well as the angle of rotation with
respect to the accelerator coordinate system.
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One interesting question now is, how much the lengths of the axis of the ellipse
need to differ to register a rotation. To this end a toy simulation was developed that
allows the simulation of beams with arbitrary sizes for the beam axis. The results
given in figure 5.9 shows, that after a difference of about 10 % the simulated angle of
20� is correctly recognized.

FIGURE 5.9: Shows the angle recognized by the fit in dependance
on the ratio of sizes for x and y. The color denotes the size of the x

coordinate of the ellipse.

An additional interesting point is the fact that to the fit function a beam rotated
by d looks equivalent to a beam rotated by p � d with the primary axis swapped.
This leads to a problem with the correction function since the functions differ for
x and y and give wrong results when the values returned by the fit are swapped.
This fit method can therefore not be used independently but can aid with providing
additional information that might be interesting during the operation of the LHC.

5.2.5 Reconstruction using half of the detector

Due to a hardware problem only one half of the BGV was available during a period
of operation in 2017. This revealed, that the BGV can also be run using only one half
of the detector. The results for the same amount of events are less precice due to only
half of the tracks being available. Additionally a slightly different correction value
is necessary due to the different coverage of only one half.

In figure 5.10 on the next page the figures from figure 5.7 on page 57 are given
using only one half of the detector for the same datasample.

The reduction of the precision of the measurement when using only half of the
detector is equivalent to halving the amount of tracks per event. The effective loss in
precision is a reduction of the number of entries to one quarter which is equivalent
to half the precision. Therefore half of the detector gives half of the precision which
in turn requires a fourfold increase in integration time to achieve the same precision
as with the full detector as described in the next section.

5.3 Uncertainties and Precision

To understand the precision of any individual measurement multiple consecutive
measurements with the same number of entries per correlation plot were plotted in
a histogram (figure 5.11 on the next page). The histograms show Gaussian distribu-
tions, indicating, that the accuracy of the individual measurements follows Gaussian
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the bottom half of the detector.

FIGURE 5.10: Correlation plots for reconstructed tracks from the
same 200 µm MC sample split into results for the two halves. Note the
amount of entries being less than half of figure 5.7 due to the lower

amount of combinations possible per event.

statistics. Changing the number of entries required per integration window for the
same dataset reduces the amount of entries per histogram and at the same time nar-
rows the distribution.

(A) 25 000 Entries (B) 50 000 Entries (C) 200 000 Entries

FIGURE 5.11: Putting consecutive measurements with the BGV at
constant energy in a histogram shows a nice gaussian distribution.
Changing the integration time leads to a narrower distribution i.e. an

increase in precision.

Following from this we can conclude that the statistical error of any individual
BGV measurement at a given energy depends solely on the amount of entries in
the correlation plot. The expected behaviour for a gaussian distribution is that the
precision increases with 1/

p
N with N the number of entries. This is the case for the

BGV measurements as can be observed in figure 5.12 on the facing page. At some
point the precision does not continue to increase as expected but instead remains
constant (about 8 µm for 450 GeV) which corresponds to an error of 1 % for the beam
size at this energy.

The number of entries is not really a good way to communicate the precision. To
equate the number of entries in the correlation plot with the number of events used
one has to look at the number of entries per event which is dependent on the beam
energy (figure 5.13 on the next page). The higher number of entries per event for
higher energies increases the absolute precision but for a smaller beam size.

The resulting plot in figure 5.14a on page 62 can be used to calculate the precision
achievable for a given range of events recorded. It is also very valuable to estimate
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FIGURE 5.12: Plotting the sigma of histograms from different
amounts of entries per correlation plot shows a clear 1/

p
N depen-

dence before remaining constant.

FIGURE 5.13: Number of entries per event based on accelerator en-
ergy.
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the bunch-by-bunch precision of the BGV which is limited by the beam-gas inter-
action rate. When assuming an interaction rate of 200 Hz and a required precision
of 10 µm the number of required events is 20 000 equal to 100 s of integration time.
Following from the 1/

p
N dependence it is clear that to achieve 5 µm precision the

integration time needs to be increased to 400 s.
When averaging over all bunches the trigger rate of the BGV demonstrator is

currently limited to around 4.5 kHz due to the available CPU capacity. Using the
precision based on number of events one can also express the precision based on
integration time for a given event rate (figure 5.14b).

(A) Precision of measurement based on num-
ber of events used.

(B) Precision of measurement based on inte-
gration time for an event rate of 4 kHz

FIGURE 5.14: The precision achievable with the BGV demonstrator.

Or, equivalently, these values can also be expressed as relative precision of the
measurement for a given integration time figure 5.15. This allows us show, that the
BGV is capable of achieving the 2 % precision set forth by the requirements given in
section 3.1 on page 21 for average beam size measurements.

FIGURE 5.15: Relative precision achieved for figure 5.14b.

The systematic uncertainties are introduced by the misalignment of the detector
and the correction function required to correct for the incomplete coverage of the
BGV and the precision achieved. To characterize these kinds of uncertainties a com-
parison with another measurement device is necessary. Two such comparisons are
performed in section 6.4 on page 71
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Chapter 6

Results

6.1 Types of measurements

The BGV can be used to measure the beam size of individual bunches, selected trains
or up to the average beam size of the whole LHC fill. The most common usage is
the measurement of the average beam size since it provides the most precise result
in the shortest amount of time.

6.1.1 Average beam size

When measuring the average beam size every datasample that passes the event se-
lection criteria defined in section 3.6.3 on page 33 is taken into consideration. In-
tegrating over samples from many different bunches has the inherent problem that
not all bunches have the same size. The average beam size is therefore influenced
by the number of contributions taken from the selection of bunches. This selection
is firstly based on the trigger selection, which is inherently random, followed by the
available processing capacity of the TELL1 boards which depends on the time since
the last event happened. At the same time the availability of the HLT is checked
which depends in part on the duration the previous event took to compute. All of
this combined leads to an uneven acquisition of data per bunch as can be seen in
figure 6.1 on the following page. The cause for this shape of the rate per bunch is a
combination of the dead time of the trigger caused by the constant fraction discrim-
inator combined with the probability that a part of the system is still occupied with
a previous event.

As can be seen in figure 6.2 on the next page the absolute result is not influenced
by this beyond the expected error of the measurement in general. This plot again
shows the increase in precision with the increase in acquired data in the narrowing
spread of measured beam size.

As a consequence the result of an average beam size measurement is representa-
tive of the actual average beam size despite the bias towards the first bunch of each
train.

The BGV in its current configuration is capable of reaching a measurement pre-
cision of better than 5 µm in under 30 s for average beam size measurements.

6.1.2 Bunch by bunch measurements

Measurements of individual bunch sizes can easily be performed since the bunch ID
is stored with every event. As shown in the previous subsection individual bunch
sizes can be calculated for a standard average beam profile dataset. With the current
system the per bunch data rate for such a dataset is too low to achieve a meaningful
precision in a reasonable time.
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FIGURE 6.1: Eventrate per bunch for fill 7334 with 2556 bunches. The
zoomed plot shows the bucket range from 55 to 375. The decrease in
acquired events for the bunches later on in the train is visible. It is also
visible that the gap between two trains determines the acquisition

rate of the following train.

FIGURE 6.2: Shows the beam size with respect to the number of
events used for calculating it. It shows, that the beam size estimate
for the individual bunches only varies within the error of the mea-
surement and again shows the increase in precision with the increase

in events used.
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When looking at a fill with a lower amount of injected bunches, 14 in this case, the
read-out rate is not limited by the maximum data rate. As can be seen in figure 6.3
the data rate is much higher in general and the per bunch rate, which depends on the
bunch intensity, behaves similarly to the intensitites measured by the beam current
transformer (BCT).

FIGURE 6.3: Event rate per bunch for fill 7377 with 14 bunches. In
comparison to the full LHC fill the per bunch rate is significantly
higher. The rate shown here corresponds to the event rate after fil-
tering. The red crosses are the intensity values taken from the BCT

for the corresponding fill.

For fills with too many bunches for the available bandwidth the bunches need
to be selected in advance to dedicate the full BGV readout bandwidth to them. The
bunch selection should be performed at the trigger level i.e. a L0 trigger is only ac-
cepted if it coincides with a chosen bunch number. Sadly this could not be achieved
during the runtime of the BGV so the selection needed to be done using the HLT
which led to an unnecessary increase in deadtime and a decrease of the event rate.

The event rate per bunch is fundamentally limited by the beam-gas interaction
rate in the chamber. Additionally not every interaction creates a valid trigger or
passes the HLT filters reducing the event rate further. Using the final event rate the
achievable precision per bunch needs to be predicted as described previously.

A more severe problem for bunch by bunch measurements is the reduction of
triggers for consecutive bunches as described in the previous section. This is very
visible in figure 6.4 where a subset of 96 bunches was selected out of 852 but the con-
secutive bunches produce different trigger rates despite their very similar intensities
measured by the BCT.

FIGURE 6.4: Event rate per bunch for fill 7365 with a selection of 96
bunches out of 852 injected. Here the reduction of the rate for the later
bunches in a train is again visible. Again the BCT values are plotted

for comparison showing no such behaviour.
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Overall, bunch by bunch measurements with the BGV are possible but to take
full advantage of the system the dead time of the trigger needs to be significantly
reduced and additional computing and network capacity need to be added to the
HLT to allow for a higher number of bunches to be measured at once.

6.2 Types of beam

6.2.1 LHC standard proton beam

Proton acceleration is the most common scenario for the LHC thus the BGV was
mostly used in that environment and a very thorough optimization of all parameters
was performed during the three years of Run2.

The configuration of the LHC beam was not the same for all years due to
adaptations performed by the LHC operations team. In 2017 a standard fill had
1836 bunches with 1.1 ⇥ 1011 protons each. For 2018 the maximum number of
bunches was increased to 2556 with the same intensity.

6.2.2 BSRT calibration fill

As described in section 2.4.2 on page 18 the BSRT needs to be cross-calibrated with
the wire scanner to provide accurate measurements [24]. During this procedure the
magnification as well as the resolution (line spread function, LSF) of the BSRT are
determined.

To perform this calibration a special fill is injected into the LHC containing 12
bunches of defined different emittances to cover a wide range of possible measure-
ment values. During this type of fill the wire scanner is measuring every 30 s allow-
ing for an in-depth comparison during all stages of the acceleration cycle.

Fill 7220 of the LHC is such a fill at a point in time where the BGV was fully oper-
ational. During this fill bunches with almost nominal intensity (1.1 ⇥ 1011 protons)
were injected with emittances from 1 µm to 4 µm. This allowed to measure multi-
ple different emittances at the same time and perform comparisons with both the
expected and measured values. For this fill the BGV was only parasitically using
the beam by taking data while the actual calibration of the BSRT was performed.
A comparison of the BGV data to the BSRT is therefore not really feasible since the
calibration influences the results provided by the BSRT.

At the same time a comparison to the WS measurements is possible and allows
to understand the results with respect to each other. The results of this comparison
are given in section 6.4.1 on page 71.

6.2.3 Machine Development

Machine Development (MD) runs are performed regularly to test new parameters or
operation modes of the accelerators. They offer the opportunity to measure bunches
with different emittances, different bunch spacing, intensities and other specialities
such as long injection energy runs to measure the emittance blowup. During the MD
in October of 2018 the BGV acquired data for multiple fills, the results of which are
presented in this section.
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MD4510

The first result presented here is from MD4510, which was testing beam lifetime
optimization. Due to the procedures performed there should be three emittance and
therefore beam size blow-ups visible, which were observed with the BGV and can
be seen in figure 6.5.

FIGURE 6.5: Fill 7347 for MD4510 for beam liftetime optimization at
injection. Three jumps in beam size are visible when actions were

taken by the operators.

MD4507

Another interesting MD fill was Fill 7336 for MD4507 where the aim was to compare
two ramping procedures with each other. The data taken with the BGV shows, that
the emittances in horizontal and vertical direction differed significantly. This allows
to check and confirm the fit method which can also provide the rotation angle as
discussed in section 5.2.4 on page 58. The expected result is a non-rotated beam
with significantly different horizontal and vertical beam size (see figure 6.6a) and a
non-rotated beam shape which can be seen in figure 6.6b.
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FIGURE 6.6: Shows the results from Fill 7336 for MD4507 which al-
lowed to use the elliptical fit method to measure the rotation of the

beam ellipse.

This plot also shows, that the three parameter fit cannot distinguish between x
and y in an absolute way due to the mathematical equivalency of a beam rotated
by p

2 with swapped axis as discussed in section 5.2.4 on page 58. Looking at the
results of the two individual two parameter fits reveals, that the expected values are
sx = 400 µm and sy = 200 µm which is also confirmed by the BSRT measurement.
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Therefore the results always need to be cross-checked with another method and the
angle result needs to be adapted if necessary.

Furthermore this fill allows to investigate the trigger rate for single LHC bunches.
The injected intensities of fill 7336 were 1.98 ⇥ 1011 protons per bunch. The L0 trig-
ger rate for 14 bunches with this intensity was 1200 Hz which gives about 85 Hz of
L0 trigger per bunch. In figure 6.7 the per bunch trigger rate after HLT filtering is
plotted showing a data reduction by around 35 %.

FIGURE 6.7: Shows the frequency of events with two or more tracks
as recorded by the HLT for individual bunches in fill 7336.

Using the data rate of about 50 Hz and the requirement for bunch by bunch mea-
surements to be done within one minute we arrive at 3000 events recorded. The
absolute precision of these measurements, as given by figure 5.14a on page 62, is
around 25 µm for a 220 µm beam. This is much more than the expected 5 % precision
given by the design goal. To achieve the design goal the data rate would need to be
around 200 Hz or in other words the data rate would need to match the interaction
rate in the volume.

MD3270

Yet another MD interesting for the BGV was the Fill 7362 for MD3270 which was
aimed at testing a new ramping procedure. To that end 157 bunches were injected
in a 1, 12, 3x48 configuration. Each of the trains with 48 bunches consisted of 6x8
bunches. The plots in figure 6.8 on the next page show the results from that fill
with (a) showing the result when integrating over each train and (b) showing when
only accumulating the data for each block of 8 bunches (or 12 in the case of the first
injected train).

6.2.4 Ion beam measurements

During November 2018 the LHC was operating in ion beam mode enabling the
study of the BGV with respect to ion beams. The first significant observation was
the difference in collision products showing as a difference in cluster multiplicity
(figure 6.9 on the facing page).

Consequently the cluster thresholds for the selection of events in the HLT needed
to be updated to better represent the expected cluster multiplicity.

The most significant change is the increase of the per module cluster threshold
from 50 to 150. Additionally the total cluster acceptance is increased slightly from
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(A) The 4 trains average size (B) Size of the 8 bunch large sequences in the
48 bunch trains.

FIGURE 6.8: Shows the beam size measurement at 6.5 eV from
Fill 7362 for MD3270 which allowed for the bunch by bunch and train
by train study of BGV measurements. The horizontal errorbar gives

the range of bunches integrated over.
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FIGURE 6.9: Comparisons of cluster multiplicities for protons and
ions for a sample of 100k unfiltered events.

400 to 640. This has an insignificant effect on the low cluster count events but re-
duces the per module cluster cut to a similar level as for protons (see green curve in
figure 6.9b).

The upper limit on the total cluster acceptance increases the computation time
due to the higher number of possible combinations to be checked by the pattern
recognition algorithm without at the same time increasing the number of tracks
found by an equivalent amount. It is therefore a parameter that needs to be increased
with care to prevent runtime increases with no improvement to the measurement.

6.3 Emittance measurements

Measuring the beam emittance and by extension the normalized beam emittance is
one of the main goals of beam profile monitors. Using equation 2.58 in section 2.1.6
the normalized emittance can be calculated by knowing the local beam size, beta
function and energy. The results of some selected fills where the emittance was cal-
culated are presented in this section. Additional emittance comparison plots are
given in the following section where the BGV is compared to other beam size mea-
surements on the basis of the normalized emittance.
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6.3.1 Emittance blow-up at injection

The emittance of the beam circulating in the LHC increases at injection energies,
mostly due to intra beam scattering, by approximately 10 % within 20 minutes. A
detailed explanation of all effects and countermeasures can be found in [47, 48].
Since the filling procedure itself requires a certain amount of time (around 30 min)
this effect always occurs. To limit the blow-up to the lowest level the ramp of the
LHC is usually started as soon as possible after the last train has been injected. Due
to limitations with the BGV software it was never possible to acquire data before the
filling procedure was completed. Consequentially the BGV could never measure
this effect during normal conditions.

For LHC fill 7334, the last proton fill of Run 2, the energy ramp was delayed
by almost 20 minutes allowing for the BGV to take sufficient amounts of data at
injection energy to record this effect as shown in figure 6.10.

FIGURE 6.10: Emittance blow-up at injection energy of Fill 7334.

The same blow-up is also visible in the full dataset shown in figure 6.12 on the
next page.

6.3.2 Emittance evolution during ramp

The physical size of the beam shrinks during acceleration due to adiabatic damping
[4]. Assuming a constant normalized emittance this change is given by

s(E) = sinj

q
Einj/E. (6.1)

As can be seen in figure 6.11 the beam size measured by the BGV follows this ex-
pected behaviour quite nicely.

FIGURE 6.11: Beam size evolution before, during and after the energy
ramp for LHC Fill 7334.
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Calculating the emittance from the beam size using the beta function at the lo-
cation of the BGV gives the emittance evolution (figure 6.12). The emittance blow
up at injection energy, described in the previous section, is again visible in the first
20 minutes of the ramp. Once the ramp, indicated by the solid black line, starts, the
emittance begins to behave unphysically. This is caused by a changing beta function
which is not precisely known and can therefore not be corrected for. Once top energy
is reached the beta function stabilizes and the emittance result is reliable again.

FIGURE 6.12: Emittance evolution before, during and after the energy
ramp for LHC Fill 7334.

6.3.3 Long term emittance evolution of ion beam

The emittance of ion beams exhibits a different behaviour than proton beams which
can be interesting to study. Due to the higher charge number of the ions the radi-
ation dampening of the beam is twice as high as for protons [49]. One therefore
expects to see a difference in the long term behaviour of the emittances of ion beams
in comparison to proton beams. The increased dampening is beneficial to the emit-
tance preservation in the LHC leading to a decrease over time which increases the
luminosity. The effect of intra-beam scattering on the other hand is detrimental to
the emittance and leads to an increase. Since the IBS is significantly lower for the
vertical emittance a shrinkage is visible in figure 6.13 on the following page while
the horizontal emittance stays constant due to both effects compensating each other
[50].

6.4 Comparison with other monitors

Beam size measurement devices are located at different positions along the LHC
ring. To allow their results to be compared they need to be normalized using their
local beta function value given by the beam optics to calculate the emittances as
given by equation (2.55) on page 10. This approach is valid for any scenario where
the energy does not change, for the situation of changing energy equation (2.58) on
page 11 needs to be used.

6.4.1 BGV vs Wire scanner

The wire scanner scanner is considered the most precise measurement device in-
stalled in the LHC as of now. Due to the nature of its principle of operation it cannot
be used during fills with more than 12 bunches. It is therefore mostly used to check
the pilot bunch and the first 10 bunches of each LHC fill before handing over to the
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FIGURE 6.13: Shows the decrease of the vertical emittance at flat top
energy (6.3 TeV) of lead ion LHC Fill 7486 during six hours of data ac-
quisition with 180 s of integration time per measurement. The dashed
line denotes the expected constant emittance extrapolated from the
first five measurements. The measurement with large error bars indi-

cates the point where the gas injection needed to be restarted.

BSRT for continuous measurements. A comparison of the BGV with the wire scan-
ner is therefore only possible during the first few minutes of an injection or during
special runs such as the BSRT calibration run as described in section 6.2.2 on page 66.
Fill 7220 is used here to show the comparisons between the BGV and WS measure-
ments.

As described in section 2.4.1 on page 17, measurements with the wire scanner
are performed by measuring the intensity of secondary particles with respect to the
position of the wire passing through the beam. When multiple bunches are circu-
lating in the LHC they are all measured at once and then separated by using timing
information. By plotting the intensity vs the position of the wire (e.g. figure 6.14a)
the distribution of the protons in the beam, with respect to the axis the wire passed
through, is measured. A gaussian fit to this profile gives the beam size as sws. Plot-
ting this sigma over time gives the beam size evolution at the location of the wire
scanner before, during and after the ramp (figure 6.14b).

(A) Intensity measurement of wire
scanner vs wire position

(B) Sigma of the horizontal intensity measurements over time
for four selected bunches.

FIGURE 6.14: Wire scanner measurements for fill 7220 taken directly
from the raw data stored in the logging database. The expected

shrinking of the beam size happens during the energy ramp.

To compare the measurements of the WS with the BGV they need to be converted
to normalized emittances using equation (2.58) on page 11. For this fill the injected
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emittances were chosen to be 4 µm for bunch 3, 3 µm for bunch 1200, 2 µm for bunch
2100 and 1 µm for bunch 2450. Figures 6.15 and 6.16 show the horizontal and vertical
emittance over time measured by the BGV and WS in comparison to the intended
injection emittance as a dashed line.

(A) 4 µm (bunch 3) (B) 3 µm (bunch 1200)

(C) 2 µm (bunch 2100) (D) 1 µm (bunch 2450)

FIGURE 6.15: Measured horizontal emittances for four bunches of
different emittances during the BSRT calibration run.

Additionally figure 6.17b on the following page shows the comparison of the
vertical emittances of all bunches in the fill.

6.4.2 BGV vs BSRT

The BSRT is currently the only other device installed in the LHC capable of per-
forming continuous non-invasive beam size measurements. It is therefore the prime
candidate for a comparison with the BGV results. Again, as with the wire scanners,
the best way to compare the results of the two devices is to compare the normalized
emittances. By doing that the results of both devices are processed in a similar man-
ner and need to have the same propagated errors applied. The propagated errors
take into consideration the fact that the measurement of both the device and the b
function at it’s location have a certain precision. For the BGV the precision depends
on the number of events as previously established in section 5.3 on page 59. The
error of the BSRT is estimated to be around 7 %. Additionally the BSRT is prone to
a loss in accuracy due to drifts of the optics system necessitating frequent recalibra-
tions. This effect is visible in the following results.

After comparing these results it is immediately apparent that the results coincide
very well for the vertical measurement but don’t do so for the horizontal. Looking at
the WS results in figure 6.17a on the facing page a similar behaviour can be observed
for the bunches with 1 µm emittance.



74 Chapter 6. Results

(A) 4 µm (bunch 3) (B) 3 µm (bunch 1200)

(C) 2 µm (bunch 2100) (D) 1 µm (bunch 2450)

FIGURE 6.16: Measured vertical emittances for four bunches of dif-
ferent emittances during the BSRT calibration run.

(A) horizontal

(B) vertical

FIGURE 6.17: Comparison of all bunches in fill 7220 with the design
sizes of 2x4 µm 3x3 µm, 3x2 µm and 4x1 µm.
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FIGURE 6.18: Horizontal beam size measurements of the BGV com-
pared to the equivalent BSRT measurements for multiple fills and
beam types. The number at the bottom indicates the number of the

fill.

FIGURE 6.19: Vertical beam size measurements of the BGV compared
to the equivalent BSRT measurements for multiple fills and beam

types. The number at the bottom indicates the number of the fill.
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Chapter 7

Summary and Outlook

7.1 Summary

The results obtained with the BGV over the course of 2 years of data taking have
been presented in this thesis. To achieve these results, thorough studies of the data
acquired with the BGV were performed and relevant parameters optimized.

Furthermore the correlation method was picked up as an alternative to the ver-
texing algorithm when it became apparent that the setup could not provide the
required data at sufficient rate. The implementation and verification of the algo-
rithm coupled with the alignment of the detector represent the brunt of the work
performed. Using this algorithm it was possible to provide precise and, with the
help of the correction, also accurate results using the data provided by the BGV. The
design goal of achieving 2 % average beam size resolution within one minute was
successfully shown.

The goal of achieving 5 % bunch by bunch resolution for all bunches at the same
time could not be shown due to the limited computing capacity available. Using
machine development fills, which provided the opportunity to perform this mea-
surement with a reduced number of bunches, it was shown that the measurement is
not possible with the current setup due to a too low trigger rate.

Overall the BGV has fulfilled its goal of providing fast, non-invasive beam size
measurements. Additionally it allowed for many studies to be performed and many
insights into the applicability of the BGV as a beam instrumentation device. The al-
ready ongoing design process for a future beam gas beam-size monitor is influenced
significantly the knowledge gained during this study [51] and will continue to be by
running the BGV again during Run3.

7.2 Towards the final system

Since the BGV was designed to be a demonstrator to investigate the feasibility of
the method and learn more about possible optimizations here are a few key lessons
learned:

A precise alignment, as with every other tracking detector, is extremely impor-
tant for the accuracy and precision of the results provided by the BGV. The alignment
as it was performed by me was hindered a lot by the lack of a reference frame which
is why I would strongly suggest the use of at least three tracking stations in any fu-
ture design. The alignment could possibly have been performed better using some
form of alignment algorithm like Millepede but the time required to understand and
implement this procedure was not available in the time allotted for this thesis.
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Multiple scattering is currently the main limit to all of the BGVs measurements.
The MS introduced by the exit window in combination with the MS in the first detec-
tor layer limits the distance of extrapolation in the gas target volume on the basis of
extrapolation errors. Investigations into a thinned exit window and detectors with
a lower radiation length could yield significant improvements in these areas, allow-
ing for a higher tracking precision. As a part of this an investigation in the distances
between the tracking planes should be performed to optimize their positions along
the z-axis.

Following from the results shown in this thesis it has become apparent that a 2 m
long gas volume is not aiding the beam size measurement goal since the extrapo-
lation error becomes larger than the beam size to be measured. A possible way of
mitigating this would be to decrease the length of the volume while at the same time
increasing the pressure accordingly. When looking at the interaction rate given by
equation (3.5) on page 23 we see that R µ p · z and therefore the factor of reduction
for the length is also the factor the gas pressure needs to be increased by to keep the
rate the same. The actual scenario is a bit more complicated due to the interactions
close to the exit window not being in the coverage of the detector.

A second approach to this problem is the introduction of a gas-jet as is already
being investigated by other projects such as the Beam Gas Curtain (BGC) detector
[52, 53]. Such a gas-jet would allow for a large localized increase in pressure lead-
ing to an equivalent interaction rate. The benefit would be, that the reconstruction
software would have the knowledge of the z-origin of the tracks that it needs to
reconstruct. Possible synergies between the BGV and the BGC are currently being
investigated [51].

The expectation of having many events with 5 or more tracks originating from
the vertex was not observed in the current BGV detector. The applicability of the
vertexing method was therefore not given, leading to the reliance on the correlation
method.

The fact that the BGV uses components sourced from the LHCb experiment
helped it to be constructed and brought up to speed in very short time while be-
ing extremely capable. The downside of this reliance on LHCb hardware was that
it was designed to be handled by a much larger team of experts and not designed
for the single use case as a beam instrumentation device. Although the experts were
available for us throughout Run 2 the basic design of the readout electronics was
not designed for some BGV applications which is something not easily changed. It
was, for example, not easily possible to choose only a subset of Buckets to take data
for or change this value easily between two datasets. Additionally the LHCb system
was of course not designed to take data before the injection was finished leading to
multiple issues with the BGV where we would have liked to do this.

During Run2 the BGV trigger was updated by adding a constant fraction dis-
criminator to the readout in the hope of improving the timing performance of the
L0 trigger. What was overlooked in that process and decision was the significant
dead-time introduced by the CFD leading to the uneven triggering shown in sec-
tion 6.1.2 on page 63. A possible change would be to revert back to the old system
and accept the slightly worse time resolution instead of introducing unnecessary
downtime. This is especially interesting as one of the easiest possible upgrades to
the BGV was an increase in processing capacity by adding more computing blades.
Now, after the end of Run2, 9 additional CPU blades have been added to the HLT
which should lead to significantly reduced computing times during Run3.
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